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1.1 History of Light lon Teletherapy

1.1.1 Rationale for Light lon Beam Teletherapy

There are three reasons for using light ion beams for teletherapy: (1) the low
entrance dose and almost zero dose delivered distal to the target results in the
ratio of nontarget tissue dose to target dose being smaller than with other radia-
tion beams; (2) with appropriate collimation, the dose gradients at the lateral and
distal sides of the targets are higher than with other radiation beams thereby
offering higher dose gradients between the target and normal tissues; (3) for ions
heavier than helium, the increase in RBE with increasing depth results in the
target receiving a higher RBE dose than the tissues on the entrance side.

Light ions are a subset of heavy charged particles and are defined as ions with
atomic numbers less than 20 [1-3]. Although six different ions have been used
for human treatments, the majority of patients have been treated with protons,
helium ions, and carbon ions. Figure 1.1 shows the approximate number of
patients treated with different heavy charged particle beams between 1954, when

Heavy Charged
Particles
|
|

Pions Light lons Other lons
1,098 136,372 22

hydrogen-1 silicon-28

118,195 20

helium-4 argon-40
2,142 2

Fig. 1.1 Approximate
number of patients treated
with different heavy charged
particle beams from 1954 to
2015. Figure adapted from
Vatnitsky and Moyers [4] and
updated with data from
Jermann [5] to reflect recent
data

carbon-12
15,736

299
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treatments commenced, through 2015. Table 1.1 is a list of major milestones
since the first patient was treated with a proton beam in 1954.

e As of 2015, there were approximately 50 facilities in the world treating patients
with light ion beams. Figure 1.2 plots the number of operating facilities accord-

ing to continent.

Table 1.1 Major milestones in light ion teletherapy according to year and location

Year | Location Milestone

1954 | Berkeley First patient treated with protons

1957 | Uppsala First patient treated with uniform scanning with protons

1958 | Berkeley First patient treated with helium ions

1965 | Boston First AVM treated with protons

1975 | Boston First ocular melanoma treated with protons

1977 | Berkeley First patients treated with carbon and neon ions

1979 | Chiba First patients treated with modulated scanning with protons

1989 | Tsukuba First proton patients treated with respiratory beam gating

1990 |Loma Linda | First patient treated in hospital with protons

1991 |Loma Linda | First use of rotating gantry for proton beams

1996 |Loma Linda | First electronic x-ray imaging with computerized analysis for daily
alignment of proton beams

1997 | Darmstadt First patients treated with modulated scanning with carbon ions

1998 | Loma Linda 100 patients treated with protons in 1 day at a single facility

2005 |Loma Linda 173 patients treated with protons in 1 day at a single facility

2012 | Heidelberg First use of rotating gantry for carbon ion beams

Table from Vatnitsky and Moyers [4] and used with permission from Medical Physics Publishing

Fig. 1.2 Number of light ion
facilities operating worldwide
as of 2015 according to
continent. Data compiled

from Jermann [5]

Number of Light lon Facilities

Africa
1

Asia
19

North America
21

Europe
19
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1.2  Basic Physics

Like electrons, protons interact with material through ionization and Coulomb
scattering, but because protons are 1836 times heavier than electrons, they are
not deflected much by scattering with electrons. With a much lower probability,
protons can interact with the nucleus resulting in lateral deflections and an
increasing lateral spreading of the beam at depth [6].

The maximum energy of protons used to treat patients is typically between 220
and 250 MeV. The velocity of protons having these energies is about 0.6 times
the speed of light. As protons slow down, they spend more time passing by mol-
ecules thus causing more ionization resulting in a larger dose deposition toward
the end of their range. The shape of the most distal region is called the Bragg
peak (Fig. 1.3a). To treat finite size targets in depth, beams of multiple energies
may be combined to generate a spread out Bragg peak (SOBP). Proton range
depends on the beam energy with higher-energy beams being more penetrating.
Proton range is typically defined as the depth of the 90% isodose on the distal
edge of the Bragg peak (Fig. 1.3b). The modulation width is typically defined as
the width of the SOBP between the depth of the proximal 90% dose and the
depth of the distal 90% dose.

1.2.1 Penumbra

relative dose

Lateral penumbra may be defined as in photon beams, i.e., the distance between
the 80 and 20% dose levels. The lateral penumbra width increases with increas-
ing depth. The 90-50% penumbra width is about ~3% of the depth for double

relative dose

depth depth

Fig. 1.3 (a) Pristine (monoenergetic) energy proton beam depth dose distribution in water. (b) A
weighted average of the depth dose distributions in water from several energy proton beams results
in a spread out Bragg peak. The modulation width is characterized by the difference between the
depths of the 90% isodose at the proximal and distal ends of the SOBP
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Fig. 1.4 Comparison of lateral penumbra for proton double-scattered beam with aperture, proton
pencil beam scanning without collimation, and collimated 6 MV x-rays in water. The 6 MV x-ray
data were taken from [8]. The proton data were generated for an IBA universal nozzle using a
Raystation treatment planning system. The results are meant to show the trend, and results will
vary between centers due to differences in the delivery systems (e.g., nozzle design)

scattering systems [7]. Figure 1.4 compares lateral penumbra for a collimated
proton beam, collimated 6 MV x-ray beam, and proton pencil beam scanning
without collimation. In general, the penumbra for pencil beam scanning (PBS) is
constant with depth. The penumbra for PBS delivered beams can be improved by
an aperture [9, 10].

The distal penumbra results primarily from range straggling (which is ~1.2% of
the range) and from beam energy spread (which depends upon the proton source)
[11].

Tons heavier than protons, such as carbon ions, have both sharper lateral and
distal penumbra because their larger mass results in less scatter. While in theory,
carbon could have a penumbra 1/3 that of protons, scanning with such a small
spot would result in unacceptable delivery times. Consequently, spots larger than
the minimum possible are used. However, it is the RBE (see below) effects that
make these particles heavier than protons more compelling.

1.2.2 In Patient

Tissue inhomogeneity issues are much worse in protons than photons, but pro-
tons also have dose homogeneity advantages over photons and fewer proton
fields are often used. Patients have inhomogeneities in terms of composition and
density. Scatter increases with atomic number. Changes in density alter the range
in a manner that is difficult to fully account for using CT-based planning (see
range uncertainty). Interfaces between different materials can lead to in and out
scatter resulting in hot or cold spots at the interfaces. These effects are not fully
calculated in pencil beam-based treatment planning systems but can be modeled
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using Monte Carlo [12]. Additionally, not only the range, but also the shape and
distal penumbra of the SOBP can be affected by inhomogeneities; in many cases,
the slope of the distal penumbra is enlarged by inhomogeneities.

1.3 Relative Biological Effectiveness (RBE)

In radiation therapy, much of the clinical experience has been gained through
photon treatments, which is based on the physics parameter dose, not directly
related to the biological end points, such as tumor control probability (TCP) or
normal tissue complication probability (NTCP) [13, 14]. Biological endpoints
for an identical physical dose can be different for proton and photon therapy, i.e.,
equal doses of photon and proton therapy do not produce the same clinical or
biological outcomes.

To take advantage of the clinical experience gained from the photon therapy and
account for the difference of the biological effect between the two modalities,
proton prescriptions are based on a factor (relative biological effectiveness, RBE)
times the physical proton dose.

The RBE for proton therapy (or another particle therapy) can be defined as—
given the same biological effect—the ratio of the physical doses between the
reference beam, e.g., photon, and the proton beam.

D Osereference (
RBE = - .
Dose Biological effect )

Biological effect)

proton (

From the available in vitro and in vivo data, recent publications [13, 14] have

suggested that RBE is a function of:

— Dose: From clonogenic cell survival curve (cell survival fraction versus dose,
Fig. 1.5), within the low dose region, protons typically show a less pronounced
shoulder compared to photons, which implies larger a/f (o is the parameter
describing the cell killing per Gy of the initial linear component and 8
describes the killing per Gy? of the quadratic component of the linear-
quadratic survival curve). It renders that for a given survival fraction, the ratio
between photon and proton dose (RBE) can be different at low dose region
than that of the high dose region (Fig. 1.5).

— Tissue type: Recent findings from clonogenic cell survival data [14] has sug-
gested that the RBE increases with decreasing (o/p), {o, and , are the dose
response parameters in the linear-quadratic model in photon therapy},
although large uncertainties existed in these data. This finding suggests that
proton treatments can potentially induce larger RBEs for late responding nor-
mal tissues than for tumor tissue with high (o/p), values.

— Proton beam properties (linear energy transfer, LET): Given the energy of clini-
cal proton beams, in general, RBE increases with increasing LET. The LET is
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Fig. 1.5 Schematic cell 100
survival curves for photon
radiation (solid) and proton
radiation (dashed) 10-1
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Fig. 1.6 LET and RBE as a function of depth along the distal edge of a proton beam

also a function of depth in a proton beam, which results in an increase of RBE
with depth. This effect can be demonstrated using Monte Carlo simulation of
LET of a 152 MeV proton beam, plotted alongside RBE values of the same
beam using DNA double strand breaks as a biological endpoint (Fig. 1.6) [15].
— The increase of RBE also increases the effective range of the RBE-weighted
depth dose, which can result in an effective 1-3 mm shift of the depth of the
distal penumbra region. It is also important to keep in mind that the LET val-
ues depend on the treatment field, particularly the SOBP modulation width.
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* Clinical (generic) RBE value: Although proton RBE depends on the above men-
tioned factors and considerable uncertainties in RBE values remain, the use of a
constant RBE of 1.1, recommended by ICRU 78 report [16], does not seem
unreasonable if an average value of is desired cross the proton ranges used clini-
cally. To follow the same convention given in the ICRU report,

D

RBE

=1.1x D,

where D is the proton absorbed dose in Gy and Dggg in Gy is the RBE-weighted
proton absorbed dose equivalent to the dose of photons that would produce the
same clinical outcome as a proton dose D. For example, one prescribes the pro-
ton absorbed dose to the target as D = 63 Gy, and the RBE-weighted dose can be
expressed as 63x 1.1—Dggg=70 Gy(RBE). In other words, to deliver a photon
equivalent dose 70 Gy(RBE) to a target, one would deliver a proton dose of
63 Gy.

1.3.1 Terminology

1. RBE-weighted dose is a biologically weighted quantity used to define a dose of
protons that would produce an identical biological effect as a dose of photons.
Due to the consistent characteristics of the cobalt-60 beam and the undetectable
biological differences between typical photon beams and Co-60 beams, all pho-
ton fields are referenced to a cobalt-60 equivalent dose. This has led to com-
monly used terminology such as ‘“cobalt equivalent,” “gray equivalent” or
“cobalt-gray equivalent” with units such as Gy(E), GyE, and CGE to describe an
RBE-weighted absorbed dose. These are not the standard SI unit but are still
used. As mentioned above, ICRU [16] recommended to report the RBE-weighted
dose in DRBE [in units of Gy(RBE)].

It is common practice to incorporate the doses in the treatment planning sys-
tem in RBE-weighted dose so that clinicians can evaluate in terms of equivalent
doses rather than physical doses.

* Clinic considerations: Because proton RBE is a function of dose, tissue type,

and LET, the following points potentially affect clinic outcome [13].

— Dose effect: Because RBE depends on dose, the RBE can be potentially
reduced, less than 1.1, with increasing dose, especially for hypofraction-
ated cases.

— Tissue type: Tumors with low (o/p), values, such as prostate tumors, might
show a RBE higher than 1.1. In contrast, tumors with very high (a/f), val-
ues could have lower RBE.

— The RBE increases with depth and recent data suggests that RBE values are
significantly higher than previously estimated, especially at the distal edge
(24). During planning, one should be cautious if aiming a beam toward an
organ at risk (OAR) even if it is behind the target, because the combination
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1.3.2

¢ He

of the high-LET/RBE region at the distal falloff region and range uncer-
tainties can potentially result in an undesirable radiobiological dose to the
downstream OAR.

— Delivery modalities: Investigators recently indicate [17] LET variation
appears to be potentially significant in IMPT delivery, such as distal edge
tracking (DET)-IMPT where the DET-IMPT plans resulted in consider-
ably increased LET values (increased RBE) in critical structures. In con-
trast, the 3-D IMPT shows more favorable LET distributions than does
DET-IMPT. It is important to be aware of the LET variation for different
delivery techniques.

— Considering these uncertainties, it is crucial that physicians, treatment
planners, and physicists work together to mitigate, track, and report acute
and long-term toxicities and outcomes among patients treated with proton
therapy. Clinical data will help to determine whether these uncertainties
should guide refinement of treatment planning and delivery, or alterna-
tively, can be safely disregarded.

lons Heavier than Protons

avier charged particles (such as argon, neon, silicon, and carbon ions) and fast

neutrons are considered high-LET radiation. Currently, carbon ions are the most
often used high-LET therapy worldwide because of a number of potential advantages
over photon and proton therapy in both physical and biological aspects [18, 19];

Dose distribution: Both the lateral and distal penumbras are narrow. The
energy spread and range straggling of the particles are smaller for carbon
ions. The dose ratio between the SOBP and entrance plateau is higher than
protons. Nuclear fragmentation after the distal end of the Bragg peak can be a
potential disadvantage when using carbon. However, this aspect is usually
minimal because the dose is low and the fragments are lower-LET particles.

Therapeutic gain: The LET in a clinical ion beam increases with depth, lead-
ing to the increase of RBE. Among the heavier ions, carbon ions have the
advantage of the highest peak-to-plateau RBE ratio. At the position of the
SOBP, where the target regions are located, high-LET radiation makes ion
beams specifically effective for the treatment of some tumor types that are
resistant to low-LET radiation. These features open the potential to treat
tumors that are deeply located and resistant to proton or photon treatment.
Other advantages for carbon ions include reducing the oxygen enhancement
ratio (OER), radiosensitivity of the cell cycle dependency, and suppressing
the repair of radiation damage.

e The RBE of SOBP carbon beam exhibits substantially greater variation with
depth than that of a proton beam, being dependent upon the position within the
SOBP, dose, dose per fraction, and tissue type. For the same depth and tissue, the
RBE at the center of the SOBP can vary between three and five, and the ratio
between target and skin doses may vary by a factor of two [18, 19].
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e Treatment planning: Since large RBE variations are seen for carbon ion therapy,

Dose (Gy or GyE)

unlike proton therapy, a single value is not sufficient to accurately/safely describe
the biological effective dose. For treatment planning, RBE values must be esti-
mated as accurately as possible. Two different strategies and modeling approaches
were chosen by two leading carbon facilities, the National Institute of Radiological
Sciences (NIRS) in Japan and Gesellschaft fiir Schwerionenforschung (GSI) in
Germany, respectively.

— NIRS employed an experimentally oriented approach [3]. It is based on the

measurements of RBE in vitro, which are used to determine the shape of the
biological effective depth dose profile. The clinical RBE value is then deter-
mined by establishing equivalency between carbon and neutron beams to
make use of the experience in neutron therapy. The NIRS group found a car-
bon beam which possesses a dose averaged LET of 80 keV/pm results in an
equivalent biological response to those from the neutron beams. The clinical
RBE was defined as 3, the same as that used in neutron therapy at the point
where the dose averaged LET value is 80 keV/pum. Figure 1.7 shows the phys-
ical dose distribution required in the SOBP to yield a constant biological
response (dose) across the SOBP. To further obtain the clinical/prescribed
dose, the biological dose at every depth is multiplied by the ratio of the bio-
logical and clinical RBEs at the neutron equivalent position.

3 N T T T T | T T T T | T T T T | T T T T i

- Prescribed dose = 2.7 GyE i

251 1 1 b

C RBE RBE ]

- 2.38 3.0 -

2+ ]

C Clinical dose T T 1.84 GyE 7

15 = RBE RBE 7]

L 1.63 2.0 4

C Biol. dose I ]

1L ]

B Physical dose 1.13 Gy \ 1

05F \ .

C 0.9 Gy §A ]

0 L 1 1 1 | 1 1 1 1 | 1 1 1 ”l 1 1 1 T
0 50 100 150 200

Depth in water (mm)

Fig. 1.7 Schematic method used to determine the RBE at the SOBP for the clinical situation
(Reproducing the Figure with permission by the IAEA from International Atomic Energy
Agency, MIZOE J. et al. “Clinical RBE determination scheme at NIRS-HIMAC,” Relative
Biological Effectiveness in Ion Beam Therapy, Technical Reports Series No. 461, IAEA, Vienna
135-152 [18])
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— The GSI strategy is based on biophysical modeling [18]. The goal is to develop
a model, which should be able to predict the response of the charged particle
radiation from the known response of the biological object to photon radiation.
This links the treatment planning for carbon therapy to the clinical experience
with photon radiation. An example of such a model, the local effect model
(LEM), has been implemented in treatment planning for carbon ion irradiation.
The clinical results obtained at GSI are consistent with the predicted RBE
values in that there is no significant clinical complication observed.

1.4  Range Uncertainty

The stopping power of an ion beam describes the energy loss of ions passing through
matter per unit path length and determines the range of the ions and the ultimate
depth of the Bragg peak. The stopping power is dependent on the energy of the ion
beam and the atomic composition of the material. Uncertainty in the calculation of
the stopping power then translates directly into uncertainty in the range and depth
of the distal edge of the Bragg peak and in the dose distribution that is displayed by
the treatment planning system.

All ion treatment planning is currently done using 3-D computed tomography
(CT) images. The volumetric image consists of a 3-D voxel array of CT Hounsfield
numbers (HU) that correspond to the attenuation coefficients of the material. To
calculate the ion dose distribution, the HU must be converted to stopping power.

There are uncertainties in the HU to stopping power conversion that translate
into significant uncertainties in the ion range and have a marked effect on the target
margins that are used for treatment planning. Additionally, there are sources of
uncertainty in HU resulting which are a function of patient size, CT scanner, scan-
ning protocol, and reconstruction algorithm. In the HU to stopping power conver-
sion, these uncertainties are combined with degeneracy in the mapping of HU to
stopping power in the HU. Care must be taken in calibrating the CT scanner and HU
to stopping power conversion to minimize the impact that this uncertainty has on
target margins [20].

To ensure target coverage, despite these uncertainties, margins are added to the
target during planning. The size of the margin is determined by the overall range
uncertainty, which is typically proportional to 2.5-3.5% of the ion range with an
additional 1.0-3.0 mm to account for range uncertainty that is not dependent on the
dose calculation (e.g., setup error, measurement uncertainty, etc.) [21]. This margin
is added to the distal and proximal extent of the target during treatment planning.
Thus, the margin in the beam direction may be different from the lateral setup mar-
gin. The formula for calculating range uncertainty is as follows:

Range Uncertainty ( mm) = (Range (mm) x Uncertainty (%) ) + Margin (mm)

Figure 1.8 shows some common choices of uncertainty parameters and the sig-
nificant effect that it has on the necessary target margins.
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Fig. 1.8 Proton range uncertainty in millimeters plotted as a function of proton range in centime-
ters for various common choices of uncertainty parameters. The range uncertainty is calculated at
the distal and proximal edges of the target and added to the target volume during planning (adapted
from [21])

1.5 Beam Generators

Clinically useable proton kinetic energies vary from ~70 to 250 MeV corre-
sponding to 4 to 37 cm range in water. There are two types of accelerator systems
used for proton therapy, a synchrotron and a cyclotron. In 2016, for ions heavier
than protons, all accelerators were synchrotrons.

1.5.1 Synchrotron

Figure 1.9 shows a photograph of a synchrotron.

The synchrotron accelerates protons in a ring with a fixed radius orbit by boost-
ing the proton’s energy in each revolution in a fixed orbit.

Low-energy particles are injected into the ring and are accelerated in an RF cav-
ity placed within the ring. The generation of higher kinetic energy protons
requires additional revolutions through the RF acceleration cavity. During each
rotation the magnetic field that keep the protons constrained within the ring must
be synchronously increased to maintain a stable proton orbit.
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Fig. 1.9 Synchrotron at Mayo Clinic, Arizona. Photograph courtesy of Martin Bues

Once the protons are at the energy needed for treatment, they are “spilled” into the
beam line and directed to the treatment room by a series of focusing and bending
magnets. Synchrotrons produce beams in a pulsed beam structure requiring a period
to “fill” for acceleration, then “spill” into the treatment rooms. This process typi-
cally takes 2-5 s per energy layer.

1.5.2 Cyclotron

Figure 1.10 shows a photograph of a cyclotron. A cyclotron accelerates protons
within a fixed magnetic field. Low-energy protons are injected into the center of
disk-shaped accelerating cavity. Particles gain kinetic energy by passing through RF
accelerating cavities within the disk. The constant magnetic field binds the protons
to a circular path within the disk, but, with each rotation, the protons that pass
through the accelerating cavities gain energy and spiral radially outward incremen-
tally increasing the energy. At the outer most orbit, the protons are “peeled” off and
directed down the beam line for clinical use. All protons leaving the cyclotron are at
the maximum clinically available energy. Since energies lower than the maximum
are most commonly used, the proton beam is directed through low atomic number
materials of variable thicknesses which interact with the protons to lower their
energy to the required clinical energy. The cyclotron delivers a nearly continuous
output of protons once the range and beam line magnets are set. Table 1.2 summa-
rizes the differences between the two delivery systems.
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Fig. 1.10 Cyclotron at ProCure Proton Therapy Center, NJ. Photograph courtesy of Dennis Mah

1.6 Future Developments

Light ion teletherapy is growing rapidly globally. Future developments are difficult
to predict, but some developments include:

e Superconducting bending magnets and cyclotrons lead to more compact sys-
tems, but more complicated systems may have challenges with maintenance and
downtime [22, 23].

e Range uncertainty is being addressed by a variety of different approaches
including:

— Proton CT—A proton beam is used like an x-ray to create a proton transmis-
sion CT image; the CT number to stopping power uncertainty is thus reduced.
For some existing systems, this technique might be limited to thinner body
sections because the maximum energy may not penetrate thick portions of the
body. In addition, the energy/range relationship is dependent upon precise
models of the proton trajectory [24].

— Real-time diode dosimetry—A diode system is implanted into a body cavity,
and the range is varied allowing the diode system to determine the range at
which the protons can just be detected [25].

— Prompt gamma imaging—Excited nuclei decay to the ground state emitting
gamma rays up to 7 MeV. Knife edge slits collimate the gamma rays to within
2 mm. Initial results appear to be promising [26].
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Table 1.2 Comparison of accelerator characteristics

Magnetic field Beam structure Output energy
Synchrotron Dynamic Pulsed Variable
Cyclotron Constant Continuous Constant

— Dual energy CT—Different energy CT scans are used to minimize uncertain-
ties in CT numbers and provide additional information to convert CT numbers
to stopping powers. The technique has not yet been proven to be sufficient
over the range of compositions found in human body [27].

— PET imaging—Ions can generate short-lived positron-emitting isotopes
which in turn produce annihilation photons which are detected by PET scan-
ners. Biological and temporal wash out limit the utility [28].

— MRI—For craniospinal irradiation, the fatty replacement of vertebral bone is
visible on MRI thereby illustrating where the beam stops [29]

Interplay effects between the scanning beam and the internal motion of the

patient may lead to hot and cold spots not represented in the plan. A variety of

approaches are being actively studied including repainting, breath hold, abdomi-

nal compression, and robust optimization [30].

Relative biological effectiveness—New calculation models are being studied to

include the combined effects of LET and fractionation while simultaneously

reducing calculation times [31]

— Further characterization of the clinical and biological effects of the enhanced
RBE at the distal edge:

o possible exploitation of end of range effects
o Development of “biological dose painting” [32]
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2.1 Introduction of Proton Treatment Delivery System

Proton therapy systems include three major components, the accelerator which
raises the energy of the proton to a sufficient level, the energy selection and beam
transportation system which modifies the proton energy, if necessary, and transports
them from the accelerator to the treatment delivery system, and the treatment deliv-
ery system which modifies the proton beam characteristics for specific treatment
needs. Currently, three types of accelerator, synchrotron, cyclotron, and synchrocy-
clotron, are commercially available, as discussed in the previous chapter. Protons
generated from a cyclotron have a fixed energy, and energy reduction and selection
systems are required, as shown in Fig. 2.1a. A synchrotron, on the other hand, can
produce protons at any desired energy level. A synchrocyclotron is a special type of
cyclotron that is typically used for a compact proton system. The beam transporta-
tion system (Fig. 2.1b), consisting of a sequence of dipole (bending and steering)
magnets and quadrupole (focusing) magnets, delivers the proton beam from accel-
erator to treatment room through its vacuum beam pipeline. The beam switching
from one treatment room to another is achieved by controlling the dipole deflector
units along the beam transportation system.

The treatment delivery system is one of the main components of a proton therapy
facility. It consists of several major subsystems: gantry, nozzle, snout, and patient
positioning system in a treatment room. Proton beams are transported into a treat-
ment room containing either fixed-beam lines or an isocentric gantry, as shown in
Fig. 2.2.

A fixed-beam treatment room can have either one horizontal beamline (Fig. 2.2a)
or the combination of a horizontal beamline and an angled beamline (e.g., 30° and

Fig. 2.1 Cyclotron and energy selection system (a) and a section of the beam transportation sys-
tem (b) for a proton therapy facility (Courtesy of IBA, SA). Vacuum tube with multiple steering or
bending magnets guide and focus the narrow proton beam to treatment rooms
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90° for IBA inclined-beam gantry in Fig. 2.2c). The motivation of this design is to
reduce the treatment room size and the overall cost. In the current stage, most
fixed-beam and incline gantry rooms have been used for bilateral prostate cancer
treatment as well as some cranial tumor with non-coplanar beam angles, e.g., vertex
direction.

A gantry room provides either full 360° rotation (Fig. 2.2b) or limited rotations
0-220° (Fig. 2.2d) for the treatment. These gantry configurations are able to treat
most of complicated cases which require different beam angles, e.g., the head and
neck, lung, abdomen, etc. The standard full gantry is typically about 10 m in diam-
eter with a total weight of up to 200 tons. A room with floor-to-ceiling height of
about 20 m is required to accommodate such a structure and its base. Some compact
gantries were designed with much smaller size and lighter weight around 100 tons.

The nozzle is the final element of the beam delivery system, which not only
delivers the beam to the patient but also monitors the beam quality, alignment, and
the dose delivery during treatment. There are two main types of nozzles: the nozzle
that houses scattering components for passive-scattering (PS) delivery and the noz-
zle that houses components for pencil beam scanning (PBS) delivery.

e The PS nozzle contains first scatterers, range modulators, second scatterers, dose
and field monitor chambers, patient-specific beam-shaping apertures, or other
collimation components and compensators, as shown in Fig. 2.3a.

Fig. 2.2 Treatment rooms with different flexibilities of beam angles: (a) horizontal fixed-beam
room, (b) 360° full gantry room, (¢) inclined fixed-beam room (beam at 90° and 30° only), and (d)
compact gantry (beam from 0° to 220°) (Courtesy of IBA, SA)



20 X.Ding et al.

a

Beam Profile monitor

\ / Reference dose monitor

_ / y— X-Ray tube b _ Profile
; I . e monitor
L £ Range
g P shifters
-:- . : ‘\ S .
Ny 7 Laser marker . Scanning
Range /' o magnets

modulation
wheel Block
Second collimator

scatterers
Helium
chamber

Main dose X—Ray tube

monitor Dose monitors
Sub dose Square . Spot position
monitor collimator monitor

Energy filter

Multi layer
Isocenter . Energy absorbers

Faraday cup
Snout

Fig. 2.3 Three-dimensional rendering of (a) the passive-scattering nozzle and (b) the scanning
beam nozzle of the M.D. Anderson proton system (Hitachi Inc.) [1]

e The PBS nozzle contains the beam profile monitor, scanning magnets, dose and
spot position monitor chambers, energy filter and range shifter (energy absorber),
and possibly vacuum or Helium chambers on the beam path as well (Fig. 2.3b).

In addition to nozzles dedicated either for PS or PBS treatment delivery, some
vendors provide nozzles with both scattering and scanning delivery capabilities,
e.g., universal nozzle. However it can take a substantial amount of time to switch
between different delivery modalities (e.g., IBA universal nozzle at the University
of Pennsylvania).

2.2  Treatment Delivery Techniques of Proton Therapy
2.2.1 Passive-Scattering

Passive scattering is a conventional treatment technique in proton therapy. It utilizes
the focused proton beam transported from the accelerator and scatters it through
single or double scatterers to obtain a beam with large field size. In the proton beam
scattering process, other components in the beam line will further modify the beam,
for example, absorbers adjust the beam to the desired energy; modulator wheels or
ridge filters modulate the beam to form a spread-out Bragg peak (SOBP) with a
dose plateau. The scatterers, absorbers, modulator wheels, or ridge filters are usu-
ally installed in the treatment nozzle. At the end of the nozzle before the beam
reaches patient, other devices such as apertures or MLC are inserted to the beam
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Fig. 2.4 Illustration of passive-scattering delivery technique [2]. Beam monitoring ionization
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line to collimate the beam to the shape of the treatment target. A compensator with
varying thickness profile is also used to shape the distal penetration of the beam to
the distal shape of the treatment target (Fig. 2.4).

2.2.1.1 Single Scattering

Single-scattering technique utilizes one scatterer in the beam line to scatter the
focused proton beam into a large field. The scatterer is usually made from high
atomic number foil such as lead. The proton beam passing through the single scat-
terer is laterally dispersed. The resulting proton field can be of nonuniform Gaussian-
shaped intensity across the field. However, the central portion of the beam can be
sufficiently uniform for treatment of small targets such as eye lesions. A single-
scattering system generally produces sharper lateral beam penumbra than double-
scattering systems and is therefore more often used for eye or brain tumor
treatments.

2.2.1.2 Double Scattering
In double-scattering system, downstream from a first scatterer foil that scatters the
proton beam into a Gaussian-shaped intensity field, a second scatterer is used to
flatten the transverse intensity across the field. The second scatter is usually made of
high Z material such as lead with a compensating thin layer of low Z material such
as polycarbonate. The shape of the high Z material is close to a Gaussian with the
thickest portion at the center. The double-scattering system can achieve uniform
field intensity at a large field size up to 40 cm in diameter.

In a passive-scattering system, the delivery of a uniform dose across the depth of
the target is usually achieved through the construction of SOBP. The SOBP is made
of a series of intensity and energy-modulated pristine Bragg peaks. The system
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Fig. 2.5 (a) Devices for SOBP construction: a IBA three-track modulator wheel, » Mevion
single-track modulator wheel, ¢ HIBMC ridge filter [3]. (b) Generation of SOBP using passive-
scattering technique. Red line graph shows the spread-out Bragg peak (SOBP) peak. There are ten
lines of pristine Bragg peak which indicates the different proton energies and dose depositions
after going through the modulation wheel in order to treat a target uniformly using the SOBP (dark
blue line). The sum of the individual line equals to the dark blue line

achieves this through a range modulator wheel or ridge filter (Fig. 2.5a, b). The
modulator wheels are made of a series of steps from low Z material with varying
step heights and widths. As the wheel rotates at a constant speed, the proton beam
passes the steps in sequence so that the beam energy is reduced to produce the group
of Bragg peaks with the required proton energies and intensities for the construction
of SOBP. The ridge filter modulates the proton beam through a series of stationary
localized ridge-shaped bars. The ridge profile, taking into the account of beam scat-
tering and energy reduction, is designed with the height and the spread to construct
the desired SOBP [3].

2.2.1.3 Uniform Scanning

Uniform scanning utilizes a first scatterer to scatter the beam to a slightly larger
beam spot, typically several centimeters. The scanning magnets downstream in the
beam line have two perpendicular sets of magnets to sweep the proton spot, with a
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fixed frequency (e.g., 30 Hz) across the transverse plane over a rectangular or circu-
lar (so-called wobbling) area that covers the maximum projected dimension of the
target volume. Longitudinally, the target volume is covered layer by layer, usually
from deep to shallow, by changing the beam energy. In one particular implementa-
tion, the energy change is achieved by building a special track on the modulator
wheel but with equal length steps and equal thickness difference between subse-
quent steps (e.g., the outmost track in Fig. 2.5). During treatment, the modulator
wheel rotates in a “step and shoot” manner to produce the desired beam energy for
each corresponding scanning layer. Thin range shifters may also be used upstream
to reduce further the layer spacing down to a millimeter. The beam intensity stays
uniform within each layer, but relative intensities between layers are adjusted in
order to produce a SOBP depth dose distribution with a dose plateau when mea-
sured in water. The second scatterer is not needed, but patient-specific field aper-
tures/MLC and compensators are used as in passive scattering.

In both the passive-scattering and uniform-scanning treatment delivery mode,
apertures are custom cut from brass (or cerroband). Brass has a high proton stop-
ping power ratio of 5.6 to water. Some proton beam systems have utilized MLC in
place of apertures. MLC can save the effort of block cutting and block mounting;
however, it often has a restricted field size. The compensators are milled from a
block of PMMA or wax. PMMA compensators are more rigid and transparent but
non-recyclable as opposed to wax. The thickness profile of the compensator is
patient beam specific and is usually calculated in the patient treatment plan and
exported to the milling machine (Fig. 2.6).

Current treatment planning systems (TPS) do not usually support the calculation of
beam MU values for passive-scattering treatments. The MUs are determined either
from direct measurements with ion chambers in water or water equivalent materials or
from analytic models with parameters derived from measured data [4]. A major disad-
vantage of scattering systems are that the use of compensators only conforms the dose
distribution to the distal shape of the target but not the proximal side (see Fig. 2.4). It
does not provide the capability to actively spare the organ at risk on the proximal side,
although such dose spill can sometimes be mitigated by using multiple beam angles.

Fig.2.6 Patient beam-
specific brass aperture and
PMMA compensator
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The use of scatterers in the beam line results in a larger virtual source size and
therefore increases the penumbra substantially. In addition, penumbra increases with
the depth of penetration. During treatment, the apertures should be brought to as
close to the patient as possible to reduce penumbra. The penumbra may also be
slightly reduced by having the aperture cut divergently through its thickness, although
such improvement is very small for systems with large SAD values (>200 cm).

2.2.2 Pencil Beam Scanning

The pencil beam scanning (PBS) technique was first introduced for patient treat-
ment a couple of decades ago, and the technique has gone through a rapid expansion
and development in the last decade. PBS is becoming the new standard technology
in proton therapy, and for new centers PBS is often the only treatment modality.

In pencil beam scanning systems, two pairs of orthogonal dipole magnets (scan-
ning magnets) are used to steer protons laterally (Fig. 2.7).

The scanning magnets sequentially direct a small size pencil beam to predeter-
mined positions with desired intensity, i.e., the number of protons. The dose to the
entire tumor is the superposition of each individual small size pencil beams. The
PBS system is very complex because it requires a very fast and reliable control with
adequate risk mitigation measures [5].

Proton pencil beam scanning technology naturally provides intensity-modulated
proton therapy (IMPT) technique by varying the location of each pencil beam and
the number of protons delivered to it. Its intensity modulation in the lateral direction
is similar to IMRT. However, it also provides modulations in depth by varying pro-
ton energies, which IMRT cannot provide. As a result, PBS is capable of true 3D
dose painting [6]. With the typical pencil beam size of a few mm, PBS can deliver
highly conformal dose to any arbitrary shape. The IMPT technique vastly increases
the proton applications in radiation therapy.
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Fig. 2.7 A schematic representation of a scanning proton beam delivery system [2]
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The delivery of pencil beam spots can be discrete or continuous. In continuous
scanning, the beam is not turned off between spots, while in discrete spot scanning,
it is completely turned off. Discrete spot scanning could avoid the transient dose
uncertainties when beam moves to the next spot. However, the beam delivery is
slowed due to the dead time (~several milliseconds) between spots. Although most
of the current proton systems use discrete spot scanning, continuous scanning is
being implemented in future systems by some manufactures.

Pencil beam scanning treatments generally do not need apertures and compensators
as in passive scattering and uniform scanning. However, apertures may still be used to
sharpen lateral beam penumbra, when the pencil beam spot size is too large to produce
the desired dose gradient between the target volume and the organs nearby [7].

There are currently two main approaches to PBS treatment: single field optimiza-
tion (SFO) technique, where each individual field uniformly covers a target, and
multi-field optimization (MFO) technique, where each individual field only par-
tially covers a target, but uniform target coverage is provided by the combination of
all the fields included in the optimization. SFO and MFO are also regarded as SFUD
and IMPT, respectively, in ICRU78. This book chapter uses SFUD and IMPT defi-
nition for consistency. The details of these optimization techniques and standards
will be discussed in the next chapter.

Compared to passive scattering, pencil beam scanning has the following major
advantages:

e Delivers 3D conformal dose to tumor in a single beam: distally, proximally and
laterally (refer to treatment planning section).

¢ Reduces target dose heterogeneity due to presence of severe tissue heterogeneity,
for example, in the treatment of head and neck cancers.

e Neutron production in air is significantly reduced due to the absence of beam-
modifying hardware in the beam line.

¢ Eliminates time and resources required for the use of apertures and compensators.

Since each PBS beam is composed of thousands of individual spots, the final
accuracy of the dose delivered to patient relies on how accurately each spot is deliv-
ered. The typical parameters that affect the dose accuracy are the spot position, spot
shape, and the number of protons of each spot. For the scanning beam, it is very
important to have a reliable and rapid-response control system that could deliver
each spot to the desired position with the correct number of protons. Physicists
design various quality assurance (QA) procedures to validate the system perfor-
mance and patient-specific treatment delivery.

2.3  Imaging for Proton Beam Therapy

A variety of patient-specific imaging techniques are routinely used or still under
development for planning, image guidance, or verification of proton treatment,
which are summarized in Table 2.1. All the imaging techniques can be simply
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Table 2.1 Summary of imaging techniques for proton therapy

Type of Routine
imaging Application practice Advantage Challenges
CT Anatomic Yes High resolution; | Requires proton stopping
structure high bone-tissue | power calibration;
delineation; contrast; uncertainties due to
dose and range anatomical calibration and CT artifacts
calculation imaging; fast translate to the proton beam
acquisition time | range uncertainties
Dual-energy | Tissue No Increase the Theoretical improvements in
CT decomposition accuracy of the | range predictions with
proton range DECT data in the order of
calculation 0.1-2.1% were observed [9]
MRI Anatomic Yes High spatial Possible geometric
structure resolution and distortion; direct use for
delineation soft tissue dose calculation still under
contrast investigation
PET (for Target volume | Yes High sensitivity | Limited anatomic resolution
PET/CT) delineation and and need to combine with
identification CT
CT on-rails | Patient Yes High resolution; | Require extra space in the
positioning; fast acquisition treatment room; increase
treatment time; allows patient in-room time; unable
verification adaptive to assess intra-fractional
planning and motion
treatment
Orthogonal | 2D patient Yes High image Low soft tissue contrast
kV planar positioning quality
imaging especially for
bone-tissue
contrast
CBCT 3D patient Yes High spatial Poor image quality
positioning; resolution of soft | compared to CT, potential
treatment tissue value for dose calculation
verification and adaptive therapy under
investigation
Optical Patient surface | Yes Fast, high No visualization of internal
imaging tracking and sensitivity and anatomy and relies on
positioning real time surrogates rather than target
acquisition; no itself; skin needs to be
radiation dose; visible and may have
large field of clearance issue
view; ideal for
superficial target
PET 3D verification | Only at In vivo Require short time delay
(treatment of treatment limited verification of between treatment and
activated) delivery institutions | treatment imaging; reduced signals

due to limitations of the
imaging protocol (e.g.,
biological washout et al.)




2 Proton Treatment Delivery Techniques 27

Table 2.1 (continued)

Type of Routine

imaging Application practice Advantage Challenges

Prompt Verification of | No In vivo Require bulky equipment for

gamma proton ranges verification of signal collimation and
treatment; no detection. Clinical value
biological remain to be demonstrated
washout effect

Proton Planning and No Direct Require high proton energy

radiography | treatment measurement of | sufficient to penetrate the

and proton | verification proton stopping | patient; limited spatial

CT power resolution due to multiple

coulomb scattering

divided into three groups based on their purposes of applications. The first group
including CT, MRI, and PET/CT is mainly used for structure delineation and dose
calculation, which is very similar to photon/electron therapy. Since CT data does
not provide directly proton stopping power ratio (SPR) required for proton dose
calculation, a calibration procedure is required to establish the relationship between
CT HU values and proton SPR. However, uncertainties in the HU to SPR calibration
exist, and these uncertainties eventually translate to range uncertainties that have to
be carefully accounted for during the planning stage [8]. Dual-energy CT improves
the SPR production and has the potential to reduce the range uncertainties associ-
ated with HU to SPR calibration [9, 10]. However, more studies and evaluations are
needed for future implementation in routine clinic. The second group is mainly used
for patient alignment, verification of the treatment position before each treatment,
and adaptive planning. It includes techniques such as orthogonal kV, CBCT, CT on
rails, body surface imaging, etc. The third group includes particle therapy unique
imaging techniques such as proton radiography, proton CT [11], treatment-activated
PET imaging [12], or prompt gamma [13] imaging, many of which are in the pro-
cess of being adopted or under development for the purpose of range and dose veri-
fication. Since the anatomical and physiological variations have greater impact on
the proton dosimetry compared to their impact on the photon dosimetry, imaging
may be frequently repeated during the proton treatment course for monitoring and
validating the treatment.

Successful proton treatment delivery requires reproducible patient positioning
during daily treatment. IGRT is essential for patient positioning and placement of
devices used for treatment such as immobilization devices. Immobilization devices
in the beam path should be considered consistently through simulation, planning,
and treatment in terms of their locations and physical properties.

e Devices intersecting beam paths during treatment should be homogeneous,
indexed, and included in the proton dose calculation during the planning stage;
devices present during CT simulation, but not during treatment, should be
excluded from the body contour for proton dose calculation. Couch overlay
should be utilized consistently with what is planned.
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e Any HU override for devices and artifacts during the planning stage should be
carefully evaluated on a case by case basis. Inappropriate override of HU can
lead to significant dose errors.

¢ Immobilization devices should be indexed to the treatment couch top when they
are positioned in the treatment area or whenever possible.

e Partial beam blocking by any devices (couch, bolus et al.) is difficult to repro-
duce and should be avoided (e.g., large-angle posterior oblique field passing
through the couch edge).

e Positions of range shifter and bolus should be minimized and consistent with
those in planning. Air gaps between device and patient should be confirmed rou-
tinely. Air gaps between the range shifter (or bolus) and the patient should be
kept the same to maintain the spot profile. The couch top is generally made of
uniform low-density material, but some institutions have purposely used thicker
substitutes as range shifters for spot-scanning treatment.

24 Intra-fractional Motion Management for Proton
Therapy

The management of intra-fractional target motion during proton therapy depends on
the specific proton treatment technique.

e Passively scattered proton beams are more akin to 3D photon treatment tech-
niques in the sense that the whole treatment field is delivered simultaneously.
A modified ITV concept ensuring that the target is covered during all motion
phases may be used to provide sufficient target coverage. The variations in
WET due to intra-fractional motion may be accounted for in the compensator
design. Kang et al. described the treatment planning strategies for mobile lung
tumors treated by passively scattered proton beams. A 4D CT scan is used to
derive the internal gross tumor volume (IGTV). For planning purposes the
average CT scan is used; however, the IGTV volume density is overwritten
with uniform density value of 100HU [14] or established based on the average
ICTV HU values for each case.

e The use of pencil beam scanning presents a different challenge in the sense
that it is more akin to IMRT because only subsections of the target volume
are treated at any given time. The dynamics of the treatment delivery and a
moving target can lead to interplay effects that need to be assessed and
managed.

For either delivery technique, it is beneficial to restrict the amount of motion dur-
ing beam delivery. Abdominal compression as well as gating have been successfully
employed by some groups during proton therapy treatments [15, 16].

On the other hand, it is unlikely that a target in motion can be managed to a
degree that it can be treated as stationary.
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e For unmanaged or a given residual motion, it is of interest to assess the dosimet-
ric impact of the target motion. This simulation requires accurate knowledge and
synchronization of the proton delivery dynamics and moving patient anatomy. A
number of research groups have developed in-house simulators to assess the
dosimetric impact of motion [15, 17]. The dosimetric impact depends on the tim-
ing of the treatment with respect to the breathing phases. While researchers dem-
onstrated that the dosimetric effect of a single fraction delivery can be concerning,
it has also been demonstrated that the dosimetric effect averages out quickly after
the delivery of several fractions [17, 18]. However, the effect is treatment site and
patient specific.

e The cumulative dosimetric effect of target motion after the completion of a
fractionated course of treatment is of interest has been investigated. Using a
realistic interplay simulator, Li et al. showed that after the delivery of a regu-
lar fractionated treatment, the cumulative dose distribution approaches that of
the 4D dose distribution [17]. The latter is obtained by recalculating the nomi-
nal plan into each 4DCT phase and accumulating the dose distributions from
the individual phases onto the nominal treatment planning CT using deform-
able image registration. The calculation of the 4D dose does not require an
interplay simulator and is relatively easy to implement in commercial treat-
ment planning systems.

e The magnitude of the dosimetric effect will be a function of plan and patient
parameters.

— Grassberger et al. reported that the dosimetric effect of motion is reduced with
increasing spot size [18]. While the spot size is typically not variable for a
given scanning nozzle, it can be manipulated by the use of external range shift-
ers and by varying the air gap between the range shifter and the patient’s skin.

— Grassberger et al. reported an increase of the motion effect with motion
magnitude.

— Li et al. reported that motion effects may be enhanced if the CTV is small
with respect to motion magnitude [17].

— With respect to dose modulation, Dowell et al. report that the amount of dose
modulation for targets that moved less than 20 mm had no significant effect
[19].

— Zengetal. [20, 21] report that for single-beam PBS treatments of mediastinal
lymphomas, the cumulative dosimetric degradation (D98%) was less than 2%
and up to 5% for single factions. Actual breathing phases as measured at time
of 4DCT were used for this simulation.

e Other groups have investigated modified delivery techniques to make spot-
scanning plans more robust against intra-fractional motion.

— Repaint the target volume, i.e., each spot location is revisited by the scan-
ning beam multiple times which is a widely discussed option. In general two
techniques have been developed. In the first technique, termed layered
repainting, each energy layer is repainted several times until all MUs are
delivered. This is repeated for each subsequent layer. In the second
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technique, termed volumetric repainting, the complete target is painted mul-
tiple times [22]. A disadvantage of the techniques is that each volumetric
repaint requires each energy layer to be revisited. This will increase the
treatment time and hampers the use of this technique for systems that have
a longer layer switching times. The latter technique is, however, relatively
simple to implement by increasing the fractionations by multiples of n.
Each repainting technique however has to account for machine delivery
limitations such as the minimum MU per spot limit. A spot which is planned
to deliver MUs close to the minimum MU cannot be repainted with either
method. To manage these machine limitations various refined repainting
techniques have been reported.

— In a recent publication Li et al. investigated a spot sequence optimization
technique to increase the plan’s robustness against motion. The spot map
delivery was altered to increase the distance between subsequent spot
deliveries [23]. This sparser delivery sequence resulted in more robust
plans.

— Motion robust treatment planning techniques have also been developed. Yu
et al. reported the use of 4D robustness optimization in conjunction with beam
angle optimization [24]. For 4D optimization, plans were robustly optimized
on multiple 4D CT phases. In addition beam angles were evaluated for
changes in WET with respiration and angles with minimal changes in WET
were selected for treatment planning.

To summarize, the dosimetric impact of motion on proton therapy treatments has
been studied widely for proton plans. While no single solution has emerged, multi-
ple techniques have been reported to be useful for target motion management during
proton therapy.

2.5 Proton Beam Therapy Systems and Specifications

In recent decades, due to the increasing demands for proton beam therapy, many
manufacturers have started to join the market. So far, there are many proton system
configurations, techniques, and combinations developed to fit the needs of various
institutions. In the meanwhile, proton beam therapy technology has continued to
evolve rapidly. The goal of this section is to summarize the clinical systems cur-
rently available commercially to provide the reader with a brief account of the
important machine parameters and characteristics which could have a significant
clinical impact on treatment and protocol development. The clinical parameters
quoted in Table 2.2 are based on proton centers actively treating patients as of May
2016 (Tables 2.3 and 2.4).
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Table 2.3 Pencil Beam Scanning clinical parameters (spot scanning)

Parameters

Clinical significance

Most common values

Maximum field size

The maximum lateral dimension of the
target that can be treated without using
multi-iso fields

From 20 x 24 cm? to
30 x 40 cm?

Energy layer switch time
(ELST)

A major factor of spot-scanning beam
delivery efficiency

Cyclotron <1 s
synchrotron 1 ~2 s

Spot switch time

A minor factor of spot-scanning beam
delivery efficiency

2—-10 ms

Spot size (1 sigma in air) | The lateral penumbra of the dose 2.2-4.4 mm at
distribution 32 g/em
Spot symmetry The quality and consistency of the proton | 10%
beam for all gantry angles and energies
Spot position accuracy The quality and consistency of the proton | I mm
beam position accuracy for all gantry
angles and energies
Length of time for Overall estimation of the treatment 30-120 s
irradiating a 1 L target to | delivery efficiency of a proton system
a uniform dose of 2 Gy
Remote air gap tuner Capable of adjusting air gap between Continuous/fixed/

range shifter to patient’ skin in order to
optimize the spot size for the treatment

discrete position

Room switch time (RST)

The operation efficiency of a multiroom

proton therapy center

10-60 s

Table 2.4 Passive-scattering clinical parameters

Parameters

Clinical significance

Most common values

Maximum field size

The maximum lateral dimension of the
target that can be treated without using
multi-iso fields

15 cm; 25 cm diameter
(DS); 30 x 40 cm (US)

Dose rate

Major factor of passive-scattering beam
delivery efficiency

2 Gy/min; 1 Gy/min

Number of modulation
wheels and options

Number of combinations of SOBP and
beam range

14 modulator wheels,
24 options (Mevion)

3 modulator wheels and
8 options (IBA)

Modulation wheel warm | A minor factor of passive-scattering 30-60s

up time before beam delivery efficiency

irradiation

Collimation system Manual or auto configuration of the MLC/brass aperture
beam lateral shape

Room switch time The operation efficiency of a multiroom | 10-60s

(RST)

proton therapy center
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2.6

2.6.1

System QA

Quality Assurance (QA)

A detailed and comprehensive physics QA protocol is needed to ensure system
performance and patient safety. Table 2.5 summarizes the major mechanical and
dosimetry-related QA items and procedures of most common proton therapy sys-
tems. It includes the daily, weekly, monthly, and annual QA items followed by a

Table 2.5 QA tasks and procedures for proton therapy systems

Items Frequency ‘ Description ‘ Measurement devices
Beam dosimetry parameters for PBS

Output Daily; Purpose: verify monitor chambers’ | Cylindrical farmer
monthly; integrity and reliability, as well as | type; parallel plate
annually beam characteristics and fluence ionization chamber

consistency (PPIC) Fig. 2.8a
Method: measure the beam output

at the center of modulation (the

center of the SOBP) using a broad

uniform field.

Criteria: 2%

Range Daily; Purpose: verity the stability of the | PPIC with scanning
monthly; machine for delivering water tank; multilayer
annually predetermined beam energies ionization chamber

Method: range of individual spots | (MLIC) Fig. 2.8b
and a uniform large field.

Commonly used phantoms with

varying thickness, e.g., a custom-

made wedge phantom

Criteria: 1 mm

Dose flatness and | Daily; Purpose: verify beam stability and | Scintillator/CCD

symmetry monthly, reproducibility of the beam optics | camera system; ion
annually at nominal and all gantry angles chamber array; film

Method: measure 2D dose
distributions and compare with
commissioning data in TPS
Criteria: 1%

Distal dose Monthly; | Purpose: verify the constancy of PPIC with scanning

falloff annually beam energy spread which could water tank; multilayer

affect the integral depth dose ionization chamber
distributions (IDDD) (MLIC) (may be
Method: measure depth dose combined with range
distributions check procedure)
Criteria: 1 mm

Spot profile Daily; Purpose: verity spot profile Film, ion chamber
monthly; | consistency. array, strip chambers,
annually Method: measure individual spot or scintillator/CCD

profile
Criteria: 10% (1-sigma)

detecting system.
(Fig. 2.8¢)

(continued)
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Table 2.5 (continued)

Items Frequency | Description Measurement devices
Spot position Daily; Purpose: verify spot position Film, ion chamber
monthly; accuracy array (Fig. 2.8d), strip

annually Methods: deliver several sets of
spot pattern and verify their
positions

Criteria: 1 mm

chambers, or
scintillator/CCD
detecting system (can
be combined with spot
profile procedure)

Pencil beam
depth dose
distribution

Annually | Purpose: verify integral dose of the
pencil beam at different depths
Method: measure depth dose using
a Bragg peak ion chamber in a
water tank equipped with scanning
capabilities

Bragg peak ion
chamber

Spot angular-
spatial
distribution and
lateral dose
profiles

Annually | Purpose: verity spot dose lateral
profiles and at different depths
Methods: measure individual spot
profile

Criteria: 20% (spot symmetry)

Film, small volume ion
chambers, scintillator/
CCD camera system

Inverse square
correction test

Annually | Purpose: verify the distance of the
point of measurement for broad
fields from the “effective source”
position

Method: measure dose with an
ionization chamber at different
distances relative to isocenter and
compare it with the predicted dose
using the inverse square correction

2D ion chamber array

factor
Monitor chamber | Annually | Purpose: verify linearity, PPIC
linearity, reproducibility, minimum and
reproducibility, maximum dose criteria of the
and min/max monitor chambers for PBS delivery
checks Method: measure dose by
decreasing/increasing the intensity
of spots to the tolerance levels
Criteria: 1%
Patient setup verification
Laser Daily Purpose: verify the laser-projected | IGRT phantom
position relative to isocenter of the | (Fig. 2.8f)

imaging system

Method: position a phantom with
fiducials at isocenter using the
imaging system and verify the
laser projections on the phantom
Criteria: 1 mm
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Table 2.5 (continued)

Items

Frequency

Description

Measurement devices

IGRT system

Daily;
monthly

Purpose: verify imaging system
vs. radiation isocenter, as well as
imaging quality

Method: position IGRT phantom at
isocenter using the imaging system
and deliver proton beam at center
of the field

Criteria: 1 mm

IGRT phantom
(combined with laser
check procedure)

Communication
and interface

Daily

Purpose: verify the interface
between delivery and IGRT system
and record and verification system
Method: load a plan, acquire
images, deliver treatment beams,
and send records back to record
and verification system. Check if
all images and delivered dose are
recorded

The procedure should
be tested in treatment
mode during one of
daily QA testing items

Safety

Daily

Audiovisual monitor; visual
monitor; beam-on indicator; X-ray
on indicator; search/clear button;
beam pause button; emergency
beam stop button, monitor units
interlocks; collision interlocks;
radiation monitor system (neutron
or X-ray); door interlock

N/A

Emergency stop

Monthly

Purpose: verify the emergency-
stop buttons stop not only the
mechanical movements but also
the particle and/or the X-ray
radiation

N/A

Mechanical systems

Gantry angle vs.
gantry angle
indicators

Weekly

Purpose: verify the accuracy of the
gantry angle as indicated on the
gantry angle indicators or digital
readout

Criteria: 1°

Digital level

Snout extension

Weekly

Purpose: verify the mechanical
accuracy of the snout positions
with respect to the treatment plan
Criteria: 1 mm

Meter stick

Collision sensors

Weekly

Purpose: check nozzle and
imaging component collision
sensors functionality

N/A

Couch positional

Weekly

Purpose: verify the accuracy of
couch position with respect to
treatment plan; normally 6° of
freedom

Criteria: 1 mm

Meter stick and digital
level

(continued)
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Table 2.5 (continued)

Items Frequency | Description Measurement devices
Gantry radiation | Monthly; | Purpose: verify the radiation Film Fig. 2.8h;
Isocentricity annually isocenter accuracy with respect to | XRV-100 Fig. 2.8f
the gantry angles
Method: gantry star shot technique
for central beam axis
Criteria: 1 mm
Couch Monthly; | Purpose: verify the radiation Film
Isocentricity annually isocenter accuracy with respect to

the couch rotations

Method: couch star shot technique
for central beam axis

Criteria: 1 mm

Additional QA items for passive-s

cattering systems

SOBP width Monthly; | Purpose: verify beam extraction PPC with scanning
annually and intensity that synchronized water tank system;
with the rotation of the modulator | multilayer ionization
wheel in order to produce flat chamber (MLIC) (can
SOBPs be combined with range
Method: measure depth dose check procedure)
distributions for specified SOBP
fields covering all options, that is,
the use of the all beam-modifying
components for SOBP construction
Criteria: 1 mm
Multi-leaf Monthly; | Purpose: alignments; leaf position; | Survey meters; film
collimator annually activation; interlock functionality
MLC leakage Monthly; | Purpose: verify the requirements Film
annually for the leakage dose from intraleaf,

interleaf, leaf-end, leaf banks, and
other MLC components

Method: use the highest proton
energy to check the leakage

Fig. 2.8 Dosimetry equipments. (a) Parallel plate ion chamber: PPCO5. (b) Multilayer ionization
chamber: Zebra (IBA, Belgium). (¢) Scintillator/CCD camera detector: Lynx (IBA, Belgium).
(d) 2D ion chamber array: MatriXX (IBA, Belgium). (e) Water tank: Blue phantom 2 (IBA,
Belgium). (f) IGRT phantom for PBS QA: XRV-100 (Logos Systems International, Scotts Valley,
CA). (g) Bragg Peak Chamber: PTW (Freiburg GmbH). (h) Radiochromic films (Ashland, NJ)
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brief description of the procedure and measurement devices required. Detailed
IGRT QA procedures are not included here, since IGRT systems for proton therapy
are in rapid transition, for example, toward volumetric imaging. CBCT for proton
treatment has just been implemented at the University of Pennsylvania in 2015, and
several centers have started using CT on rails recently. For 2D orthogonal imaging
systems, interested readers may consult corresponding sections in AAPM task force
report 142 (TG142) on image guidance in external beam therapy.

2.6.2 Patient-Specific QA (PSQA)

Patient-specific quality assurance (PSQA) has been one of the most important pro-
grams in radiation therapy workflows to ensure the accuracy of dose delivery for
each treatment plan prior to the patient’s treatment. Similar to clinical practice in
QA procedures for intensity-modulated radiation therapy (IMRT), PSQA for proton
therapy includes (1) absolute dose verification and (2) dose distribution verification.
One major difference between IMRT and proton therapy is that the latter uses much
fewer fields for each treatment fraction. In many cases, a single treatment field is
sufficient to produce the satisfactory fractional dose distribution. Even in the case of
IMPT multi-field optimizations for pencil beam scanning, the number of fields
required is usually two to four, compared to IMRT where most treatments use five
or more. As a result, PSQA for proton treatment has been conducted for each field,
even in the case of IMPT, rather than for the composite dose from all fields as in the
case of IMRT QA. This also results from the lack of reliable and efficient techniques
for measuring three-dimensional dose distributions. Such QA measurement tech-
niques, e.g., 3D gel dosimetry, are still not feasible for routine clinical practice due
to various limitations. Overall, given the ongoing development of new treatment
delivery, planning, and measurement techniques, PSQA for proton beam therapy is
in the stage of rapid evolution and no gold standard exists currently for procedures
and guidelines. The purpose of this section is therefore limited to providing a gen-
eral idea about the most common PSQA procedures and dosimetry tools used at
different institutions.

2.6.2.1 PSQA for Pencil Beam Scanning

As mentioned above, two types of optimization techniques are used for planning
PBS treatment, SFUD, and IMPT. Treatment fields obtained from both techniques
have modulated beam energies and intensities and generally do not produce homo-
geneous dose distributions in a phantom, creating challenges for measurements,
although understandably substantially more so for IMPT than SFUD fields.

SFUD QA

SFUD is often used where the target is simple, and no critical organs at risk (OARs)
are present along the beam path such as prostate cancer. A very comprehensive
SFUD PSQA procedure based on prostate planning has been published by Zhu et al.
[25]. The procedure includes three parts, (1) point dose verification, (2) central axis
depth dose verification, and (3) relative 2D dose measurements, as listed in Table 2.6.
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Table 2.6 An example of PSQA components for SFUD fields

Items Procedure Dosimetry device
Point dose Purpose: (1) an end-to-end test of data MatriXX; PPCO5; solid
verification transfer integrity from the TPS to the water phantom; scanning

scanning beam accelerator control system
(ACS); (2) verify the beam steering
magnets are working properly for different
gantry angles; (3) uploading of the
required bending magnet field strengths
Methods: measure point dose in the
mid-SOBP position

water tank

Central axis depth
dose verification

Purpose: verification of spot energy and
position and dose calculation by the TPS
Methods: measure point dose at several
depths (Fig. 2.9a)

MatriXX; PPCO5; solid
water phantom; scanning
water tank

Relative 2D dose
measurements

Purpose: 2D dose measurement at multiple
depths allows detection of potentially large
errors in spot lateral position as well as
TPS dose modeling

Methods: use 2D ion chamber array

MatriXX; solid water
phantom; (Fig. 2.10 is the
example of 2D dose
distribution comparison of
RT and LT prostate fields)

detector to measure three depths within the
SOBP (proximal, middle, and distal). The
y-index was used for comparison of 2D
dose distribution with a requirement of a
3% dose or 3-mm distance to agreement
(Fig. 2.9b)

Fig. 2.9 (a) Rectangular water phantoms for depth dose measurements. (b) MatriXX 2D ion
chamber array detector with plastic water phantoms

The average time based on this comprehensive PSQA procedure for each
patient’s plan was approximately 2 h for all three types of measurements and data
analysis. For a busy center running 16-h treatment days and thus on average five
new plans to start daily, it requires significant QA beam time after treatment and
weekends. Therefore, it is highly desirable to simplify the procedure and improve
the efficiency of PSQA. In most clinics today, measurements at the exact treatment
gantry angle are not always performed due to the complicated workflow which
requires a special couch mount device to hold heavy solid water and the MatriXX
detector. Lomax et al. reported PSI’s QA experiences using orthogonal dose profiles
acquired by an ionization chamber array, typically at two different depths in water
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Fig.2.10 Comparison of the two-dimensional dose distribution for a prostate proton SFUD plan
at a depth of 23.4 cm. Solid lines indicate measurements obtained using MatriXX detector, and
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[6]. Lin et al. [26] investigated the feasibility of using a waterproof housing to hold
the MatriXX that is scanned in a water phantom (DigiPhant, IBA dosimetry)
(Fig. 2.11). This new dosimetry tool could combine point dose, depth dose, and 2D
dose distribution in one setup and significantly reduce the time and QA workload.
Unfortunately such QA tools are not able to verify the gantry dependent parameters,
e.g., current settings of all bending and steering magnets.

To further reduce the PSQA workload, Mackin et al. proposed a second-check
dose calculation engine, HPlusQA. The study concluded that it could reduce the
need for PSQA measurement by 64%. Zhu et al. [27] suggested incorporating both
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independent dose calculation and treatment log file analysis to reduce the time
required for measurements.

IMPT QA

IMPT is most often used in situations with complex patient anatomy and target, e.g.,
head and neck, CNS, and thoracic/GI. Compared to SFUD, each field in an IMPT
plan is highly modulated in both energy and spot position. Although the principles
of PSQA procedures are very similar to SFUD, they require more measurements
and more detailed analysis. To the best of our knowledge, there is still no publica-
tion on comprehensive PSQA procedures for IMPT yet. In some institutions, IMPT
field is normally measured in more different depths compared to SFUD. At MD
Anderson, HPlusQA is implemented for IMPT PSQA as well.

Range Shifter Effects on PSQA for PBS

Range shifters (RS) are used often in PBS treatments for shallow targets, e.g., HNC and
CNS. Beam modeling of RS is a separated option in some TPS. The QA result might be
affected by the air gap and beam modeling. Initial result reported by Mackin et al. [17]
suggested that the dose algorithm in certain planning system is accurately modeling the
dose from the secondary radiation but not so for the effects on the distal falloff.

2.6.2.2 PSQA for Passive-Scattering

Passive-scattering beam delivery involves more hardware and system configurations
compared to spot-scanning beam delivery, such as apertures, compensators, and the
beam options with the specific scatterer settings, modulation wheels, etc. For each
treatment field, apertures and compensators were manually checked; apertures must
match with the treatment plan; compensator thickness tolerance is 0.5 mm (see
Fig. 2.12). To make the process more quantitative and comprehensive, Yoon et al. [28]

Fig. 2.12 (a) An example of an actual compensator used for proton beam treatment. (b) The
device used to verify the thickness manually by measuring the height relative to the surface for a
single-sided compensator
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Fig. 2.13 User interface of an in-house developed compensator QA software based on CT image
of the compensator at the Robert Wood Johnson Cancer Institute

suggested using CT to assess the quality of the compensator instead of the manual
measurement. Figure 2.13 shows the workflow and user interface for the CT-based
compensator QA method used at the Robert Wood Johnson Cancer Institute.

As described above, current TPS systems do not generally support the calcula-
tion of beam MU values for PS. The MUs are determined from measurements with
ion chamber in water or water equivalent materials. Normally absolute dose is
checked through measurement in the center of SOBP using a water tank or solid
water combining with the PPC or ion chamber array. An analytic model based sec-
ondary check system is generally used.
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2.7  Future Developments

Proton beam therapy technique has been advancing rapidly within this decade.
Considering that PBS treatment technology became commercially available only
less than 10 years ago [1], it is remarkable that nearly all new proton centers now
are configured with a PBS only technique. However, treating moving targets remains
the biggest challenge for PBS technique, owing to the interplay effects, as described
above [6, 18, 20, 22-24]. A number of delivery techniques have been proposed to
compensate the interplay effects by using, e.g., repainting [29], breath-holding [30],
gating [31], and tracking [31]. Some of these techniques have been successfully
implemented by certain vendors in some clinics. We are expecting more new tech-
niques as well as more clinical data coming in the next decades to demonstrate the
feasibility and value of treating moving tumors with PBS.

Another area with rapid improvement expected is image guidance for treatment, specifi-
cally the use of volumetric imaging. Although proton therapy once led the way to image guid-
ance in radiotherapy by using orthogonal X-rays for patient setup from the very beginning, in
recent years it fell behind conventional therapy where CBCT is now routinely used. The value
of volumetric imaging has been recognized by the community of particle therapy now, and
adoption of this technique has started. The first CBCT for proton system was just implemented
commercially at the Roberts Proton Therapy Center at the University of Pennsylvania in 2015
which opens a new area of precise patient positioning and dose evaluation to improve treat-
ment accuracy [32]. The use of in-room CT, or CT on rails, is another approach taken by cer-
tain vendors. Daily CT-/CBCT-based dose calculation and treatment adaptation should
become a routine treatment option to further improve treatment outcomes [32].

Beam range uncertainties in patients have always been a major challenge to uti-
lizing the full potential of the proton beam for target coverage and organ avoidance.
Major efforts have been focused on increasing accuracy of the proton range calcula-
tion and delivery by using innovative imaging and detection devices such as prompt
gamma camera [13], ultrasound detectors [33, 34], PET imaging [35], proton beam
imaging [36] and the use of DECT [9]. Some of these new imaging techniques are
expected to be clinical available soon. A prompt gamma camera system is currently
in clinical testing at the University of Pennsylvania.

The technique of volumetric-modulated arc therapy (VMAT) has been widely used in
photon therapy, with significantly shorter treatment time and possibly improved dose
distribution when compared to standard intensity-modulated radiation therapy using
static fields. It is a natural question if proton arc therapy can also improve dose distribu-
tions and robustness given the well-known issues of beam range uncertainty, anatomical
variations, distal-end RBE uncertainties, limitations of spot sizes, etc. Exploration in this
direction has started recently. Ding et al. proposed a novel spot-scanning proton arc
(SPArc) algorithm to generate a robust, delivery-efficient and continuous proton arc plan,
showing a promising dosimetric improvement over current IMPT technique especially in
the reduction of integral dose and target conformity with comparable delivery time [37].
It is demonstrated for the first time that the concept of proton arc therapy could be clinical
valuable and feasible through continuous delivery. Although implementing such treat-
ment technique will need to overcome tough technical challenges, some of which may be
more difficult than ever, efforts in this direction are expected to continue.
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3.1 Differences Between Photon and Proton Treatment
Planning

The differences between planning proton-beam therapy and photon-beam therapy
derive from the differences in the physics of protons and photons, namely [1]:

e That protons have a finite and controllable (through choice of energy) penetra-
tion in depth with virtually no exit dose (Fig. 3.1).

e That the penetration of protons is strongly affected by the nature (e.g., density)
of the tissues through which they pass, while photons are much less affected
(density changes generally give rise to only small intensity changes, except for
the lung). Therefore, heterogeneities are much more important in proton-beam
therapy than in photon-beam therapy (Fig. 3.2).
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e The apparatus for proton-beam delivery is different, and its details affect the dose
distributions (Chap. 2).

3.1.1 Physics

3.1.1.1 Rationale for Proton Therapy
Advantage of proton therapy comes from the physical characteristics of the proton
beam:

 Finite range and ability to define depth of penetration.

 Intrinsic 3D shaping feature, in depth and laterally, compared to the 2D lateral
controls in a single photon beam.

¢ Inserting a material of certain thickness in a proton beam results in a proportional
energy reduction (range « energyl.77; [2]) and a known shift downward of the
range; proton-beam intensity does not change (in contrast to a clinical photon
beam where the mean energy is minimally affected while the intensity reduces
exponentially as a function of thickness).

 Intrinsically sharp penumbral edge due to near-straight tracks of protons (intrin-
sically sharper compared to a single photon-beam penumbra at depths below ~
18 cm in water).

e Proton beams deposit virtually no dose beyond the distal edge of the Bragg peak.
Photon beams, in contrast, have no localization ability along the depth and “pass”
throughout the patient. This simple difference means that a composite of multi-
ple proton beams will have approximately half the integral dose of a similarly
arranged set of photon beams [3].

e Proton dose distributions are biologically equivalent to photon dose distributions
except for a constant RBE factor of 1.1 (more detail later in the chapter; Table 3.1).

3.1.1.2 Heterogeneities
Because of the influence of heterogeneities, a map of heterogeneities along the
beam path must be made and compensated for (to the extent feasible); finally, the
dose distributions must reflect the remaining effects of the heterogeneities. The map
of heterogeneities is built up from fine-resolution CT images converted to water-
equivalent densities in order to compute three-dimensional dose distributions.

The resulting requirements for planning proton-beam therapy imply the following [1]:

e To ascertain the CT number to water-equivalent density conversion table

e To compensate, either physically or virtually, for heterogeneities, including
metallic implants when present

e To be aware of, and mitigate the effect of, possible hot and cold spots due to
lateral scattering effects

e To take into account uncertainties associated with possible misalignment of the
compensator (Chap. 2) with the patient’s tumor, organs, and tissues for passive
scattering proton therapy

e To take into account uncertainties in proton-beam penetration. For example, it is
common practice to partially or completely avoid using beam directions for
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Table 3.1 Major sources of uncertainty in proton therapy

Source of
uncertainty | Comments

Range Proton-beam range varies as a function of proton energy and relative stopping power
uncertainty | (RSP) of the absorbing material. A significant source of range uncertainty comes
from the conversion of Hounsfield units (HU) in the planning CT to RSP (Fig. 3.4a).
This uncertainty is approximately 2% for soft tissue and as high as 5% for lung, fat,
and bone. An average value of 3.5% is assumed for clinical practice [4—6]. Much
greater uncertainty exists for high-Z materials such as metal hip prostheses

(Fig. 3.11) and dental fillings. Traversing these implants should be avoided wherever
possible. CT image reconstruction artifacts also increase range uncertainty [7]
Patient Proton dose distributions are highly sensitive to patient positioning. Daily image
setup guidance is recommended to ensure accurate alignment with the machine
uncertainty | isocenter as well as alignment of patient relative to the patient support system
and immobilization equipment traversed by the proton beams [8, 9]

Anatomical | Protons are highly sensitive to intrafractional and interfractional variations in
variability | anatomy. Variations may be caused, for example, by respiratory motion, weight loss,
tumor shrinkage (Fig. 3.14), bladder filling, bowel gas, or changes in sinus filling.
Mitigation techniques include 4D CT-based planning for respiratory motion,
adaptive replanning for weight loss or tumor shrinkage, and careful beam angle
selection to avoid traversing anatomy susceptible to variation wherever possible

Biological | The relative biological effectiveness (RBE) is accepted as 1.1 for clinical
uncertainty | practice. This is based on a meta-analysis of in vivo and in vitro data obtained in
the middle of the SOBP [10]. However, linear energy transfer (LET) increases
toward the distal end of the SOBP, with a corresponding increase in RBE [11].
The biological dose is extended distal to the physical range [12]; 2-3 mm is a
reasonable approximation for this extension

which there would be a tight margin between the target and a sensitive structure
lying distal to it (e.g., the spinal cord)

3.1.2 Geometric Uncertainties, Range Uncertainty,
and the PTV Concept

The primary physical and conceptual difference between protons and photons passing
through matter is that protons lose energy but not intensity and photons lose intensity
but not energy (Sect. 1.1). An uncertainty in tissue density thus has a direct effect on
the proton penetration and the position of the Bragg peak. If this Bragg peak was
assumed to be at the distal edge of the target, it may ‘““stop short” and the target edge
may receive zero dose due to the sharp distal falloff of the Bragg peak. Figure 3.2
illustrates the effect on a proton Bragg peak with respect to the target and the effect on
a photon field both for a 3% increase in the relevant physical attenuation parameter.

The difference in consequence is the root cause of the difference in uncertainty
mitigation strategies between protons and photons.

As can be seen in Fig. 3.2, the photon field intensity and thus dose is minimally
impacted by changes in density. As a consequence, a photon dose distribution has
(almost certainly within the range of uncertainties of therapy) a static 3D shape in
the patient space unaffected by acceptable uncertainties. This means that if we are
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able to position the patient with respect to this static 3D shape, we will achieve our
intended doses within the patient. This is the sole reason why geometric imaging
suffices in photon radiotherapy: we only need to shift the patient to the intended
location to align with the 3D dose. Any residual uncertainties are accounted for by
PTV margin, to ensure that the CTV within remains covered.

The proton dose distribution is a composite of numerous pristine Bragg peaks
whose terminal locations are the main loci of dose. Uncertainty in stopping power
translates into a proportional uncertainty in all these loci. This direct correlation
between geometric error and dose error (unlike in photon fields) means that an
expansion of the CTV into a PTV does not apply directly to protons.

Uncertainties arise from:

. Uncertainty in local stopping power in the patient
. Changes in the patient’s internal and external anatomy
3. Setup errors

All causes have the same effect: a potential shift of the Bragg peak location.
Stopping power uncertainties arise from (1) the conversion of CT number to stop-
ping power based on a population average conversion curve and (2) the inherent
uncertainty in the stopping power itself. Typically, the practical uncertainty in this
conversion is assumed to be about 2.5%, which can vary from one institution to
another (values up to 3.5% are used in clinical practice). Thus, a 150 mm range
proton may have its (worst case) locus between 146.25 mm and 153.75 mm, i.e.,
an uncertainty range of 7.5 mm, which would be unacceptable.
Changes in the patient’s internal and external anatomy require repeated verifica-
tion volumetric imaging depending on the treatment site. Over the course of
treatment, the anatomy of the patient can change. Weight gain/loss is a typical
example where thickness of a patient’s subcutaneous fat layer may change sig-
nificantly during the course of radiotherapy. Changes in the size of a bulky tumor
or lymph nodes can affect the delivered dose. Gas in the rectum or bowels can
create large perturbations if the proton beam is traversing these areas. The
repeated image set should be used to reassess the dose to the patient as apparent
geometric fidelity may not translate into dosimetric fidelity. This can be practi-
cally checked on a biweekly basis.

Daily imaging, either minimally by means of orthogonal X-rays or maximally by
cone beam CT (CBCT) or diagnostic quality CT, is required to ensure that patient
setup errors are within tolerances and representative of the assumed errors.

The known effect of uncertainties yet their unknown magnitude in a given patient
requires mitigation at the treatment planning level to ensure that the resultant dose
distribution maintains its integrity, qualitatively expressed as robustness against
those uncertainties, in the presence of these uncertainties.

Robustness assessment is a difficult computational and practical problem and
depends on the mode of proton field delivery. We identify two practical modes of
delivery and their mitigation:

DN =

1. SOBP fields composed of a fixed set of pristine Bragg peaks with a fixed mod-
ulation and shaped by apertures in the lateral dimensions and by range com-
pensator in depth. To the first order, an uncertainty shifts the field proportional
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to the uncertainty. Thus, an expansion of the SOBP field in the proximal and
distal directions will ensure proximal and distal coverage. This can be consid-
ered as a one-dimensional PTV expansion. An aperture expansion, to first
order similarly, will ensure that the target remains covered in the lateral dimen-
sions barring large heterogeneity differences. Note, however, that the first miti-
gation along depth is because of stopping power uncertainty, while the second
is because of setup error. In addition, lateral setup errors are, in practice, cor-
rected by assuming a worst case penetration in the shape of the range compen-

sator (see Fig. 3.3).

2. PBS (pencil-beam scanning) fields composed of individual Bragg peaks. We
identify two modes for PBS (nomenclature is not uniform in the radiotherapy
community, and we follow the ICRU Report 78 [1]):

(a) Single-field uniform dose (SFUD) where each field in the set of PBS fields
achieves a uniform dose over the entire target. The fields are thus geo-
metrically decoupled and can be considered independently in the uncer-
tainty mitigation. Their individual mitigation is considered adequately
handled by the considerations in SOBP fields. The SFUD technique is
also called single-field optimization (SFO). The SFO may be used in the
case of a simultaneous integrated boost (SIB) or when a single field is
optimized together with constraints to OARs which partially overlap with
the target.

A+B

CT

90%

Fig. 3.3 Consider a beam entering from the top of the three range compensators. The range com-
pensator “CT” is derived from the CT in the nominal position and has a profile as indicated and
results in the top 90% dose profile. A setup error (e.g., to location B) results in a shifted compensa-
tor profile. The worst case range compensator profile (A + B, where A refers to the setup error to
opposite direction of B) considers the deepest required penetration anywhere in the field given the
range of uncertainties and results, as a consequence, a nominally deeper 90% dose profile
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(b) Intensity-modulated proton therapy (IMPT) where each field delivers a het-
erogeneous dose to the target and only the composite dose from all fields
covers the entire target and achieves the desired dose shape. The IMPT
fields are strongly coupled and must be considered as a single set in the
uncertainty mitigation. The uncertainty mitigation in IMPT may be
achieved through robust optimization, which requires an explicit computa-
tion of individual uncertainty scenarios to assess that the dose in each sce-
nario remains clinically acceptable. We will return to this topic in Sect.
6.4. The IMPT technique is also referred to as multi-field optimization
(MFO) (Table 3.2).

3.1.3 Particularities of the Delivery System Proton Versus
Photon

3.1.3.1 Proton Delivery Techniques

In proton-beam therapy, a number of different beam-shaping and delivery tech-
niques can be used, and these techniques strongly affect the selection of beams and
their resulting dose distributions [1]. The planning software must therefore be able
to simulate all techniques of proton-beam delivery available to the user. For exam-
ple, it might be required to compute the dose distributions of scatter beams, scanned
beams (continuous or discrete), or wobbled beams (a special case of beam scanning,
using relatively wide finite pencil beams):

e Protons have a sharp lateral beam penumbra which decreases with increasing
beam energy.

e Proton-beam penumbra is widest in the Bragg peak region where the proton
energy is least.

Table 3.2 Proton delivery techniques

Passive scattering

Pencil-beam scanning

An SOBP field is of constant modulation,
thus in general cannot conform to the
proximal volume of target

The dose distribution of one field can conform to
the volume proximal to the target

The width of SOBP is determined by the
widest part of the target in depth

The width of SOBP is determined by the width
of the target in depth along each line of spots

Dose distributions are determined laterally
by the collimation system

Dose distributions are determined laterally by
the placement and weights of the spots on each
energy layer

Penumbra will be affected by the air gap
between the aperture and patient

Penumbra is largely determined by size of spot
perpendicular to the beam direction and distance
between range shifter (if any) and patient

Field size is usually limited. The limit may
depend on range/modulation due to the
different hardware options involved for
different range/modulation combinations
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e Penumbra is narrower for protons compared to photons for depths of penetration
less than 17-18 cm (This is the result of proton interaction with tissue, which is
independent of delivery technique.).

3.2 Proton-Specific Treatment Simulation
and Immobilization Principles

CT simulation is mandatory for proton therapy and it provides:

e 3D and/or 4D model of patient for geometric treatment planning

e Reference images for daily treatment guidance

e Material composition information, specifically proton stopping power, for het-
erogeneity corrections and substrate for dose distribution calculation

The processes of simulation and immobilization are essential when advanced
technologies are employed in conjunction with tight treatment margins. In general,
the use of tighter margins is employed to protect normal tissues and requires precise
knowledge regarding geometric uncertainties (patient setup, motion, etc.) in radia-
tion therapy.

The data on geometric uncertainties established in conventional external beam is
of similar value to charged particle radiotherapy. However, the additional challenges
of range uncertainty in particle therapy, a dimension in patient positioning not pres-
ent in photon radiotherapy, raise a new challenge for particle therapy:

e Proton therapy demands repeatable, reliable simulation to successfully leverage
the advantages of very selective dose distributions.

e Robust treatment planning can help accommodate a small amount of variation.

e Proton plans are highly susceptible to deterioration due to interference between
the proton beam and the immobilization equipment.

The whole process of simulation and immobilization includes patient prepara-
tion, patient positioner (typically 6D), patient position verification system, patient
immobilization, and patient imaging (preferably 3D).

3.2.1 CT Protocol, 4D CT, DIBH, DECT, and Contrast/Non-
contrast CT

CT images are used to map the patient anatomy in terms of proton stopping power
ratio properties. The accuracy in estimating the stopping power ratio from CT num-
bers is critical, and stoichiometric calibration, described below, is typically used to
minimize range uncertainties due to CT imaging [13, 14]. This method has the
advantage of not being affected by the differences in elemental composition between
substitute material used in calibration and actual biological tissues. However,
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stoichiometric calibration does not eliminate the uncertainty in estimated stopping
power ratios; and imaging is not the only source of range uncertainty.

As a consequence, a distal margin of approximately 2.5-3.5% of the range is
usually taken into account during planning. This uncertainty can perhaps be reduced
using DECT [15], proton radiography [16], etc. In general:

e 3D and 4D CT-based simulations are standard in particle therapy.

e Use only calibrated protocols corresponding to particular kVp, since CT num-
bers are dependent on kVp.

e Scanner-specific calibration is recommended.

e The planning CT should fully include the immobilized patient.

e Treatment table and all immobilization equipment need to be included in the
planning CT.

e The CT field of view must include all materials that are potentially in the beam’s
path.

e Setup reproducibility is paramount; therefore, indexed immobilization devices
should be employed.

e CT artifacts and contrast materials are of concern and should be minimized or
corrected as necessary.

3.2.1.1 Stoichiometric Calibration [13]

The error of relative stopping power distribution originates from a number of
sources. Firstly, the measurement of CT number of homogeneous material can vary
between 1% and 2% and is also dependent on the location of the material in the
image, a variation that can reach up to 3%. In addition, the measurement of high CT
numbers can vary from scanner to scanner and can strongly influence the calibra-
tion. It is also known that scanner-specific parameters such as the scan diameter and
the matrix size may affect the measurement of CT number. A final source of error is
the approximation of real tissue with tissue substitutes used for the measurement of
the relationship of CT number to stopping power. The chemical composition of
commonly used tissue substitutes is different to that of real tissue. A possible solu-
tion to this problem is a stoichiometric calibration:

1. Acquire CT scan of phantom with tissue equivalent materials with known rela-
tive electron density and elemental compositions (Figs. 3.5 and 3.6).

2. Measure CT numbers for each tissue equivalent material.

3. Use measured CT numbers to determine coefficients kP, k", and kXN for stoi-
chiometric equation

U= (<Z362> ekph_i_ <Zl.86>ekcuh+kKN)pNAZ/A’
where chevrons (). denote an average weighted by number of electrons
(Fig. 3.4).
4. Using coefficients to calculate CT numbers for a full range of “real” tissues
using their published elemental compositions and physical densities [17, 18].
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. Calculate the stopping power ratio for each “real” tissue based on elemental
composition (Bethe formula).

. Use calculated SPR versus calculated CT numbers to establish respective cali-
bration for TPS.
The overall accuracy of the range control of proton beams in the human body by
using this stoichiometric calibration was estimated to be 1.8% and 1.1% for bone
and soft tissue, respectively [14].
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Fig. 3.4 Example CT calibration curves for proton stopping power ratio (a) and relative electron
density (b). Hospital of the University of Pennsylvania (SIEMENS Sensation Open; 120 kVp)
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Fig.3.5 CIRS electron
density phantom (Courtesy
of Computerized Imaging
Reference Systems, Inc.)

3.2.1.2 DECT[15]

Schneider et al. [19] have demonstrated that a single CT number cannot differenti-
ate between a change in density or chemical composition of an imaged material.
Dual-energy CT (DECT), however, is able to attribute changes in X-ray attenuation
to either density or chemical composition. This is achieved by decomposing two
simultaneous single-energy CT (SECT) scans into relative electron density and
effective atomic number. The process exploits the energy dependency of kilovolt-
age X-ray interaction atomic cross sections and the energy-independent parameter.
The extra information gained in DECT, compared to SECT, can be used to estimate
two material-specific parameters, and these are then used in a direct calculation of
the SPR instead of a fitted value as in the stoichiometric method. The use of DECT
has been shown to reduce the range uncertainty in PT compared to SECT [20]:

e DECT has the potential to better characterize patient composition and stopping
power.

¢ Reduce SPR uncertainties from 1.1 (SECT) to 0.4% for soft tissue [21] and from
13 to 3% for a silicone-based dosimeter [22].

¢ Reduce maximum dose calculation error from 8 to 1% [23].

3.2.1.3 CT Contrast Avoidance [24]

» The use of contrast agents is common in CT studies employed in treatment planning.

» Contrast agents accumulate, and their iodine content increases the CT number of
soft tissues significantly, creating artifacts and degrading the quality of CT images.

* Whenever a contrast agent is needed for target delineation purposes, the contrast
CT has to be acquired after a simulation CT is acquired without contrast.

e Treatment planning calculations must be done on the non-contrast CT scan to
avoid significant range errors
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Fig.3.6 (a) Gammex tissue
characterization phantom. (b)
Arrangement of tissue
substituting rods (Courtesy of
Sun Nuclear)

3.2.1.4 4DCT
e Four-dimensional CT is routinely used to acquire target motion amplitude,
allowing moving target treatment planning and active motion mitigation strate-
gies for proton beams:
— Proton centers may have motion thresholds above which PBS or proton ther-
apy in general is not used.
— Common thresholds for moving targets treated with PBS are established
based on the motion mitigation techniques available and planning tech-
niques (selecting beam direction along the largest component of motion,
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smaller spot spacing, use of larger spots) and delivery techniques (opti-
mized delivery sequence, layered/volumetric rescanning); a typical value
that is commonly used is 1 cm.

3.2.1.5 DIBH [25, 26]

e Deep inspiration breath-hold (DIBH) has been used to reduce the motion of
moving targets and is commonly used in the treatment of breast, lung, mediasti-
nal, and gastrointestinal targets.

e DIBH increases lung volume, can displace normal lung and/or heart away from
irradiated regions, and may displace the target volume away from the spinal cord
in some cases [27].

* DIBH can significantly reduce heart and lung doses in some cases [28].

3.2.2 Materials and Positioning in the Beam

Like for conventional radiotherapy, patient immobilization materials are adjusted to
patient-specific geometry for particle therapy (Fig. 3.7).

Fig.3.7 Examples of patient immobilization used at the Hospital of the University of Pennsylvania
(a—d), (a) CNS, (b) pelvis, (¢) thorax, and (d) shoulder, and Massachusetts General Hospital (e, f),
(e) cranial SRS and (f) cranial SRS
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Fig. 3.7 (continued)

For particle therapy, the following additional principles apply [29]:

e Immobilization devices can be used in contact with skin, as there is no buildup
effect for heavy charged particle beams.

* Immobilization devices present in the treatment beam should be minimal and
indexed as particle beams are highly sensitive to changes in radiologic depth due
to the sharp distal falloff of the Bragg peak.

e Immobilization devices should be radiologically thin in order to minimize the
lateral penumbra (due to scattering) and thus preserve dose conformality and
lateral sparing of OARs.

» For fixed beam or partial gantry, when the patient rotates with the couch, extra
immobilization may be needed to reinforce lateral support.

 Patients have to be positioned in the most comfortable treatment position in order
to achieve reproducibility.

3.2.2.1 Treatment Couch

While the attenuation of treatment beam by the couch for X-ray treatments is usu-
ally negligible, there is a clinically meaningful shift in range of proton beam for
proton treatments [30] (Table 3.3).
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Table 3.3 Examples of couch tops currently used for proton therapy

Device Vendor WET

Hitachi couch extension QFIX proton Hitachi Ltd., Japan 1.1 cm

kVue couch QFIX Standard Couch WEFR Aquaplast, Avondale, PA WFR | 0.55 cm
Aquaplast, Avondale, PA 1cm

e Determine WET experimentally. This should be done by:

— Measure proton PDD and range through multiple points in each device.

— Traditionally with a water-scanning parallel plate chamber:

— Ensure homogeneity within a given device.

— Check consistency between devices within a clinic.

— If measured WET matches calculated value, include full couch top in simula-
tion CT dataset and incorporate couch into calculation. If measured WET
does not match calculated value, contour couch top in the treatment plan and
override CT numbers to achieve correct.

3.2.2.2 WET
1. Edge effects can be mitigated by:
¢ Indexing all immobilization equipment to treatment couch
e Avoiding treatment beams that traverse couch edges
2. The couch should be designed to be:
* Free of heterogeneities
¢ Base end mounted on robotic positioners with six degrees of freedom
* Contoured surfaces:
— Excessive adipose tissue may exhibit widely varying shapes from day
to day:
Posterior neck in H&N treatments [31]
Pelvis contour in prostate and GYN treatments
— Variable external contour leads to changes in target depth
— A customized, contoured couch surface can help present a consistent exter-
nal contour to the proton beam

3.2.2.3 Range Shifter

e Minimum range for most proton therapy systems is at least ~ 4 g/cm?
(70 MeV).

e Treatment of superficial lesions requires a range shifter—typically mounted in
the head of the machine.

e Range shifters have nonzero scattering power, and so any air gap between range
shifter and patient can lead to dramatic increase in spot size [32, 33].

e Place range shifter on or in the couch.

3.2.2.4 Endorectal Balloons
e Reduce interfractional and intrafractional variation of prostate position within
the body [34, 35].
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e Reduce rectal toxicity by limiting volume of rectal wall within high-dose treat-
ment volume.

e Generally more widely adapted in proton centers because localization of soft tis-
sue target alone does not guarantee adequate target coverage.

e Typically filled with water to avoid gas pockets and heterogeneities along the
path of beams.

e May be used for treatment of GYN cancer [36].

3.2.2.5 Collision Detection
In order to avoid delays in treatment, it is important to determine the possibility of
patient collision during the treatment planning stage in proton therapy [37]:

e Alpha Cradle, leg abductors, and beanbag used in the thoracic, pelvic, or extrem-
ity regions are much less motion limiting.

e Size of devices may limit the choice of beam direction or close proximity of
aperture, compensator, or range shifter to the patient.

e The close proximity of these devices is critical to maintain sharp lateral
dose falloff for double scattering and to preserve beam spot size for scanned
beam.

Current commercial treatment planning systems do not allow automated patient
collision detection.

3.2.3 PET/MR Imaging

Besides CT, positron emission tomography (PET) and/or magnetic resonance (MR)
imaging studies may have been performed with primarily diagnostic intent, even
before the decision to use radiation therapy has been taken. These images are also
vital for the planning of the radiation treatment as they give essential information
about the anatomic site and extent of disease and the location of nearby uninvolved
normal tissues.

3.2.4 Image Registration and Fusion

e There has been a proliferation of medical images through the increased use of
functional PET for tumor segmentation, staging, and assessment of treatment
response. In addition, MR images are being utilized for accurate tumor and organ
delineation due to superior soft tissue contrast. Moreover, patients are being
imaged routinely using weekly CBCT and repeated CT scans to monitor ana-
tomical changes as part of adaptive treatment (Fig. 3.8).

¢ Rigid registration is used in the clinic on a routine basis to fuse daily kV images
with DRR and CBCT with planning CT to ensure accurate patient setup (Fig. 3.8).



62 C.Zengetal.

In addition, rigid registration is utilized to fuse inter- and intra-modality images
by overlaying information from diagnostic PET/CT and MRI scans over the
planning CT. The fused images are used to delineate tumors and organs at risk
for treatment planning purposes (Fig. 3.9).

* Deformable image registration plays an essential role in radiotherapy process for
tracking anatomical changes (Fig. 3.10), contour propagation and internal target
volume (ITV) generation on 4D CT, and dose accumulation for the purpose of
adaptive RT (Sect. 8.9).

3.2.4.1 Uncertainties in Registration
e Deformable image registration is an ill-posed problem, and different solutions
may exist which leads to uncertainties. Uncertainties are encountered near

Fig. 3.8 Axial and sagittal views from a planning CT (left), CBCT at week 2 (middle), and rigidly
fused images (right) of an example H&N patient. CTV 54 Gy shown in green is overlaid on the CT
and CBCT. Notice the tumor shrinkage near the base of tongue which necessitates adaptive planning

Fig.3.9 Anaxial slice of an example H&N patient from a planning CT and follow-up T2-weighted
MRI scan. MRI provides better soft tissue contrast compared to CT. Visual inspection of the reg-
istration is performed using checkerboard display for image alignment. This process can be facili-
tated utilizing edges generated from CT and MRI as shown in blue and red, respectively
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Fig. 3.10 An example H&N patient showing planning CT (fop row) and a repeated CT (middle
row). Tumor regression is observed in response to treatment. The deformation grid (bottom panel)
illustrates regions with large deformation as shown in red. Deformation vector fields are also dis-
played where large arrows correspond to large deformations

misaligned edges (bones, tissue-air interface), inside regions of uniform intensity
(liver) and of low contrast (lung). These uncertainties are more relevant in proton
therapy as compared to photon therapy and must be incorporated into the uncer-
tainty margins of the target (PTV) during the TP process [38].

* Uncertainties in deformable image registration have a direct impact on the dose
propagation and accumulation. The spatial uncertainty can lead to large dose
errors in the regions of high-dose gradients near the tumor [39]. Larger deforma-
tions are usually associated with large registration errors. Consult with physics
team to assess the range of dose uncertainty.

* Dice similarity coefficient (DSC; [40]) and Hausdorff distance (HD; [41]) are
commonly used metrics to evaluate the quality of the registration based on
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physician-drawn contours for segmentation purposes. Several other metrics have
been proposed to evaluate the accuracy and underlying uncertainties of the reg-
istration such as inverse consistency error (ICE; [42]), transitivity error (TE;
[42]), and distance discordance metric (DDM; [43]). However, none of these
metrics are considered ground truth, and they need further validation. Several of
these metrics rely on the deformation vector field (DVF) of the registration.
Guidelines for qualitative and quantitative assessment of deformable registration
are emerging but have not been published (AAPM TG 132; [38]). The clinical
practices outlined in Table 3.4 are necessary, but not sufficient, to ensure a rea-
sonably accurate registration [38, 44, 45].

The registration accuracy varies among anatomical sites (H&N, liver, lung, etc.),
across image modalities (CT, CBCT, MR), and the choice of registration algo-
rithms (B-spline, Demons, fast free form, etc.). Table 3.5 gives a summary of the
absolute registration error reported in literature based on “ground truth” of ana-
tomic landmarks [46-48].

Overall, the accuracy of deformable registration is on the order of 2-3 voxels.
Due to its relevance in proton therapy which is susceptible to range uncertainty,
the accuracy of the registration must be investigated for each treatment site for
clinical use.

Table 3.4 Guideline for qualitative and quantitative evaluation of deformable image registration

Ground
Methodology/metric Technique Relevance truth?
Qualitative
Color overlay of image Visual Intensity matching for X
difference intra-modality registration
Checkerboard display Visual Edge alignment for intra- and X
inter-modality registration
Quantitative
Dice similarity coefficient | Contour based DSC ~ 1 corresponds to better | X
(DSC) Contour based volume overlap X
Hausdorff distance (HD) Small HD value corresponds to
better registration
Average surface distance Contour based Small ASD value corresponds | X
(ASD) to better registration
Anatomic landmarks/ Landmark based True registration error (TRE) v
implanted markers
Jacobian determinant of Voxel-wise J < 0 corresponds to tissue X
DVF folding (nonphysical)
0 < J < 1 corresponds to X
shrinkage (tumor regression)
J > 1 corresponds to expansion | X
(tumor progression)
Curl of the DVF Voxel-wise Check presence of swirls X
(nonphysical deformations)
Physical or digital Voxel-wise End-to-end test v
phantom (InSimQA)
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Table 3.5 Range of absolute registration error for different anatomical sites

Range of mean
Modality Site Landmarks abs. error Standard dev. | Max. error
CT/CT [39] Head and Physical 2.1 mm 2.2 mm N/A
neck phantom
4D CT [46] Lung Bronchial 2.0-2.5 mm 2.5 mm 12.0 mm
bifurcations
Heart and | Calcifications 2.5-5.0 mm 2.5-5.0 mm 6.7 mm
aorta
Liver Vessel 2.5-5.0 mm 2.5 mm 10.0 mm
bifurcations
Left Vessel 2.5 mm 3.0 mm 3.3 mm
kidney bifurcations
MRI/CT [46] Liver Vessel 1.1-5.0 mm 2.5 mm 7.0 mm
bifurcations
MRI/MRI [46] | Prostate Gold seeds 0.4-6.2 mm 0.3-3.4 mm 8.7 mm
CT/CT [47] Lung Bronchial 1.6-4.2 mml1 N/A 15.0 mm
branch pts
CT/CT [48] Head and Bone and 2.01-5.16 mm | 1.29-2.52 mm | N/A
neck tissue

3.3  Anatomy Modeling, Overrides, CT, Average CT, and MIP

An accurate 3D or 4D model of the patient is established through CT simulation,
which is essential for geometric treatment planning. CT images are used to map the
patient anatomy to a distribution of proton stopping power ratio.

3.3.1 Artifact Reduction

3.3.1.1 Beam-Hardening Artifacts

e Besides uncertainty of the CT-SPR calibration curve, beam hardening contrib-
utes additional uncertainty in SPR values.

» Lower-energy photons have a higher cross section for the photoelectric effect
and are absorbed with a higher probability than higher-energy photons. This
results in a hardening of the spectrum.

* In all diagnostic scanners, a correction for this effect is applied in the calculation
by the scanner software.

» This is only perfect for a standard situation (16 cm cylindrical water phantom)
but is incorrect if high-Z materials (e.g., metals) are present.

* Beam hardening makes the calibration curve dependent on patient size [14].

3.3.1.2 Artifact Reduction Algorithms
* Projection completion method [49]
e Iterative artifact reduction methods [50]
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3.3.2 Delineation and CT Number Override

e The standard practice to deal with metal CT artifacts is to delineate artifact
regions and to reset the CT number of these regions to average soft tissue or bone
values measured in similar areas of the body where no artifacts are present [51]
(Fig. 3.11).

e The average values may be obtained from artifact-free regions of the same CT
dataset.

e High-Z materials which are included in the treatment fields will be contoured
and assigned a CT number consistent with the proton stopping power of that
material.

Fig. 3.11 Examples of image artifacts overriding. (a) Before overriding, (b) after overriding, (c)
before overriding, (d) after overriding
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3.4 Anatomy Modeling

1. Barium-doped plastic catheters will be overridden with 0 HU or the CT number
of the tissue displaced by the catheter.

2. Metal (small clips and mesh) that does not saturate the CT scanner will not be
overridden, although any imaging artifacts resulting from this material will be
corrected as described above (sampling similar tissues without artifacts):

*  While this is a time-consuming process, it usually leads to adequate results.

* Bowel gas is overridden as tissue for dose calculation in order to improve
target coverage robustness with respect to daily bowl gas variation.

e The override could cause the beam to overshoot into neighboring OARs,
which can be evaluated by calculating the plan on the same CT without gas
overridden (Fig. 3.12).

3.4.1 4DCT[52]

e Average CT—average density values of slices:
— Better approximation of breathing motion
— Used for treatment plan dose calculation and display (Fig. 3.13)

Dose |Physical Properties I

Field Total Dose
01RPO 1841.0 cGy
02LPO 1328.4 cGy
SETUP

Total: | 3169.4 cGy

Dose | Physical Properties |

Field Total Dose
01RPO 1770.5 cGy
02LPO 24172 cGy
SETUP

Total: | 4187.7 cGy

Fig. 3.12 Example of the effect on OAR dose from overshoot. Top, dose calculated with bowel
gas overridden; bottom, dose calculated without overridden
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Fig. 3.13 Dose distributions calculated on average CT (a, b), (a) average CT, frontal, and (b)
average CT, sagittal; end-inhalation CT (¢, d), (¢) end of inhalation, frontal, and (d) end of inhala-
tion, sagittal; and end-exhalation CT (e, f) with identical beamline, (e) end of exhalation, frontal,
and (f) end of exhalation, sagittal



3 Proton Treatment Planning 69

— May need CT number override of IGTV with a conservative estimation of
densities in order to ensure tumor coverage. However, this approach may
compromise OAR sparing

e Any single phase:

— Extreme phases (inhale and exhale) used to evaluate coverage by forward

calculation using planned beamline (Figs. 3.13 and 3.14)
e  MIP image—maximum intensity projection; maximum density value of slices:
Conservative since maximum density is provided
Should guarantee dose coverage of distal target
— Lose coverage in proximal target region
Employed for targets located in the lung
* End-expiration phase (e.g., in Fig. 3.13):
— Provides better stability and reproducibility [53]

4D CT-based planning is described in further detail in Sect. 5.

Fig. 3.14 The effect of lung tumor shrinkage on proton dose distribution. The second CT scan
was taken at 3 weeks into treatment course. (a) shows a single RAO field from the nominal treat-
ment plan; and (b) shows the effect of tumor shrinkage on the RAO field. (¢) shows the complete
two-field nominal plan; and (d) shows the effect of tumor shrinkage on the two-field plan
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3.5 Beam Design Characteristics
3.5.1 Passive Scattering

With passive scattering (PS) beam delivery, the beam is broadened as it passes
through the delivery nozzle and spreads uniformly over a large area (Chap. 2). A
major difference between proton beams and photon beams is that individual proton
beams may be designed to cover the entire target volume with a uniform dose dis-
tribution, characterized by the proton range, field size, and modulation width of the
spread-out Bragg peak (SOBP). Field shaping is achieved by customizing the field
aperture, proton beamline, and range compensator designs to ensure conformal cov-
erage of the CTV with appropriate lateral margins and beam-specific distal and
proximal margins to account for proton range uncertainties.

3.5.1.1 Beam Design Characteristics

* Field aperture: Typically manufactured from brass plates; however, some facili-
ties use Cerrobend blocks or multi-leaf collimators (MLC). Designed to conform
dose to the CTV in the beam’s eye view (BEV), including margin for internal
motion of target (IM), margin for setup uncertainty (SM), and a dosimetric margin
to account for the physical and geometrical lateral penumbra, typically defined
from the field edge (50% isodose level) to the prescription isodose, (Psgq, rx%)-

Aperture lateral margin (LM) (Fig. 3.16b) from the CTV at the isocenteric plane
is given by

LM=IM+SM+ Psyq, rxa-

The physical dimensions of the aperture will be a function of nozzle position
relative to the isocenter.

* Distal and proximal margins: Distal margins (DM) and proximal margins (PM)
are defined from the CTV (Fig. 3.15) and are realized by appropriate combina-
tion of beam range and SOBP width. Both DM and PM are range dependent,
with 3.5% of the range [4—6] plus 1 mm used typically.

Required range (R) is given by

R=R;+DM=1.035R;+ 1 mm,

where R, is the maximum range needed to cover the distal edge of the CTV with-
out margin (Fig. 3.15). R, is established by initial calculation of the water-equivalent
thickness (WET) along the beam path to the most distal point of the CTV.

The required SOBP width is given by

SOBP=R;—R,+PM+DM=1.035R;—0.965R,+ 1.0 mm,

where R, is the minimum range needed to cover the proximal edge of the CTV
without margin (Fig. 3.15).

The beam-specific distal and proximal margins give rise to the concept of the
beam-specific PTV (bsPTV) [54], defined by the prescription isodose curve of each
individual beam (Fig. 3.16).



3 Proton Treatment Planning 71

Dose (%)

Depth (mm)

Fig. 3.15 SOBP covering CTV with distal margin, DM, and proximal margin, PM, where R is
range, R, is maximum range needed to cover CTV distal edge, and R, is minimum range needed to
cover proximal edge of CTV

Field 1 Field 1
Field 2 Field 2
Fig. 3.16 (a) Beam-specific distal margins (DM) and proximal margins (PM) giving rise to a

beam-specific PTV (bsPTV) for each field. (b) Lateral margins (LM) for both fields, similar in
concept to the photon PTV
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¢ Range compensator: Typically manufactured from PMMA, although some facil-
ities use wax. Designed to conform the distal end of the beam to the distal edge
of the CTV with DM and account for heterogeneities along the beam path, by
pulling back the distal end of the beam. This is achieved with the compensator
designed to be of varying thicknesses along each ray line across the BEV. It
should be noted that the calculated range, R, includes the minimum WET of the
compensator.

Smearing is applied to the design of the compensator to account for lateral setup
uncertainty and internal motion of anatomy. Once the ideal thickness of the com-
pensator at each point is calculated with a ray-tracing algorithm, circles of a specific
smearing radius (SR) are superimposed over the calculation grid, centered at each
point. The compensator thickness within each circle is reduced to the minimum at
any point within the circle.

The SR is given by

SR = (IM+SM)’ +(0.03R),

where the first term accounts for internal motion and setup uncertainty and the
second term accounts for proton lateral scatter [4, 55, 56].

Smearing has the effect of making the distal dose less conformal on a static treat-
ment plan but ensures distal coverage with positional uncertainty (Fig. 3.17).

While the range compensator conforms the dose to the distal edge of the target,
a major limitation of PS proton beams is the inability to conform the dose to proxi-
mal side of the target. This is because the beam is modulated to a fixed SOBP width
across the entire field (Fig. 3.18).

Summary of PS beam parameters is given in Table 3.6.

3.5.1.2 Treatment Planning

Despite the fact that a single proton beam can cover the target volume, it is typical
to use multiple beam angles to mitigate the effect of proton-specific uncertainties
(Table 3.1). This is particularly useful if an organ at risk (OAR) lay just distal to the
target to spare that OAR from end-of-range effects such as higher RBE related to
increased LET [12]. Multiple beam angles also help to reduce skin dose [57], given
that passively scattered proton beams do not display effective skin sparing.

* Beam direction: The choice of beam direction is extremely important in design-
ing a robust proton treatment plan. As the absolute uncertainty in proton range
increases as a function of path length, choosing beams that travel the shortest
distance to the target reduces both the DM and PM and reduces the integral dose.
However, beam directions are often chosen so as to protect OAR that lay distal
to the target from end-of-range effects [12]. In such circumstances, a beam direc-
tion may be chosen such that its lateral edge, rather than its distal edge, is used
to block an OAR. Furthermore, as protons are sensitive to the radiological path
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Nominal
a OAR b compensation

e

Bone  Target

Undershoot Ideal target
coverage

“Smeared” Overshoot both sides to ensure
compensation target coverage when misaligned.
Beam angle selection critical to
avoid risk to OAR.

Misalignment Undershoot; Overshoot;
target underdosed OAR overdosed

Fig. 3.17 The effect of the range compensator with and without smearing: (a) no compensation;
(b) nominal compensation, without smearing; (c¢) effect of misalignment without smearing; (d)
compensation with smearing

Fig. 3.18 Single right lateral field to the prostate. The distal end of the SOBP conforms to the
target shape because of the compensator; however, the proximal side of the SOBP is not conformal
because of the fixed SOBP width

along which they travel, choosing beam angles that avoid variations in the anat-
omy caused by, for example, bladder filling, bowel gas variation, stomach filling,
respiratory motion, or other such processes is preferable. If at all possible, direc-
tions with abrupt changes in proton stopping power (highly heterogeneous)
should be avoided. Directions, for example, that are oblique to the patient sur-
face, or that travel through high-density materials such as titanium rods, or that
travel through the edge of patient immobilization devices or the couch edge, are
all highly susceptible to range uncertainty and therefore have to be avoided
(Table 3.1).
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Table 3.6 Formulae for calculating passive scattering beam-specific parameters

Beam-specific parameter Formulae

Aperture lateral margin from CTV IM+SM + Psyq rxa

Range margins 1.035R;+ 1.0 mm

SOBP width 1.035Ry—0.965R,+1.0 mm

Smearing radius

J(M+SMY’ +(0.03R)’

R range, Ry maximum range needed to cover CTV distal edge, R, minimum range needed to cover
proximal edge of CTV, SM setup uncertainty, IM internal margin, Psyq, rye penumbra width from
field edge to prescription isodose

e 4D CT-based planning: Treatment planning of thoracic and abdominal targets
with significant respiratory motion is typically based on 4D CT. 4D CT data are
acquired and binned into 3D datasets representing different phases of the respira-
tory cycle. Maximum-intensity projection (MIP) and intensity-weighted average
projection (average CT) datasets are generated. The envelope of motion of the
GTV—the internal GTV (iGTV)—is contoured either on the MIP (when the
target has large contrast in CT, e.g., in the lung) or from the union of GTV con-
tours from all phases. The iGTV contour is copied onto either the average CT or
a mid-ventilation dataset on which the nominal plan is calculated. The iGTV is
uniformly expanded to be the iCTV to encompass microscopic clinical disease.
The CT numbers are overridden according to tumor density throughout the iGTV
in order to provide a conservative estimate of radiological path lengths for all
positions of the GTV, ensuring distal coverage of the target throughout the respi-
ratory cycle (Fig. 3.19). This results in proton-beam overshoot across much of
the field; and so distal OARs need to be considered when choosing beam direc-
tion. Planning to the iCTV is done using the margins described above. IM is set
to zero in the calculation of LM and SR as the internal motion has been accounted
for. Nominal treatment plan may be reviewed on the end-inhalation and end-
exhalation phases to verify target coverage in these extremes (Fig. 3.20).

e Abutting fields: For large or elongated volumes, two or more adjacent fields may
need to be used from any given beam direction. This typically requires multiple
isocenters and dosimetric matching of field penumbrae at depth. The classic
example of this is craniospinal irradiation (CSI) with PS proton beams (Fig. 3.21)
[58]. Due to the sharp lateral falloff of dose for PS fields shaped with an aperture,
numerous sets of match fields are planned with the match line displaced 1 cm or
so to reduce uncertainty at match line locations. Each set of fields is only deliv-
ered for a proportion of the total number of fractions. This is labor intensive and
expensive as new apertures are required for each set of fields. By comparison,
pencil-beam scanning (PBS) techniques for CSI can use intensity modulation to
improve matching field robustness [59, 60].

e Patch fields: Patch-field planning may be used when a target wraps around an
OAR in very close proximity. To avoid directing a beam toward the OAR, a
“shoot-through” beam is used to cover part of the target, while a “patch” field,
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Fig.3.19 (a)iGTYV contour on average CT (or mid-ventilation) dataset with CT numbers overrid-
den to provide a conservative estimate of radiological path lengths throughout the respiratory
cycle; (b) uniform expansion to the iCTV

Fig.3.20 (a) Nominal plan on average CT (or mid-ventilation) dataset, with plan evaluated on (b)
end-inspiration phase and (c¢) end-expiration phase

covering the remaining part of the target, is designed such that its distal edge
matches the lateral edge of the “shoot-through” beam [61]. Both beams block the
OAR with their lateral edges (Fig. 3.22). The distal penumbra of the “patch” field
is typically sharper than the lateral penumbra of the “shoot-through” field. As a
consequence, matching the 50% isodose lines of these beams at the patch line
produces hot and cold spots. As the patch line is typically within the CTV, the
match is planned erring slightly toward being hot rather than cold. To mitigate
the overall effect, the beam direction of the “shoot-through™ and “patch” are
reversed on alternating fractions, thus changing the location of the patch line.
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Fig. 3.21 Field-defining apertures for (a) cranial, (b) upper spine, (¢) mid-spinal, and (d) lower
spine fields matched for total craniospinal irradiation (CSI). Four isocenters are used in this
example

a b
= {—
“Patch” “Shoot-through”

“Shoot-through” “Patch”

Fig.3.22 Patch-field setup to cover the target while sparing the OAR. (a) shows “shoot-through”
and “patch” field directions chosen to avoid range uncertainty risk to the OAR; and (b) shows
beam arrangement used on alternating days to mitigate dose heterogeneity within the target at the
patch line

As each component of the patch field is designed to cover only a portion of the
target, they are inherently less robust than other PS field designs. It is therefore
recommended that robustness analysis be performed to evaluate the dosimetric con-
sequences of uncertainties.

3.5.2 Pencil-Beam Scanning

3.5.2.1 Proton Pencil-Beam Features
Any radiation beam has two features:

e Geometry: its orientation and placement with respect to the patient and target
e Dosimetry: its ability to deposit dose within the patient
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The geometric approach of a radiation beam correlates with its dosimetric abili-
ties. That is, for example, a single photon beam has little or no dosimetric control
along the penetration axis of the field. This limitation is mitigated by adding many
other photon fields to achieve conformal abilities. A single proton beam, however,
has the ability to achieve full conformality and less or sometimes even no additional
fields are needed. Thus:

e Geometric placement of proton fields can be used to greater advantage, com-
pared to photon fields, to achieve normal tissue sparing. That is, proton field
placement can completely avoid normal structures if desired.

e Geometric placement of proton fields can enhance the penumbral falloff between
target and OAR. Since fewer fields are needed, the field-intrinsic penumbra can
be preserved. In contrast, a complex photon field arrangement (such as IMRT)
inherently creates a washout of the penumbra as a consequence of the continuous
overlap of fields. In practice, IMRT penumbra can only be preserved along a nar-
row surface parallel to the rotation axis as in rectal wall sparing in prostate treat-
ment (see Fig. 3.23).

e Geometric placement for PBS beams pragmatically aims to achieve the least healthy
tissue between the skin and the target and achieves maximal OAR avoidance.

The dosimetric ability of a proton pencil-beam field is defined by numerous spots
with the ability to modulate the dose within each spot contained in a three-
dimensional sub-volume of the target:

e A spotis a “narrow” single-energy proton pencil beam deflected magnetically to
a location (x, y) in the isocentric plane with a penetration proportional to the
energy and of a particular intensity defined by the number of protons in the pen-
cil beam. The spot location is typically indicated with the radiological depth of
its 90% range, Ry.

e The set of all beam spots is, initially, chosen such that the spot locations form a
regular grid (rectangular or hexagonal) at a constant energy (range) (see
Fig. 3.24):

— Spots placed at a constant energy are referred to as a spot “layer.”
— The spot grid spacing, typically, is proportional to the spot size ¢ in air. This
overpopulates the spot layer as it excludes the effect of inpatient scatter which

increases the spot size to vo +0.03R” .

— Multiple layers are stacked across the depth of the target to cover the target.
Typical layer spacing is 5-8 mm.

— Margins in proximal and distal depths are used to allow for range uncertain-
ties and proximal and distal dose equilibrium.

— Lateral margins (>3c and see above on the effect of inpatient scatter) are used
in each layer to achieve lateral dose equilibrium.

— For a 100 mm cube, the set of spots could be as many as 10,000 for a small
spot (6 ~ 5 mm) given a brute force geometric spot placement algorithm as
suggested above.
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Fig. 3.23 Patient treated for endometrial cancer. The conformality of a single proton field, as in
the lower panel, exceeds that of, for example, the IMRT fields shown in the upper panel. The IMRT
treatment has an unavoidable dose path throughout the abdomen. Note that the IMRT is in relative
dose, while the PBS plan is in absolute dose; 100% equals 45 Gy(RBE) (Image courtesy of Dr.
A. Russell and J. A. Adams, Massachusetts General Hospital)

e Spot placement is per beam and ignores (as currently implemented) the spot
placement in another beam. The overall consequence of current spot placement
algorithms is that there are too many spots in the total set of all beams.

The spot intensities, specified in charge (number of protons) or monitor units, of
a set of beams, where a minimum set includes the beams delivered in a treatment
fraction, are determined by the optimization algorithm. The spot placement algo-
rithm and spot size affect the spot intensities because:

e The fraction dose to the target volume determines (to the first order) the total
number of protons that are required. A rule of thumb is that 1 Gp (giga-protons)
is required to deliver 1 cGy(RBE) to 1000 cc. Thus, 2 Gy(RBE) to a liter requires
about 200 Gp. Table 3.7 illustrates some consequences of delivery.
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Fig.3.24 Two spot layers (at different energies). The spot terminal points (i.e., at the radiological
depth equal to Ry) intersect the patient at different positions as is evident from the volume (target,
red; brainstem, green; etc.) intersections. The intersection surface is not a plane (per se) but a sur-
face at constant water-equivalent (in terms of proton stopping power) depth in patient

Table 3.7 Some rule-of-thumb considerations in spot charge and delivery

Desired treatment time 60 s

Total number of protons 2.00 x 10"

Number of layers 15

Total number of spots 10,000

Layer switching time/s 2 1 0.005
Spot rate/s 333 222 167
Maximum number of protons per layer 1.40 x 10"

Maximum number of protons per spot 2.10 x 108

Maximum current/nA 11 7 6

A desired irradiation of 1 L cube to 2 Gy(RBE) requires 200 Gp (Gp: 10° protons). We wish to treat
in 60 s. The delivery uses 15 layers with about 10,000 spots (implying a spot size ¢ ~ 4 mm). If the
layer switching time is 2, 1, or 0.005 s, spots need to be delivered at the rate indicated. Of note, spot
rate is primarily limited by the ability to change the magnetic field. The maximum number of
protons per layer and spot is approximated by assuming the deepest, distal layer delivers 70% of
the total charge. This results in the maximum currents indicated in the bottom row

» A typical charge density across the field is on the order of 1,000,000 protons per
mm? Much higher local densities are common. It should be obvious, however,
that larger spots will have higher mean charges. Thus, a spot twice as large as
another spot will have four times the mean charge. The number of protons is
distributed over the spots: the more spots, the lower the mean charge of a spot.
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e The accelerator typically has a lower limit on the possible spot intensity. If there
are too many spots, there may be many spots that have an intensity below this limit.

e All these effects may affect the plan quality in terms of optimization efficiency
and quality and in terms of treatment delivery efficiency.

3.5.2.2 Beam Set and Fractions

Proton fractions can readily alternate different combinations of beams, or fraction
beam sets, within a particular treatment phase. For example, of a total of five indi-
vidual beams in a phase, three sets may be defined as (1, 3, 5), (2, 5), and (4, 5). The
set combinations may be chosen to alternate healthy dose areas or even be based on
practical considerations such as effects on overall treatment time for a fraction.
Such beam rotations are not used in IMRT treatments and, as a consequence, are not
well established in general clinical practice.

Each beam set must deliver the desired fraction dose. Thus, beam 5 in the above
example really has three different dosimetric representations, one for each set.
Beam 5 simply refers to its geometric features but its dosimetric features depend on
its fellow members. Each beam is thus defined by its geometry (say 5) and its dosi-
metric state, i.e., beam 5 in fraction 1 or beam 5 in fraction 2.

The use of different beam sets over a phase requires an optimizer that can consider
the membership of a beam within the fraction while considering the objectives of the
whole course. In the asteroid system (.decimal, Sanford, FL), the user can define:

e Course constraints, e.g., maximum dose to the brainstem less than 54 Gy(RBE),
minimum dose to the CTV is 52 Gy(RBE), and so on.

* Course objectives, e.g., try to minimize the brainstem mean dose, try to maxi-
mize the minimum dose to the CTV.

* Fraction constraints, e.g., in the five fractions for this beam set, the maximum
dose to the brainstem is 10 Gy(RBE).

Table 3.8 shows a fraction group subdivision for a simultaneous optimization for
a chordoma treatment. Figure 3.25 shows the dosimetry for the GTV fraction group,
obtained while simultaneously optimizing all fraction groups, and the total dosim-
etry of all fraction groups.

3.5.2.3 Field Matching and Patching
For SOBP fields in PS (see previous section on PS; Sect. 5.1):

* Matching requires two to three feathers to avoid hot or cold spots possible with
the sharp SOBP penumbra.

e Patching requires alternate through/patch combination due to the range uncer-
tainty. In practice, a single through/patch combination should not be used for
more than five fractions. For PBS fields:

1. Matching is greatly simplified by specifying an overlap volume left/right of the match
line and allowing the optimizer to produce a gradient in the region (see Fig. 3.26).
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Table 3.8 Three fraction groups to CTV, CTV IL, and GTV, each with fraction group constraints
and beam allocations. The multiple fractions and constraints are optimized as a single problem

Number
Fraction groups of fractions
1 CTV Type: IMPT 13

Target: CTV + 5 mm
Total dose: 26 Gy(RBE)
Constraint: CTV + 3 mm minimum 24 Gy(RBE) beams: R35A
CTV, L50P CTV
2CTVII | Type: IMPT 12
Target: CTV + 5 mm
Total dose: 24 Gy(RBE)
Constraint: CTV + 3 mm minimum 22 Gy(RBE) beams: R50P
CTV, L25A CTV
3GTV Type: IMPT 14
Target: GTV
Total dose: 28 Gy(RBE)
Constraint: GTV minimum mean 28 Gy(RBE) beams: L70P
GTVp3, R5S0P GTVp3

GTV
CTV

B SPINAL CORD.BF
RT COCHLEA.BF
LT COCHLEA.BF
BRAINSTEM

50

volume (%)
volume (%)

Fig.3.25 Dosimetry for GTV fraction group and total dosimetry (see Table 3.8). Notice that for
the GTV fraction group, the constraint is specified as a minimum mean dose of 28 Gy(RBE)
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Fig.3.26 Medulloblastoma patient treated with two cranial fields (to ensure lens sparing) and two
posterior fields. Two overlap regions, in the cervical spine and lower thorax, ensure a smooth and
long gradient that ensures dose continuation with £3 mm setup uncertainty. The inset (right) shows
the overlap region between the thoracic (blue) and lumbar fields (yellow)
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Fig. 3.27 Rectal cancer patient, composite dose top left. Anterior and posterior field patches
along the distal edges are allowed to range out over an overlap volume (bottom left/right). Note
that the spot size in this example is large which causes the size of the penumbral lateral falloff

2. Patching is obviated as fields are allowed to range out into the each other. This,
of course, is subject to robustness considerations (see Fig. 3.27).
* This does not necessarily imply IMPT fields. SFUD fields can overlap to a
lesser extent or otherwise achieve smooth gradients.
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3.6 Treatment Plan Design and Site Considerations
3.6.1 Site Considerations

» The effect of treatment site specifics influences the approach and quality of pro-
ton fields.

* Range uncertainties and increased LET (ionization density per unit length) at the
end of range demand that proton fields cannot range out into a critical structure.
Instead, penumbral separation between target and critical structure must be
achieved by the lateral edge:

Of note, the distal penumbra is typically twice as sharp compared to the
lateral penumbra in SOBP fields that use a range compensator. Nevertheless,
the distal penumbra should not be used for separation between target and
OARs.

— The distal penumbra in a PBS field is essentially equivalent to the lateral pen-
umbra because the distal penumbra in such a field is comprised of multiple,
near arbitrarily positioned, spots.

* Motion effects are particularly troublesome as the motion periodicity requires a
consideration of the dose perturbation at every time point:

— 4D CT can accurately establish the periodicity of the patient’s anatomy.

— In principle, a plan can be designed that simultaneously meets the dosimetric
constraints over the whole periodic interval. Such a plan, by definition,
increases the dose to the uninvolved tissues.

— Reduction of the covered time interval compared to the total periodicity inter-
val improves the treatment plan quality at the expense of increased treatment
time.

— For SOBP treatment fields, typically, a site-specific motion mitigation strat-
egy can be established using, for example, ITVs or by using the most likely
point in the periodicity.

— For PBS treatment fields, the frequency of motion may interfere destructively
with the spot delivery sequence and cause “interplay” effects that produce
hot/cold spots in the target. Such interplay effects can only be evaluated
through explicit temporal simulation of the delivery sequence in conjunction
with the target motion (e.g., [53, 62, 63]).

Typical beam arrangements for various anatomical sites are summarized in
Table 3.9.

3.6.2 Fraction Management

* Even a single proton field may achieve sufficient dose conformality.

» Fractions over the course of treatment may use alternating sets of one or more
proton fields to decrease fraction time while maintaining, over the course, the
benefit of integral dose reduction with many fields.
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Table 3.9 Summary of typical beam arrangements for various anatomical sites for proton therapy

plans

Site

Number
of fields

Orientation

Comments

Craniospinal

4-5

Left and right posterior
oblique fields to the brain,
cribriform plate, and upper
C-spine, with abutting PA
fields to the spine

3—4 sets of these fields are
planned to allow junction
shifts during treatment
course

Brain

2.4

Noncoplanar,
multidirectional

Angles depend on tumor
location and chosen to
reduce integral dose and
risk to OARs from
end-of-range effects

Ocular melanoma

AP

Specialized technique
with specific ocular
horizontal beamline.
Patient treated in seated
position. Eye rotated into
optimal position for OAR
sparing by defining a
gazing angle at simulation
and indicating this on the
delivery nozzle for
individual patients

Head and neck,
unilateral

2-3

PA/lateral/anterior oblique/
posterior oblique

Beam angles chosen to
reduce integral dose or
traversing heterogeneous
tissue wherever possible
and to reduce end-of-
range effects to OAR

Head and neck, bilateral

2-3

PA/lateral/posterior oblique

Anterior beams traversing
the oral cavity and nasal
sinuses should be avoided
wherever possible. The
heterogeneity of these
structures, and variation in
sinus filling, increase
uncertainty. Patch fields
(combinations of PA and
lateral fields) are often
used to spare the
brainstem

Breast, partial

2-3

Noncoplanar,
multidirectional

Multiple beams to reduce
area of skin receiving full
dose and to not have all
beams ranging out on the
same rib
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Table 3.9 (continued)

Site

Number
of fields

Orientation

Comments

Breast, whole

1-2

Anterior oblique

En face, avoiding
obliquity, to minimize
range uncertainties caused
by respiratory motion

Mediastinum/chest wall

AP/anterior oblique

En face, avoiding
obliquity, to minimize
range uncertainties caused
by respiratory motion

Hemithorax

PA/posterior oblique/lateral,
or AP/anterior oblique/
lateral

Beam angles depend on
tumor location. Typically,
three fields or used to
improve plan robustness
4D CT-based treatment
planning approach to
account for respiratory
motion

Upper GI

2-3

PA/posterior oblique

Beam angles to reduce
lung/cardiac dose and to
avoid traversing anatomy
with significant
respiratory motion

Lower GI

PA/posterior oblique/lateral

Avoid anatomy that varies
due to bowel gas changes,
stomach filling, and
respiratory motion.
Multiple beams increase
robustness and reduce risk
of end-of-range effects on
radiosensitive OARs. The
use of multiple angles also
reduces dose to spinal
cord and kidneys from
entry plateau of passing
beams

Prostate

Right and left laterals

Typically, patient treated
with a full bladder and
water-filled rectal balloon
in situ to immobilize the
prostate. Some centers
utilize a spacer between
the prostate and rectum
instead of using a rectal
balloon to spare the
anterior rectal wall
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e Multiple fraction groups allow for per fraction optimization of certain constraints
(i.e., one fraction may allow dose to the brainstem while another must avoid it).

e The use of multiple fraction groups for a single plan requires effective support in
the TPS for optimization and dose accumulation over these multiple fraction
groups.

3.6.3 TPS Algorithm and Features

e A dose calculation algorithm must, at a minimum, model all the available geo-
metric and dose-modifying features of the delivery system:

— The user must ensure proper commissioning and use per validated protocols.

— Extension beyond both the delivery system or calculation capabilities requires
careful specification and validation.

— Geometry features comprise those that model the position of the patient with
respect to the beam axis.

— Dosimetry features comprise those that model the beam itself, scatter effects
in the patient and from external materials, apertures, range compensators, and
range shifters.

e Proton dose calculation must use, at a minimum, pencil-beam algorithms (PBA):

— The use of Monte Carlo has not yet been clinically integrated.

— PBA, depending on their implementation, decreases in spatial resolution as a
function of depth. At best, the spatial sensitivity is about 0.03p where p is the
radiological depth.

— The use of PBA in lung dose calculations should be accompanied by Monte
Carlo validation (either per patient or per site standard) because of range
straggling effects in the lung that are not modeled by PBA.

— PBA should consider secondary proton interactions, where the proton inter-
acts with the nucleus and creates a broad secondary dose effect, especially for
field sizes, either confined by apertures or limited by scanning size, less than
100 mm diameter (see Fig. 3.28) [64].

The use of halo corrections often is included implicitly if patient fields are cali-
brated on a per field basis. The user should analyze the effect and necessity of this
correction in their practice.

— There is, theoretically, no difference in PBA for scattered, uniform scanning,

or PBS fields. There may be significant implementation differences.
¢ Proton dose calculations (i.e., the context in which a PBA is used) must consider

the effect of proton uncertainties. These include geometric and dosimetric

uncertainties:

— Geometric uncertainties are in common with those in photon radiotherapy.

— Geometric uncertainties, however, cannot be readily accommodated by the
definition of a PTV because the geometric uncertainty has an effect on the
dose distribution itself unlike in photon radiotherapy.
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— Range uncertainties (apart from those caused by geometric uncertainties)
arise from uncertainty in the patient-specific (relative to water) stopping
power, the proton equivalent of “attenuation.” This uncertainty, in clinical
practice is managed as follows:

For SOBP fields: increase of distal range penetration and decrease in proximal
range penetration. Typical correction is 0.035R + 1 mm.

* For PBS fields: the explicit modeling of variation in the isocenter position and
CT values.

e Proton dose calculations currently use water-relative stopping powers (RSP)
derived from CT-number-to-RSP conversion.

e The CT-number-to-RSP conversion uses a population average curve whose anchor
points are (typically) water, air, and bone. This conversion carries an intrinsic
uncertainty in the stopping power which contributes to the uncertainty in range.

e The dose to water calculation may differ from the effective dose to tissue [65].

* The biological equivalent proton dose relative to cobalt-60 is assumed to have an
RBE = 1.1 throughout. The RBE = 1.1 is largely an empirical equivalence with
minimal experimental confirmation and assumed for similar clinical end points
as in photon radiotherapy. Thus, dose equivalences at extreme situations, such as
in SBRT, remain subject to scrutiny.

3.6.4 PBS Optimization Volumes, Concept, and Examples

* PBS optimization computes the spot intensities, quantified in number of protons
(giga-protons or Gp) or equipment-specific monitor units, such that the total dose
from all spots meets the dosimetric criteria of optimization:

— A spot is a proton pencil beam quantified by energy (range in patient), posi-
tion in the isocentric plane achieved by magnetic deflection, and intensity.
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— A spotis typically “positioned” at a radiological depth equal to its distal range
(typically the depth of 90% of peak value).

An optimization algorithm typically uses a dosimetric transfer function D;; that

maps the dose from a unit charge to spot j to all points i. For that function, the

dose to apoint i is D;=Y; Q; D;. The use of the D;; function allows the optimizer
to rapidly compute the dose anywhere during the manipulation of the spot

charge Q:

— The dose calculation in PBS computes the Dij function prior to optimization.
The patient dose is subsequently computed when the charges have been
optimized.

PBS optimization uses a spot placement algorithm that must ensure that the total

set of spots of all fields can achieve the desired dosimetric result:

— This primarily implies that the set of spots sufficiently covers the target vol-
ume, including lateral and distal extents, that ensures dose equilibrium at the
target surface.

The scale of optimization for protons is an order of magnitude larger than for

photon IMRT due to the large number of spots.

The larger solution space benefits from multi-criteria optimization (MCO)

because a single-valued optimization result may, in fact, not be the most optimal

in terms of clinical objectives:

— Pareto optimization is an MCO technique that specifies a set of inviolable
constraints (such as target minimum dose greater than 50 Gy(RBE)) and a set
of objectives (such as, given the constraints, minimize the maximum dose to
the brainstem).

— Pareto optimization creates a multidimensional (proportional to the number
of objectives) surface, the Pareto front, that contains a set of Pareto-optimal
treatment plans given the constraints and treatment approach.

— Each Pareto-optimal treatment plan is optimal given a unique set of objective
values. The surface can be interrogated to assess the impact of one trade-off
versus another (see Fig. 3.29).

Current optimization techniques often require “guidance” volumes to achieve

some local optimal effect. This is primarily a consequence of the limited ability

to quantify the desired constraints.

Robust optimization produces optimized plans which are insensitive, i.e., guar-

anteed to maintain the desired dose constraints and objectives, to uncertainties.

This applies to both proton and photon optimization:

— For photon optimization, however, robustness can be achieved through the
definition of planning targets and avoidance regions around critical
structures.

— For proton optimization, the optimization must include robustness in its com-
putation of charges.

— Proton robust-optimized plans are currently most readily visualized through
uncertainty bands around the nominal non-robust plan in a DVH (see
Fig. 3.30) [66].
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Fig.3.29 Example trade-off analysis based on Pareto-optimal plans. Optimal mesothelioma GTV
dose is in conflict with minimal lung dose. The top graph shows a curve that indicates the plans that
balance the optimal trade-off of the achievable values (indicated in parentheses for two example
points). The “red” point indicates a suboptimal plan because for its achieved mean lung dose, a still
much higher minimum GTV dose is physically achievable. The DVHs in the bottom graph indicate
the trade-off between the two plans indicated on the curve. The left figures are transverse sections
for each point. The plan uses three proton PBS fields: anterior, posterior oblique, and right oblique.
Patient example courtesy of Dr. Bernard Eden

3.6.5 PatientField QA

e Patient field QA establishes that:

— The dose in the patient is correct.
— The dose as delivered is correct.

e The dose in patient can only be validated by an independent dose calculation
method. Monte Carlo is assumed to be most accurate and even in excess com-
pared to the dose calculation. The use of Monte Carlo, however, requires careful
validation of the Monte Carlo itself.

e The delivered dose validation is established by tracing the field and dose infor-
mation from its origin in the TPS, its transfer to the delivery system, and its
measurement by an independent, traceable to standards, measuring device:

— The measurements require an equivalent dose representation in the TPS and on
the delivery system. This is achieved most easily in a water-equivalent phantom.
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Fig.3.30 DVHs for nominal case (solid line) and maximum extents given range uncertainty (left)
and setup uncertainty (right). Note that the setup uncertainty has a larger effect. The setup uncer-

tainty, if random over multiple treatment fractions N, will be reduced by approximately N and
thus become much smaller

— Note that such a measurement may not validate consequences of inpatient
heterogeneities which can only be validated through Monte Carlo.

— The measurement should quantify the three-dimensional features of the dose
distribution which typically requires the measurement in at least two planes.

— The measurement should include field specific devices such as range shifter
or aperture.

— Dose equivalence is established by a spatially/dosimetrically sensitive algo-
rithm. Most commonly, the y-index is applied. Of particular relevance is the
3D y-index [67].

3.7 SRS Treatment Planning

» Stereotactic radiosurgery is a proven treatment modality in photon clinics with
both cobalt (Gamma Knife) and traditional, gimbaled, and robotic linear accel-
erator systems. As opposed to traditional fractionation schedules that are gener-
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ally accepted to increase the therapeutic ratio based upon the four Rs of
radiobiology, photon SRS treatments rely upon a single fraction of high dose
delivered to a highly localized region that achieves a therapeutic ratio by the
geometric avoidance of healthy tissue. With proton SRS, the therapeutic ratio is
identically determined by the localization of a high dose delivered to a targeted
region and the dosimetric sparing of healthy tissues.

e In the case of proton-based SRS treatments, the dose delivered to the target is
prescribed to the same level as photon therapies. The normalization level is insti-
tution specific and controls the amount of dose heterogeneity inside the targeted
region.

e Proton SRS can generally achieve greater dose homogeneity due to the specifics
of the dose delivery techniques compared (scattered or scanned beams) to linear
accelerator-based treatments (cones and small MLC shapes).

e For smaller treatment targets, the proton-beam profiles are dominated by penum-
bra due to the lateral scattering of the protons as they pass through tissue. Similar
to photons, the size of the penumbra increases with depth in tissue. Unlike pho-
tons, the penumbra of the proton fields is dependent more on depth and field size.
For proton SRS, the penumbra is affected by field size, depth, range, apertures,
range compensators, air gap, effective source position (beam optics), and tissue
heterogeneities (Fig. 3.31).

Fig.3.31 Two factors that affect the penumbra: field size (a) and air gap (b)
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3.7.1 Treatment Planning Considerations for Proton SRS

The above issues must be addressed in the commissioning of a proton SRS program
and properly modeled in the treatment planning system or corrected prior to beam
delivery. Additionally, treatment planning protocols can reduce the effects of scat-
tering and penumbra through the use of beam angle optimization, limits on the
minimum field sizes or target sizes, and the use of multiple treatment beams
(Table 3.10). Such planning protocols will increase dose conformality to the GTV,
reduce delivery uncertainty effects, and increase treatment robustness.

3.7.2 Proton SRS with Scattered Beam

Current state-of-the-art proton SRS utilizes scattering delivery systems since
scanning systems are only recently becoming more available. Treatment plan-
ning protocols employ apertures and range compensators to increase conformal-
ity in the lateral and distal directions.

Planning for cranial SRS always includes at least two treatment beams and fre-
quently three or more to increase conformality and plan robustness.

The air gap is minimized to sharpen the penumbra, both geometric penumbra
and scattering penumbra; and beam angles are selected to minimize tissue het-
erogeneities and distal edge sparing of critical organs.

3.7.3 Proton SRS with Scanned Beam

While scanning is not widely utilized in proton SRS programs, it is expected to
increase as more scanning rooms enter clinical use and proton SRS programs are
commissioned in new treatment rooms.

Scanned beam proton SRS will increase the proximal conformality of proton
SRS treatments.

There may be clinical scenarios wherein physical apertures may sharpen the pen-
umbra and increase conformality for scanned beam proton SRS delivery and

Table 3.10 A summary of common uncertainties that can be minimized with planning protocols

Effect

Treatment planning mitigation technique

Scattering and penumbra reduce target dose

Minimum field size for treatments

Range variation increases dose to organs

Avoid distal sparing of organs

Scattering from tissue heterogeneities

Avoid beam angles parallel to tissue
boundaries

Lack of dose conformality

Increase number of beams

Large dose uncertainty from a single beam
angle

Increase number of beams

Range uncertainties

Beam-specific margins and/or robust
optimization
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should be considered in the treatment planning process if apertures are available
at the institution. Range compensators may also increase the distal conformality
of the scanned delivery.

e Since many SRS treatment targets are small, SFUD planning techniques are
often the first option for treatment planning unless there is desire to incorporate
a simultaneous integrated boost (SIB) for a GTV/CTV.

e Proton SRS can provide the clinical tools to treat more complicated target geom-
etries that are not possible with traditional photon SRS tools. Examples which
lend themselves to proton SRS as opposed to photon are indicated in Sect. 7.5.
In these cases, IMPT may be considered but may introduce additional delivery
uncertainties and reduced plan robustness that cannot be compensated with
fractionation.

3.7.4 Commissioning and QA Considerations Specific
for Proton SRS

e Commissioning of a proton SRS program must include percent depth dose
(PDD) and profile measurements of small proton fields and single pencil beams.

e Some treatment planning systems only allow for an integrated depth dose (IDD)
measurement which does not capture the penumbral variations, instead relying
upon a deconvolution model to determine the penumbra (Fig. 3.32). While the
deconvolution method can model small proton fields and single pencil beams,
the model must be validated against measurements.

e The measurements must use appropriate detectors that minimize volume averag-
ing and LET affects.

e Additional considerations for commissioning should include uncertainty analy-
sis of all isocenters (beam, mechanical, imaging, patient positioner, etc.), specifi-
cally the coincidence of all isocenters to the radiation isocenter.

e A final component for commissioning an SRS program must include a robust
end-to-end test utilizing one of the many SRS phantoms currently available. The
phantom should allow for the testing of various treatment depths and target sizes

—6mm
8mm
10 mm

12mm
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16 mm
18 mm
20mm
22mm

~24mm

0 20 40 60 80 100 120 140 160 180 O 20 40 60 80 100 120 140 160 180

Fig.3.32 A comparison of a PDD (left) and an IDD (right) for an SOBP with identical range and
modulation but for different field sizes
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and not introduce additional treatment delivery uncertainties such as SPR uncer-
tainties from unknown plastics or oversimplified geometries that fail to test the
image guidance systems.

3.7.5 Clinical Benefits of Physical Dose Properties of Proton SRS

e Given a commissioned proton SRS treatment program, the clinical benefits of
proton SRS can be considered from two patient cohorts: benign and metastatic.
The physical dose delivery advantage of protons versus photons is well docu-
mented in the integral dose delivered to healthy tissues.

 For superficial targets in the cranial cavity such as meningiomas near the outer sur-
face of the cranial cavity, the integral dose to healthy tissues is zero after the distal
falloff which is generally within millimeters from the distal edge of the target.

e For more centrally located targets, the integral dose difference between protons
and photons is most pronounced below the 40% isodose level, assuming identi-
cal prescription doses.

e The high-dose regions, above the 40% isodose levels, are generally very similar,
except that the higher dimensional planning variables of proton therapy optimi-
zation can allow for better shaping of high-dose regions when a target is in close
proximity to a critical structure, especially in the case of complicated target
geometries in close proximity to critical structures.

3.7.6 Benign Lesions

For benign lesions, the effects of the integral dose should be considered in the clini-
cal evaluation of the patient’s treatment options and may affect the risk of late
effects of the radiation treatment. Additionally, the ability of proton therapy to
increase the conformality of high-dose regions in complicated target geometries,
especially when the target is in close proximity to a critical structure, should be
considered in the evaluation of treatment options (Fig. 3.33).

3.7.7 Metastatic Lesions

e The benefits of reduced integral dose are not well documented for patients with
metastatic lesions, and the differences of proton SRS versus photon SRS for
metastatic patients can be physically described in two scenarios, regardless of the
clinical benefit or need.

e There are some cases where proton SRS can reduce the high dose to critical
organs for cases when the target is in close proximity to the critical organ or has
a complex geometric relationship with the critical organ. The other physical dif-
ference is the reduction of brain integral dose for multiple metastatic lesions
(Fig. 3.34). The clinical necessity for these physical differences is outside the
scope of this section.
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Fig. 3.33 Examples of benign lesions treated with proton SRS. The relative dose legend is dis-
played in the top row for all images. Displayed are axial images of an AVM (a) and a meningioma
(b). Axial, sagittal, and coronal images are supplied for a pituitary target (¢), a more central menin-
gioma (d), and a cerebellopontine angle lesion (e)
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4

Fig. 3.34 A comparison of a proton SRS (left) and a photon SRS (right) plan for a patient with
multiple metastatic lesions. The difference of integral dose to the brain can be observed

3.8 Image Guided Radiation Therapy (IGRT)
3.8.1 Purpose

IGRT generally refers to frequent, serial imaging of some kind performed in the
treatment room prior to delivery of RT. The main purpose of IGRT is better localiza-
tion of target and normal tissue volumes and thereby reducing uncertainty (PTV
margins) and avoiding missing the tumor or overexposing OARs. For protons, it is
also essential to verify the path length of proton beams.

IGRT strategies can be broadly divided into online and offline approaches.
Online patient position verification and correction is standard in particle therapy.
Setup correction protocols are routinely used. The most recent information is used
in the process in order to ensure accurate delivery of treatment.

In the past 15 years, IGRT for X-ray therapy has evolved and matured with the
advances in electronic portal imaging devices, kV radiographic systems, CBCT, and
MR linacs. In contrast, proton therapy IGRT has lagged behind.

A summary of imaging techniques for proton therapy has been presented in
Chap. 2. The relevance of various modalities to IGRT is discussed in this section.

3.8.2 In-Room Digital Radiography

e In-room digital radiography and orthogonal pair of X-ray tubes and digital flat
panel imagers are the minimum requirements for proton therapy.

e 2D-2D alignment based on DRRs and comparison of anatomical landmarks
(e.g., bony anatomy) is still the most commonly used IGRT technique in proton
therapy.
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e Alignment algorithms can be automatic or interactive.
e The system may support the real-time monitoring and verification of the patient
during fluoroscopy and respiratory gated treatment.

3.8.3 Out-of-Room CT

e Out-of-room CT is based on the use of a remote positioning and imaging system.
e Saves valuable room time for irradiation of patients.
* Some patient motion may be induced because of the transportation system.

3.8.4 Radiopaque Markers [68]

* Allows for patient setup with respect to the tumor itself instead of bony anatomy.

¢ Gold helical markers (10 mm length; 0.35 mm, 0.75 mm, 1.15 mm diameters).

e Dose perturbations of 31% (1.15 mm diameter) versus 23% (0.75 mm diameter)
for typical lateral-opposed beams.

e Dose perturbation is not observed for 0.35 mm markers; however, they are
deemed too fragile for implantation.

e Magnitude of dose perturbation depends on marker size, orientation, and dis-
tance from the beam’s end of range.

3.8.5 In-Room CT [69]

e Necessary for target positioning and range verification.

» Used in vertical position for seated patients.

e Used in conjunction with a treatment couch robot on a six-axis robot.

e In-room robotic couch can transport the patient between the beam gantry and CT
scanner.

e Portable large bore CT scanners are available as well.

3.8.6 CBCT

e It is expected that 2D radiography will continue to be used for proton IGRT in
the foreseeable future.

e CBCT is now starting to be employed at some centers and is expected to be
installed in most new installations in the next few years mostly for more precise
patient positioning and adaptive radiotherapy [70].

e CBCT has the added advantage of visualizing soft tissue changes, which is
important for adaptive proton RT, especially for head and neck tumors

e CBCT is, however, not accurate enough for proton plan assessment before
treatment.
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3.8.7 CTon Rails

CT onrails can provide diagnostic quality imaging and has recently been installed
in several proton centers.

A robot moves the patient to imaging isocenter.

The CT scanner translates over patient for imaging.

A robot moves patient back to treatment position, while CT reconstruction/reg-
istration is performed.

CT on rails will have use in adaptive replanning, particularly for head and neck
cases.

3.8.8 Other Auxiliary Methods

3.8.8.1 Ultrasound

In-room ultrasound pretreatment alignment is used for some prostate, lung,
abdominal, and breast tumor sites. The most experience exists with interfrac-
tional tracking for prostate cancer

AAPM TG 154: QA of US-guided EBRT for prostate cancer

3.8.8.2 Optical Systems

Optical systems allow surface tracking with ceiling-mounted camera systems in
the simulation and treatment rooms.

These systems can detect intrafractional motion.

They use rigid body transformations in combination with a least-square fit to
minimize the difference between the actual expected surface.

There are currently two commercial systems available (AlignRT and C-RAD
sentinel).

AAPM TG 147: QA of nonradiographic RT localization and positioning
systems.

3.8.8.3 Radio-frequency Systems

Only one commercial system (Calypso) available
Currently not used in proton therapy due to potential interference of transponder
beacons with proton dose distribution

3.8.8.4 Prompt Gamma Imaging

Elemental prompt gamma (PG) rays arise during proton irradiation of tissue.
PG ray lines are specific for the excited nucleus.

The intensity and profile of the PG ray emission are strongly correlated to deliv-
ered dose and Bragg peak position.

Compton cameras for PG detection and intratreatment beam range verification
are under development.
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3.8.8.5 Proton Radiography and CT [16]

Proton radiography and proton CT traverse the patient with a proton beam and
measure residual energy at exit.

Proton radiography and proton CT are emerging technologies with promising
properties.

Proton radiography could track lung tumors in real time providing accurate vali-
dations of tumor motion models.

Proton CT would provide a direct map of stopping power.

Proton CT would provide accurate 3D maps of the patient just before
treatment, opening the possibility of low-dose daily imaging for adaptive
proton RT.

First clinical systems are under development and should become available in the
coming years.

3.8.8.6 PET

PET of proton-activated isotopes has been shown to be valuable for range verifi-

cation during and after treatment.

In soft tissues, the most important radionuclide species are 11 C (half-life

20 min), 13 N (half-life 10 min), and 15 O (half-life 122 s), of which 15 O is

dominant but decays fastest.

The PET-detected activation can be compared with the expected radioactivity

distribution.

This method may serve as an in vivo, noninvasive range validation method of the

entire chain of treatment planning and delivery.

Three operational modalities are currently in use:

— In-beam PET with modified detectors to synchronize acquisition with beam
delivery during treatment

— In-room portable PET, posttreatment

— Offline detection of residual activation from long-lived emitters shortly
after treatment, taking into consideration the physical and biological
decay

3.8.8.7 Repeated 4D CT Scanning

Treatment planning CT is just a snapshot in time before the actual treatment
course.

The patient may breathe differently or have varying breathing amplitudes over
the treatment course.

Tumor growth or shrinkage, atelectasis, radiation pneumonitis, and pericardial
effusion may further change the anatomy, resulting in an altered dose
distribution.

Repeated 4D CT scanning minimizes the probability of severe geometric
misses.

4D CTs are typically done every other week.
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3.8.9 Impact of Anatomical Changes and Adaptive
Radiotherapy

e Proton plans are sensitive to intrafractional variations, even with proper image-

guided setup:

— Tumor growth can cause underdosing of tumor.

— Tumor shrinkage can cause protons to overshoot into an OAR.
— Weight gain can cause under dosing of a distal target.

e Proton plans are more sensitive than photon plans since dose distribution can
change significantly, intrinsically due to the 3D modulation of proton beam, as
opposed to 2D modulation of photon beam.

e ART (adaptive radiotherapy) can correct the dosimetric effect of nonrigid ana-
tomical changes, complementing the ability of image-guided setup to correct for
rigid body translation and rotation.

e Frequency of treatment adaptation is limited by technological availability of
(in-room) volumetric imaging as well as time and resources.

3.9 Emerging Technologies and Future Developments

There are two aims that drive innovation and new technologies in proton
radiotherapy:

1. Leveraging the unique properties of proton (and ion) radiation
2. Decreasing the effective cost of proton radiotherapy:

The unique properties of proton (and ion) radiation allow for:

(a) New in vivo imaging techniques by using the proton pencil beam itself as a
measurement probe. Examples include:

e Prompt y detection to determine the range penetration in patient and per-
haps a certain level of elemental tissue composition because different
atoms release different y energies.

* Proton radiography to image stopping power changes in the patient and to
improve stopping power determination in the patient:

— Proton tomography, by itself, may not emerge as an effective imaging
means due to inpatient scattering of the proton beam. Techniques that
use a combination of high-resolution CT and a limited set of proton
radiographs may, in fact, be better.

— Continued advances in CT such as multispectral analysis may be more
practical and even more accurate.

(b) Biological treatment modulation. We currently assume a constant RBE = 1.1
throughout the dose distribution. For protons, the LET effect occurs at the
distal falling edge of the dose distribution. Its effect, however, is believed to
be of significance. Analysis of the LET distribution may yield some clinical
considerations.
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It must be noted that the proton delivery system is a fully electronic system

where the scanning magnet moves the beam in the lateral dimension and proton

energy changes the depth of penetration. Thus, compared to a mechanical MLC
system, the delivery system is:

1. Faster

2. More reliable

3. Easier to control in real time to adapt the pattern to match the patient state during
treatment

In addition, the proton spot map specifies each spot in terms of energy, loca-

tion, and intensity. The control system directly (i.e., commutatively) uses these
parameters to control the delivery and directly measures the same parameters.

Thus, the feedback loop between delivery, measure, and adapt does not suffer

from intermediate conversion. In contrast, an MLC uses leaf positions to specify

MU which is certainly neither an obvious nor unique (i.e., commutative) transla-

tion. This is a clear technological advantage for proton radiotherapy in consider-

ation of dynamic delivery requirements.
The effective cost of proton radiotherapy may be reduced when considering
desired advances in radiotherapy in general. These include:
1. IGRT—Image-guided radiotherapy and synchronized dynamic beam delivery:

(a) The ability to use the proton beam, itself, as a direct measure of where the
beam is in the patient’s anatomy, creates new opportunities to control the
motion.

2. ART to correct for changes in the patient:

(a) ART primarily requires novel software architectures to allow for continuous
data communication in response to patient changes. These architectures
must implement DICOM second generation to address the temporal syn-
chronization of the flow of data.

(b) Proton ART will benefit from the superior delivery technology which will
allow the adaptation to occur within the treatment session.

3. SBRT—Increase in fraction dose with concomitant reduction in treatment course
length:

(a) Clearly, the reduction in the dose bath (by approximately 1/2) will favor dose
escalation with protons. Thus, proton SBRT should effectively compete and
should allow a cost reduction in patient treatment length.
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4.1 Introduction

Nasopharyngeal carcinoma (NPC) is the most common cancer originating in the
nasopharynx, most commonly in the pharyngeal recess known as the fossa of
Rosenmiiller. NPC is a rare malignancy in most populations but is endemic in
several well-defined populations, including natives of southern China, Southeast
Asia, and the Middle East/North Africa.

The nasopharynx is a cuboidal chamber which extends from the base of the skull
to the upper surface of the soft palate. It is bounded posteriorly by the clivus and
C1-C2 vertebral bodies and anteriorly communicates with the nasal cavity
through the posterior choanae. The eustachian tube is located in the lateral wall
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and bounded by a prominence known as the torus tubarius which lies anterior to
the fossa of Rosenmiiller.

The nasopharynx is adjacent to a number of dose-limiting critical structures,
including the temporal lobes of the brain, brainstem, optic pathways, audi-
tory structures, salivary glands, pharyngeal constrictor muscles, and oral
mucosa. Potential toxicities of treatment include temporal lobe necrosis,
optic neuropathy, hearing loss, dysphagia, trismus, xerostomia, and osteora-
dionecrosis [1].

The transition from conventional 2D and 3D conformal radiotherapy techniques
to intensity-modulated radiotherapy (IMRT) has resulted in improvement in dose
conformality and decreases in both acute and late toxicity for patients with NPC
[2]. This has led to the adoption of IMRT as the standard definitive treatment for
nasopharyngeal carcinoma over the past 15 years. Despite the incremental
improvement relative to 2D or 3D techniques, IMRT is limited by the inherent
physical limitations of megavoltage photons, as entrance and exit dose must nec-
essarily be more widely distributed to achieve improved conformality in the high-
dose regions.

The physical properties of high-energy protons, namely, the characteristic sharp
dose falloff, have led to interest in employing proton beam radiotherapy for naso-
pharyngeal cancer to more effectively spare nearby critical structures and
decrease the toxicities of treatment while maintaining or improving tumor cover-
age. Comparative dosimetric analyses have demonstrated the feasibility of
attaining improved conformality with proton beam radiotherapy compared to
IMRT [3, 4]. There is, however, a relative paucity of clinical data reporting out-
comes after proton RT for NPC [5].

Recent improvements in delivery and treatment planning, including increased
availability of pencil beam scanning technology, hold promise for further
improvements in clinical outcomes for patients with NPC.

4.2 Simulation, Target Delineation, and Radiation

Dose-Fractionation

CT simulation with <3 mm slice thickness with and without IV contrast should
be performed. The simulation scan should extend from the top of the head to the
carina. The non-contrast CT should be acquired prior to the contrast scan, as
treatment planning calculations must be performed using the non-contrast CT
scan to avoid significant range errors. The CT must include all immobilization
equipment and any additional materials potentially in the beam’s path.

The gross tumor volume (GTV) is contoured on simulation CT/MRI images and
co-registered diagnostic scans. PET and MRI scans obtained for target delinea-
tion are ideally obtained in the treatment position and should be fused to the
regions of interest encompassing the GTV, skull base, brainstem, and optic struc-
tures (Fig. 4.1). MRI imaging should at the minimum include T1-weighted
images before and after contrast enhancement, as well as T2-weighted images.
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Fig. 4.1 Preoperative simulation CT and MRI imaging for T4 nasopharyngeal carcinoma with
skull base invasion. (a) Axial CT. (b) Axial MRI (dual echo two-point Dixon sequence). (c)
Coronal T2W MRI. (d) Axial T2W MRI. (e) Axial T1W MRI (precontrast). (f) Sagittal TIW MRI
(precontrast). / Infiltration of foramen ovale and involvement of V3. 2 Invasion of the petrous
apex. 3 Encasement of the petrous carotid artery. 4 Cavernous sinus. 5 Optic chiasm. 6 Invasion of
cavernous sinus. 7 Maxillary division of trigeminal nerve (V2). 8 Invasion into pterygopalatine
fossa. 9 Encasement of cavernous internal carotid artery adjacent to Meckel’s cave. 10 Cisternal
portion of trigeminal nerve. /7 Invasion of clivus; replacement of normal bone marrow with T1
hypointense tumor. /2 Normal marrow with T1 hyperintense fat
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Table 4.1 Suggested target volumes for nasopharyngeal carcinoma

Volume Target Dose

GTV All gross disease identified on imaging and physical |70 Gy
examination (RBE)

High-risk clinical tumor | GTV + 3 mm margin. At the interface with critical 70 Gy

volume (CTV;) dose-limiting structures, a 1| mm margin is (RBE)
acceptable

High-risk clinical tumor | CTV;, + 5 mm margin + regions at risk for 59.4 Gy

volume (CTVsq4) microscopic disease: (RBE)

* Entire nasopharynx

» Parapharyngeal space

e Anterior 1/3 of clivus (entire clivus if involved)

* Skull base (including coverage of foramen ovale
and foramen rotundum)

e Posterior 1/4 of nasal cavity and maxillary sinuses
(ensuring coverage of pterygopalatine fossa)

 Inferior sphenoid sinus (entire sphenoid sinus if
involved)

* Pterygoid fossa

* Soft palate

* Retropharyngeal LN + retrostyloid space

» Bilateral nodal levels IB through V

» Cavernous sinus should be covered for advanced
(T3-T4) lesions

Notes: (1) PTVis treated to 70 Gy in 33 fractions (2.12 Gy/fraction). PT Vs, , is treated to 59.4 Gy
in 33 fractions (1.80 Gy/fraction). A low-risk clinical tumor volume (CTVs,; 54 Gy in 33 fractions
at 1.64 Gy/fraction) may be considered in the NO and/or low neck (levels IV and V) at the discre-
tion of the treating physician. (2) An intermediate dose level (PTV,;) may be considered for the
treatment of small lymph nodes (~1 cm or less) that are suspected to be grossly involved. (3) In
select cases, level IB may be omitted in the node-negative neck and/or the lower-risk node-positive
neck (isolated retropharyngeal and/or isolated level IV adenopathy), at the discretion of the treat-

ing physician

MRI fusion is especially useful for delineation of GTV at the skull base, whereas
CT plays an important role in the assessment of cortical bone invasion. PET can
help in the determination of whether borderline lymph nodes are grossly involved
with disease. Given the propensity for nodal spread, however, a low index of
suspicion is required in the clinical assessment of potentially involved lymph
nodes.

In contrast to photon treatment planning, where a standard margin may be
employed for the PTV to account for day-to-day variation in setup margin, the
PTV for proton therapy must account for both the setup error and a field-specific
dosimetric margin. The field-specific dosimetric margin is dependent on the
water equivalent range from a specific beam angle relative to the distal and proxi-
mal edges of the CTV.

Suggested guidelines for gross and clinical target volumes based on the RTOG/
NRG Nasopharyngeal Cancer Trials are detailed in Table 4.1 [6].
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4.3 Patient Positioning, Immobilization, and Treatment
Verification

* Proton treatment delivery can be more severely affected by variation in factors
that affect radiologic depth than photon treatment delivery. Accounting for het-
erogeneities and the factors that affect their day-to-day variation is therefore of
crucial importance in proton beam therapy. While many heterogeneities can be
corrected for in treatment planning, optimization of patient positioning and
immobilization is vital to ensuring correct delivery of the intended dose
distribution.

* A five-point thermoplastic mask should be used for immobilization of the head,
neck, and shoulders. An oral obturator or bite block may be used to depress the
tongue and displace oral mucosa away from the treatment field. Immobilization
devices should be radiologically thin in order to minimize lateral penumbra, and
should be indexed to ensure setup reproducibility. At some centers, a board that
elevates the head and neck off the treatment table is employed to minimize the
air gap between the snout and patient. Control of the air gap between the snout
and patient is also an important consideration as minimization of this parameter
is critical to determining spot size. At the same time, careful consideration must
also be given to avoiding collisions between snout and the patient or treatment
table.

» For daily treatment verification, most patients undergo daily kV imaging to mon-
itor daily reproducibility of treatment. Patients also typically undergo at least one
verification simulation during the course of treatment to monitor for potential
changes in anatomy resulting from weight loss or tumor regression. As noted
above, relatively minor changes in patient anatomy/radiologic depth can signifi-
cantly affect the delivered dose distribution due to the increased conformality
and smaller number of treatment beams typically employed in proton beam treat-
ment planning.

4.4 Proton Beam Treatment Planning

* Definitive treatment of nasopharyngeal cancer will typically require pencil beam
scanning (PBS) because the added complexity of treating the bilateral neck with
passively scattered beams often requires a prohibitively excessive number of
beams and treatment time. Pencil beam scanning also affords the ability to
achieve conformality at the proximal edge of the treatment volume, whereas pas-
sive scanning delivery cannot produce proximally conformal fields. PBS fields
are composed of individual small proton “pencil” beams of uniform energy
which can be deflected magnetically to the desired location or “spot.” Each spot
can be individually modulated in energy and intensity. Spots at a constant energy
are referred to as a “spot layer”; multiple layers are typically stacked across the
depth of the target to achieve coverage. Margins in the beam direction are used
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to allow for range uncertainty, distal dose equilibrium, and setup error. Lateral
margins are additionally employed to account for lateral dose equilibrium and
setup error.

e PBS treatment planning can be achieved using either single-field optimization
(SFO), in which each set of PBS fields achieves a uniform dose to the entire
target, or multi-field optimization (MFO), where each field delivers a heteroge-
neous dose to the target and only the composite dose from all fields achieves the
desired dose shape. Multiple fields can be employed in the SFO-based technique
to achieve coverage of the target volume; all fields are, however, geometrically
decoupled and considered independently in uncertainty mitigation. In the MFO
technique, each field delivers a heterogeneous dose to the target, and only the
composite dose from all fields covers the entire target and achieves the desired
dose shape. MFO fields are strongly coupled and optimized as a single set.

e Beam orientation should be chosen to (1) minimize path length, (2) maximize
homogeneity of tissue in the beam path, and (3) avoid directions that point
toward critical organs at risk. As a result of range uncertainties and increased
LET at the end of range, proton field lateral edge is often employed for penum-
bral separation between target and critical structure. In the nasopharynx, this
often means that lateral and/or posterior beams are often employed in the treat-
ment of the primary site to avoid ranging into the brainstem (Fig. 4.2). Moreover,
anterior beam angles traversing the nasal sinuses or oral cavity are generally
undesirable due to the heterogeneity of these structures and potential variation in
sinus filling.

Fig. 4.2 Example PBS plan (SFO optimized) for patient with T4AN2 nasopharyngeal carcinoma
whose anatomy is depicted in Fig. 4.1. Red contour = PTV+,. Green contour = PTVsg,



4 Tumors of the Nasopharynx 113

e For SFO-based plans, an optimization structure can be created to account for
range uncertainty resulting from the conversion of Hounsfield units to proton
stopping power. At our institution, this structure is typically created by adding a
margin of 2.5% of the beam range plus an additional 2 mm. This margin is added
to the distal and proximal edges of the CTV during treatment planning; the mar-
gin in the beam direction may therefore differ from the lateral margin.

e MFO can produce highly conformal plans but can be highly sensitive to motion
and setup error. Uncertainty mitigation is critical to reducing this sensitivity and
typically involves an explicit computation of individual factors that may poten-
tially contribute uncertainty to the deposited dose. MFO fields are strongly
coupled and are considered as a single set in the uncertainty mitigation.
Robustness optimization allows for incorporation of range uncertainty into the
treatment optimization process and can help ensure the dose distribution to tar-
get, and OARs remain acceptable after taking into account both setup and range
uncertainties. Robustness can be visualized within a DVH using uncertainty
bands that account for potential worst-case scenarios.

e Dental hardware, surgical clips, and other foreign materials often create CT arti-
fact and can contribute to significant range uncertainty if necessary to treat
through. The standard practice to deal with metal CT artifacts is to delineate such
regions and to reset the Hounsfield units within these regions to average soft tis-
sue or bone values measured in similar areas of the body where no artifacts are
present. High-Z materials present in the treatment field should be contoured and
assigned a CT number consistent with the proton stopping power of the material.
Practically speaking, however, beam angles should be selected that minimize the
need to traverse high-Z materials. HU override for such materials should be care-
fully evaluated on case-by-case basis as inappropriate override can lead to sig-
nificant dose errors.

e Pencil beam spot size is highly dependent on the air gap present between the
snout and patient. The patient should be set up and immobilized in a manner that
minimizes the air gap to the greatest extent possible while still preventing colli-
sions. Universal and/or patient-specific bolus can also be employed to minimize
air gap and ensure spot size integrity.

4.5 Proton Therapy for NPC: Clinical Outcomes

e The first published report describing clinical outcomes for proton therapy in the
treatment of nasopharyngeal carcinoma was from Loma Linda University
Medical Center, where patients with recurrent NPC were re-irradiated with pas-
sively scattered proton therapy [7]. Sixteen patients who received prior photon-
based definitive radiotherapy were treated to additional doses of 59.4-70.2
CGE. Two-year locoregional control was 50%; those who received 90% or more
of the prescribed dose to 90% or more of the target volume had a 2-year local
control rate of 83% compared with 17% for those with suboptimal coverage
(p =0.006).
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Chan et al. reported, in abstract form, early treatment outcomes for 23 patients
with nasopharyngeal carcinoma who received proton-based chemoradiation on a
phase II prospective study [8]. The prescription dose was 70 CGE in 35 fractions
delivered with three cycles of concurrent cisplatin (100 mg/m?) followed by
adjuvant cisplatin (80 mg/m?) and fluorouracil (1000 mg/m*/day) for three
cycles. At median follow-up of 28 months, no patient experienced local or
regional relapse of disease. There was no acute or late grade 4 or 5 radiation-
related adverse event. At 6 and 12 months after treatment, one patient was G-tube
dependent. The most common grade >3 late adverse events were hearing loss in
29% of patients and weight loss in 38% of patients.

In a case control study from MD Anderson Cancer Center, 10 NPC patients
treated with IMPT were matched to 20 IMRT-treated controls, all of whom
received concurrent + adjuvant chemotherapy. IMPT was associated with sig-
nificantly lower mean dose to the oral cavity, brainstem, whole brain, and man-
dible [4]. Patients treated with IMPT had a lower rate of G-tube insertion (20%
vs. 65%), which was hypothesized to result from improved sparing of the oral
cavity. The rate of grade 3 mucositis was lower (11%) than commonly reported
in the IMRT literature. Of note, however, two patients in the IMPT cohort (as
well as two in the IMRT-treated cohort) developed temporal lobe necrosis,
including one patient who developed neurologic symptoms requiring
bevacizumab.

4.6 Discussion and Future Directions

Proton beam therapy holds significant potential for improving treatment out-
comes for nasopharyngeal tumors, especially those with skull base and/or orbital
invasion in which photon-based therapy will exceed dose-limiting constraints
(Fig. 4.3). As the clinical implementation of pencil beam scanning technology
matures, the dosimetric gains afforded by proton beam therapy have rapidly
improved. Further improvements in dose conformality for PBS-based proton
therapy are likely to be achievable through clinical implementation of strategies
to minimize spot size (Fig. 4.4). Current spot sizes in clinical use can be as large
as 9 mm, resulting in a penumbral width of up to 10 mm. Minimization of spot
size and sharpening of penumbra with the addition of apertures are likely to
result in significant target conformality improvements, with the potential to
translate into clinically meaningful benefits for patients with NPC. Clinical
implementation of three-dimensional image guidance for proton therapy is also
currently under development at several centers and may lead to improved treat-
ment accuracy and reduced dose uncertainty. Efforts to improve proton range
calculation via novel imaging platforms, including PET, DECT, and prompt
gamma imaging, also hold significant promise.
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IMRT

Fig.4.3 PBS vs. IMRT dosimetric comparison for patient with T4N2 nasopharyngeal carcinoma.
(a) Improved sparing of oral mucosa with PBS. (b) Increased sparing of ipsilateral parotid gland
with PBS. (¢) Cochlea and brainstem dosimetry are improved with PBS compared to IMRT, espe-
cially in cases with base of skull invasion
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Fig. 4.4 Example PBS plan (SFO optimized) for patient with T3N2 nasopharyngeal carcinoma.
Red contour = PTV4y. Green contour = PTVsg,
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5.1 Introduction

Oral cavity and pharynx cancers account for 2.9% of all cancers in the United
States. The most common sites of oral cavity cancer are the oral tongue and floor of
the mouth. There are over 45,000 new cases of oral cavity and pharynx cancers
diagnosed each year, with over 8500 deaths annually [1]. Known risk factors for
oral cavity cancer include tobacco and alcohol use, infection with human papillo-
mavirus, and chewing of betel nut leaves. Oral cavity cancers are often initially
managed surgically, followed by radiation * chemotherapy. Locoregionally
advanced oral cavity cancers are treated with a combination of surgery and
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RT + chemotherapy, due to the high risk of local recurrence compared to other head
and neck squamous cell carcinoma sites [2]. Risk factors for recurrence of oral cav-
ity cancers include the presence of extracapsular nodal spread, positive resection
margins, N2 or N3 nodal disease, perineural invasion, and vascular invasion [3, 4].

Oral cavity cancers are often grouped with oropharyngeal cancers; therefore,
there are no published clinical studies evaluating proton therapy in oral cavity can-
cers alone. There are few published clinical studies assessing the role of protons for
oropharyngeal cancers, which demonstrated improved locoregional control [5, 6].
The efficacy and toxicity of protons in oropharyngeal cancers are currently being
further evaluated in a clinical trial setting, with patients randomized to IMRT or
IMPT [7]. A previous study of IMPT in oral cavity cancers demonstrated a 2-year
rate of local control of 91% and 2-year locoregional progression-free survival of
84% [6]. Incidence of late Grade 3 toxicity has not been known to increase signifi-
cantly despite the higher doses administered via proton therapy, with xerostomia
and mucositis being the most commonly observed adverse events [6, 7].

The RTOG 8502 regimen of photon radiotherapy has been shown to be effective
for the treatment of advanced head and neck cancers. The regimen is colloquially
referred to as “Quad Shot” and consists of 3.7 Gy fractions delivered twice daily
over 2 consecutive days for 4 week intervals, for a total of three cycles [8]. A recent
study of the RTOG8502 regimen as a hypofractionated proton radiotherapy regimen
has also been shown to demonstrate a favorable palliative response in patients with
incurable recurrent metastatic malignancies of the head and neck and is used at our
institution for the treatment of appropriate oral cavity cancers (unpublished data).

Tumors with lower risk of lymph node metastasis (retromolar trigone, hard pal-
ate, gingiva) should be treated to the tumor bed with consideration of ipsilateral
lymph nodes. For tumors with higher risk of lymph node metastasis (buccal mucosa),
coverage of bilateral cervical lymph nodes should be considered. Tumors with high
risk of spread to surrounding musculature and glands (oral tongue, floor of mouth)
should include bilateral neck coverage and consideration for lymph node coverage
in the radiation fields.

Proton therapy allows for delivery of higher radiation doses to the oral cavity
with lower exposure to surrounding critical structures and without evidence of
worsening toxicity. “The anterior location of oral cavity tumors along with the high
risk of local recurrence offers a potential opportunity to improve outcomes with
proton dose escalation, although this remains to be explored.”

5.2 Simulation, Target Delineation, and Radiation Dose/
Fractionation

CT can be used for initial determination of soft tissue and bony involvement (includ-
ing the pterygopalatine fossa, mandible, and hard palate). Dental panoramas can
determine mandibular involvement if CT cannot be obtained. For the purposes of dose
calculation, a non-contrast CT needs to be employed in planning proton therapy.

MRI is critical for determination of perineural spread and primary tumor delin-
eation, particularly if dental artifacts complicate CT visualization.
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PET imaging is superior to CT and MRI in detection of occult nodal metastasis,
although it is limited in the detection of small metastasis.

The patient should be supine with the neck in slight hyperextension for simula-
tion. A five-point mask should be used for immobilization of the head, neck, and
shoulders. A bite block can be used for oral tongue cancers to decrease dose to the
superior or inferior oral cavity, as appropriate. Custom bite blocks can be fabricated
to immobilize the oral tongue laterally in order to reduce unnecessary dose (Fig. 5.1).

PET and MR images should be registered to the planning CT for accurate target
delineation. Uncertainties related to image fusion should be considered in the treat-
ment planning process (Chap. 3).

Radiation dosing and fractionation varies depending on the clinical scenario
(Tables 5.1, 5.2, 5.3, and 5.4).

Fig.5.1 Uniform 67 Gy

scanning plan 66 Gy Bite
demonstrating use of a

custom mouth guard to 62.7 Gy block
offset the ipsilateral tongue 50 Gy

to minimize the dose to the 40 Gy

oral tongue. Bite block 30 Gy

indicated by red arrows

above

Table 5.1 Recommended target volumes and radiation doses for definitive treatment of oral cav-
ity cancers

Volume Target Dose

GTV Gross disease, involved nerves, and regional 70 Gy (RBE)
lymph nodes

High-risk clinical tumor | Include margin of 5 mm if there is uncertainty of | 70 Gy (RBE)

volume (CTV;) gross disease extent

High-risk clinical tumor | Include up to a 10 mm margin for positive nodes | 59.4 Gy (RBE)

volume (CTVs4) and high-risk ipsilateral or contralateral nodes

Low-risk clinical tumor | Include ipsilateral and contralateral nodes at 54 Gy (RBE)

volume (CTVsy) low-risk for subclinical disease
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Table 5.2 Recommended target volumes and radiation doses for adjuvant treatment of oral cavity

cancers
Volume Target Dose
High-risk clinical |Include preoperative target volume and regions of 66 Gy (RBE)

tumor volume
(CTVe)

extracapsular nodal extension, soft tissue invasion, bone
invasion, and positive margins

High-risk clinical
tumor volume
(CTVg)

Include preoperative tumor volume and nodal disease, 60 Gy (RBE)
operative bed, and ipsilateral or contralateral nodes at high
risk for subclinical disease

Low-risk clinical
tumor volume
(CTVs4)

Include uninvolved ipsilateral and contralateral lymph 54 Gy (RBE)
nodes at low risk for subclinical disease

Table 5.3 Site-specific recommendations for clinical target delineation of oral cavity cancers

Tumor site

Stage

Clinical treatment volume

Oral tongue,
floor of the
mouth

T1—
T4NO

Include tumor bed, base of the tongue, and entire oral tongue.
Consider including the alveolar ridge for floor of the mouth
lesions. Treat both sides of the neck, even for well-lateralized
T1—T2NO lesions if depth of invasion is >4 mm; inclusion in
low- or high-risk CTV is up to physician discretion. Ipsilateral
and/or contralateral levels I-IV can be considered

Tl—
T4N1-3

Include tumor bed, base of the tongue, and entire oral tongue.
Consider including the alveolar ridge for floor of the mouth
lesions. Treat both sides of the neck; inclusion in low- or
high-risk CTV is up to physician discretion. Ipsilateral and/or
contralateral levels I-IV can be considered

Buccal mucosa

T1—
T4NO

Target volume for the inner cheek should be generous and
include the preoperative tumor bed, entire buccal mucosa, and
ipsilateral lymph nodes. Extend coverage posteriorly to
retromolar trigone and superiorly to near the inferior orbital rim.
If well-lateralized, the tumor can be treated at ipsilateral levels
I-1V alone. Otherwise, bilateral cervical lymph node coverage
can be considered

TI—
T4N1-3

Target volume for the inner cheek should be generous and
include the preoperative tumor bed, entire buccal mucosa, and
ipsilateral lymph nodes. Extend coverage posteriorly to
retromolar trigone and superiorly to near the inferior orbital rim.
Ipsilateral levels I-IV should be treated within the neck.
Treatment of contralateral neck can be considered depending on
pathologic findings and discussions with the surgeon

Retromolar
trigone, hard
palate, gingiva

T1—
T4NO

Include the preoperative target volume and postoperative tumor
bed. Ipsilateral levels I-IV can be considered for all cases, with
treatment of contralateral neck at physician discretion. Hard palate
tumors are generally minor salivary gland tumors; “Chap. 8” can be
used for treatment guidelines for coverage of lymph node regions

TI—
T4N1-3

Include the preoperative target volume and postoperative tumor bed.
Treat the ipsilateral levels I-IV for all cases, and consider treatment
of the contralateral neck. Hard palate tumors are generally minor
salivary gland tumors; “Chap. 8: Major Salivary Glands” can be
used for treatment guidelines for coverage of lymph node regions
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Table 5.4 Recommended dose constraints for organs at risk in bilateral cases

Organ at risk

Recommended dose constraint

Oral cavity (excluding PTV)

Mean dose <10 Gy (RBE)

Larynx

Mean dose <20 Gy (RBE)

Ipsilateral parotid gland (for non-parotid cases)

Mean dose <26 Gy (RBE) (ideally lower)

Ipsilateral submandibular gland (for non-
submandibular cases)

Mean dose <39 Gy (RBE)

Contralateral submandibular and parotid glands

Mean dose 0 Gy (RBE)

Esophagus

Max dose < Rx dose
Mean dose < 40 Gy (RBE)
V60 < 17% (ideally lower)

Brachial plexus

No hot spots

Brainstem

0.05 cc < 60 Gy (RBE)
Max surface dose <64 Gy (RBE)

Optic nerves and optic chiasm

0.05 cc < 60 Gy (RBE)

Spinal cord

1.0 cc < 50 Gy (RBE)

Surface max <64 Gy (RBE)

5.3 Patient Positioning, Immobilization, and Treatment
Verification

CT simulation should be performed using a slice thickness of 3 mm or less.
Intravenous contrast should be used for target delineation, particularly for cervical
lymph node detection. The CT should span from the top of the head to the carina,
with the isocenter just superior to the arytenoids.

Setup accuracy should ideally be ascertained with daily orthogonal X-ray imag-
ing or volumetric imaging, if available, in order to confirm setup accuracy.

In-room CT imaging (i.e., cone beam CT) is ideally used for treatment verifica-
tion. When in-room 3D imaging is not available, verification CT scans with the
patient in treatment position are recommended during the course of treatment to
assess for potential changes in anatomy such as weight loss, tumor shrinkage, and
potential changes in the accuracy of the dose distribution. Currently at our center,
we generally rescan every other week for definitive cases and once during treatment
for postoperative cases, though there are exceptions depending on the clinical
scenario.

5.4  Three-Dimensional (3D) Proton Treatment Planning

5.4.1 Passive Scattering (PS)

Three field plans are typically utilized (two to four beams) in planning oral cav-
ity cases. With all proton planning, care must be taken not to overlap the distal
end of more than two beams and no more than one beam ranging out into an
organ at risk (OAR). With proton planning, air gap between the compensator
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and patient surface is also an important consideration. Minimizing the air gap
reduces penumbra and scatter while increasing conformality. When using
smaller air gaps, be mindful of collisions between the compensator and the
patient or treatment table.

Worst and best case scenarios should be evaluated with relevant range uncertain-
ties (2.5%*range + 2 mm), based on physical and biological uncertainties.

With proton planning, artifacts, dental hardware, surgical clips, and other foreign
materials must be contoured and assigned the proper forced densities in order to
ensure accurate beam calculation.

Special care should be taken to avoid beams traversing through dental hardware
and air cavities that can change during the course of treatment (Fig. 5.2).

While planning with uniform scanning (US) or passive scattering (PS), compen-
sators should be created with the dental filling at a lower electron density. This will
maintain a smoother compensator with less ridges and pylons. After the compensa-
tor is calculated, apply appropriate forced density, and evaluate the beam coverage
and OARs.

If it is necessary for the beam path to treat through the fillings, there will be a
cold spot distal to the filling. This effect can be minimized by using multiple beam
angles.

Patching field technique can be used to keep the parotid dose and other OARs
below tolerance. Patched fields are two orthogonal beams in which the distal 50%
isodose line of one beam is abutting the 50% lateral penumbra line of the other

Fig.5.2 Example of a
uniform scanning plan
demonstrating contouring
of a dental filling artifact
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beam. When possible, use a minimum of two patched pairs to minimize the hot
spots along the patch lines. Maintain a 15-20% hot spot at the match line to allow
for over and under range uncertainties (Fig. 5.3).

a Patch Field Technique Patch Field Technique — Shifting Patch Line

Definition — distal edge of one field
meets the lateral border of the other field
Patch field * 50% meets the 50% to make up a 100% Through
beam

* Consists of a through field and a patch
\ onto the through field

Patch line

Through
beam

Fig. 5.3 Passive scattering plan illustrating a patch technique to avoid the parotid gland, for the
treatment of a recurrent squamous cell carcinoma of the right lateral oral tongue, status post right
partial glossectomy and radical resection of the right tonsil and right base of the tongue. (a)
Illustrates the patch field technique; (b) demonstrates a through beam; (c¢) is the patch field abutting
the 50% lateral isodose line of (b); (d) demonstrates the patch pair isodose distribution. The
through beam plus patch field yields one patch pair; the 15% hot spot is represented by the purple
line; (e) is the composite plan with isodose distribution of all fields
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Compensator smearing

Beam

!

Fig. 5.4 Example of compensator smearing and plan for hardware present within the radiation
field

There are times when hardware might be present in the field, such as titanium
screws and surgical clips. Avoid traversing through the hardware whenever possi-
ble, although this may be unavoidable in certain cases.

Screws and clips should be overridden while creating compensators. An increase
in smearing should also be utilized to increase robustness of the plan and reduce pylons
in the compensator. Smearing should be at minimum > PTV margin and the Moyer’s
formula should be considered: Smear = [(3% or range)2 + (3 mm)2 + (motion)2] V2]
as a minimum (Fig. 5.4).

The following rules should be followed when performing patch fields:

* Maintain a hot spot between 15% and 20% at the intersection of the patched
fields.

* The 95% isodose line should not completely break up when all beams are
summed; the 90% isodose line should encompass the target.

e No more than 30% of total dose should be delivered via patched fields (excep-
tions are made when planning is particularly difficult due to re-treatment limita-
tions; in these cases, a physician and physicist should be consulted).

e End of range effects should be minimized particularly in the brain or near OARs;
no more than 30% of beams should end range on an OAR.

5.5 Pencil-Beam Scanning (PBS)
5.5.1 Passive Scattering vs. Pencil Beam-Scanning Comparisons

The same field arrangement used in uniform scanning/passive scanning should be
used in PBS, although the number of fields may be decreased.

For oral cavity cases, single field uniform dose optimization (SFUD) should ide-
ally be used as it results in delivery of the most robust treatment plan. Each beam
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should be optimized using the target and OAR constraints/objectives set by your
institution. Each beam should be evaluated individually to ensure adequate target
coverage and then compositely to evaluate OAR constraints and possible hot spots.
As robust optimization matures in the clinical environment, intensity-modulated
proton therapy (IMPT) may be more extensively used. Even though IMPT may
generate a more conformal dose distribution, plan robustness must be carefully
evaluated especially when robust optimization is not available on your treatment
planning system (Fig. 5.5).

Robust optimization can be achieved when creating optimization constraints and
objectives for the targets and OARs. The robustness optimization should be used
when clinically needed and available. Each institution will set their robustness opti-
mization parameters based upon the estimated setup tolerances and estimated range
uncertainties. Robust optimization will compute, considering the over and under
range, isocenter shifts, set up uncertainties, and restrict hot spots if there is over lap-
ping of fields.

Without robust optimization, another option to ensure robustness is to create
planning organ at risk volumes (PRVs) and target optimization structures to account
for the uncertainties. When possible, planning should be carried out with SFUD as
it is currently the most robust option available. As robust optimization is just emerg-
ing in the clinical setting, it should be carefully evaluated.

5.5.2 Critical Structures

The ipsilateral parotid gland is a critical avoidance structure, and care should be
taken to minimize exposure, reducing the mean dose to <26 Gy (RBE) or, ideally,
lower (Fig. 5.6).

The spinal cord should also be taken into account during the planning process.
With the unique characteristics of protons, the doses are usually held to a minimum.
Due to the beam stopping power of protons, the laryngeal dose can also be signifi-
cantly lowered to try to maintain a mean dose of <15 GyE or lower (Figs. 5.7, 5.8,
5.9,5.10).

The sharp dose falloff of protons allows for optic nerve sparing.

5.6 Future Developments

As IMPT use becomes more prevalent, additional data on the role of IMPT in oral
cavity cancers will become available. The efficacy and toxicity of protons in oro-
pharyngeal cancers is currently being further evaluated in a clinical trial setting,
with patients randomized to IMRT or IMPT. The ongoing clinical trial of IMPT vs.
IMRT in oropharyngeal cancers will illuminate the differences in efficacy and
toxicity.
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Inferior PTV

Fig. 5.5 PBS plan of a 72-year-old woman with stage T3N1 SCC of the oral tongue, status post-
hemiglossectomy and cervical lymphadenectomy with modified radical neck dissection. Bilateral
oral cavity cases are treated using a three-beam approach: AP (blue dashed line) and RPO and LPO
(red dashed lines). The lower anterior neck is treated with the AP and is matched with the posterior
oblique beams treating the upper neck and oral cavity. Although counterintuitive, treating the supe-
rior PTV with the posterior obliques is more robust than an anterior approach as slight movement
in the mandible will adversely affect the beam path. The posterior approach is less susceptible to
this variation in setup. This approach also maximizes parotid sparing. The target volume is divided
into two parts (superior and inferior PTV), which are treated with independent dose objectives. At
the match line, we create a dose gradient using a “gap structure.” The structure is 1 cm superior and
inferior to the match line defined by PTV volume. The gradient over 2 cm is 5% per mm, so
changes in setup in between fields of up to 2 mm would only result in 10% changes in daily deliv-
ered dose, thereby reducing excessive hot or cold spots at the match line



5 Oral Cavity Tumors 127
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Fig. 5.6 Uniform scanning plan for the treatment of a multiply recurrent squamous cell carci-
noma of the oral cavity, status post-multiple resections and postoperative radiation therapy to a
total dose of 6300/5400/5000 cGy. Plan illustrates treatment to a recurrence of the gingiva and hard
palate post-surgical resection with positive margins, with sparing of the larynx, parotid glands, and
spinal cord

Fig.5.7 Example of cord
sparing in an initial pT1NO
right oral tongue cancer with
a large right retromolar
trigone recurrence, status
post-surgical resection with
postoperative RT to 66 Gy
and surgery for a pT4aNx
recurrence
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Fig. 5.8 Example of a treatment plan for a pT1NO spindle cell SCC with 6 mm invasion and
perineural invasion, status post-resection with a marginal mandibulectomy and left neck dissec-
tion. High-risk primary CT Vg, is contoured in gold

Fig. 5.9 Example of a treatment plan for a rpTANOMORO SCC of the left buccal mucosa, status
post-resection with positive margins and recurrent disease resected with extensive PNI, invasive
islands, and tumor in the floor of the mouth and palate. Plan demonstrates ophthalmic nerve cover-
age tracing back to Meckel’s cave; the CT Vs is contoured in dark blue
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Fig. 5.10 Example of optic nerve sparing in a verrucous carcinoma of the right alveolar ridge
extending up to the maxillary sinus, treated with “Quad Shot,” status post-maxillectomy with re-
resection of recurrence with positive margins that were treated with adjuvant RT to 66 Gy, with
bulky local recurrence in the right maxilla
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6.1 Introduction

Oropharynx tumors (OPC) comprise 24% of all head and neck malignancies, of
which the majority arise from the base of the tongue or tonsils [1-4]. Smoking and
alcohol use continue to be major risk factors but the prevalence of human papillo-
mavirus (HPV)-associated oropharyngeal cancer has steadily increased by over
200% since the late 1980s [5]. Definitive management involves surgery or radiation
therapy (RT) alone for node-negative early-stage tumors or concurrent chemoradio-
therapy (CRT) for nodal involvement or locally advanced disease. In surgically
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managed cases, adjuvant RT or CRT is also often indicated for extracapsular exten-
sion or positive surgical margins.

Dosimetry studies dating back nearly 15 years ago have consistently demon-
strated the ability of proton RT to reduce the dose to critical structures, including the
spinal cord, salivary glands, oral cavity, larynx, mandible, and esophagus [6]. More
recent work has focused on the ability of intensity-modulated proton therapy
(IMPT) to further enhance the therapeutic ratio by providing homogeneous target
coverage with further sparing of normal structures, particularly in locally advanced
tumors [7, 8]. Potential reductions in toxicity achieved with proton therapy are of
paramount importance in the era of HPV-related OPC in which many young patients
are cured of disease and will suffer effects of treatment for decades.

Despite the theoretical benefits of proton dosimetry, experience with proton RT
in OPC treatment is limited. Loma Linda University Medical Center reported a
5-year actuarial locoregional control of 84% and grade 3 late toxicity in 11% of
patients treated with passively scattered proton fields to deliver concomitant proton
boost along with photon treatment during the last 3.5 weeks of treatment [9].

Recent experience with IMPT and more contemporary techniques at
M.D. Anderson in which bilateral neck irradiation was pursued for nearly all OPC
patients with a three-field technique showed a 2-year PFS of 89% and grade 3 acute
mucositis and late dysphagia rates of 58% and 12%, respectively [10].

6.2 Simulation, Target Delineation, and Radiation Dose/
Fractionation

CT simulation with intravenous iodinated contrast, when not contraindicated, is
crucial to facilitate anatomical delineation. For the purposes of dose calculation, a
non-contrast CT needs to be included during simulation as well.

Positron emission tomography (PET) is often helpful for identification of meta-
bolically active gross disease and involved lymph nodes. Large necrotic nodes may
not show activity on PET but should be encompassed within high-dose target vol-
umes, especially in HPV-positive cases. Likewise, small nodes that are borderline
on PET may represent disease in alcohol- and smoking-related HPV-negative cases
and need to be evaluated carefully. Biopsy to show evidence of gross nodal involve-
ment is not always needed in practice, particularly in HPV-related malignancies.

Magnetic resonance imaging (MR) is recommended for accurate delineation of
the extent of gross tumor in soft tissue, especially in cases in which artifact from
dental amalgam limits evaluation of the tonsils. When possible, MR should be
obtained in the treatment position.

PET and MR images should be registered to the planning CT for accurate target
delineation. Uncertainties related to image fusion should be considered in the treat-
ment planning process (Chap. 3).

The recommended dosing and fractionation vary:

 For definitive cases, gross tumor volume (GTV), including gross primary tumor
and involved regional lymph nodes, should be treated to 70 Gy (RBE). Typically,
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an extra CTV margin is used only to outline areas of uncertainty in the extent of
the GTV.

¢ Both the primary tumor site and the involved levels of the ipsilateral neck (levels
[I-IV) should be treated to 60 Gy (RBE). In postoperative cases, areas of surgical
margin positivity or extracapsular extension can be treated to 66 Gy (RBE).
Lateral retropharyngeal nodes (up to the level of the first cervical vertebra) are
usually included in this target, and level Ib is not included unless there is involve-
ment or tumor extension into the oral cavity.

e A low-risk clinical tumor volume can be treated to 50-54 Gy (RBE) that includes
the uninvolved and nonsurgically violated ipsilateral neck.

e For HPV-positive disease, lower subclinical dosing may be considered, such as
54 Gy and 45 Gy to the high-risk and low-risk clinical target volumes, respectively.

Target volumes should be expanded according to institutional standards, typi-
cally by 3-5 mm, to create a planning target volume (PTV) to account for setup
variation and range uncertainties.

Consultation with a medical oncologist regarding concurrent radiosensitizing
chemotherapy should be considered, especially for large primary tumors, margin
positivity, extensive nodal involvement, and/or suspected or confirmed extracapsu-
lar extension.

6.3 Patient Positioning, Immobilization, and Treatment
Verification

Simulation and treatment should be conducted in the supine position with a 5-point
mask for optimal immobilization of the head, neck, and shoulders.

Setup accuracy should be ascertained with daily orthogonal X-ray imaging or
volumetric imaging, if available, to confirm setup accuracy.

When in-room 3D imaging (e.g., cone beam CT) is not available, weekly verifi-
cation CT scans with the patient in treatment position are recommended during the
course of treatment to assess for potential changes in anatomy (i.e., due to weight
loss, tumor shrinkage, etc.) and resultant changes in the accuracy of the dose distri-
bution. This is especially relevant for HPV-positive nodal disease, in which large
necrotic nodes shrink early in the course of treatment. Replanning should be consid-
ered to reduce errors in true dosimetry in this setting.

6.4 Three-Dimensional (3D) Proton Treatment Planning
6.4.1 Passive Scattering (PS)

Generally, two or three field plans are used for ipsilateral coverage of the primary or
postoperative site and regional nodes. Fields should be arranged for short depths
and homogeneous coverage, which is often best achieved by anterior oblique and
superior oblique beams. For large targets that are well lateralized (i.e., large primary
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Fig. 6.1 A sample passive scattering proton plan for a patient with cT2N1 squamous cell carci-
noma of the left base of tongue treated with chemoradiation followed by total glossectomy for a
recurrence who then presented with a left lateral oropharyngeal wall recurrence. A three-beam
passive scattering technique was utilized with a left lateral (left panel), left superior oblique (cen-
ter), and an anterior oblique (right) beam

tumor or postoperative reconstruction), a lateral beam may also offer dosimetric
advantages (Fig. 6.1).

It is not optimal to overlap the distal edge of more than two beams, and in par-
ticular, any critical organs at risk should not receive distal range out dose from more
than one beam to avoid hotspots where true dose may be uncertain.

Dental artifacts can be addressed by contouring the high atomic number material
and correcting for the density. Treatment planning systems should allow for manual
corrections that can be determined based upon the material. If the material is not
known, conservative estimates using gold or amalgam can be substituted.
Additionally, the artifacts must be contoured and forced to the appropriate densities
or stopping powers.

Large tumors that respond early in the treatment course should be managed with
adaptive replanning to avoid off target dosimetry.

For cases requiring only unilateral treatment, passive scattering can achieve opti-
mal coverage of the ipsilateral primary and neck and should allow minimal dose to
the contralateral neck with excellent sparing of the contralateral salivary glands,
oral cavity, larynx, brainstem, and spinal cord (Fig. 6.2).
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Fig. 6.2 Dose distribution for the patient in Fig. 6.1. Note the complete sparing of the contralat-
eral submandibular and parotid glands, as well as considerable sparing of the contralateral oral
cavity. Isodose lines are color-coded same as in Fig. 6.1

6.5 Pencil Beam Scanning (PBS)

Unlike other sites of the head and neck in which the skin is part of the target, for
definitive cases of OPC, PBS can provide conformal plans that can better spare the
skin due to greater control over the proximal dose distribution. This can be achieved
through the use of explicit avoidance structures where appropriate.

While the same two to four beam arrangement that is used with PS can be used
with PBS, the use of PBS allows for careful delivery of radiation to the contralateral
neck while still sparing critical organs (Figs. 6.3 and 6.4).

OPC cases needing bilateral neck irradiation typically utilize bilateral oblique
beams and a single midline opposing beam. Addition of extra fields does not seem
to confer an advantage as it does for IMRT [11].

Care should be taken to ensure that all artifact and dental hardware are accurately
contoured and proper mass density/electron density is applied prior to calculation.
Use beams that avoid going through hardware, though in OPC, this is sometimes not
possible.
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Fig. 6.3 An IMPT beam arrangement for a patient with cT2N2b SCC of the right tonsil to obtain
bilateral neck treatment, utilizing bilateral posterior oblique beams and a single anterior midline
beam (upper panels) to obtain conformal coverage of targets while sparing the larynx and oral
cavity (lower panels). Color wash spans 40-75 Gy, and isodose lines highlight 40 Gy (violet),
50 Gy (blue), 54 Gy (green), 60 Gy (yellow), and 70 Gy (red)

Fig. 6.4 Dose distribution for a patient with HPV-positive, pT2N2b squamous cell of left tonsil,
treated with postoperative chemoradiation with proton therapy following transoral robotic resection
and neck dissection. Note sparing of the anterior oral cavity, even with bilateral neck treatment
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Table §.1 OEC QOSe OAR Constraint Dose
Kj[)g;gélgns guidelines at Oral cavity | Mean dose 35-40 Gy
Spinal Dose to 0.1 cc | <50 Gy RBE*
cord Surface max 64 Gy RBE®
Brainstem | Dose to 0.05 cc | < 60 Gy RBE*
Core max 53 Gy RBE
Surface max 64 Gy RBE®
Cochlea® Max dose <50 Gy RBE
Parotid Mean dose 25 Gy RBE ALARA
Larynx Mean dose <35 Gy RBE

“For plans with prescription dose <60 Gy RBE
"Isodose line may touch structure surface

°If ipsilateral hearing is absent, contralateral cochlea
constraint is <35 Gy RBE

For the majority of cases in which bilateral neck irradiation is needed, single
field optimization (SFUD) or multi-field optimization IMPT or rarely, a mix of the
two techniques can be used in order to meet currently recommended dose con-
straints. Sample constraints are noted in Table 6.1 for OPC planning that are typi-
cally employed at MSKCC, but each center should establish their own set of dose
constraints based on their clinical experience.

Modeling work has also suggested that reducing the spot size for PBS may trans-
late into further dosimetric advantages in reducing normal tissue exposure, in par-
ticular that of the sublingual glands [12].

6.6 Dosimetry and Toxicity Characteristics

In case-matched control analysis of comparing the dosimetry of IMRT and IMPT
plans for OPC patients undergoing definitive RT or CRT at MDACC, IMPT allowed
for reduced dose to several critical structures when compared to IMRT plans gener-
ated on the same target volumes, particularly those related to acute oral toxicity and
nausea (Table 6.2). Comparing these to additional matched patients that underwent
IMRT treatment further corroborated this dosimetric benefit [7]. Similar studies
have been reported elsewhere as well, specifically for OPC patients, with significant
reduction in parotid, sublingual gland, and oral cavity dose [8].

Prospective OPC patients undergoing IMPT at MDACC experienced relatively
favorable acute toxicities, with grade 3 dermatitis of 46%, mucositis in 58%, and
dysphagia of 24%. Late grade 3 dysphagia was 12%. Median weight loss was
7.4%. One of 50 patients developed oropharyngeal mucosal ulceration 16 months
after treatment completion, with stabilization of the ulcer and improvement in
symptoms after hyperbaric oxygen therapy [10]. Furthermore, retrospective cohort
and case-matched analyses of toxicity suggest lower rates of xerostomia, weight
loss, taste and appetite changes, and reduced need for gastrostomy tubes with pro-
ton therapy for OPC, though patient-reported outcomes apparently do not reflect
this fully [13, 14].
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Table 6.2 Dosimetric comparison of mean dose to critical structures for 25 patients [7]

IMRT plan for

IMPT plan for IMRT plan for matched cohort

IMPT-treated IMPT-treated of IMRT-treated

patients patients patients
Structure (Gy = SD) (Gy +SD) P value (Gy £ SD) P value
Anterior oral | 8.3 +5.9 31.0+7.2 <0.001 30.5+79 <0.001
cavity
Posterior oral | 40.5 £ 15.3 543 +8.1 <0.001 50.6 £ 8.0 0.011
cavity
Esophagus 209 +12.2 33.6+ 144 0.002 18.6 £9.7 0.543
Inferior PC 32.8+10.7 45.6 +10.4 <0.001 28.8 +15.8 0.068
Middle PC 482 +17.8 57.0+14.4 0.046 54.6 £9.4 0.543
Superior PC 55.3+13.0 58.1+11.0 0.305 58.0+11.3 0.511
Brainstem 7.7 +3.7 144+64 <0.001 18.6 8.8 <0.001
Cerebellum 126 £4.3 18.8 £4.8 <0.001 18.9+7.6 <0.001
Area 14.6 £9.0 245+7.2 <0.001 30.7 6.5 <0.001
postrema

The first two columns show the dose for IMRT and IMPT plans for the same cohort, and the right-
most column shows the mean dose for the case-matched cohort. Only selected rows shown for
clarity

Fig.6.5 Minimal oral cavity mucositis (left) and dermatitis (right) 1 week after completing defin-
itive chemoradiation for the patient treated with IMPT to the bilateral neck from Fig. 6.3

While no randomized data exist to demonstrate the reduced toxicities that have
been reported in case series with PBS, the anecdotal and single institution data seem
promising, and patients do well with carefully planned treatment (Fig. 6.5).

Ongoing trials will further help to define the role of proton RT in the treatment

of OPC. An observational study at Mayo Clinic is open to evaluate local control at
2 years, as well as quality of life measures, of mucosal sparing proton beam therapy
after resection of favorable risk OPC (NCT02736786). Another observational
cohort study is ongoing at MDACC to evaluate functional patient-reported out-
comes following low-risk OPC treated with either definitive transoral resection or
definitive IMPT (NCT02663583). Lastly, a multi-institutional randomized phase 11/
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IIT trial is ongoing to evaluate severe toxicity following IMRT vs. IMPT for locally
advanced OPC (NCT01893307).

Conclusion

Reported data on the use of proton RT for patients with OPC are promising in
delivering safe and effective treatment while limiting normal tissue exposure
with potentially significant quality of life improvements (e.g., in reduction of
mucositis, nausea, and long-term xerostomia). As technological advances with
IMPT continue to grow (i.e., routine use of small spot sizes), additional benefits
may be gained yet, though ongoing prospective randomized trials are ongoing to
further outline the role of proton RT.
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7.1 Introduction

Sinonasal cancers are among the most rare and diverse malignancies. They account
for less than 3% of all tumors of the upper aerodigestive tract and less than 0.5% of
cancers with an incidence in the United States of approximately 1 in 200,000 indi-
viduals annually [1]. There are many histologic subtypes including squamous cell
carcinoma, minor salivary gland cancers (adenoid cystic carcinoma, adenocarci-
noma, adenosquamous carcinoma, polymorphous low-grade adenocarcinoma, and
mucoepidermoid carcinoma), neuroendocrine tumors (olfactory neuroblastoma,
neuroendocrine carcinoma, sinonasal undifferentiated carcinoma, and small cell
carcinoma), mucosal melanoma, lymphomas, and other cancers of mesenchymal
cell origins such as chondrosarcomas and osteosarcomas. Essentially all evidence
supporting management decisions come from retrospective studies, and with the
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exception of lymphomas, surgery and radiotherapy is the mainstay of local therapy,
which is guided by the following principles:

1. Cancers of sinonasal region are typically diagnosed at a locally advanced stage
and are highly infiltrative with a high propensity for involvement of adjacent sino-
nasal cavities, orbit(s), skull base bones/foramina, or the intracranial compart-
ment. At least 50% of patients will have tumors involving more than one anatomic
subsite, and orbital invasion has been reported in 10-37% [2, 3]; cranial nerves
are involved in as many as a third of patients [4], and intracranial invasion in
up to 45% [3]. The locally invasive nature of these cancers underscores the
importance of adequate wide-field local therapy to achieve optimal outcomes.

2. Combined modality therapy including gross total resection, via either an endo-
scopic or open approach, with postoperative radiotherapy has resulted in the best
outcomes. However, the ability to use radical surgery and radiotherapy to eradicate
local disease is limited by the tolerance of adjacent critical normal tissues (eyes,
visual pathways, cranial nerves, brain stem, and brain). Serious visual pathway
toxicities have been reported in over one-third of patients treated with conventional
radiotherapy [5]. Many patients with intracranial disease extension will be at risk
for developing radiographic and possibly symptomatic CNS effects from radio-
therapy. Nevertheless, treatment intensification with dose escalation, and/or radio-
sensitizing chemotherapy, can potentially improve outcomes and has grown in use.

3. Local disease control is the major determinant of morbidity and mortality. Local-
control rates historically ranged from 50 to 60% at 5 years with conventional
radiotherapy and minimally improved to 68—75% with intensity modulated
radiotherapy (IMRT). These rates closely approximate disease free and overall
survival rates. Distant metastatic spread of tumors is rare with continuous local-
regional control of disease occurring in 15-20% of patients, and thus, continuous
local tumor control has been shown to be associated with a fourfold decrease in
the risk of death [3].

Because of the challenges of delivering aggressive doses with conventional
radiotherapy, proton therapy has been used extensively at centers worldwide for
sinonasal cancers. The physical advantages of particle therapy can serve as a means
of facilitating treatment intensification [6]. Recently reported outcomes, including a
systematic review and meta-analysis, have demonstrated that proton therapy
improves disease control compared with conventional RT and IMRT. The following
chapter will guide readers through the treatment planning considerations for proton
therapy.

7.2 Immobilization/Simulation

Patients are immobilized supine, typically on a board such as a base of skull frame,
with a moldable cushion supporting the neck and helping reproduce neck extension,
and a thermoplastic mask. This allows the neck and head to be extended off of the
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treatment table, which minimizes the potential for collisions even when treating
with oblique angles, and it minimizes the air gap between the snout and the patients
which reduces the lateral beam penumbra. Oral obturators/stents can be used to
depress the tongue and displace a significant amount of oral cavity mucosa from the
treatment field. Treatment planning CT images should include the vertex through
the shoulders, which can sometimes be a source of potential collisions, and the pri-
mary treatment planning images should be free from any material that could affect
the dose modeling by altering the stopping power of the native tissues. For example,
IV contrast, while helpful in target and organ at risk (OAR) delineation, should not
be included in the primary image set. If possible, patients should have their sinona-
sal region cleared of all postoperative secretions and debris, and this should be
maintained throughout the treatment course.

7.3  Target Volumes

Treatment planning should be based on pre- and postoperative imaging (CT and
MRI) and operative/endoscopic findings. MRI should include high-resolution,
contrast-enhanced T1-weighted imaging including fat suppression, and T2-weighted
imaging is also very helpful in differentiating benign mucosal secretions and muco-
periosteal thickening from tumor involvement. Dedicated coronal images can also
be very helpful. CT imaging for both diagnostic and treatment planning studies
should be acquired with and without IV contrast and dedicated high-resolution bone
imaging can aid in accurate target definition.

In both the primary and postoperative setting, the primary site is considered at
high risk for recurrence regardless of the extent of resection. We recommend target-
ing two separate clinical target volumes (CTVs) based on the risk of residual dis-
ease. These targets can be treated with either a sequential boost approach or an
integrated boost approach. The latter approach is facilitated by the use of pencil-
beam scanning intensity modulated proton therapy (IMPT). However, if a hyper-
fractionated dose-fractionation schedule is preferred, then a two-phase sequential
boost is recommended. Either way, the following approach is used to define the
target volumes:

1. The gross tumor volume (GTV) is contoured on simulation CT/MR images and
co-registered diagnostic scans, and in the setting of prior resection, a pre-opGTV
is contoured on co-registered preoperative CT and/or MRI. Incorporating all
available information from endoscopic evaluations, diagnostic CT and MR
imaging, and operative findings is critical for accurate delineation of the GTV or
pre-opGTYV. Examples of pre-opGTV are shown in Figs. 7.1 and 7.2.

The initial target, standard-risk clinical target volume (CTV SR), includes an
expansion of the GTV or pre-opGTV. For the most common scenario of a nasal/
ethmoid primary tumor, we recommend including the entire nasal cavity, the con-
tiguous involved paranasal sinus tissues, adjacent skull base, and the adjacent
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Fig. 7.1 Diagnostic preoperative MRI of a T3 NO MO right naso-ethmoidal sinonasal intestinal-
type adenocarcinoma. (a) Contrast-enhanced axial T1-weighted image. (b) Axial T2-weighted
image. (¢) Contrast-enhanced coronal T1-weighted image. Note that both T1- and T2-weighted
images are useful in distinguishing tumor from benign mucosal secretions (arrows), which is often
characterized by high-intensity T2 signal. However, in this case, these secretions contain protein-
aceous material and also appear low intensity on T2. The pre-opGTV is outlined in the magenta
contour

Fig. 7.2 Diagnostic preoperative MRI of a left naso-ethmoidal T4a NO MO high-grade adenocar-
cinoma with invasion of the frontal sinus and left orbit. (a) Contrast-enhanced axial T1-weighted
fat-suppressed image. (b) Axial T2-weighted image. (c¢) Contrast-enhanced coronal T1-weighted
fat-suppressed image. Note the minimal intraorbital invasion (arrows) resulting in mild left propto-
sis. Invasion of the periorbita is best demonstrated on fat-suppressed images. The pre-opGTV is
outlined in the magenta contour

periorbita and dura in cases where there is intraorbital or intracranial extension,
respectively (Fig. 7.3). The CTV SR expansion varies based on the extent and loca-
tion of the GTV or pre-opGTYV, but for a lateralized naso-ethmoidal tumor or maxil-
lary sinus primary tumors, this volume usually does not extend to the contralateral
maxillary sinus or superior 1/2 of the frontal sinuses in tumors that do not cross
midline or grossly extend into the frontal sinuses. This expansion will also vary
widely with respect to the GTV/pre-opGTV on any given axial slice ranging from
as low as 0 mm when the target volume approaches but does not invade the intracra-
nial or intraorbital compartments to as wide as an entire maxillary sinus (2—4 cm)
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Fig. 7.3 Planning CT of a T3 NO MO right naso-ethmoidal sinonasal intestinal-type adenocarci-
noma. The pre-opGTV is outlined in the magenta contour. The CTV SR (yellow contour) includes
the entire nasal cavity, the contiguous involved paranasal sinus tissues, and adjacent skull base.
Since there was no orbital or intracranial invasion, there is a minimal CTV margin along these
boundaries. Since the right middle meatus was involved, there is a generous margin including the
entire right maxillary sinus

Fig. 7.4 Planning CT and MRI of a left maxillary sinus squamous cell carcinoma with clinical
and radiographic perineural invasion of right V2 to the cavernous sinus. The GTV is outlined in the
magenta contour. The CTV SR is outlined in the yellow contour and includes the entire cavernous
sinus, trigeminal nerve root as it enters the brain stem, and the retroantral space

when covering an adjacent but uninvolved maxillary sinus with a primary naso-
ethmoidal cancer.

In cases, where there is clinical or pathologic perineural spread, we recommend
treatment of potentially affected skull base foramina, the cavernous sinus, and nerve
roots to the brain stem (Fig. 7.4). In cases where nodal irradiation is indicated (dis-
cussed later), then the upper neck nodal regions (uppermost retropharyngeal and
retrostyloid nodes) are incorporated in the CTV SR. Lastly, in the postoperative
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Fig. 7.5 Planning CT of a T3 NO MO right naso-ethmoidal sinonasal intestinal-type adenocarci-
noma. The pre-opGTV is outlined in the magenta contour. The CTV HR (red contour) is a
5-10 mm expansion of the pre-opGTV confined to the CTV SR (yellow contour)

setting, when an open surgical approach is used, then the surgical scars should be
incorporated in the CTV SR. This includes the bicoronal craniotomy incision in
patients who undergo craniofacial resection.

2. The boost volume or high-risk clinical target volume (CTV HR) is defined as a
customized 0—10 mm expansion of the GTV/pre-opGTV and is limited to the
CTV SR. This expansion will depend on the risk of subclinical disease in the
region, whether the expansion region is extended along tissue at risk for invasion
or into a non-invaded compartment (Fig. 7.5).

3. PTV margins will vary among institutions based on equipment specification and
immobilization and image-guidance modalities. Typically margins of 3 mm are
applied to create the final target volumes.

4. Additional proximal and distal margins are applied based on beam-specific
parameters.

7.4 Dose/Fractionation

Currently, there is no standard dose/fractionation regimen for sinus and nasal cavity
cancers. Generally, the PTV HR is prescribed 66-70 Gy (RBE) at 2 CGE per frac-
tion, and 45-50 Gy (RBE) are prescribed to the PTV SR. In many cases, one or both
visual pathways are intimately associated with the PTV HR, placing patients at
significant risk for vision loss from retinopathy or optic neuropathy. In these cases,
we prefer to use hyperfractionated therapy. In this scenario we prescribe 45.6—
504 Gy (RBE) to the PTV SR and 69.6-744 Gy (RBE) to the PTV
HR. Hyperfractionation accomplishes two goals that may improve outcomes. First,
hyperfractionation can be used to accelerate RT to combat accelerated repopulation
of tumor cells after surgery and during RT [7]. Second, using a lower dose per frac-
tion allows for dose intensification while reducing the risk of visual pathway toxic-
ity [8, 9]. Plans are typically normalized to ensure coverage of 95% PTV SR with
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100% of the prescribed dose ensuring that 99% of the PTV receives 93% of the
prescription dose to minimize any potential cold spots. The boost phase is normal-
ized independently with the goal of covering 100% of the PTV HR with 95% of the
prescription dose; however, when necessary, either the number or fractions or cover-
age should be reduced using best clinical judgment in order to ensure normal tissue
sparing.

7.5 Normal Tissue Definitions

Organs at risk (OARs) are defined on treatment planning CTs and co-registered
postoperative MRIs. We recommend defining the following structures: retinas/
globes, optic nerves, optic chiasm, lenses, lacrimal glands, brain stem, spinal cord,
brain, temporal lobes, hippocampi, hypothalamus, pituitary, salivary glands, man-
dible, oral cavity, larynx, pharyngeal constrictors, and upper esophagus (Table 7.1).

Table 7.1 Dose-volume histogram planning objectives for sinonasal proton therapy plans

Structure DVH point Limit | Minor deviation Major deviation
PTV Relative dose at 95% 100% | D95% < 100% -

volume
PTV Relative dose at 99% 93% | D99% < 93% -

volume
PTV Relative volume at 20% V110 > 20% -

110% dose
Brain stem Absolute dose at 0.1 cc 55Gy |55<DO0.1cc<64Gy |DO.1cc> 064Gy
Brain stem Maximum absolute dose |60 Gy |60 < Dmax <67 Gy Dmax >67 Gy
Brain stem Absolute dose at 0.1 cc 55 Gy 55<DO0.1cc<64Gy DO.1cc>64Gy
surface
Brain stem Absolute dose at 0.1 cc 50Gy 50 <DO0.1cc<60Gy DO.1cc>60Gy

core

Spinal cord Absolute dose at 0.1 cc 50Gy |50 <DO0.1cc<55Gy DO.1cc>55Gy

Optic chiasm Absolute dose at 0.1 cc 55Gy |55<D0.1cc<60Gy |DO.1cc>60Gy

Optic chiasm Maximum absolute dose |57 Gy |57 < Dmax <62 Gy Dmax >62 Gy

Optic nerve Absolute dose at 0.1 cc 55 Gy 55<D0.1cc<60Gy DO.1cc>60Gy
(left)

Optic nerve Absolute dose at 0.1 cc 55 Gy 55<D0.1cc<60Gy DO.1cc>60Gy
(right)

Retina (left) Absolute dose at 0.1 cc 50 Gy 50 <DO0.1cc<60Gy DO.1cc>60Gy

Retina (right) | Absolute dose at 0.1 cc 50Gy 50 <DO0.1cc<60Gy DO.1cc>60Gy

Larynx Mean absolute dose 36 Gy |- Dmean >36 Gy
Cochlea (left) Mean absolute dose 36 Gy |36 <Dmean <45 Gy |Dmean >45 Gy
Cochlea (right) | Mean absolute dose 36 Gy |36 <Dmean <45 Gy | Dmean >45 Gy
Parotid (left) Mean absolute dose 26 Gy |Dmean >26 Gy -

Parotid (right) | Mean absolute dose 26 Gy |Dmean >26 Gy -
Submandibular | Mean absolute dose 40 Gy |Dmean >40 Gy -

gland (left)

(continued)
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Table 7.1 (continued)

Structure DVH point Limit | Minor deviation Major deviation
Submandibular | Mean absolute dose 40 Gy |Dmean >40 Gy -
gland (right)
Cervical Mean absolute dose 50 Gy |Dmean >50 Gy -
esophagus
Oral cavity Mean absolute dose 36 Gy |Dmean >36 Gy -
Temporal lobe | Relative volume at 20Gy | 10% | V20 > 10% -
(left)
Temporal lobe | Absolute volume at 2cc V74 >2cc -
(left) 74Gy
Temporal lobe | Relative volume at 20Gy | 10% | V20 > 10% -
(right)
Temporal lobe | Absolute volume at 2cc V74 >2cc -
(right) 74Gy
Hippocampus | Mean absolute dose 20 Gy | Dmean >20 Gy -
tail (left)
Hippocampus | Mean absolute dose 20 Gy |Dmean >20 Gy -
tail (right)
Hippocampus | Mean absolute dose 5Gy |Dmean >5 Gy -
head (left)
Hippocampus | Mean absolute dose 5Gy |Dmean >5 Gy -
head (right)
Pharyngeal Mean absolute dose 50 Gy |50 < Dmean <60 Gy |Dmean >60 Gy
constrictors
Lacrimal gland | Mean absolute dose 34 Gy |34 <Dmean <41 Gy |Dmean >41 Gy
(left)
Lacrimal gland | Mean absolute dose 34 Gy |34 <Dmean <41 Gy |Dmean >41Gy
(right)
Hypothalamus | Mean absolute dose 5Gy |Dmean >5 Gy —
Pituitary Mean absolute dose 30 Gy |Dmean >30 Gy —
Mandible Mean absolute dose 40 Gy |- Dmean >40 Gy
Mandible Relative volume at 70Gy | 10% - V70 > 10%
Brain Absolute volume at 2cc V74 >2cc -
74Gy
Lens (right) Maximum absolute dose | 15 Gy |Dmax >15 Gy -
Lens (left) Maximum absolute dose | 15 Gy |Dmax >15 Gy -

7.6  Proton Modality

Both scattered beams and spot-scanning beams can be used, and preferences on
modality will depend on the experience of the center, provider, equipment specifica-
tions, and most importantly plan quality and robustness. The potential advantages of
scanning beams include efficiency of delivery, dose homogeneity, and ability to
conform high-dose volumes to concave/convex target volumes. Conversely, it is
noteworthy that most of the published outcomes with proton therapy are with the
use of passive scattering techniques. The lateral dose gradient will usually be
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sharper in a passively scattered beam shaped with a beam aperture especially when
compared with pencil-beam systems with larger spot sizes. Also, in scattered proton
beams, compensator smearing can be used to yield extremely robust plans despite
significant variations in stopping power in areas of bone and air interfaces in the
sinus cavities.

For passively scattered beams, aperture margins are customized for each patient
to maximize target volume coverage and normal tissue sparing. Typically, 3-5 fields
are used per plan (Fig. 7.6). Range modulation is used to ensure that the spread-out
Bragg peak (defined as 90% of the mid-spread-out Bragg peak dose) covered the
entire radiographic depth of the target volume. An additional distal and proximal
margin is added to the CTV if larger than the PTV to account for range uncertainties
[10]. Field matching can be used to reduce dose to uninvolved regions and OARs.
Through/patch combinations are typically not needed and can be problematic in
sinonasal cancer because the target volume and adjacent tissues will inherently
involve air cavities which are unsuitable for through/patch junctions. In general, we
recommend minimizing the number of field junctions, paying careful attention to
uncertainties at junction lines and avoiding/minimizing the number of fields whose
distal Bragg peaks end on critical normal tissues such as the spinal cord, brain stem,
or visual pathways. The distal dose fall-off of each field is shaped by beam compen-
sators, which can be edited to modify coverage goals or OAR sparing. These com-
pensators also reduce the effects of tissue heterogeneity on the dose distribution.
Compensator smoothing/smearing can be used to mitigate the effect of geometric
uncertainties on radiographic depth/proton range.

Fig. 7.6 Example of passively scattered proton therapy plan beam arrangement for a T4b NO MO
nasal cavity squamous cell carcinoma with intracranial invasion. The beam arrangement includes
a right posterior oblique field (a), left anterior oblique field (b), left lateral field (c), and left
superior-anterior oblique field (d). Fields a and d cover the entire target volume, while b and ¢ are
matched fields, which can be used to reduce the dose to the eyes
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In IMPT plans, typically 3—4 beams are selected, and spot placement and weight-
ing are optimized using inverse planning software. Single-field uniform dose
(SFUD) and multi-field optimized (MFO) treatment planning modes can both be
used with the former delivering more robust plans, and the latter resulting in
improved plan conformality and OAR sparing in plans with PTV convexities/con-
cavities. Plan optimization, similar to IMRT, will be based on objectives for target
coverage, OAR sparing, and dose uniformity and their relative weighting within a
cost function. Recent advances in treatment planning software now allow for robust
plan optimization and plan robustness analysis, which can reduce the impact of
geometric/physical uncertainties in the optimization process.

7.7 Lymph Node Management

Elective neck irradiation remains a controversial topic in the management of sino-
nasal cancers. Unlike other more common mucosal cancers of the head and neck,
the sinonasal region is relatively devoid of submucosal lymphatic, and lymph node
metastases are far less common. Staging evaluation should include imaging of the
neck, and clinically and radiographically suspicious lymph nodes, which occur in
approximately 10% of patients, should be biopsied to confirm disease [3]. These
nodes should be managed with gross total excision and elective dissection of the
involved neck and treated with postoperative radiotherapy in a similar manner to
other head and neck primary mucosal tumors. The decision to electively irradiate an
uninvolved neck is far more controversial and beyond the scope of this chapter. In
general, when elective lymphatic irradiation is recommended, we target lymph
nodes in the retropharyngeal, retrostyloid regions, and the following cervical lymph
node stations: 1b, 2a/b, 3, 4, 5a/b, and the supraclavicular lymph nodes. With well-
lateralized tumors that do not invade the nasal septum or cross midline, targeting
ipsilateral lymph nodes may be an appropriate volume reduction strategy to mini-
mize potential toxicity.

Different planning strategies for elective lymph node irradiation can be incor-
porated with proton therapy. Whole neck radiotherapy will typically require
IMPT, because the added complexity of treating the neck with passively scat-
tered beam requires prohibitively excessive number of beams and treatment time.
We advocate a more simple approach of treating the neck with conventional pho-
ton irradiation which can be dosimetrically matched to proton therapy of the
primary site and upper neck or with a dosimetric gap to avoid potential hot spots
(Fig. 7.7).
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Fig. 7.7 Photon elective neck irradiation matched to passively scattered proton therapy to the
primary site. The 50% isodose level from the proton therapy to the primary site is transferred to the
photon treatment planning system in order to create a dosimetric match and avoid hot spot in
potential overlap region
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8.1 Introduction

Salivary gland malignancies are uncommon, representing 1-6% of head and neck
malignancies and 0.3% of all cancers (55% occur in parotid gland, 30% in subman-
dibular gland, 10-15% in the sublingual and minor salivary glands). The majority of
salivary gland tumors are primarily managed surgically followed by radiation + che-
motherapy. Indications for postoperative radiation include intermediate-high grade
tumor, close/positive margins, lymph node metastases, and lymphovascular invasion
as well as T3/T4 tumors or recurrent disease in some circumstances. The role of
postoperative chemoradiation for high-risk salivary tumors is currently the subject of
the ongoing RTOG 10-08 trial (NCT01220583). Unresectable cases are often man-
aged with radiation therapy, preferably with concurrent systemic therapy.

Particle therapy, with the use of protons, neutrons, or carbon ions, has been
applied to the treatment of salivary gland tumors, most frequently adenoid cystic
carcinoma, with locoregional control rates ranging from 57 to 93% [1-9]. Results
with proton therapy (PBRT) demonstrate encouraging efficacy in comparison with
photon-based treatment. Even in modern series of photon irradiation for unresectable
salivary tumors, 5-year locoregional control rates are <50% [10]. Clinical studies
assessing particle therapy for salivary tumors have demonstrated skull base involve-
ment [1], larger tumor size, unresectable disease, [2] and involvement of the sphe-
noid sinus and clivus [8] to be associated with lower rates of disease control. This
treatment tends to be very well tolerated with low rates of severe toxicities [4, 9].

The estimated risk of positive findings in the neck is based on multiple factors
including T-stage, tumor location, and histology. Risk is lowest for acinic cell, adenoid
cystic carcinoma, and carcinoma ex pleomorphic adenoma, intermediate for mucoepi-
dermoid carcinoma, and highest for squamous cell, undifferentiated, and salivary duct
carcinomas. Risk estimation tables [11] are useful for predicting the risk of nodal
involvement. Elective treatment of the neck is generally indicated for a risk greater than
15-20%. For histologies with high risk of perineural spread (adenoid cystic carci-
noma), treatment to the adjacent cranial nerves and skull base is recommended as well.
Major salivary gland tumors have low rates of contralateral neck involvement.

Proton therapy can improve the therapeutic ratio for patients with salivary gland
tumors by preserving target coverage, maintaining high local control rates and
simultaneously lowering normal tissue exposure [9, 12]. There is evidence that this
reduces acute toxicity and therefore would also be expected to lower late toxicity.
When available, PBRT should be strongly considered for administration of ipsilat-
eral salivary gland irradiation. In cases of perineural spread or skull base involve-
ment, PBRT may also provide a crucial benefit in sparing of the brainstem, allowing
for dose escalation in this critical location [8, 13].

8.2  Simulation, Target Delineation, and Radiation Dose/
Fractionation

Computed tomography (CT) simulation should be performed with intravenous
iodinated contrast, when not contraindicated, to facilitate anatomical delineation.
For the purposes of dose calculation, a non-contrast CT needs to be employed in
planning proton therapy.
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Table 8.1 Recommended target volumes and radiation doses

Volume Target Dose

Gross tumor volume Gross unresected disease including primary tumor, 70 Gy
(GTV) involved nerves, and regional lymph nodes (RBE)
High-risk clinical Includes areas of extranodal extension or surgical margin | 66 Gy
tumor volume (CT V) | positivity (RBE)
High-risk clinical Includes the postoperative bed, both at the primary tumor | 60 Gy
tumor volume(CTVy,) | site and the ipsilateral neck (levels Ib—IV). (RBE)

Retropharyngeal and level V lymph nodes are typically
not covered due to low risk of involvement and can be
omitted at the physician’s discretion

Low-risk clinical Includes the undissected ipsilateral neck and should be 50—
tumor volume treated based on estimated risk from risk factors 54 Gy
(CTVsg.54) (described in introduction) (RBE)
Contralateral neck Treatment of the contralateral neck should be considered in | 50—
cases where tumor approaches midline (typically sublingual | 54 Gy
or minor salivary gland primaries) or when involved or (RBE)

suspicious lymph nodes are evident in the contralateral
neck. In cases of large-volume ipsilateral nodal disease,
where crossing lymphatic drainage to the opposite neck is
possible, treatment of the contralateral neck can be
considered as well. The decision to include the undissected
node negative neck should be based on risk estimation for
occult metastases (described in introduction)

Positron emission tomography (PET) is helpful for identification of metaboli-
cally active gross disease and identification of involved or suspicious lymph nodes.

Magnetic resonance imaging (MRI) is recommended for accurate delineation of
the extent of gross tumor in soft tissue as well as radiographic assessment of peri-
neural spread.

PET and MR images should be registered to the planning CT for accurate target
delineation. Uncertainties related to image fusion should be considered in the treat-
ment planning process.

The recommended dosing and fractionation vary depending on the clinical sce-
nario (Table 8.1):

Target volumes should be expanded according to institutional standard, typically
by 3-5 mm, to create a planning target volume (PTV), employed for reporting
purposes [14].

Consultation with a medical oncologist for consideration of concurrent radiosen-
sitizing chemotherapy is recommended in the setting of margin positivity, extrano-
dal extension, or treatment of gross disease.

8.3  Patient Positioning, Immobilization, and Treatment
Verification

Simulation and treatment should be conducted in the supine position with a three-
point mask. A five-point mask can be considered in cases involving treatment of
cervical lymph nodes.

Setup accuracy should ideally be ascertained with daily orthogonal X-ray imag-
ing or volumetric imaging, if available.
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In-room CT imaging (i.e., cone-beam CT) is ideally used for treatment verifica-
tion. When in-room 3D imaging is not available, verification CT scans with the
patient in treatment position are recommended during the course of treatment to
assess for potential changes in anatomy (i.e., due to weight loss, tumor shrinkage,
etc.) and potential changes in the accuracy of the dose distribution (Fig. 8.1).
Currently at our center, we generally rescan every other week for definitive cases
and once during treatment for postoperative cases, though there are exceptions to
this depending on the clinical scenario.

Caution should be used when treating anterior targets with superior oblique
fields as variation in daily setup and chin movement can result in skin flash with
unnecessary dose to the skin of the chest wall (Fig. 8.2). In such cases, bolus can be
placed on the chest to absorb stray dose).

Fig.8.1 Anatomical changes during proton treatment. (a) Planning simulation scan of a left auric-
ular target. (b) Verification scan 2 weeks into treatment demonstrating significant tissue loss as
result of treatment. This required replanning for accurate delivery of the intended plan

Fig. 8.2 A patient with pleomorphic adenoma of the right parotid gland treated with a superior
oblique field using proton passive scattering uniform scanning (a). Skin flash resulted in dose to
the contralateral chest (b). Following 42 Gy (RBE), wedge-shaped dermatitis was noted on the
contralateral chest (c). Following this, 4 cm of bolus was placed on the chest for the remainder of
treatment to absorb dose from skin flash, which resulted in rapid resolution of dermatitis



8 Salivary Gland Tumors 157

8.4  Three-Dimensional (3D) Proton Treatment Planning
8.4.1 Passive Scattering (PS)

Three field plans are typically utilized (2—4 beams, Fig. 8.3), preferably with the
shortest and most homogeneous radiologic depths.

In the planning process, care should be taken to avoid the overlapping of the
distal ends of more than two beams. No more than one beam should range out into
an organ at risk (OAR), especially at levels of serial structures. If the distal ends
overlap, alternate beam angles or range feathering can be examined (Fig. 8.4).

When treating the cervical lymph nodes in addition to the parotid/parotid bed,
matched fields are typically required to cover the field in the longitudinal dimension
due to potential field size limitations. When covering the skull base, matched fields
are typically used for a modulation match to reduce proximal dose to skin and sur-
rounding normal tissue, particularly the temporal lobe. Care should be taken to
avoid placing match lines on OAR structures. Match line feathering can be utilized
to reduce excessive hot spots at the match line level.

Over- and under-range plans should be evaluated with relevant range uncertain-
ties as determined by each center.

In the process of beam selection, special care should be taken to avoid beams
traversing through dental hardware and air cavities that can change during the
course of treatment. Consult your physics team when traditional beam orientations
need to be altered or when a patient has any dental hardware. In general, dental fill-
ings as well as artifact created in adipose and muscle tissue should be contoured and
assigned a predetermined density or HU value in the treatment planning system.
Compensators should be created with dental fillings at a lower electron density/
mass density in order to maintain a smoother compensator with fewer ridges and
pylons. For plan evaluation, apply appropriate forced density/mass density. If it is
necessary for the beam path to traverse dental fillings, a cold spot should be expected
distally. This effect can be mitigated with the use of multiple beam angles.

For unilateral cases, uniform scanning or passive scattering can be used with
excellent results. The target volume for most salivary tumor cases extends superfi-
cially, often just below the skin, resulting in little opportunity for skin sparing. The

Fig. 8.3 Passive scattering uniform scanning plan for treatment of a parotid field with typical
three-beam arrangement including (a) posterior oblique, (b) anterior oblique, and (c) superior
oblique
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(¢

Fig. 8.4 Passive scattering uniform scanning treatment of a skull base target using lateral (a) and
anterior oblique (b) beams. Distal end structures, shown in blue and cyan, were found to overlap
at the brain stem (c¢). Range feathering (d) can be used to minimize overlap. Beam angles are indi-
cated by red arrows

skin dose with uniform scanning (US/PS) is similar to the prescription dose, likely
slightly higher than with intensity-modulated radiation therapy (IMRT) and similar
to IMRT with bolus.

For parotid cases, the goal is to spare the contralateral salivary glands, oral cav-
ity, larynx, brain stem, and spinal cord. These are all distal to the target, and hence
comparable normal tissue sparing may be achieved with passive or scanned proton
beams (Fig. 8.5).

8.4.2 Pencil Beam Scanning (PBS)

For parotid cases, PBS will provide conformal plans with an advantage in terms of
skin sparing relative to passive scattering techniques, in particular when the target
volume is not entirely abutting the external surface. With PBS, there is greater
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Fig. 8.5 Uniform scanning plan for treatment of a pleomorphic adenoma of the left parotid with
sparing of distal OARs. Beam angles are indicated with red arrows

control over the proximal portion of the beam, and avoidance structures can be cre-
ated to decrease the skin dose. However, in many instances, the volume will extend
to the patient surface, and the advantage of PBS may be diminished.

The same two- to four-beam arrangement that is used with US/PS (Fig. 8.3) may
be used with PBS as well. More often, only two fields need to be employed if the
distal edges of the two beams do not overlap, due to the ability of PBS to create a
3D dose distribution with a single field. Care should be taken to ensure all artifact
and dental hardware are accurately contoured and proper mass density/electron den-
sity is applied prior to calculation. If possible, use beams that avoid going through
hardware. Consult your physics team at the time of volume delineation and beam
orientation determination.

PBS plan optimization is performed based on the optimization volume(s) created
by the planner for single field uniform dose (SFUD) treatment planning technique.

For parotid cases, SFUD should ideally be used as it results in delivery of the most
robust plan. Each beam should be evaluated individually to ensure adequate coverage
then compositely to evaluate OAR constraints and hot spots. As robust optimization
matures in the clinical environment, IMPT may become more extensively used.

For submandibular cases, the ipsilateral parotid gland is a critical avoidance
structure, and care should be taken to minimize exposure, reducing the mean
dose to <26 Gy (RBE) and ideally lower (Table 8.2). This can be challenging to
do with US/PS since the OAR is proximal to the target, and the target essentially
wraps around the parotid gland. PBS can ideally be used to carve the dose around
the parotid in these cases, using either SFUD or IMPT. However, even though
IMPT may generate a more conformal dose distribution, plan robustness must be
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Table 8.2 Recommended dose constraints to organs at risk when using proton beam therapy for
ipsilateral treatment of salivary gland tumors

Organ at risk Recommended dose constraint
Oral cavity excluding PTV Mean dose <3 Gy (RBE) (<10 Gy (RBE) if covering level Ib)
Larynx Mean dose <15 Gy (RBE)

Ipsilateral parotid gland (for Mean dose <26 Gy (RBE) (ideally lower)
non-parotid cases)
Ipsilateral submandibular gland | Mean dose <39 Gy (RBE)
(for non-submandibular cases)
Contralateral submandibular Mean dose 0 Gy (RBE)

and parotid glands

Esophagus Mean dose <10 Gy (RBE)

Brachial plexus No hot spots

Brain stem <5 Gy (RBE) when not covering cranial nerves/skull base

when skull base is covered, maintain standard dose constraints
Optic nerves and optic chiasm | <5 Gy (RBE)
Spinal cord <5 Gy (RBE)

These recommendations are adapted from institutional photon/IMRT treatment planning. As addi-
tional data is accumulated, these constraints will continue to be refined. In clinical practice, the
planner should make every effort to achieve the lowest dose possible for all normal tissues while
maximizing coverage

carefully evaluated especially when robust optimization is not available. This can
be achieved by creating an optimization constraint on the external structure to a
max dose of 110% with robustness optimization turned on when clinically tested
and available. This will factor in over- and under-range as well as isocenter shifts
and will not allow for hot spots if the fields overlap. Without robust optimization,
another option is to create gradient structures to control the dose falloff. When
possible, planning should be carried out with SFUD as it is currently the most
robust option available. The same field arrangement should be used as would be
with US/PS (ipsilateral anterior oblique, lateral and posterior oblique), although
the number of fields may be decreased. As robust optimization is just emerging
in the clinical setting, it should be carefully evaluated and discussed with the
physics team.

8.5 Passive Scattering Versus Pencil Beam Scanning
Comparisons

For cases requiring bilateral neck irradiation, PBS is the method of choice for opti-
mal normal tissue sparing and treatment efficiency. For the majority of these cases,
SFUD is possible; however, some cases might require IMPT or a combination of
the two techniques in order to meet currently recommended dose constraints
(Table 8.2). Planning comparisons between PS and PBS techniques are shown in
Figs. 8.6 and 8.7.
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Isovalues (cGy)

7000.0

Uniform scanning, Pencil beam scanning,
mean parotid dose 23.1 Gy(RBE) mean parotid dose 18.7 Gy(RBE)

Fig. 8.6 Example of coverage of the submandibular region and cervical lymph node basins with
sparing of the ipsilateral parotid gland using (a) passive scattering patched fields technique with
patched fields indicated (inset) versus (b) IMPT pencil beam scanning technique. Beam directions
are indicated by red arrows

Fig.8.7 Example of coverage of a skull base target using (a) passive scattering with a modulation
match technique versus (b) PBS with SFUD technique. In such cases, PBS often offers an advan-
tage in sparing of the proximal temporal lobe. Beam directions are indicated by red arrows
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Table 8.3 Dosimetric comparison of IMRT versus uniform scanning PBRT for the treatment of
ipsilateral major salivary gland tumors, median doses presented (Adapted from [9])

Characteristic IMRT (n=23) |PBRT (n=18) |p-value
Brain stem (max dose) 29.7 Gy 0.62 Gy (RBE) |<0.001
Spinal cord (max dose) 36.3 Gy 1.9 Gy (RBE) <0.001
Oral cavity (mean dose) 20.6 Gy 0.94 Gy (RBE) | <0.001
Contralateral parotid gland (mean dose) 1.4 Gy 0.00 Gy (RBE) |<0.001
Contralateral submandibular gland (mean dose) | 4.1 Gy 0.00 Gy (RBE) |<0.001
Larynx (mean dose) 21.4 Gy 10.3 Gy (RBE) |0.182

8.6  Dosimetric and Toxicity Comparison

The use of PBRT, primarily with PS, for ipsilateral head and neck target volumes
has been shown to result in significant reduction in dose to many OARs as well as
reduction in acute toxicities of treatment compared to photon techniques [9, 15].

A comparison of dosimetry among patients treated with ipsilateral IMRT or
PBRT for major salivary gland tumors demonstrated significantly lower maximum
brain stem dose, maximum spinal cord dose, mean oral cavity dose, and contralat-
eral parotid and submandibular doses with the use of PBRT [9]. This translated to
lower rates of acute toxicity with PBRT including mucositis, nausea, dysgeusia, and
fatigue. Of note, the rate of acute grade 2 dermatitis was higher with PBRT, but
grade 3 dermatitis was no different. Patients in this report were treated with US/
PS. No patients experience grade 4 dermatitis. With clinical deployment of IMPT,
dermatitis rates are expected to decline.

Minor salivary glands lining the oral cavity are responsible for basal levels of
salivation and are critical to maintenance of oral health and hygiene. Reduction in
oral cavity dose is a major advantage afforded by PBRT, resulting in lower rates of
mucositis and expected reduced rates of chronic xerostomia and improvements in
dental health, though long-term data is not yet available. Larynx sparing may be
further improved using smaller spot size and/or apertures (Table 8.3).

8.7 Future Developments

As PBS technology matures and IMPT can be more routinely and robustly deployed,
projected dosimetric gains may further increase the benefits of PBS for salivary
gland malignancies requiring radiation treatment.
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9.1 Introduction

Thyroid cancer is uncommon and only represents 1% of all diagnosed malignan-
cies and 0.2% of cancer deaths in the USA. The incidence is increasing in part
due to a better detection of subclinical disease with imaging studies in the past
years. Papillary cancer is the most common thyroid malignancy and represents
approximately 80% of all thyroid cancers. Follicular cancer represents approxi-
mately 10%, and the remaining 10% of thyroid tumors are medullary, anaplastic,
and others. Most commonly, it affects females rather than males with a 3:1 rela-
tionship. The majority of thyroid tumors are primarily managed with surgery fol-
lowed by =+ radioactive iodine (RAI) in those with a differentiated thyroid cancer
(DTC). Patients with anaplastic carcinoma should be immediately referred and
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have multidisciplinary management in a tertiary cancer center due to the dismal
prognosis of the disease [1-3].

The role of external beam radiation therapy (EBRT) in the treatment of DTC is
controversial because of a lack of prospective trials and conflicting results in the
existing retrospective data [4—6].

The Endocrine Surgery Committee of the American Head and Neck Society rec-
ommends EBRT for locoregional control in DTC for patients with gross residual or
unresectable locoregional disease, except for patients <45 years old with limited
gross disease that is RAI avid. After complete resection, EBRT may be considered
in selected patients >45 years old with high likelihood of microscopic residual dis-
ease and low likelihood of responding to RAI. EBRT should not be routinely used
as adjuvant therapy after complete resection of gross disease or for cervical node
involvement [1, 3].

Previously published data have shown the importance of radiation sparing mid-
line structures (i.e., upper larynx, pharyngeal constrictors, esophagus) and other
organs at risk (i.e., parotids, submandibular, and minor salivary glands) and the dose
correlations of these structures with toxicity [7—10].

Proton beam therapy is a promising modality for the definitive and adjuvant
treatment of thyroid cancer. Pencil beam scanning (PBS) using intensity-modulated
proton therapy (IMPT) is an emerging technique allowing for conformal dose deliv-
ery [11, 12].

The goal of proton therapy is to improve locoregional control by optimizing
target coverage while sparing dose to organs at risk (oral cavity, upper larynx, pha-
ryngeal constrictors, uninvolved esophagus, brachial plexus, and lung apices)
thereby limiting treatment toxicity.

9.2  Simulation, Target Delineation, and Radiation Dose/
Fractionation

The physical exam, diagnostic imaging studies (CT, MRI, PET), and the operative
findings should be used for treatment planning.

Fluorodeoxyglucose positron emission tomography (FDG-PET) can be helpful
for identification of metabolically active gross disease and for the delineation of
target volumes in patients with anaplastic and RAl-refractory differentiated
carcinomas.

CT simulation should be performed to help guide the delineation of the primary
tumor/surgical bed and lymph node volumes and for the purpose of dose calcula-
tion. Typically we recommend 3 mm or less slice thickness.

The use of IV contrast is typically avoided in case that the patient would subse-
quently need radioactive iodine administration, and it can be only justified in very par-
ticular clinical situations such as in undifferentiated or RAlI-refractory thyroid cancers.

The different diagnostic imaging studies should be registered to the planning CT
for more accurate target delineation. Uncertainties related to image fusion should be
considered in the treatment planning process.
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Table 9.1 Recommended target volumes and radiation doses

Target volume Target coverage Dose
Gross tumor Gross primary tumor, involved surrounding structures, regional |70 Gy
volume (GTV) lymph nodes (RBE)
High-risk Areas of positive surgical margin or shave excision or 66 Gy
clinical tumor extranodal extension (RBE)
volume (CTV)
At risk clinical Areas at risk of microscopic disease primary include 54-60 Gy
tumor volume tracheoesophageal groove and >5 mm around GTV and CTV¢ | (RBE)
(CTVs54.60)* In the postoperative setting, include surgical bed. If

tracheostomy is performed, include tracheostomy stoma.

Neck: in node-positive disease, include nodal levels II-VII and

upper mediastinum to the level of the carina. Level V should be

covered in the node-positive neck. Consider coverage of level I

and retropharyngeal nodes in the setting of bulky neck disease

“Uninvolved nodal regions may be treated to 54 Gy(RBE) at the discretion of treating physician. In
select cases, the lateral necks can be omitted despite having pathologic lymph nodes. Please con-
sult your surgeon

The target volumes and doses are customized for each patient according to the
risks of local and regional recurrence [13, 14]. Suggested doses and target volumes
are shown in (Table 9.1).

The target volumes should be expanded typically between 3 and 7 mm depend-
ing upon institutional image guidance capabilities and range uncertainty criteria
selected by physics. At our institution, proton-based planning target volumes are
usually comprised of 5 mm setup margin in all directions, with additional 2 mm of
radial margin to account for penumbra laterally and range margins in the direction
of the beam determined by the physics team.

The recommended fractionation size of the CTVs is 1.8-2.0 Gy(RBE).

9.3  Patient Positioning, Immobilization, and Treatment
Verification

Simulation and treatment should be conducted in the supine position.

To allow for strict immobilization of the head, neck, and shoulder regions, a
thermoplastic mask should be used.

At our institution we have selected a base of skull (Qfix® Systems, BoS™) frame
assembly with a five-point mask made out of kevlar (Fig. 9.1).

Daily position setup verification should be done with orthogonal X-rays or if
available with volumetric imaging.

During the course of the treatment, we recommend a verification CT scan to
assess changes in the anatomy of the patient (due to tumor shrinkage, weight loss,
etc.). Significant changes may necessitate treatment replanning. These scans are
usually ordered during the middle of these treatments around the onset of the fourth
week followed by another one in the fifth week.



168 M. Gamez et al.

Fig. 9.1 Example of our
patient immobilization
setup
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9.4 Three-Dimensional (3D) Proton Treatment Planning
9.4.1 Passive Scattering (PS)

In cases where scanning beam delivery is not available to treat thyroid cancers, passive
scatter treatments can be planned with use of apertures and compensators and beam
arrangements consisting of combinations of posterior and anterior oblique requiring
craniocaudal tilts. This is to avoid any overlaps or patch within air cavities or in any
critical structures such as larynx and esophagus regions. Field size limitations should
be kept in mind when creating match fields. Some machines, depending upon the
small, medium, or large snout size capabilities, will require either multiple isocentric
treatments or larger couch kicks. In either case, match line feathering would be neces-
sary to reduce sharp gradients at the junctions. Additionally, whenever planning with a
posterior beam angles, care should be taken with placement of the isocenter in order to
avoid potential collisions with the nozzle. One must avoid going through heterogene-
ities and any high atomic number material present in dental hardware if any. Material-
specific relative stopping power value needs to be assigned to the CT value of the
material [15]. A routine practice being followed in our clinic is to obtain the sample
from surgery and determine the material type and components from the vendors. This
is oftentimes then also followed by actual measuring of the relative stopping power in
our proton beamline, and thereafter a proper Hounsfield unit gets assigned as depicted
in Fig. 9.2. Instances which may/will require CT HU data to be overridden include:

e Tumor margin extending into the lung or deep air pockets that are surrounded by
tissue

* Surgical clips (or foreign objects in general)

* Streaking artifacts resulting from high-density artifacts

Design of compensators and apertures is a crucial task for planning these cases as
there are significant amounts of midline structures that need to be spared. And due to
heterogeneities with the air cavities and bone, there are difficulties maintaining good
distal end coverage. This oftentimes requires border smoothing. Care must be taken



9 Thyroid Cancer 169

General General [comtinued) approval
CT Value and Material Comment Debug
o

FO Clips
CT Value and Material Assignment

CT Vahoe 7608 WU

Mass Densty 45080 giem3

Relative Electron Densty 37300

Reelative Proton Stopping Power 32200

Fig. 9.2 Contouring of high-density structures in proton planning

when applying any border smoothing as it usually reduces dose conformity. To miti-
gate this, one would then require additional beams which depend on individual cases
being planned. Aperture designs should account for air gaps and snout positions in
cases of movable snouts. Compensators should be carved out with an appropriate
smearing radius (SR) that will allow smooth SOBPs and few perturbations due to coni-
cal ridges. Smearing radius can ensure distal coverage; however, it can lead to reduced
dose conformity, as discussed, and can be mitigated with additional beam angles.

Ideally one should use less than five beams. In general the workflow of a passive
scattered beam line is much more complicated and requires very careful pre-
planning preparations as listed below.

9.4.2 Pencil Beam Scanning (PBS)

With modern-day accelerators offering smaller spot sizes and use of range shifters,
it has become possible to design highly conformal 3D proton plans without need for
multiple beams, compensators, and apertures. The air gap between the patient and
the treatment nozzle should be minimized allowing for a smaller spot size. Various
methods include the use of a range shifter and/or bolus.

Usually for most of the head and neck cases, we tend to maintain the air gap as
small as possible. There are different proton delivery solutions available with some
allowing snout movements, while others are some sort of fixed nozzle solutions or
patient-related range shifters. However, irrespective of the solution employed, one
must try to minimize the air gap between the patient’s external and the surface of
any energy absorbers in order to keep the spot sizes small.

Scanning beam allows a greater degree of control of the dose distributions in both
lateral and proximal distances. With the advent of scanning-based treatment delivery
systems, one can perform unique dose painting thereby conforming therapeutic doses to
tumor volumes while offering significant sparing of normal tissues. In thyroid cancer,
oftentimes, the submandibular glands, oral cavity, parotids, pharyngeal constrictors, and
upper larynx can be spared to a greater extent. Since the regions of interest are both
distal and lateral to the tumor volumes, it is necessary to choose beam angles and lateral
margins judiciously. In most of the cases, a good dose distribution can be achieved with
a combination of an anterior-posterior beam angles. This approach requires the physics
planning team to design beam-specific optimization target volumes as they apply to
each clinical case. At our institution, in addition to the lateral margins and the range
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Fig.9.3 Sub-target
volume cropping

margins in the direction of the beam, one spot sigma lateral margin is added to the opti-
mization volume in the beam properties. From our planning studies, we observed a pair
of anterior and posterior beam angles suffice achieving highly conformal dose distribu-
tions with IMPT. When optimizing to more than one target volume to different dose
levels, care must be taken to not have any overlapping margins within the target struc-
tures. For an example, if a plan involves two targets, CTV1 and CTV2, where the dose
to CTV1 > CTV2, then Boolean operations will have to be used:

CTV1 (high-risk volume) = no Boolean operation needed

CTVl1sub=CTV2 - CTV1

where CTV1sub is a new structure as seen in Fig. 9.3 on the right in blue. Care
must be taken to not alter physician-drawn CTVs as the final dose assessments
should be made to the original CTVs.

Generating a robust plan without any computer-assisted robust optimization
requires precise preparation of planning structures through which the fluence can be
shaped and spot placements can be controlled within and around the target volumes.
In our clinic this was achieved by generating optimization target volume (OTV) struc-
tures which were beam specific and were carved out around the parotid, submandibu-
lar gland (SMG), and the oral cavity. An example shown on Fig. 9.4 is a typical 2 mm
cropping of our OTV from the SMG. Typically with these arrangements, one is able
to achieve adequate target coverage with robust organ at risk (OAR) sparing. In order
to obtain adequate robustness, our OTVs consisted of 3% of the range compounded
with 2-3 mm of setup errors which have been established based on our clinical experi-
ence and image guidance capabilities. Criteria for evaluating robustness are mostly
institutional dependent. For our clinic we evaluate all our head and neck tumors
against a setup uncertainty of 3 mm compounded with 3% CT to relative stopping
power-based range errors [16]. As an example, based on Eclipse™ (Varian Medical
Systems, Palo Alto, CA) Treatment Planning System Ver. 13.6 at our institution, we
are able to achieve conformal and robust target coverages. The robustness of our plans
is measured as D95 and V95 target doses under worst case scenarios (setup and range).
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Fig.9.4 Cropping of OTV
from the left
submandibular gland

(2 mm)

Example showing:
95% Target = 98% coverage

Fig. 9.5 Thyroid plan robustness. DVH band indicates 95% of the target is receiving 98% of the
prescription dose

An example of one of the thyroid plan’s robustness (Fig. 9.5) is displayed in the DVH
band indicating 95% of the target receiving 98% of the prescription dose with 3% and
3 mm setup and range uncertainties. Also, with any opposite beam arrangements, it is
important to evaluate inter-field robustness. Essentially, the field tapering and the gra-
dients produced at match lines should be evaluated very carefully for any cold or hot
spots shown in Fig. 9.6. We evaluate all our match lines for smooth dose falloffs. It



172 M. Gamez et al.

90.6268 '\/:P\
80

60

Dose [%]

40

20

0 0.5 1 1.5 2 2.51001
Distance [cm]

Fig. 9.6 Match lines for smooth dose falloffs

Fig. 9.7 (a) A 70-year-old man with anaplastic thyroid cancer involving the right neck, s/p total
thyroidectomy, and right modified radical neck dissection. Postoperative chemoradiation therapy
was recommended to the thyroid bed, central compartment, cervical neck levels II-VII, and medi-
astinal lymph nodes to the carina (CTVg). (b) A 79-year-old man with recurrent Hurthle cell
cancer, s/p total thyroidectomy, and subsequent radioactive iodine documented with local recur-
rence was recommended definitive radiation therapy to the area of gross disease, central compart-
ment, and bilateral cervical neck levels I[I-VII (CTV;, and CTVs4)
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Table 9.2 Recommended Organ at risk Recommended dose constraint

if:ncsgitranrlgstéﬁ l?eAaES Oral cavity Mean < 39 Gy (RBE)

therapy wi%hpPBS technique Parotid - Mean < 26 Gy (RBE)

for treatment of thyroid Submandibular Mean < 39 Gy (RBE)

cancer gland
Larynx Mean < 44 Gy (RBE)
Constrictors Mean < 55 Gy (RBE)
Esophagus Mean < 34 Gy (RBE)
Spinal cord Max point dose <45 Gy (RBE)
Brachial plexus Max point dose <65 Gy (RBE)
Lung Mean < 20 Gy (RBE), V20 < 37%

These recommendations are adapted from photon/IMRT
treatment planning data

should also be noted, since these are mono-isocentric treatments and do not require
moving patient support systems between the deliveries of two fields, we can ensure
robust intrafractional dose delivery with the immobilization system discussed earlier.
Overall, we are able to reach highly conformal target coverage with significant spar-
ing of healthy tissues. Scanning beam offers greater flexibility in calculating a simul-
taneous integrated boost volume plan with both SFUD and IMPT planning techniques.
Shown below in Fig. 9.5a and b, we have dose color wash for cases planned to
60 Gy(RBE) in 30 Fx to a single target (Fig. 9.7a) and dose painting to multiple targets
(CTV 70 and CTV 56) in Fig. 9.7b.

9.5 Dosimetric and Toxicity Comparison

The use of proton beam radiation therapy (PBRT), particularly with PBS, for defini-
tive or postoperative cases of thyroid cancer can result in a significant reduction in
the dose delivered to different organs at risk (OARs) and potentially translates to a
reduction of treatment toxicities compared to photon techniques (Table 9.2) [14].

Efforts should be made by the planner to achieve the lowest dose possible for all
normal tissues after maximizing the target coverage.

Dose volumetric comparisons of treatment plans with IMRT or PBRT done at our
institution have demonstrated significant dose reduction to the oral cavity, parotids,
submandibular glands, upper larynx, pharyngeal constrictors, spinal cord, and lung.
With this emerging technique, we hope this will translate in lower rates of acute toxic-
ity including oral mucositis, xerostomia, dysgeusia, and dysphagia and decreased late
toxicity such as radiation pneumonitis, brachial plexopathy, and secondary malignancy.

9.6 Future Developments

As proton therapy becomes more available and with better imaging quality verifica-
tion, the use of PBS with IMPT can be more routinely used for the treatment for
thyroid cancers when clinically indicated with the dosimetric advantages of this
modality and the benefit of reduced toxicity.
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10.1 Introduction

Non-melanoma skin cancer (NMSC) is the most common cancer in the USA and
includes cutaneous basal cell and squamous cell carcinoma [1]. Although these skin
cancers often present as localized and resectable [2], rarely, NMSC can present or
recur with clinical perineural invasion, a condition wherein tumor cells surround
nearby nerve sheaths and spread proximally along the motor or sensory nerve to the
base of skull [3, 4]. From there, the tumor can spread intracranially to the nerve
ganglion. The hallmarks of clinical perineural invasion are radiographic evidence of
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nerve invasion and clinical symptoms, including paresthesia, formication, and
numbness or paralysis of the involved nerve [3, 4].

NMSCs with clinical perineural invasion are challenging to treat in part because
of tumor location. These NMSCs often originate from the midface, scalp, or lateral
surface of the face. In these locations, branches of the fifth or seventh cranial nerve
can be involved, and the disease may track to the base of skull and approach the
brain, brainstem, inner ear, and/or optic structures [3, 4]. Radiographic examples of
clinical perineural invasion can be seen in Figs. 10.1 and 10.2.

Surgical resection of NMSC:s in these locations puts important cranial nerves and
blood vessels at risk, making it difficult to obtain a gross total resection without
causing major adverse effects. Radiation therapy is indicated when the expected
morbidity of surgical resection is unacceptable. Because high-dose radiation ther-
apy may also cause significant morbidity, the superior conformality of particle ther-
apy may improve the therapeutic ratio in the management of NMSCs with clinical
perineural invasion when compared to photon-based radiation therapy [5]. Proton
therapy has been shown to reduce the dose to the organs at risk (OAR) significantly
when compared to photon-based radiation for other head and neck and base-of-skull
tumors [6-8]. Proton therapy also reduces the risk for acute and late side effects
when compared to intensity-modulated radiation therapy when using ipsilateral
head and neck treatment plans commonly employed for NMSCs [9]. The focus of
this chapter is to describe the recommended method of proton therapy delivery for
NMSC with clinical perineural invasion.

Fig. 10.1 Diagnostic preoperative magnetic resonance imaging (MRI) of a recurrent T4 NO MO
basal cell carcinoma involving the V2 branch of the left trigeminal nerve. The patient underwent a
previous resection of a cutaneous basal cell carcinoma without displaying any local recurrence on
the skin. Perineural invasion is best visualized on MRI. On T1-weighted MRI images, involved
nerves may be enlarged and often show abnormal contrast enhancement. There may also be
enhancement and atrophy of the muscles innervated by the affected nerve. (a) Contrast-enhanced
axial T1-weighted image. (b) Contrast-enhanced sagittal T1-weighted image. (¢) Contrast-
enhanced T1-weighted coronal image. Note that on T1-weighted contrast-enhanced images,
tumors showing perineural invasion of major nerves usually enhance. The gross tumor volume is
outlined in the red contour
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Fig. 10.2 Diagnostic magnetic resonance imaging of a patient with recurrent squamous cell car-
cinoma of the skin of the right forehead and upper eyelid. The tumor locally recurred after initial
resection to involve the subcutaneous tissue above the right eye and the V1 branch of the trigeminal
nerve. (a) Contrast-enhanced fat-suppressed axial T1-weighted image. (b) Contrast-enhanced fat-
suppressed sagittal T1-weighted image. (¢) Contrast-enhanced fat-suppressed coronal T1-weighted
image. The gross tumor volume is outlined in the red contour

10.2 Immobilization/Simulation

Immobilization is performed with the patient positioned supine and the head
and neck in a base-of-skull frame. The neck is extended with an Aquaplast mask
fitted over the patient’s head and neck. A neck cushion is used to minimize air
gaps behind the neck. The base-of-skull frame allows for the patient’s head and
neck to be extended beyond the table, which minimizes the air gap between the
treatment head and reduces the lateral penumbra of the beam. Oral stents may
be placed in the mouth to push the tongue out of the treatment volume, particu-
larly if the maxilla is being treated. If there is gross cancer on the skin that must
be treated, its location and extent are marked with a wire at the time of simula-
tion. Computed tomography (CT) scans are obtained with and without intrave-
nous contrast. The primary image set is the non-contrasted CT scan to ensure
that the introduction of contrast, which has a high stopping power, does not
falsely affect proton dosimetry when planning. The CT scans are obtained from
the vertex of the skull to the upper chest. Obtaining T1- and T2-weighted mul-
tiplanar magnetic resonance imagings (MRI) with 1- to 2-mm-thick slices is
critical for treatment planning. These images help define the primary tumor and
the route of perineural spread.

10.3 Target Delineation and Dose

The target volumes and OARs are delineated on the planning CT scan according to
the guidelines of the International Commission on Radiation Units and Measurements
[10]. The gross tumor volume (GTV) is contoured on the CT planning scan. The
registered MRI scans should aid in the visualization of the areas of gross perineural
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involvement. If systemic therapy was delivered or surgery performed before radia-
tion therapy, a pretreatment GTV is created and outlined on the treatment planning
CT. The standard-risk clinical target volume (CTV SR) should include the GTV and
the involved nerve from its distal end to its ganglion due to the potential for skip
lesions extending from the proximal to the distal end of the involved nerve.
Depending on the tumor location, the CTV SR may also include other nerve
branches if they are at risk of involvement, and a contouring atlas has recently been
published to guide the development of the CTV [11]. Examples of target volumes
are included in Figs. 10.3 and 10.4.

Fig. 10.3 (a—f) Planning magnetic resonance imaging fused to the planning computed tomogra-
phy of a patient with a recurrent basal cell carcinoma with clinical perineural invasion of the V2
branch of the trigeminal nerve. The gross tumor volume is outlined in the red contour. The high-
risk clinical target volume (CTV HR; purple) includes the gross tumor with a 5-mm margin edited
for anatomic boundaries. The standard-risk CTV (yellow contour) includes the CTV HR and areas
at risk for microscopic tumor spread, including the entire cavernous sinus, trigeminal ganglion,
and the proximal aspect V3 branch of the trigeminal nerve. (g-i) The planned computed tomogra-
phy in the axial, sagittal, and coronal views
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Fig. 10.4 Planned computed tomography of a patient with recurrent squamous cell carcinoma of the
skin of the right forehead and upper eyelid. The tumor locally recurred after initial resection to involve
the subcutaneous tissue above the right eye and the V1 branch of the trigeminal nerve. The pre-gross
tumor volume is outlined in the red contour. The standard-risk clinical target volume (CTV; yellow
contour) is highlighted in yellow, and it includes the skin of the right forehead, the ipsilateral cavern-
ous sinus, and the trigeminal ganglion. The high-risk CTV (pink contour) includes the gross cancer
involving V1, the subcutaneous tissue of the forehead, the upper eyelid, and the grossly involved aspect
of the cavernous sinus. The right parotid and regional nodal stations in the ipsilateral neck are included
in a separate standard-risk CTV (blue contour), and it too is treated with proton therapy

10.4 Elective Radiation Therapy to Regional Nodal Stations

For patients with clinical perineural invasion, the risk for regionally involved lymph
nodes is greater than 15%; consequently, elective nodal radiation should be per-
formed [5]. For lesions involving the midface, the lymph nodes at risk for micro-
scopic disease include the ipsilateral lateral retropharyngeal nodes as well as levels
IB, II, III, and IV. For tumors that involve the ears, scalp, temple, preauricular
region, forehead, or cheek, the parotid is also at risk for regional nodal spread and
should be treated with elective radiation therapy.
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10.5 Radiation Dose and Fractionation

When delivering proton therapy with a sequential boost technique, our recommen-
dation is to treat the planning target volume (PTV) SR to 50 Gy (RBE) at 2 Gy
(RBE) per fraction. A boost dose should be provided to the high-risk PTV (PTV
HR) of 16-20 Gy (RBE) at 2 Gy (RBE) per fraction (to a total 66—70 Gy [RBE]). If
the optic chiasm, optic nerve, or retina is in close proximity to the PTV HR, the
patient will be at significant risk for vision loss from retinopathy or optic neuropa-
thy. Hyperfractionated radiation therapy has been shown to reduce the risk for visual
deficits after high-dose radiation while accelerating the treatment schedule and
potentially increasing the potential for local control in patients with head and neck
cancers [12]. Consequently, for patients at high risk for vision loss, we recommend
treating the PTV SR to 50.4 Gy (RBE) at 1.2 Gy (RBE) per fraction using twice-
daily fractionation with a 6-h interval between doses. The PTV HR is then treated
to an additional 19.2-24 Gy (RBE) at 1.2 Gy (RBE) per fraction (to a total dose of
69.4-74.4 Gy [RBE]). Table 10.1 summarizes our recommendations for dose deliv-
ery and target volume delineation.

10.6 Target Coverage

The goals for target coverage for fractionated radiation should be explicit and fol-
lowed closely. Our recommendation is to cover 95% of the PTV with the target
dose. We also recommend that 99% of the target receive at least 93% of the target
dose to minimize cold spots. The volume of tissue receiving more than 110% of the
target dose is limited to 20% of the PTV or less. The location of hot spots is limited

Table 10.1 Recommendations for dose delivery and target volume delineation

Volume | Target Dose
GTV Gross disease seen on CT and/or MRI and on physical |-
examination of a primary skin lesion
HR The gross disease with an isocentric 0.5-cm margin 66-70 Gy (RBE) at 2 Gy
CTV edited for anatomic boundaries to clinical spread. If a | (RBE) per fraction
primary skin lesion is included in the target volume, a | Or
1- to 2-cm margin on the skin surface should be 69.4-74.4 Gy (RBE) at
provided 1.2 Gy (RBE) per fraction
using twice-daily
fractionation
SR The gross disease with an isocentric margin expansion |50 Gy (RBE) at 2 Gy
CTV of 0.5-1 cm edited for anatomic boundaries to clinical | (RBE) per fraction
spread. If the nerve ganglion is involved, other Or
proximal branches of the named nerve may be 50.4 Gy (RBE) at 1.2 Gy
included. Also the regional nodes at risk for spread (RBE) per fraction using
should be included in this volume twice-daily fractionation

CT computed tomography, MRI magnetic resonance imaging, GTV gross tumor volume, HR CTV
high-risk clinical target volume, SR CTV standard-risk clinical target volume
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to areas within the CTV. If the dose to OARs, including the brainstem or optic chi-
asm, is predicted to be critically high, the number or fractions or target coverage can
be compromised as per the clinician’s best judgment. We also take into consider-
ation the preferences of the patient and the risks that he or she is willing to accept in
hope of a cure.

10.7 Normal Tissue Definition

The OARs are contoured on the CT planning scan and on the treatment planning
MRI obtained at the time of simulation. The following normal structures are con-
toured at the time of planning: retinas, optic nerves, optic chiasm, lenses, lacrimal
glands, brainstem, spinal cord, temporal lobes, hippocampi, hypothalamus, pitu-
itary gland, parotid glands, larynx, submandibular glands, pharyngeal constrictors,
and lenses. The radiation dose to these target structures are calculated at the time of
treatment planning and kept as low as possible. A recommended dose constraint
guideline is listed in Table 10.2.

Table 10.2 Dose constraint guideline

Structure DVH point Limit | Minor deviation Major deviation
PTV Relative dose at 95% 100% | D95% < 100% -

volume
PTV Relative dose at 99% 93% | D99% < 93% -

volume
PTV Relative volume at 110% | 20% | V110 > 20% -

dose
Brainstem Absolute dose at 0.1 cm® | 55 Gy |55 < DO0.1 cm® < 64 Gy | DO.1em® > 64 Gy
Brainstem Maximum absolute dose | 60 Gy | 60 < Dmax <67 Gy Dmax >67 Gy
Brainstem Absolute dose at 0.1 cm® | 55 Gy |55 < DO0.1 cm® < 64 Gy | DO.1em® > 64 Gy
surface
Brainstem core | Absolute dose at 0.1 cm® | 50 Gy | 50 < D0.1 cm® < 60 Gy | DO.1cm® > 60 Gy
Spinal cord Absolute dose at 0.1 cm® | 50 Gy | 50 < D0.1 cm® < 55 Gy | DO.1ecm?® > 55 Gy
Optic chiasm | Absolute dose at 0.1 cm® | 55 Gy | 55 < D0.1 cm?® < 60 Gy | DO.1cm® > 60 Gy
Optic chiasm | Maximum absolute dose |57 Gy |57 < Dmax <62 Gy Dmax >62 Gy
Optic nerve, | Absolute dose at 0.1 cm® | 55 Gy | 55 < D0.1 cm® < 60 Gy | DO.1cm?® > 60 Gy
left
Optic nerve, | Absolute dose at 0.1 cm? | 55 Gy | 55 < D0.1 cm® < 60 Gy | DO.1lcm® > 60 Gy
right
Retina, left Absolute dose at 0.1 cm® | 50 Gy |50 < D0.1 cm® < 60 Gy | DO.1cm?® > 60 Gy
Retina, right | Absolute dose at 0.1 cm® | 50 Gy | 50 < D0.1 cm® < 60 Gy | DO.1cm® > 60 Gy
Larynx Mean absolute dose 36 Gy | — Dmean >36 Gy
Cochlea, left | Mean absolute dose 36 Gy | 36 < Dmean <45 Gy Dmean >45 Gy
Cochlea, right | Mean absolute dose 36 Gy |36 < Dmean <45 Gy Dmean >45 Gy
Parotid, left Mean absolute dose 26 Gy | Dmean >26 Gy -
Parotid, right | Mean absolute dose 26 Gy | Dmean >26 Gy -

(continued)
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Table 10.2 (continued)

Structure DVH point Limit | Minor deviation Major deviation
Submandibular | Mean absolute dose 40 Gy | Dmean >40 Gy -

gland, left

Submandibular | Mean absolute dose 40 Gy | Dmean >40 Gy -

gland, right

Cervical Mean absolute dose 50 Gy | Dmean >50 Gy -

esophagus

Oral cavity Mean absolute dose 36 Gy | Dmean >36 Gy -

Pharyngeal Mean absolute dose 50 Gy | 50 < Dmean <60 Gy Dmean >60 Gy
constrictor

Lacrimal Mean absolute dose 34 Gy | 34 < Dmean <41 Gy Dmean >41 Gy
gland, left

Lacrimal Mean absolute dose 34 Gy | 34 < Dmean <41 Gy Dmean >41 Gy
gland, right

Hypothalamus | Mean absolute dose 5Gy |Dmean >5 Gy -

Pituitary Mean absolute dose 30 Gy | Dmean >30 Gy -

Mandible Mean absolute dose 40 Gy |- Dmean >40 Gy
Mandible Relative volume at 70 Gy | 10% | — V70 > 10%
Brain Absolute volume at 74 Gy | 2 cm® | V74 > 2 cm?® -

Lens, right Maximum absolute dose | 15 Gy | Dmax >15 Gy -

Lens, left Maximum absolute dose | 15 Gy | Dmax >15 Gy -

DVH dose-volume histogram, PTV planned target volume

10.8 Three-Dimensional (3D) Proton Treatment Planning
10.8.1 Passive Scattering Versus Spot Scanning

Proton therapy can be delivered using passive scattering or spot scanning. Each
technique has its unique advantages and disadvantages. For example, because
passive-scattering proton therapy uses brass apertures to shape the edges of the
beam, the lateral dose gradient will usually be sharper than that of some pencil beam
systems, particularly those with larger spot sizes. Passive-scattering planning also
utilizes compensator smoothing and smearing, which helps to improve plan robust-
ness. In spot-scanning intensity-modulated proton therapy (IMPT) plans, the beam
is scanned magnetically to cover the target. Spot placement and weighting are opti-
mized using inverse planning software, which is a more efficient process than plan-
ning passive-scattering proton therapy. Additionally, spot scanning delivered using
IMPT usually improves conformality in plans featuring PTVs with convexities.

10.9 Planning with Passive Scattering

Typically, 3-5 fields are used to deliver passive-scattering proton therapy to non-
melanoma skin cancers with clinical perineural invasion. For each field, range modula-
tion is used to ensure that the spread-out Bragg peak covers the entire radiographic depth
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of the CTV. Range uncertainty is accounted for by adding to the distal margin a distance
calculated as 2.5-3% of the expected range plus 1.5-2 mm. Field-specific apertures
conform the beam laterally to the target, and the distal dose falloff of each field is shaped
by custom beam compensators. Compensator smearing can be performed to account for
geometric uncertainties in proton range caused by patient motion or setup inaccuracies.

Examples of block design and beam angles used for typical plans are included in
Figs. 10.5 and 10.6. In general, we recommend minimizing the number of fields for

Fig. 10.5 Example of a passive-scatter proton therapy plan in the management of a patient with
an 1T4 NO MO squamous cell carcinoma of involving the V2 branch of the left trigeminal nerve.
The standard-risk planned target volume is shown in green. (al, 2) A 4-field proton plan is dis-
played with the left-anterior oblique, (b1, 2) left-posterior oblique, (cl, 2) left-posterior superior-
posterior oblique, and (d1, 2) right-superior-anterior oblique fields. Each field uses block margins
and angles to treat the target and spare organs at risk

Fig. 10.6 An example of a passive-scattered proton therapy plan in the management of a patient
with recurrent squamous cell carcinoma of the skin of the right forehead and upper eyelid. The
tumor locally recurred after initial resection to involve the subcutaneous tissue above the right eye
and the V1 branch of the trigeminal nerve. The planned target volume (PTV) is shown in green.
(al, 2) A 4-field proton plan is displayed with the right-anterior-superior oblique field functioning
as a match field and treating the upper aspect of the PTV. (b1, 2) A right-posterior-oblique field
treats the inferior aspect of the PTV. (cl, 2) A left-anterior-oblique field treats the inferior PTV.
(d1, 2) A right-anterior-oblique field treats the entire PTV
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which the spread-out Bragg peak ends on an OAR—such as the brainstem or optic
chiasm—because of concerns that the radiobiological equivalence (RBE) of the
beam in this location could exceed 1.1. Our general rule is that no more than one-
third of the fraction dose is delivered using a field that ends on a critical structure.
We also try to minimize the number of beams that overlap on the skin because there
is relatively little skin sparing with proton therapy. Noncoplanar beams can be used
to avoid delivering dose to the OARs, like the optic structures, but the number of
such fields should be minimized to reduce the treatment time and to improve setup
accuracy since performing a couch kick introduces uncertainty. In most cases, we
minimize the use of patch-and-through fields to eliminate the potential for under-
and overdosage at the dosimetric matchlines. Field matching can be used to reduce
the dose to OARs near the PTV and also to improve conformality when the target
volume sharply changes shape and depth as seen in Fig. 10.5al-b1.

Delivering elective nodal radiation can be challenging with passive-scattering pro-
ton therapy when attempting to use the same fields as those designed for the primary
site. We treat the neck with conventional photon irradiation, which can be dosimetri-
cally matched to fields treating the clinical target volume at the primary site. A dosi-
metric gap of 5 mm can be used to avoid potential hot spots between the two plans.

10.9.1 Planning with Spot Scanning

With spot scanning, the proton beam is magnetically scanned to cover the target in
three dimensions. The beam can be delivered using one of two treatment planning
modes: single-field uniform dose (SFUD) mode or multi-field uniform dose (MFUD)
mode. In SFUD, the scanning pattern and beam intensity are optimized for each field,
but the dose distribution is uniform over the target volume. In MFUD, all of the fields
are optimized together to provide a uniform dose to the target with each individual
field providing a heterogeneous intensity of radiation to the target volume. MFUD is
often described as IMPT and can provide better conformality than SFUD plans.
Similar to passive scattering, most proton plans with spot scanning will include 3-5
proton beams. Similar to intensity-modulated radiation therapy, plan optimization is
based on objectives for target coverage, OAR sparing, dose uniformity, and their rela-
tive weights in the planning algorithm. With MFUD, apertures and compensators are
unnecessary, and a spread-out Bragg peak is not created so that the uncertainties asso-
ciated with spot-scanning proton therapy plans are different. Although concerns about
the robustness of IMPT plans are a subject of controversy, recent advancements in the
analysis of plan robustness have alleviated some concerns, making MFUD an excel-
lent choice in the management of NMSCs with clinical perineural invasion.
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11.1 Introduction

— Treatment of locoregional failure, recurrence, or second primary tumor after
prior exposure to high-dose (>50 Gy) RT in the head and neck is difficult. If left
untreated, the prognosis is very poor, with a median survival of only 5 months
[1]. Surgical resection and reirradiation are the only two curative options, and
surgical resection is only possible in roughly 20% of patients [2—4]. When
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feasible, surgery achieves a 5-year overall survival rate of roughly 16-36% [5,
6], and adjuvant radiation is often recommended.

— Although the timing is sometimes debated, PFS is improved with immediate
compared to delayed postoperative reirradiation [7].

— Many head and neck cancer-related deaths result from persistent or recurrent
locoregional disease, even in the setting of metastatic disease, exemplifying the
continued importance of local control [8, 9].

— In addition, uncontrolled locoregional disease in the H&N is extremely detrimental
to patients” QOL due to pain, bleeding, foul odor, and unsightly fungating masses.

— One-year LRC and OS for proton reirradiation from the largest reported series
are 70% and 67%, respectively [10]. This compares favorably to photon reirra-
diation, where retrospective comparison from the same institution showed 1 year
LRC and OS of 55% and 59%, respectively [11].

— <60 Gy is associated with a greater hazard ratio for local failure in the setting of
reirradiation [12].

— For patients who are poor candidates for full-dose reirradiation, a less aggressive
radiation regimen may be offered, known as the “Quad Shot” (3.7 Gy twice daily
x 2 days, followed by a 4-week break, repeated up to 3—4 cycles) [13]. This regi-
men carries less risk and fewer side effects as it allows for response and symptom
assessment between courses and provides palliative benefit and potentially local
control benefit over no reirradiation [13].

11.2 Simulation, Target Delineation, and Radiation Dose/
Fractionation

— CT simulation should be performed, ideally with IV contrast for target delinea-
tion and without contrast to be used for proton planning.

— If the tumor is not well circumscribed on CT, or if there is suspicion of soft tissue
infiltration or perineural infiltration, MR is recommended.

— Recurrent disease patients should undergo PET for staging, which should be
used when designing the head and neck target volume.

— If multiple areas of disease are suspected, confirmational biopsy of each area is
recommended (the sensitivity of the biopsy technique should also be considered
when interpreting any negative results).

— Elective nodal irradiation is not performed.

— Target volumes should be expanded according to institutional standard, typically
by 3-5 mm, to create a planning target volume (PTV).

— Consultation with a medical oncologist for consideration of concurrent chemo-
therapy is recommended in an attempt to salvage with a curative intent.

11.3 Patient Positioning, Immobilization, and Treatment
Verification

— Simulation and treatment should be conducted in the supine position with a 3-point
mask for a head recurrence or a 5-point mask for disease present in the neck.
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Daily orthogonal X-ray imaging or volumetric imaging (typically, with cone

beam CT) is recommended to confirm setup accuracy.

For base of skull tumors, tumors near any critical structures, or in situations

where tissue heterogeneity fluctuates (such as in the sinuses where secretions

and inflammation change over days), daily in-room CT imaging (i.e., cone-beam

CT) is ideally used for treatment verification.

e When in-room 3D imaging is not available, verification CT scans with the
patient in treatment position are recommended during the course of treatment
(e.g., every other week or once mid-treatment, depending on the tumor loca-
tion and potential for anatomic changes during treatment due to weight loss,
tumor shrinkage, edema, etc.).

11.4 Target Delineation

GTV: Gross tumor volume is all-known gross disease that can be seen, palpated,
or imaged, by planning CT, PET, MRI, and/or other imaging studies.

CTV: This high-risk subclinical volume will include the tumor bed for postop-
erative cases. In some instances, signal changes by specialized MRI sequences or
by PET may be suspicious for disease but not definitive, and inclusion of these
areas is subject to clinical judgment. Elective nodal regions are not included.
PTV: Planning target volume is CTV plus margin to ensure that the prescribed
dose is actually delivered to the CTV. This margin accounts for variations in
treatment delivery, including variations in setup between treatments. PTV expan-
sions are beam specific (to account for range uncertainty) and defined at the time
of treatment planning (generally 3—-5 mm).

OARs: The normal anatomy to be outlined on each CT image will include all organs
potentially at risk by being within three slices of the beam path. Organs that should
always be considered are the parotid and submandibular glands, eyes, optic nerves,
optic chiasm, lacrimal glands, lenses, brainstem, spinal cord, temporal lobes of the
brain, cochlea, brachial plexus, thyroid, larynx, esophagus, and often the carotid
arteries; other structures may be considered at the time of treatment planning. The
spinal cord, optic nerves, and optic chiasm should be contoured on each CT slice,
when anatomically in the vicinity of the target volume. For reirradiation cases, con-
sidering the carotid arteries as an avoidance structure can significantly limit dose to
this critical structure (Fig. 11.1). This may help minimize the risk of the feared
potential complication of carotid blowout, which is fatal in 76% of cases [14].

General target volume and dosing guidelines are shown in (Table 11.1):

Table 11.1 Recommended target volumes and radiation doses

Volume Target Dose
Gross tumor Gross tumor (by imaging or physical exam, including | 66-72 Gy(RBE)
volume (GTV) gross residual disease after resection)
Microscopic Positive margin or high-risk features present post- 60-70 Gy(RBE)
residual disease resection, with no gross residual disease apparent by

imaging or exam




190 C.DeSelm et al.

Fig. 11.1 Carotid sparing proton therapy. Proton therapy (left plan, solid red and light green lines
in DVH) significantly limits dose to the carotid arteries compared with IMRT (right plan, dotted
red and light green lines in DVH) and can be considered an additional avoidance structure in the
reirradiation setting
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Fig. 11.1 (continued)

11.5 Proton Treatment Planning

Since recurrent tumor is often solitary and not multifocal/bilateral, either passive scatter-
ing (PS)/uniform scanning (US) or pencil beam scanning (PBS) generally provides ade-
quate coverage and conformity. When deliberating between these options, consider:

— PBS provides greater control over the proximal portion of the beam, so skin dose
or proximal OARs can be better avoided, in particular when targets are deep



192 C.DeSelm et al.

Proton plan IMRT plan

1001 BN T M S SRR TS Mt i S Y
90|+ - "‘\f,‘. i - "?““ H : ; ; : L 2. I|‘-I
. 5 T : . .| solid= Proton 66 Gy (RBE) bAlE
80 {1+ o Iy | ".'-.‘... ) L a Dotted= Photon IMRT 66 y |. . |1

% Coverage
[$)]
o

Dose (Gy)

Fig. 11.2 Reirradiation proton, initial photon, and composite proton-photon plans. IMRT initially
delivered 70 Gy to the GTV (right top and middle). Proton ReRT delivered an additional 70 Gy to
the GTV (left top and middle). Composite plan (lower panel) successfully delivered a total of
140 Gy to the GTV with limited dose to normal structures (composite DVH shown)

seated and relatively small. For example, for a deep-seated tongue-base recur-
rence, PBS may provide more skin sparing compared to PS/US. However, the
skin sparing with both modalities would be approximately similar for a superfi-
cial parotid recurrence.

— For cases with bilateral disease, PBS is the method of choice, due to the higher
complexity of the case and greater control over OAR dose constraints.
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Special considerations:

— The skin overlying the carotid arteries must be bolstered by a free flap after neck
dissections to minimize the risk of carotid blowout.

— Be cognizant of treating anterior targets with superior oblique fields as variation
in chin movement can result in skin flash with unnecessary dose to the skin of the
chest wall (see Salivary chapter).

— Note when tissue heterogeneities exist, such as air pockets, dense bone, tissue
density interfaces (bronchus/soft tissue), or skin surface irregularities; avoid
beams through these heterogeneities if possible, especially if they have the
potential to move (such as the airway near the larynx).

— Dental fillings or metal hardware, such as spinal fixation, causes loss of critical
CT information needed to accurately calculate proton range. These structures
can be contoured and assigned a fixed HU for treatment planning, but mixed
alloy hardware or implants with materials of varying density may cause unex-
pected dose perturbations at the tissue/hardware interface (such as dose reduc-
tion distal to the implants, elevated dose distal to the edges of the hardware, and
range degradation [15], which in the setting of reirradiation may become even
more impactful. Multiple beams with varied angles relative to the hardware, the
use of PS/US rather than PBS, integration of photons for a portion of the treat-
ment, or at least metal artifact reduction algorithms are recommended.

— Dental artifacts could also be replaced by non-radiopaque composite material
that minimizes the impact of the artifacts [16].

— It is possible that normal tissues that are immediately distal to the target may
receive higher doses with proton therapy due to the distal end RBE effect, com-
pared to photon therapy where the uncertainties are less; avoid placing the distal
edge of more than one proton beam adjacent to a critical structure to minimize
this uncertainty (Chap. 3).

— Over and under range plans should be evaluated with relevant range uncertainties
as determined by each center (Chaps. 1, 3).

— Previous RT beam angles should be avoided during the ReRT planning process
to avoid excessive dose along the proton beam path.

— The number of fields employed should be kept at minimum in order to decrease
the volume or irradiated tissue.

— Treatment planning should include a separate review of the prior radiation plan,
the current reirradiation plan, and a composite of both plans (Fig. 11.2).

11.6 Critical Structure Constraints

— Guidelines for meeting dose constraints in the primary setting are adapted below
for reirradiation. In critical late responding structures, such as the brainstem and
spinal canal, all attempts are made to limit the total dose from all treatments
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(previous and current) to the maximum described, which is the limit that would
be used if only one radiation course were planned. This does not take into con-
sideration the fact that there is a variable degree of tissue recovery between radia-
tion courses, especially if separated by over 6 months; the length of time from
prior radiation and the prior radiation dose distribution should be taken into con-
sideration when assessing the relevance of the recommended dose constraints.
Regarding reirradiation tolerance of acute responding tissue, clinical studies
have shown an almost complete recovery within a few months [17]. With regard
to reirradiation of late responding tissue, tolerance is dependent on the specific
organ at risk.

Attempts to obtain prior dose files and generate composite dose distributions will
be made whenever possible.

Constraining dose to the spinal cord, brainstem, and optic structures are most
critical. For all other normal tissues, attempt to achieve the lowest dose possible

dose (ALARA) if constraints cannot be strictly met (Fig. 11.3).

Definitive Dose (70 Gy): [ [
Structure Total Dose[To Cc
53Gy Core max
Cord 654Gy Surface max Max from current treatment
70Gy Dose to 0.1cc Max from all treatments (past and present)
60Cy Dose to 0.05¢¢ Max from current treatment
Optic Chiasm 58Gy Mean dose
70Gy Dose to 0.05cc Max from all treatments (past and present)
Optic Nerve 60Gy Dose to 0.05cc Max from current treatment*
70Gy Dose to 0.05cc Max from all treatments (past and present)*
64Gy Surface max dose Max from current treatment;
Brainstem 53Gy Core max dose Core defined as 3mm diameter central structure within
70Gy Dose to 0.05cc Max from all treatments (past and present)
Cochlea 55Gy Max dose ALARA; aim for this max from all treatments (past and present)*
Retina 70Gy Dose to 0.05cc
Lacrimal Gland 50Gy Mean dose
Lens 25Gy Max dose
Parotid 26Gy Mean dose
Oral Cavity 40Gy Mean dose
Mandible No hot spots . .
. ALARA; for thi f ]
Mandible notm PTV 70Gy 0.05 cc ; aim for this max from all treatments (past and present)
Branchial Plexus 65Gy D95
70Gy Max dose
Esophagus 75Gy<1.5cc of partial circumference
Submandibular Gland 39Gy
Larynx 70Gy [0.05 cc
*one side may be exceeded if the contralateral side is functional’
Quad Shot:
Structure Total Dose To: Comments
Splval Canal, 10Gy,cycle Max dose from each cycle
Brainstem,
Chlésm, 70Gy (max) Max point Total max dose from all treatments,
Optic Nerve dose past and present
Brachial Plexus No hot spots
Other normal tissues ALARA

Fig. 11.3 Dose volume constraints for normal critical structures. These dose values can be used
as guidelines for constraining the optimization process during treatment planning; most critical are
spinal cord, brainstem, and optic structures
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11.7 Toxicity

Toxicity is entirely dependent on the location of the tumor and the dose to the sur-
rounding normal structures, but for an average patient:

>20% can expect:

Painful mucositis, dysphagia, and odynophagia
Fatigue

Dry mouth (xerostomia)

Taste changes (hypogeusia)

Thickened saliva

Loss of appetite

Nausea/vomiting

Skin redness and irritation

Weight loss

5-20% of patients will experience:

Skin breakdown

Dehydration requiring I'V fluids

Loss of appetite requiring nutrition supplementation

Mouth inflammation and blisters (radioepithelitis of pharyngeal mucosa)

<5% of patients will experience:

Carotid blowout, dysphagia, hoarseness, permanent xerostomia, trismus, nasal
dryness, serous otitis media, dental decay, esophageal constriction, permanent
skin changes including telangiectasias or skin breakdown (sometimes requiring
a flap reconstruction), hypothyroidism, ototoxicity (especially if concurrent cis-
platin is administered), and increased risk for secondary malignancies.
Osteoradionecrosis may occur in 5% or less of patients but can be reduced by
dental evaluation before radiation, as per the standard of care.

Depending on the location of the tumor, blindness may occur if the tumor is close
to or surrounding optic structures, and deafness may occur if the tumor is close
to or touching the tympanic canal or CN VIIIL. In the vast majority of cases, this
will be unilateral.

11.8 Future Developments

Many questions remain unanswered regarding proton reirradiation. For example,
further knowledge of proton RBE, such as the precise effect of dose, depth, and
edge effect, may further enhance our ability to plan reirradiation cases. The alpha/
beta ratio of a recurrent tumor, or a tumor that has been previously reirradiated, may
be significantly different from the primary tumor and from the normal surrounding
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tissue. Since RBE increases with decreasing alpha/beta ratio, this may impact future
treatment planning. Additionally, our understanding of normal tissue tolerance to
reirradiation, and the factors that influence this tolerance, such as the low-dose bath,
the effect of being located at the distal edge of the beam, and the effect of initial
dose and time from initial treatment, is constantly evolving.
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12.1 Introduction

Lung cancer is one of the most common malignancies, accounting for approxi-
mately 225,000 new cases and 160,000 deaths per year [1]. Treatment of lung can-
cer is dependent on stage, with early stages treated by surgery or radiation alone and
more advanced tumors receiving bi- or trimodality therapy.

Several studies have demonstrated a dosimetric benefit of particle therapy over
intensity-modulated radiation therapy (IMRT) in select cases of lung cancer [2—4].
This dosimetric superiority has been shown in cases of early-stage and locally
advanced disease, as well as when comparing 3D conformal therapy and IMRT with
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proton beam therapy (PBT). Notably, the improvement in normal tissue dose has
primarily been present in the low-dose regions, such as the volume receiving 5 and
10 Gy(RBE) (V5 and V10, respectively). This selective benefit is due to the sharp
dose buildup with PBT. The “low-dose bath” advantage of PBT is not present with
advanced photon techniques.

With regard to clinical outcomes, particle therapy has been reported both for
early-stage and locally advanced NSCLC [5-9]. In these studies, clinical outcomes
appear to be similar to improved compared to that observed with advanced photon
modalities such as IMRT and VMAT. One randomized trial has recently been
reported comparing particle therapy to photons in the setting of locally advanced
NSCLC. Specifically, MD Anderson Cancer Center and Massachusetts General
Hospital performed a phase II randomized study comparing IMRT with passive
scattered PBT in locally advanced NSCLC. The results have recently been reported
in abstract form, and no statistical differences were found between the two modali-
ties with regard to recurrence or grade > 3 pneumonitis. Future analyses from this
study are focusing on comparing imaging data, blood samples, further toxicity end-
points, and quality of life to determine how these factors may impact outcomes.

The dosimetric and clinical reports of particle therapy in lung cancer can thus be
summarized as follows. There appears to be a dosimetric benefit for proton therapy
in certain clinical scenarios, but there is not strong evidence that “all comers” with
lung cancer benefit clinically from this treatment compared to advanced photon
techniques. Thus, selection of patients is of critical importance, particularly when a
passive scattering technique is used. These selection criteria will be discussed fur-
ther below.

Small cell lung cancer (SCLC) almost always presents as locally advanced or
metastatic and therefore has similar simulation, target delineation, and planning
principles that apply in PBT. However, experience is very limited. In one report of
six patients with a median follow-up time of 12 months, 1-year overall survival and
progression-free survival rates were 83% and 66%, respectively [10]. Thus, while
much of the discussion on NSCLC with regard to particle therapy techniques can be
extrapolated to SCLC, more investigation is needed on outcomes with PBT, includ-
ing rates of local control and the benefit of such modalities as IMPT.

12.2 Simulation, Target Delineation, and Radiation Dose/
Fractionation

Patients should be simulated with their arms above their head for beam arrangement
selection not dissimilar to proton techniques. An immobilization device of the upper
body should be used in conjunction with 4D image acquisition to capture respira-
tory motion. If patients cannot raise their arms above their head, the simulation can
be done with the arms at the side, though this setup may markedly limit the potential
for a dosimetric benefit, particularly if passive scattering PBT is being used.

For both node-negative and node-positive disease, involved field techniques are
used with 4D planning regardless of whether a photon or proton technique is utilized.
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The gross tumor volume (GTV) is contoured using the CT scan of the chest with
contrast and PET scan for guidance, along with histologic findings on the mediasti-
noscopy or endobronchial ultrasound.

There are two potential approaches for expanding on the GTV to capture both
internal motion and microscopic disease. The first involves an expansion of the
GTYV to the CTV, followed by a further expansion to the ITV to account internal
motion, followed by a PTV expansion for daily variations in patient position and
movement. The second technique, which is often utilized at our institution, is per-
formed by delineating the GTV and then assessing for internal motion. We then
define a structure called the iGTV, which is then expanded to create the iCTV
(which is very similar to the ITV). The advantage of the latter approach is that inter-
nal motion is being assessed on gross disease, the motion of which may be easier to
delineate.

For early-stage lung cancer/SBRT, per RTOG standards, no distinct CTV margin
is included, and only a PTV is delineated. For locally advanced disease, standard
GTV to CTV treatment margins from the GTV (or iGTV) to CTV are 0.6-0.8 cm to
control for microscopic disease, as have been defined on prior pathologic studies
[11].

With regard to expansion to a planning target volume (PTV) for proton therapy,
note that there is not a standard uniform PTV as exists with photon planning, which
is secondary to patient setup error and is typically fixed (e.g., at 0.5-1.0 cm). Rather,
the PTV includes two components: (1) sefup margin, which takes into account day
to day setup errors and is dependent on the image-guided radiation therapy (IGRT)
method that is used, and (2) dosimetric margin, which is field-specific and encom-
passes proximal, distal, and lateral margins for that particular field (due to dose
uncertainty in the beam path).

The PTV setup margin for PBT is 0.5 cm for photon techniques and is an exten-
sion directly from the GTV. However, this setup margin presumes that CBCT is
available for daily localization. If daily CT imaging is not available, we would rec-
ommend strong consideration of fiducial placement, with daily kV imaging during
treatment and a 0.5-1.0 cm PTV setup margin.

For locally advanced lung cancer (NSCLC or SCLC), the following PTV margin
is utilized: 1.0-1.5 cm without daily image-guided radiation therapy (IGRT), such
as kV imaging or cone-beam CT scan; 0.5-1.0 cm for either 4D CT planning or
CBCT, but not both; 0.5 cm for 4D CT planning and daily kV imaging; and 0.3 cm
for 4D CT planning and CBCT guidance.

The field-specific dosimetric margin is dependent on the water-equivalent range
relative to the most proximal and distal points of the CTV from a specific beam
angle and typically ranges from approximately 0.5 to 1.0 cm.

There are several 1-10 fraction dose regimens which have been reported and that
are acceptable for PBT. In our institution, proton doses are reported with RBE = 1.1,
and we routinely utilize a dose of 50 Gy in 4 fractions for peripheral disease and
70 Gy(RBE) in 10 fractions for central disease [12—14]. For locally advanced
NSCLC treated with chemotherapy and radiation, the standard dose is 60 Gy(RBE)
in 30 fractions, based on the recently published RTOG 0617 trial demonstrating no
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benefit to dose escalation to 74 Gy [15]. For SCLC, the standard-dose regimen
remains 45 Gy(RBE) in 30 fractions delivered twice daily based on the results of a
randomized trial comparing once daily to twice daily radiation [16]. However, the
ongoing trial RTOG 0538/CALGB 30610 is currently comparing this standard regi-
men to a 7-week daily course of 70 Gy(RBE) in 35 fractions.

Simultaneous integrated boost regimens have been applied to the lung cancer
setting as well [17-20], and multiple studies are ongoing evaluating the safety and
efficacy of this approach.

12.3 Patient Positioning, Immobilization, and Treatment
Verification

As noted above, patients should be simulated with the arms above their head if fea-
sible and with upper indexed body immobilization.

For daily treatment verification, most patients undergo daily kV imaging and at
least one verification simulation to ensure that there have not been substantial
changes in tumor volume or differences in patient anatomy that would warrant
replanning. This midtreatment verification is particularly important with particle

Table 12.1 Key definitions in PBT, dosing recommendations for locally advanced NSCLC, and

SCLC

SABR

Locally advanced
NSCLC

SCLC

Prescription

Many 1-10 fraction regimens

Standard regimen

Standard regimen

dose/ in use. MDACC regimen: 60 Gy(RBE) in 30 45 Gy(RBE) in 30

fractions peripheral, 12.5 Gy(RBE) x 4 | fractions with fractions twice daily
fractions; central, concurrent with concurrent
7Gy(RBE) x 10 fractions chemotherapy chemotherapy

iGTV to 0cm 0.6-0.8 cm 0.6-0.8 cm

CTV margin

CTVto PTV | 0.5cm (GTV to PTV) if daily | 1.0-1.5 cm without 1.0-1.5 cm without

setup margin

CT available. If not available,
0.5-1.0 cm, ideally with
fiducial placement

daily IGRT

0.5 cm with daily kV
imaging

0.3 cm with daily
CBCT

daily IGRT

0.5 cm with daily kV
imaging

0.3 cm with daily
CBCT

Daily CT scanning (e.g., CBCT, Daily kV imaging, Twice daily kV
treatment CT-on-Rails) if available and | weekly CBCT if imaging (with each
verification strongly recommended. If not | available fraction), weekly
available, strongly consider CBCT if available
fiducial placement and then
daily kV imaging with
0.5-1.0 cm setup margin
Verification None At least 1 time during | Consider after first
simulation treatment (week 3—4), | week of treatment if

more if significant
tumor changes are
observed

bulky disease




12 Lung Cancer 201

Table '!2-2 Dosims?tric Normal structure | Dose constraint
constraints fo? PBT in Spinal cord Maximum dose <45 Gy
:;Z?gggigzisgﬁeaéegnce daily Heart V30 < 45 Gy(RBE), mean dose
<26 Gy(RBE)
Esophagus Mean dose < 34 Gy(RBE), V50 < 50%
Total lung Mean dose < 20 Gy(RBE), V20 < 35%
Kidney 20 Gy(RBE) < 33% of bilateral kidney
Liver V30 < 40%

therapy, where seemingly minor differences in these parameters can have pro-
nounced dosimetric effects.

If in-room CT capability is present, we recommend weekly cone-beam CT scans
in addition to the midtreatment verification scan (Table 12.1).

12.4 Dose Constraints

Many constraints exist for PBT, which are based upon the number of fractions being
delivered; constraints are from photon therapy. These constraints can be found
through the National Comprehensive Cancer Network guidelines (www.nccn.org).
For standard fractionated radiation delivered once daily, Table 12.2 depicts our
institutional constraints. For twice daily regimens, such as that given in SCLC, simi-
lar constraints are used with the exception of the spinal cord dose, which should be
limited to a maximum dose of <40 Gy(RBE).

12.5 Proton Beam Therapy Planning
12.5.1 Passive Scattering PBT Planning

12.5.1.1 Patient Selection

Patient selection for passive scattering is of importance because a non-negligible
percentage of patients will have superior plans with advanced conformal tech-
niques, such as IMRT. There are several reasons why some photon plans may be
improved compared to PBT. First, there are some limitations in beam angles with
passive scattering PBT due to uncertainty of dose in the beam path. Second, pas-
sive scattering PBT requires a “backstop” in order to provide much of the sharp
dose falloff, which can be difficult in the context of early-stage, parenchymal
lung tumors. Without high-density tissue distal to the target, dose “spikes” can
occur that can then substantially affect the dosimetry. The high-dose spikes may
contribute to more dose to the normal tissues than necessary and thus lead to
toxicity.
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With these limitations in mind, from a dosimetric standpoint, the following
patients are thus good candidates for passive scattering PBT compared to IMRT:
(1) location of tumor in tissue that can provide a suitable backstop that utilizes
the dose falloff properties of proton therapy; (2) IMRT not feasible due to
inability to meet low-dose constraints, such as V5, V10, or V20; and (3) anterior
mediastinal tumors in that are proximal to the heart, lung, spinal cord, and
esophagus.

12.5.1.2 Treatment Planning

A review of the passive scattering planning approach at MDACC can demonstrate
several key principles of this modality, as well as its relative benefits and limitations.
An example of this process is as follows. First, the physician contours the appropri-
ate GTV and CTV and specifies the setup margin for PTV that should be used.
Second, in order to provide adequate coverage of the target, all iGTV contours that
overlap with lung parenchyma are overridden to represent solid tissue. If not over-
ridden, the proton beam may “undershoot” the intended target. However, it should
also be noted that doing so also creates the dosimetric disadvantage of potentially
“overshooting” the tumor in certain phases of the respiratory cycle [21]. Third, the
tissue in the diaphragm is overridden so that the diaphragm does not enter the treat-
ment field, producing an inadequate distal margin (with again the risk of overshoot-
ing the target in specific cycles).

The fourth step is beam selection using several criteria. Beams are generally
avoided that traverse through breast tissue, to maximize reproducibility and sta-
bility. For similar reasons, beams also aren’t placed through the edge of the
couch. Next, for all beams that range into the spinal cord, adequate margin is
ensured through the ETV so that the spinal cord is not overdosed. At our institu-
tion, we typically utilize at least one beam that is off-cord, for similar reasons.
Finally, a beam is selected that minimizes the aperture size, to reduce the dose to
normal tissues. These features of beam selection are demonstrated below
(Fig. 12.1).

Do not go AP beam ranges into spinal cord;

through breast must have adequate margin
tissue for

reproducibility/
stability

Do not go
through couch
edge for
Fig. 12.1 Beam selection reproducibility/

in passive scattering PBT stability
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After beam selection, the compensator and aperture are edited to optimize
the plan. Then, the weighting of the beam is adjusted as needed to further
improve target and normal structure dose. Finally, the robustness of the plan is
verified on both the TO and T50 breathing phases. This consistency verification
is again particularly important in PBT, due to the dose sensitivity to changes in
tissue heterogeneity [21].

If dose constraints cannot be met at the desired dose with either photon tech-
niques or passive scattering PBT, consideration can be given to implement pencil-
beam scanning/intensity-modulated proton therapy (IMPT).

12.5.2 IMPT Treatment Planning

12.5.2.1 Patient Selection

IMPT offers the following benefits over passive scattering PBT: (1) improved con-
formality and (2) reduced influence of beam placement because dose can be supple-
mented where necessary through the technique of “patching,” which also can reduce
the magnitude of hot spots.

IMPT could be suitable for simultaneous integrated boost regimens because by
placing the proton Bragg peak in the target, the target dose could be escalated while
contributing very little dose to normal tissue. A comparative clinical trial is under-
going at our institution using IMPT and IMRT SIB techniques.

Limitations of IMPT include (1) higher dose sensitivity to changes in anat-
omy and tumor size due to the lower number of beams and very high conformal-
ity and (2) risk for reduced local control due to interaction between respiratory
motion and spot-scanning delivery, leading to target miss through certain phases
of the respiratory cycle. Two specific scenarios where this reduced dose to the
target has been found in lung cancer are in the development (or reduction) of
atelectasis and in changes in tumor size, the former of which is demonstrated in
Fig. 12.2.

Fig. 12.2 Reduced target dose due to changes in lung volume that occurred approximately mid-
way through a 5-week course of radiation therapy to the lung
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IMPT has often been utilized in the following scenarios: (1) mediastinal but lat-
erally displaced tumors in which there is an improved dose distribution to the lung
and esophagus, (2) extremely challenging cases where the dose constraints can’t be
met with other techniques (e.g., large bilateral mediastinal masses), and (3) the re-
irradiation setting, where the goal is to almost completely avoid dose to one or more
normal structures. However, with the increased availability and experience with
IMPT, more patients have been selected for this approach, particularly in locally
advanced lung cancer. Several trials are ongoing examining the safety and efficacy
of this approach, with particular attention being paid to local control given the con-
cerns with respiratory motion interplay.

IMPT planning differs substantially from that of passive scattering PBT, in sev-
eral ways: (1) beams are selected largely based on the minimal excursion of the
proton beam path length covering the target throughout the respiratory cycle; (2) 4D
treatment planning, where multiple phases from the 4DCT were used instead of the
average CT, to further reduce the impact of respiratory motion on treatment plan-
ning, could be used to further reduce the impact of respiratory motion; (3) given that
the technique is sensitive to changes in anatomy and tumor size, robustness optimi-
zation is often used to reduce this sensitivity; and (4) robustness evaluation of the
treatment plan ensures the dose distribution and dose to target, and OARs remain
acceptable with setup and range uncertainty under consideration.

Figure 12.3 shows an example of beam angle selection with water-equivalent
thickness (WET) analysis, where the WET change between TO and T50 were
examine. Beam angles including one at 160° were selected for this patient because

—@— Mean WET change

Distance [mm]
N

Fig.12.3 Change in ) ’ """" """" 2
water-equivalent thickness : : :

required to cover the target : :
volume between TO and 1 . . — . . .

0 50 100 150 200 250 300 350
angle (from Chang 2014) Beam Angles [Degrees]

T50 as a function of beam
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of the small WET change indicating less impact from the respiratory motion,
along with other considerations including patient anatomy and tumor location.

4D treatment planning [22], along with fractionation and delivery techniques
such as re-scanning and optimization of the delivery sequence [23], could be used
to reduce the impact of intra-fractional respiratory motion for IMPT.

Robustness optimization could lead to reduced sensitivity of the dose distribu-
tion in patient to inter-fractional setup and range uncertainties or anatomy change
[24] and could be combined with 4D treatment planning [22].

The following Figs. 12.4 and 12.5 shows a sample workflow for IMPT treatment
planning [25].

Robustness evaluation is crucial to IMPT planning. For lung cancer cases, we
consider a difference of <5% between the worst-case dose distribution and the nom-
inal dose to be acceptable [25]. If the plan was found to be not robust (quantified by
a > 5% difference), then the plans are typically re-optimized.

Fig. 12.4 Procedural flow New Patients with
chart for intensity- 4DCT
modulated proton therapy

(IMPT) quality assurance.

4D CT Z four-dimensional Motion is N Not Recommended for
computed tomography; acceptable IMPT
MFO Z multifield
optimization; SFO Z Y
single-field optimization
(Chang 2014) SFO/Eclipse Robust MFO

Robust

Evaluation

Monitor inter-fractional

Physician anatomic change with
review/approval verification plan on
repeat 4DCT

Fig. 12.5 Robustness
evaluation of an IMPT
plan. Solid lines indicate
nominal DVH calculated
from the time-averaged CT
scan; dotted lines, DVH
calculated from the iso- or
relative stopping-power-
ratio-shifted scenarios
(from Chang 2014)

Ratio of Total Structure Volume [%]

4000
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12.6 Clinical Outcomes of Proton Beam Therapy for Lung
Cancer

Several retrospective and prospective single-arm studies have reported outcomes of
proton beam therapy for lung cancer. With regard to early-stage cancer, several stud-
ies have been published that have demonstrated analogous results to SBRT, with
high rates of local control and low toxicity [9, 26-28]. For instance, investigators
from Loma Linda examined outcomes for hypofractionated radiation doses of
51-70 Gy(RBE) in 10 fractions over 2 weeks for stage T1/T2NOMO biopsy proven
NSCLC. They reported disease-specific survival rates of 88% and an overall sur-
vival of 60% at 4 years. No patient of the 111 reported required steroids for radia-
tion pneumonitis, and central versus peripheral location did not correlate with
survival outcomes. The authors therefore concluded that this regimen achieved
excellent outcomes, possibly warranting the exploration of further dose escalation
[28]. Of course, the primary obstacle in the setting of early-stage disease is the base-
line low rate of toxicity and high local control rates with photon-based SBRT tech-
niques, which can lead to reluctance of both physicians and patients to enroll on
comparative effectiveness studies. Indeed, one recent trial from MD Anderson
Cancer Center attempted to compare these two techniques in centrally located
lesions and was closed due to poor accrual.

There has been more momentum for the study of proton beam therapy in the
locally advanced setting, due to higher local failure rates and the common diffi-
culty of achieving dose constraints. Therefore, several trials have reported clinical
outcomes in this setting as well [29-34]. Again, in the single-arm and retrospective
setting, proton beam therapy appears to hold great promise for improving the stan-
dard of care in definitive treatment. For example, investigators from Japan [35]
retrospectively studied 57 patients with stage IIl NSCLC treated with PBT, none of
whom had received concurrent chemotherapy. A median dose of 74 Gy(RBE) was
administered (range 50-85 GY(RBE)) in 2-Gy(RBE) fractions (range
2-6.6 Gy(RBE)). One- and two-year OS rates were 65.5 and 39.4%. After a median
follow-up interval of 22 months (for surviving patients), 2-year progression-free
survival (PFS) and local control rates were 24.9 and 64.1%. Distant metastasis was
the most common site of initial recurrence. In a phase II study by investigators at
MD Anderson Cancer Center, [36] the authors reported outcomes with passively
scattered PBT and concomitant chemotherapy (weekly carboplatin and paclitaxel)
for 44 patients with unresectable stage III NSCLC. One-year OS and PFS rates
were 86 and 63%, and the median OS time was 29.4. In this trial, the most common
sites of recurrence were distantly (19 patients, 43%) and isolated local failures (4
patients, 9.1%). This cohort was then expanded to 84 patients by Xiang et al. [37].
In this subsequent study, the median OS time was 29.9 months, and the 3-year OS
rate was 37.2%. Three-year local recurrence-free survival, distant metastasis-free
survival, and a PFS rates were 34.8%, 35.4%, and 31.2%, respectively.

These outcomes compare favorably to prior studies of concurrent chemoradia-
tion in locally advanced NSCLC, particularly the OS rate of almost 30 months.
There are several possible reasons for these excellent outcomes, including improved
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patient selection, a higher tumor dose leading to improved disease control, and a
direct correlation of reduced normal tissue dose and decreased toxicity. However,
the premise of clinical superiority with protons versus photon techniques requires
rigorous testing through randomized trials. Indeed, MD Anderson Cancer Center
and Massachusetts General Hospital conducted a phase II Bayesian randomized
trial of intensity-modulated radiation therapy versus passive scattering proton beam
therapy for locally advanced lung cancer. In this trial, 149 patients with locally
advanced disease were randomized to one of these two techniques at a dose of
60-74 Gy(RBE), with each patient receiving the highest dose level that could be
achieved within this range without exceeding critical dose constraints. The two co-
primary endpoints were local recurrence and Grade 3 or higher radiation pneumo-
nitis. The authors found no difference in either co-primary endpoint (or when put
together) between the modalities [38]. Currently, the two modalities are being tested
in a larger phase III study, with OS as the primary endpoint (RTOG 1308,
NCTO01993810).

12.7 Discussion and Future Directions

Motion management in IMPT for lung cancer is of critical importance because of
the sensitivity of the proton beam to the path length change induced by respiratory
motion and the anatomy change over time. Currently most patients treated with
IMPT are treated with free-breathing technique. However, due to concerns of the
motion induced uncertainty, the range of the acceptable respiratory motion is usu-
ally limited. One of the reports limits the respiratory motion range to <5 mm [21,
25]. Advanced motion management techniques are being developed to make IMPT
available to more patients. For example, real-time gated proton beam therapy
(RGPT) system was recently developed to deliver gated treatment with high effi-
ciency [39]. Another major concern for IMPT in lung cancer is the anatomy change
over time. It has been demonstrated that adaptive therapy is necessary for a large
proportion of IMPT lung cancer patients even with robustness optimization, and
therefore repeating imaging and adaptive therapy is mandatory [24, 25, 40]. It is
highly desirable to investigate techniques to reduce the need of or improve the effi-
ciency of adaptive therapy for IMPT.

From a clinical outcomes standpoint, prior studies have demonstrated feasibility
with respect to producing similar, if not improved, results when compared to
photon-based techniques. When examining early versus locally advanced stages of
disease, the most promising outcomes have been generated in the locally advanced
setting, where dose constraints are more difficult to meet and locoregional failures
can be as high as 50%. Disappointingly, after apparent superiority to 3D-CRT in
dosimetric, retrospective, and prospective trials, the only reported prospective ran-
domized comparative effectiveness trial demonstrated no difference in either toxic-
ity or local control. The investigators of that trial have outlined several potential
reasons for this lack of benefit, including the treatment of all patients with 3D plan-
ning techniques (rather than IMPT), as well as the fact that adequate proton delivery
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likely requires a learning curve, a premise that was supported by the results of this
trial. And indeed, this concept is being further tested in an ongoing cooperative
group trial, with OS as the primary endpoint. However, given these negative results,
it is clear that the threshold for justification of proton beam therapy in “all comers”
has been elevated. Therefore, future trials are likely to focus on appropriate patient
selection, as well as novel delivery techniques such as spot-scanning proton arc
(SPArc) therapy [41] and dynamic collimation [42], which could offer robust deliv-
ery with further reduce dose to OARs.
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13.1 Introduction

Worldwide, esophageal cancer (EC) is the sixth leading cause of death and is
responsible for over 400,000 cases (4.9%) [1]. It is notable that the incidence differs
greatly, depending on the region of the world. The highest incidence is in the Asian
and Middle Eastern countries [2]. In most Western countries, such as in the United
States, adenocarcinoma has eclipsed squamous cell carcinoma as the predominant
histologic type and usually afflicts white males. In contrast, squamous cell carci-
noma is mostly related to smoking and alcoholism in Asia and Middle Eastern coun-
tries. In addition, adenocarcinoma is largely related to the growing epidemic of
obesity in the western and other developed countries and the associated reflux
esophagitis and Barrett’s pre-neoplasia that result [3].

Since surgical resection with or without adjuvant therapy is the standard
approach, with cure rates that are approximately 20%, preoperative chemoradiation
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is now increasingly being adopted due to the evidence showing an improvement in
overall survival compared to surgery alone. The largest of the published randomized
trials performed in the modern era was the phase III randomized study from the
Dutch group, in which 366 evaluable patients were randomized to surgery vs. pre-
operative chemoradiation to 41.4 Gy with carboplatin and paclitaxel [4]. Notably,
there was a significantly improved median OS in the preoperative group of
49.4 months vs. 24.0 months in the surgery alone group. The pathologic complete
response (pCR) in the preoperative chemoradiation group was overall 29%. The
pCR rate of squamous cell carcinoma was higher compared to adenocarcinoma
(49% vs. 23%, p = 0.008), which also translated to an improved overall survival
difference of chemoradiation relative to surgery alone in squamous tumors relative
to adenocarcinomas (adjusted HR 0.42 (0.23-0.79) vs. HR 0.74 (0.54-1.02)).

Due to the location of the disease in the central mediastinum, proton beam ther-
apy (PBT) is ideal for the treatment of EC. That is, mid- and distal esophageal
tumors span posteriorly across the heart and are very close proximity to the left
atrium and anteriorly to the thoracic vertebrae. Dose comparisons with 3D confor-
mal therapy and IMRT will be described further below.

13.2 Simulation, Target Delineation, and Radiation Dose/
Fractionation

Simulation—respiratory motion should be assessed using a four-dimensional (4D)
scan. Note that the esophagus and surrounding structures can move substantially
with respiratory motion, particularly at the GE junction. Patients should ideally be
simulated with their arms above their head, to maximize the number of beam
arrangements that can be used. To improve reproducibility, patients should be
advised to be NPO for at least 3 h prior to the simulation and each daily treatment.

Target delineation—target delineation differs depending on the location of the
tumor within the esophagus. Upper esophagus tumors are defined as those within
the cervical and upper thoracic regions, and lower esophagus tumors are in the mid-
and distal esophagus, including at the GE junction. Siewert type III GE junction
tumors should be managed like gastric cancers, including target delineation.

Upper esophagus tumors—the GTV consists of the gross tumor. The CTV con-
sists of a 3.5 cm margin superiorly-inferiorly and a 1 cm margin laterally, but not
crossing anatomic boundaries (modified for boundaries such as vessels or the bone).
However, for cervical esophagus lesions, the upper margin should be the inferior
border of the cricoid cartilage. The CTV should also include elective treatment of
the supraclavicular fossa bilaterally, even if not involved.

Lower esophagus tumors—the GTV consists of the gross tumor. The CTV con-
sists of a 3.5 cm margin superiorly-inferiorly and a 1 cm margin laterally, but not
crossing anatomic boundaries (modified for boundaries such as vessels or the bone).
The CTV should also include the left gastric lymph nodes for patients with distal
esophagus/GEJ tumors (Siewert type I/II disease). For patients with node-positive
disease, the celiac axis should also be electively covered if not involved.
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With particle therapy, The PTV is only used for recording and reporting purposes
(ICRU 78). The PTV is generated by expanding the CTV with a patient setup mar-
gin, which is 0.5-1.0 cm, based on the image guidance that is available. At our
institution, we utilize daily kV imaging and thus a 0.5 cm PTV margin.

In addition to the PTV, a dosimetric margin is also needed for particle therapy
due to range uncertainties and modulation of beams, which will be described in
more detail in the planning techniques below.

Radiation dose (upper esophagus tumors)—patients with upper esophagus
tumors are less likely to undergo surgery. Therefore, dose escalation above 50.4 Gy
can be considered (50.4-60 Gy in 1.8-2.0 Gy fractions).

Lower esophagus tumors—the standard dose remains 40-50.4 Gy in 1.8-2.0 Gy
fractions. Dose escalation can be considered in the context of a clinical trial.

Upper esophagus tumors Lower esophagus tumors

GTV (with Gross tumor Gross tumor

internal motion)

CTV Cervical—superior to Middle esophagus—superior-inferior
cricoid cartilage, inferior 3.5 cm, lateral 1 cm (respecting anatomical
3.5 cm, lateral 1 cm boundaries), left gastric and celiac lymph
(respecting anatomic nodes not considered unless involved
boundaries), bilateral SCV Distal esophagus/GEJ (Siewert I/1)—
fossa superior-inferior 3.5 cm, lateral 1 cm
Upper thoracic—superior- (respecting anatomical boundaries),
inferior 3.5 cm, lateral 1 cm | routinely electively cover left gastric lymph
(respecting anatomical nodes, celiac nodes in node-positive disease
boundaries) Siewert type IlI—treat like gastric cancer

Patient setup 0.5-1.0 cm—0.5 cm if daily | 0.5-1.0 cm—0.5 cm if daily kV IGRT used

margin kV IGRT used

Prescription dose | 50.4-60 Gy RBE in 40-50.4 Gy RBE in 1.8-2.0 Gy fractions
1.8-2.0 Gy fractions

13.3 Patient Positioning, Immobilization, and Treatment
Verification

Patients should be placed supine and immobilized in a 5-point mask with indexed
head, neck, and shoulder stabilization in patients with cervical tumors.

For patients with thoracic and GEJ tumors, immobilization involves the use of
indexed upper vac-lok/alpha cradle, with bilateral arms up. Vac-lok deflation has to
be monitored.

Isocenter is placed at the carina.

Daily kV imaging should be used for all patients. If available, weekly in-room
volumetric imaging (e.g., cone-beam CT scan or CT on rails) can be obtained
weekly.

Breath-holding and gating techniques are not typically done in esophagus cancer
tumors; however, they have the potential to be used for target motion management.
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Substantial changes in anatomy and/or tumor size during the course of treatment
are rare, and thus adaptive simulations are not routinely scheduled. However, if
daily or weekly imaging shows changes in normal tissue or tumor or if the patient
undergoes a prolonged treatment break, then we do recommend that a verification
CT study be performed as soon as possible.

13.3.1 Passive Scattering PBT Planning

Typically for patients with distal tumors, the beam arrangement is most commonly
posteroanterior (PA) and left lateral oblique (LAO) (Fig. 13.1). However, optimal
beam arrangements are determined on a case-by-case basis, and alternative beam
arrangements can be used. For proximal to mid-esophagus tumors, an anteroposte-
rior (AP) and PA beam arrangement could be considered, exercising caution in the
AP direction because of the range uncertainty into the spinal cord.

For free-breathing treatment, in order to ensure target coverage in all breathing
phases, a planning diaphragm structure is created from the TO to T50 phases of the
4DCT. The density of the diaphragm is then overridden using the average Hounsfield
unit (HU) of the maximum intensity projection (MIP) scan generated from the
4DCT. The treatment plan is then designed with the overridden average CT. This
technique ensures adequate coverage to the distal end of target even with respiratory
motion as shown in Fig. 13.1.

Fig. 13.1 Overriding diaphragm in treatment for esophagus cancer. (a) Left: plan dose calculated
on average CT with diaphragm override. Middle: dose calculated on TO. Right: dose calculated on
T50. (b) Left: aperture design with lateral margin consists of setup margin and dosimetric margin
to account for beam penumbra. Middle: distal (red) and proximal (blue) margins. Right: compensa-
tor design with smearing



13 Esophagus Cancer 215

3DCRT: 4-field static photons; IMRT: 5-field modulated photons; PBT: 2-field passive scatter protons (PA/LPO)

Fig. 13.2 Beam arrangement and dosimetric comparisons of photon (3D or IMRT) and PBT
plans for a distal esophageal tumor

Typical margins for passive proton beam treatment planning were used [5]: aper-
ture design with setup margin and dosimetric margin, beamline design that includes
distal and proximal margins based on beam range to account for range uncertainties,
and compensator design with smear margin to ensure distal target coverage
(Fig. 13.2).

13.3.2 IMPT Treatment Planning

IMPT offers superior dose conformity compared to PSPT, and it delivers less inte-
gral dose than IMRT. However, IMPT is more sensitive to respiratory motion than
PSPT and therefore poses an even larger challenge in implementation of the tech-
nique. This is particularly relevant for distal esophageal tumors.

One way to assess the impact of respiratory motion is to assess the changes of
water equivalent thickness (WET) of the proton beam. A study has shown that the
change in WET is correlated with respiratory motion which generates dose uncer-
tainty for distal esophageal treatment plans [6].

The same study also established that for distal esophagus, the optimal beam
angles range between 150 and 210 degrees, to avoid the diaphragm motion in the
beam path. Typically two to three beams could be used for the plan in this range.

Both single-field optimization (SFO), where each field is optimized to deliver the
prescribed dose to target dose to target volume [7], and IMPT, where all spots from
all fields are optimized simultaneously (Chap. 3), could be used for PBS planning.
In general, IMPT offers more flexibility with more degrees of freedom and could
result in more conformal dose distribution, but IMPT plans are also less robust com-
pared to SFO plans due to the complex dose distribution in each fields. For esopha-
geal tumors, SFO and IMPT plans could achieve similar quality for current dose
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MR-IMPT

Fig. 13.3 Demonstration of benefit of IMPT compared to PSPT and VMAT in distal esophagus
cancer. Note that there are improved conformality and sparing of the surrounding liver, stomach,
heart, and soft tissue

Fig. 13.4 (a) An example a
of a AWET curve created o5
by plotting AWET value
against beam angle. The
solid circles indicate the 20
three beam angles that are
in the approximate range
of the minimum

AWET. These are the
beam angles used in plan 101
A. The open circles -
correspond to the three
beam angles around the . . . . .
maximumm AWET, which 0 50 100 150 200 250 300 350
are the beam angles used

in plan B. (b) Beam Beam angle (°)
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prescription levels, with the exception of slightly elevated spinal cord dose in the
SFO plans but still within 45-50 GY(RBE).

4D treatment planning and robustness optimization could further reduce the
impact of respiratory motion to the dose distribution, but these techniques may not
be readily available [6]. However, active target motion management techniques
such as breath holding could be employed (Figs. 13.3 and 13.4).
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13.4 Dosimetric and Toxicity Comparison

A 3D conformal approach for esophagus cancer introduces relatively higher radia-
tion dose to the heart, especially with an AP beam. IMRT is able to reduce the high-
dose scatter across the heart by placing the entrance dose posteriorly, thereby
subjecting the heart and lung dose to low exit radiation dose. Proton beam further
improves the dosimetric parameters since with the Bragg peak, there is virtually no
exit dose. Therefore, even with only two beams used in passive scattering proton,
there is a substantial reduction in dose to the lung and heart. A number of dosimetric
planning studies have been conducted that have compared proton beam with photon
modalities. In a study comparing photons vs. protons using 3D planning (3DCRT vs.
PSPT) in five patients, improved dosing to the spinal cord, lung, heart, and kidneys
was found, with better tumor control probability by 2—23% units (mean 20%) [8].

The dosimetric benefit described above is also observed when compared to
IMRT plans. This proton vs. photon comparison was done in a study comparing
IMRT to two-field AP/PA or three-field AP/two posterior oblique PSPT field
arrangements in 15 patients [9]. While PSBT substantially reduced the V5-V20,
mean lung dose, and spinal cord dose, the dose-sparing effect was not observed in
the heart. This discrepancy is likely due to the suboptimal beam arrangement that
these earlier experiences reflected, as we recently demonstrated in a planning study
comparing passive scattering proton therapy (PSPT) with IMRT in 55 patients with
mid- to distal ECs to determine the dosimetric or anatomic factors that led to subop-
timal proton dose distribution [10]. Specifically, we identified patients with “subop-
timal” dosimetry compared to IMRT and then attempted to determine whether the
dosimetric characteristics could be improved with alternative approaches. We found
that the primary reasons for suboptimal dosimetry were (1) nonstandard beam
arrangements such as AP/PA or AP/PA/left lateral approach, (2) 1:1 beam weighting
of the left lateral/PA beam, and/or (3) unique patient anatomy such as the CTV
wrapping around the heart.

Clinically, our institution has also compared toxicity in PBT vs. photon tech-
niques, both from a dosimetric and clinical outcome standpoint [11]. During this
period, 208, 164, and 72 patients were treated with 3D, IMRT, or PSBT, respec-
tively. With regard to comparative dosimetry, significant differences were appreci-
ated between each of the modalities, particularly for PBT as compared to the other
modalities.

We also evaluated the incidence of postoperative pulmonary, cardiac, wound,
and gastrointestinal (GI) complications in 444 patients treated with neoadjuvant
chemoradiation from 1998 to 2011. On univariate analysis, a number of factors
predicted for adverse events, but the radiation modality used was only associated
with pulmonary and GI complications. On multivariate analysis, only radiation
modality and pre-radiation diffusion capacity of the lung for carbon monoxide
(D1co) were independently associated with pulmonary complications. With regard
to GI complications, radiation modality trended toward statistical significance
between the two techniques, with protons having a slightly improved incidence of
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these adverse events. When the three radiation modalities were compared, there was
a significant increase in pulmonary complications of 3D vs. IMRT (odds ratio [OR],
4.10; 95% confidence interval [CI] 1.37-12.29) or 3D vs. PBT (OR 9.13; 95% ClI,
1.83-45.42), but there was no difference in IMRT vs. PBT after adjusting for the
pre-radiation Dy ¢ level (OR 2.23; 95% CI, 0.86-5.76) [11].

Investigators from the University of Pennsylvania recently published a prospec-
tive study of 14 patients who received PSPT for recurrent esophagus cancer over a
15-year period at their institution, to assess the outcomes and toxicity of this
approach. The authors reported one grade 5 toxicity, an esophagopleural fistula that
may have been related to tumor progression, as well as four grade 3 toxicities: heart
failure, esophageal stricture, esophageal ulceration, and percutaneous endoscopic
gastrostomy tube dependence. The median OS time was 14 months, leading the
authors to conclude that this approach has an “encouraging” symptom control rate
and “favorable” survival [12].

The utility of PBT (passive scattering or IMPT) vs. photon (IMRT) techniques
should be further evaluated in prospective, randomized trials. MD Anderson Cancer
Center is currently leading a phase IIB randomized study comparing these
approaches (NCT01512589), with the co-primary endpoints being total toxicity
burden and disease-free survival. Anticipated accrual is 180 patients, with approxi-
mately 50% accrual at the time of this publication.

13.5 Future Developments

Substantial progress has been made with regard to proton therapy in esophagus
cancer over the past decade. Dosimetry has been compared to IMRT and 3DCRT,
optimal beam arrangements have been defined, planning techniques have been
refined, IMPT has been implemented, and comparative effectiveness studies have
been initiated. The next 10-20 years will likely involve further refinement of IMPT
in this setting, along with the standardization of planning approaches. The identifi-
cation of appropriate patients for this approach will also be critical, and one sub-
stantial benefit from the completion of ongoing randomized studies will be to
determine the subsets of patients that derive the greatest clinical benefit from the
utilization of proton therapy. Ideally, this approach will be possible in an increasing
number of patients with limited treatment options, such as those with in-field local
failures. Finally, imaging studies will enhance our understanding of the differences
between proton and photon techniques in the context of both tumor response and
toxicity. Fields such as radiomics in combination with sensitive imaging modalities
(MRI, PET) will improve our comprehension of the early effects of protons and
whether these can be predictive and prognostic of ultimate outcomes.
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Carbon ion radiation therapy (CIRT) facilities are available in Japan, Germany, and
China. The National Institute of Radiological Science (NIRS) and Hyogo Ion Beam
Medical Center (HIBMC), both institutions in Japan, have used CIRT to treat hepato-
cellular carcinoma (HCC) patients, and Heidelberg Ion Beam Therapy Center (HIT)
in Germany has treated a limited number of patients. The outcomes of CIRT for HCC
have been very encouraging. Shanghai Proton and Heavy Ion Center (SPHIC) has
been using CIRT for HCC since 2014. In this section, we will address CIRT for HCC.
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14.1 Physical Dose Distribution Comparison Between Proton
and Carbon lon

Similar to protons, the carbon ion beam possesses the same characteristics of physi-
cal dose distribution, such as the “Bragg peak’’; however, compared to protons, the
carbon ion “Bragg peak” is much steeper and the width narrower. In scan beam
facilities, a ripple filter has to be used to widen the “Bragg peak” in order to decrease
the number of scanned layers. In addition, the dose behind the “Bragg peak,” called
fragment tail dose, is slightly higher than that of proton dose tail. In other words, the
carbon ion dose behind the “Bragg peak™ is slightly larger than for protons
(Fig. 14.1). Furthermore, the lateral penumbra of the carbon ion beam is smaller
than that of the proton beam (Fig. 14.2). As a result, the carbon ion beam can deliver
less dose to organs at risk (OARs), which are located laterally at the axis of the beam
direction, but slightly more dose to OARs behind the target.

14.1.1 Hepatic Radiation Injury and Proliferation

For HCC irradiation, it is the consensus that the dose to uninvolved healthy
liver is critical for the success of the radiotherapy. The most severe radiation
complication is radiation-induced liver disease (RILD). Once RILD occurs,
over 70% of patients will die of this fatal complication. Therefore the priority
in HCC irradiation is to prevent RILD in these patients. Unfortunately, the
majority of HCC patients are associated with hepatic cirrhosis, which is
induced by hepatitis B virus in Asia, or in the western countries by hepatitis C,
or alcohol abuse. Therefore, keeping the radiation dose as low as possible to
the normal liver is the first priority when an HCC radiation plan is designed.
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From previous photon experience reported in the literature for HCC irradiation,
the mean dose to normal liver, defined as the whole liver volume minus GTYV,
is one of the most important parameters [1, 2]. After radiation-induced liver
injury, the remaining healthy liver can be stimulated to repopulate significantly
and could compensate for the lost hepatic function, which means the capability
to proliferate in remaining healthy liver is also important in HCC irradiation.
From animal studies on the liver, it was found that proliferation occurs after
irradiation injury [3, 4, 5]:

(1) Unirradiated liver possessed a very strong capability to proliferate after hepatic
radiation injury.

(2) The liver with low-dose irradiation also had the capability to proliferate, but the
liver receiving higher dose had poorer capability to proliferate.

(3) The cirrhotic liver induced by chemicals could also repopulate, but its capabil-
ity would be poorer than the normal liver [6].

However, in the clinic, it is very difficult to predict the hepatic capability of pro-
liferation after different irradiation doses to different scales of cirrhosis at the cur-
rent time. Therefore, a strategy should be to keep a part of the healthy liver totally
unirradiated, the unirradiated healthy liver volume as much as possible, and the dose
to healthy liver as low as possible. From the above considerations, protons and
CIRT are superior to IMRT.

14.1.2 Clinical Relevance
Dose comparisons has been evaluated for three plans of therapy, photon intensity-

modulated radiation therapy (IMRT), intensity-modulated proton therapy (IMPT),
or intensity-modulated carbon ion therapy (IMCT), for each of eight HCC patients,
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Fig. 14.3 Dose
distribution comparison in
a typical hepatocellular
carcinoma patient. (a)
Photon IMRT, (b) proton,
and (c) carbon ion; (d)
dose volume histogram for
the target (ITV) (brown
line), liver (green line),
right kidney (pink line),
and stomach (blue line).
The ITV coverage, liver
mean dose, kidney mean
dose, and stomach
maximum dose were
93.6%, 16.71 GyE, 0.20
GyE, and 1.60 GyE for
proton; 90.3%, 15.23 GyE,
0.01 GyE, and 9.75 GyE
for carbon ion; and 98.7%,
21.35 Gy, 4.84 Gy, and
19.57 Gy for photon IMRT,
respectively
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Table 14.1 Comparison of doses to the liver, right kidney, and stomach using IMRT, proton, and
carbon ion beam from eight hepatocellular carcinomas

Dose parameter Photon Proton Carbon

ITV coverage (V95%) 99.8+£3.2 99.6 +4.8 99.9 3.7
Liver

Mean dose (GyE) 123.17 = 4.30% 117.00 + 2.92* | 15.49 = 2.62°
Kidney

Mean dose (GyE) 15.91+10.7* 12.84 + 8.46% 12.00 +9.41°
Stomach

Max dose (GyE) 129.92 + 7.10%* 12.61 £ 13.55% 110.03 = 12.79%

ttest: * vs. #, p=0.00; * vs. $, p = 0.00; # vs. $, p=0.01; + vs. &, p = 0.02; + vs. =, p = 0.01; ##
vs. $$, p=0.01
For all other comparisons between two parameters, p were >0.05

who were finally irradiated with CIRT in our center. Figure 14.3 shows the dose
distributions from one of the eight HCC patients irradiated by IMRT, proton
beam, and carbon ion beam. Table 14.1 summarizes the doses to the tumor, liver,
right kidney, and stomach from 8 HCC patients. To produce the same target cover-
age (95% of ITV covered by 95% of prescribed dose), proton and carbon ion
beams deliver lower doses to the kidney and liver compared to IMRT for the same
patient. Moreover, carbon ion beam delivers lower doses to the kidney and liver
compared to protons because of smaller penumbra. However, due to the tail dose
behind “Bragg peak,” the stomach located distal to the target receives slightly
higher dose with carbon ions compared to protons. Overall, CIRT has been shown
to be more advantageous compared to protons with lower mean dose to the normal
liver, which is the most important issue to reduce the hepatic toxicity, although the
dose to stomach is slightly higher, which is likely negligible and will not produce
stomach toxicity.

Because of the sharper penumbra of the carbon ion beam (Fig. 14.2), CIRT is
more suitable for HCC patients if the tumor is located close to the gastrointestinal
(GI) tract. Figure 14.4 demonstrates the dose distributions of proton and carbon ion
treatment plans in one HCC patient. The lesion was close to duodenum, and the
colon was embedded in the concave target. The dose volume histogram (DVH) in
Fig. 14.4c shows that the doses delivered to the duodenum and colon by CIRT were
lower than that by protons.

14.2 Radiobiological Effect Comparison Between Protons
and Carbon lons [7, 8, 9]

The biological effect of protons is a little higher than ®*Cobalt with relative radiobio-
logical effect (RBE) of 1.0-1.1, but the carbon ion is different from proton. The
RBE depends on beam LET. The LET of carbon ion is mixed with low LET in the
entrance plateau dose and high LET in the area of the “Bragg peak.” From preclini-
cal experiments, it has been shown that 70% of DNA damage is the result of DNA



226 Z.Wang et al.

% Carbon ion

Proton

{4

Dose Volume Histogram

& — Carbon ion-EFF... - Proton-EFFECTIl...
Select ltem
® ]
£ 1
g 1
(_3) 80.00] Colorl (r.ed) :
> i Solid line: Carbon ion
13 Dotted line: Proton
—}i—Duodenum (pink)
4 Solid line: Carbon ion
% Dotted line: Proton
40.00]

20 ki k | { TSR S R | l T=T 0 | LI B B | ' LI B
0 40.00 80.00
Dose in GyE

o
bJIIIlIII!I

Fig. 14.4 Dose distribution for a hepatocellular carcinoma located close to the duodenum (pink
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double strand breaks at the carbon ion Bragg peak. The group at the Heidelberg Ion
Beam Therapy Center (HIT) in Germany performed colony formation assays in four
HCC cell lines (HepG2, HuH7, Hep3B, and PLC) and found RBEs in the range of
2.1-3.3 compared with photons. From cell survival data, - and #-values were cal-
culated by linear-quadratic model. As shown in Table 14.2, a-values of carbon ion



14 Carbon lon Radiation Therapy for Liver Tumors

227

Table 14.2 - and f-values from colony formation assay for four hepatocellular carcinoma cell

lines
Cell line
Beam Parameter HepG2 Hep3B HuH7 PLC
Photons a 0.1482 0.3966 0.2973 0.3817
B 0.0927 0.02301 0.03963 0.01244
Caron ion a 1.733 0.8659 1.892 1.531
B —0.1685 0.4962 -0.1272 —-0.07204

Adapted from Habermehl D [10]

increased, and f-values of carbon ion decreased for all four cell lines, indicating that
the loading of lethal damage increased and the sublethal damage decreased. The
change of a- and f-values implies that CIRT yields more DNA double-strand breaks
than photon [10]. However, in the entrance dose area, the RBE is a little higher than
1. Moreover, cell kill from carbon ions at the depth of the “Bragg peak” does not
rely on the presence of oxygen [11]. Thus, hypoxic tumor cells can be killed effec-
tively and the oxygen enhance ratio (OER) decreased to 1.5-2. Overall, carbon ions
have much stronger cell killing effects than photons and protons for X-ray-resistant
tumor cells, including S and G, phase cells, hypoxic cells, and intrinsically resistant
tumor cells. At the time of diagnosis, the majority of HCCs are large in size and
likely contain a large proportion of hypoxic tumor cells. Therefore, use of CIRT
may potentially further improve the local control of HCC, especially for large HCCs
with a significant necrotic component.

14.3 The Technical Challenges in CIRT for HCC
14.3.1 Target Motion Control

There are several ways to control for motion of liver tumors including active
breathing control (ABC) and abdominal compression. Additionally, respiratory
gating devices have also been used to control for target motion in particle therapy.
The Anzai respiratory gating system, a Japanese product, has been used in Japan
and many other centers for protons and carbon ion therapy. The patient’s breathing
pattern is monitored by a pressure sensor mounted on a belt, which is fastened to
the patient’s abdomen. When radiation is being delivered, Anzai continues to mon-
itor the patient’s breathing phases and automatically sends signals to the synchro-
tron to trigger the ion beam on and off according to a predetermined gating window.
The patient should be trained well to cooperate with Anzai and to keep a regular
breathing rate. Before starting Anzai gated irradiation, we monitor the patient’s
respiratory pattern using an online X-ray fluoroscopic imaging system in our treat-
ment room to make sure that the breathing amplitude and rate detected by Anzai
correspond to the internal target motion. It is critical to ensure synchronization
between breathing and internal target motion. In our practice, monthly quality
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assurance for the Anzai device and good training of the patient can ensure optimal
Anzai gating matching.

In order to decrease irradiation to the healthy liver, a narrow gating window
should be chosen. From 4D-CT images, the gating window is selected, typically at
the end of exhalation phase, e.g., from 40% of exhalation to 40% of inhalation, which
provides a dose delivery time of 2-3 s. The ITV is formed by fusing CTVs at 40%
exhalation, at end exhalation, and at 40% inhalation. When choosing the gating win-
dow, it is important to account for the interplay effect in the pencil beam scanning
approach (detailed below). This experiment simulates the moving target in a phan-
tom. A number of films were placed in a moving target to measure the target dose
homogeneity. The target dose homogeneity becomes worse with increasing target
motion range. However, the homogeneity was acceptable until the target motion
reached 5.9 mm. Finally, we decided that the residual target motion in the gating
window should be <5 mm for daily practice (Huang ZJ, et al. unpublished data).

14.3.2 The Interplay Effect: Rescanning

The technique of pencil beam scanning is the best way to deliver dose uniformly
and conformally and sufficiently to protect OARs. However, it presents a great chal-
lenge for moving targets because of the so-called interplay effect, which introduces
dose delivery uncertainty with poor dose homogeneity. To deal with the interplay
effect, a beam rescanning technique was explored.

Mori in NIRS developed the rescanning approach for pencil beam scanning of
carbon ion therapy, layered phase-controlled rescanning (PCR), and evaluated dose
distribution simulated for various numbers of PCR for 30 liver cancers. It was found
that PCR provided satisfactory dose homogeneity to the target. The homogeneity
index (HI) decreased from 4.6 + 1.2 (ungated) and 2.9 + 1.5 (gated) to 0.5 + 0.9
(ungated) and 1.2 = 0.6 (gated), respectively, after eight rounds of PCR. In other
words, a rescanning approach improved dose homogeneity, which partly accounted
for the interplay effect. When the rescanning approach was used in combination
with respiratory gating, HI was further improved as shown above [12].

Because it is nearly impossible to align the patient’s breathing pattern with the
simulation 4D-CT, Mori further studied irregular breathing. They designed a gating
plan based on the first breath phase but calculated the target dose delivered by eight
PCR on the irregular breathing pattern from real respiratory patterns in ten HCC
patients. The study showed that D95 (lowest dose encompassing 95% of CTV) from
the irregular breath treatment was 97.6 + 0.5% and D95 from the planning dose was
98.5 = 0.4%. Dmax/Dmin within the CTV was 1.6 + 0.6% from the irregular breath
treatment and 0.7 £ 0.2% from the planning. The above deviations can be consid-
ered acceptable. Therefore, the rescanning technique could possibly resolve the
negative interplay effect for the moving target, even under irregular breathing [13].

Sometimes, PCR could not be completed within a single gating window due to
the particular irradiation specifications, such as a large layer size, in which case the
iso-energy layer has to be completed using the next gating window. In these
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situations, the effect of rescanning is effectively nullified. NIRS proposed that the
dose rate was adjusted to irradiate the number of rescans within multiple gating
windows repeatedly until the total prescribed dose was given within a single gating
window [14].

To deal with the interplay effect, another method to increase the scanning spot
was proposed by GSI and HIT in Germany. They performed 4D dose calculation for
treatment plans with variable beam parameters, including lateral raster spacing,
beam spot (full width at half maximum), iso-energy slice spacing, and gating win-
dow. The assessed dosimetric parameters were under- and overdose, dose homoge-
neity, and DVH. Their study concluded that an increased beam spot size/lateral
raster spacing could significantly mitigate the dose heterogeneities induced by the
interplay effect [15].

14.4 Clinical Results for Application of CIRT for HCC

NIRS is the first hospital to treat HCC with CIRT in the world. Since 1995, they
have carried out a series of prospective clinical trials to find the optimal dose and
fractionation of CIRT for HCC. In 2004, they reported the results of 24 HCC treated
by CIRT as part of a dose escalation study. The doses were given in 15 fractions
over 5 weeks. During a median follow-up of 71 months, no severe adverse effects
and no treatment-related deaths occurred. The local control (LC) and overall sur-
vival (OS) rates were 92% and 92%, 81% and 50%, and 81% and 25% at 1 year, 3
years and 5 years, respectively [16]. In 2010, they again reported on 64 HCCs irradi-
ated with carbon ion to 52.8 GyE in four fractions. The 5-year OS and LC were
22.2% and 87.8% in HCC close to the porta hepatis and 34.8% and 95.7% in HCC
distant from the hepatis, respectively. No patients developed biliary stricture [17]. In
their book Carbon lon Radiotherapy published in 2014, they reported on 133 HCC
treated by CIRT with two fractions. 92% of patients were Child-Pugh A and 8%
Child-Pugh B, and 87% were UICC stage 1-2 and 23% of stage Illa and I'Va. The
median maximum tumor diameter was 42 mm (14—140 mm). The carbon ion dose
ranged from 32 GyE to 45 GyE in two fractions. Acute toxicity was slight with only
four cases of grade 3 hepatic toxicity and no other grade 3 and grade 4-5 toxicity,
including late toxicity. For the higher-dose group (45.0 GyE) and the lower-dose
group (£42.8 GyE), the LC rates were 98% and 90% at 1 year and 83% and 76% at
3 years, respectively. The OS rates were 95% and 96% at 1 year and 71% and 59%
at 3 years in the higher-dose group (45.0 GyE) and the lower-dose group
(£42.8 GyE), respectively [18, 19].

HIBMC reported on the treatment of HCC patients with protons or carbon ion
beams. There were 242 HCC patients irradiated with protons to 52.8-84.0 GyE in
4-38 fractions and 101 HCC patients treated with carbon ions to 52.8-76.0 GyE in
4-20 fractions. The 5-year LC and OS rates for all patients were 90.8% and 38.2%,
respectively. The 5-year LC rates were 90.2% and 93%, and the 5-year OS were
38% and 36.3%, respectively, for proton and carbon ion. No patients died of
treatment-related toxicities [20].
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Heidelberg Ion Therapy Center (HIT) in Germany published their protocol of a
dose escalation study of carbon RT for HCC in 2011. They planned to give a treat-
ment scheme of 40-56 GyE with fraction size of 10-14 GyE [21]. In 2013, they
reported the preliminary results of six patients from the first dose level (40 GyE in
10 fractions). No severe adverse events occurred, and the LC rate was 100% with a
median follow-up time of 11 months [22].

14.5 Practice in Shanghai Proton and Heavy lon Center
for HCC

In our center, the treatment strategies for technically unresectable and medically
inoperable HCC include the use of combined transcatheter arterial chemoemboliza-
tion (TACE) and particle irradiation, including proton, CIRT, or combination of
proton and CIRT. Particle irradiation should be started after 2—4 cycles of TACE. The
advantage of TACE prior to irradiation includes the following: (1) subclinical intra-
hepatic spreading could be detected by arteriography and injected iodine, (2) arteri-
ography and the deposited iodine aid in contouring GTV margin, and (3) the
deposited iodine also serves as a marker for image-guided radiation. The interval
between TACE and particle irradiation should be at least 1 month based on our
experience. More cycles of TACE can be considered after particle therapy, if patients
can tolerate it. Anti-hepatitis virus agent is strongly recommended before, during,
and after particle therapy for HCC associated with hepatitis.

Management of target motion with ABC involves a breath hold after deep inspi-
ration. However, the deviation of reproducibility of the target position under ABC
should be added to form an ITV. If the patient cannot cooperate with ABC, the
patient can be trained for Anzai gating. The residual motion in the gating window is
limited to less than 5 mm. When both above methods fail, abdominal compression
can be used, but still the residual tumor motion should be less than 5 mm after
abdominal compression.

For accurate delineation of GTV, the necessary images include arteriography CT
with oral GI contrast, MRI with contrast, and PET/CT. To measure target motion, a
4D-CT is needed for patients with Anzai gating and abdominal compression, and the
target reproducibility should be evaluated by fluoroscopy in a conventional simulator.

14.5.1 Target Volume
The definitions for the target are:

(1) GTV includes the gross tumor shown on images.

(2) CTV includes an extra margin of 5 mm added to GTV.

(3) ITV includes CTV plus appropriate margin depending on the deviation of target
reproducibility for ABC, the fused CTVs from Anzai gating windows, or the
fused CTVs from the end of inhalation and the end of exhalation for abdominal
compression.
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(4) PTV includes 3—5 mm added to ITV with additional margin in the beam axis
directions.

The deposited iodine inside tumor should be overridden with soft tissue density
before dose calculation.

The deposited iodine inside the tumor can be used for image guidance. When no
iodine is deposited, insertion of fiducials is necessary adjacent to the tumor. After
the patient is set up, two orthogonal films by kilovoltage X-ray are taken for position
verification.

14.5.2 Verification

Several verification steps are undertaken before treatment. First, it is mandatory to
have the plan verified by a group of 24 ion chambers in a water phantom prior to
implementing CIRT. Moreover, immediately after irradiation, the patient is moved
to PET/CT for PET scanning, and it is scanned on a flatbed table, in the same posi-
tion as treatment with immobilization device. Figure 14.5 shows a PET image taken
about 10 min after completion of 10 GyE of CIRT in an HCC patient. The verifica-
tion performed in vivo only involved a geometric dose distribution, not a real bio-
logical dose distribution.

For CIRT fractionation, although Japanese data showed the optimal dose for
controlling HCC, we are not able to implement this directly from their experience
because of the different biological models used to convert the physical dose to
biological dose. In Japan, the microdosimetric kinetic model (MKM) is used,

Fig. 14.5 PET image after 10 GyE of carbon ion irradiation for a hepatocellular carcinoma. (a)
Biological dose distribution: thick red line, GTV; thin red line, 10 GyE. (b) PET image taken
10 min after 10 GyE of carbon ion
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whereas, the local effect model (LEM) is used in HIT and our center. The same
physical doses are converted to different biological doses by MKM and LEM [23,
24]. Therefore, the biological dose equivalent to ®*Cobalt (GyE) is really not equal
using the two methods. We have carried out a dose escalation study again to find
the appropriate dose/fractionation in SPHIC. Our aim is to deliver dose of BED,
of 100.

The following data are still under investigation in SPHIC. They are experimental
and need to be confirmed. We would like to warn the readers to be very cautious in
citing them for their practice.

The investigated fractionations for HCC were 5.5-6.5 GyE per fraction for ten
fractions in 2 weeks for HCC > 5 mm away from the GI tract and for tumors within
5 mm from the GI tract the combined proton of 50 GyE in 25 fractions and carbon
ion of 15 GyE in five fractions until proton of 18 GyE in nine fractions and carbon
ion of 45 GyE in 15 fractions.

For OAR dose constrains in CIRT for HCC, there has not been any clear data
published yet in the literature. Our OAR dose constraints for 5.5-6.5 GyE/fraction
are listed in Table 14.3, which are based on photon stereotactic body radiation
(SBRT). Table 14.4 is for conventional fraction (2-3 GyE/fraction).

Table 14.3 OAR dose constrains for tumor located > 5 mm away from the GI tract with 5.5—
6.5 GyE per fraction

Liver Normal liver volume of >700 mL, mean dose to normal liver* <15 GyE,
V21 <33%, V15 < 50%
‘When normal liver volume of <700 mL, V17 < 70%

Kidney Mean dose <12 GyE, V15 <33%

Spinal cord Maximum <27 GyE

Stomach Maximum <32 GyE, V21 <5 cm?®

Duodenum Maximum <33 GyE

Small bowel Maximum <34 GyE

Colon Maximum <36 GyE

“Whole liver volume—GTV

Table 14.4 OAR dose constrains for tumors located <5 mm away from the GI tract with 2-3 GyE/
fraction

Liver Liver without cirrhosis, mean dose to normal liver* <30 GyE; liver with
cirrhosis (Child-Pugh A), mean dose to normal liver <23 GyE
Stomach V58 GyE < 0.03 mL; V50GyE < 5 mL; V45 GyE < 30 mL

Duodenum V59 GyE < 0.03 mL; V56GyE < 5 mL; V45 GyE < 30 mL

Small bowel | V58 GyE < 0.03 mL; V50GyE < 10 mL; V45 GyE < 30 mL

Kidney Single kidney, V18 < 80%; both kidneys, one >20 GyE and the other V18 < 10%
Spinal cord Maximal <45 GyE, PRV V50 GyE < 1%

“Whole liver volume—GTV
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Conclusion

(1) The clinical outcomes obtained with CIRT for HCC recently are
encouraging.

(2) The technique of pencil beam scanning to treat HCC in CIRT needs further
development.

(3) The optimal dose fractionation of CIRT for HCC and dose constraints for
OARSs should be further investigated based on biological models.

(4) CIRT to treat HCC is not yet in a fully mature stage and requires more evi-
dence from clinical data.

References

12.

13.

14.

15.

. Liang SX, Zhu XD, Xu ZY, et al. Radiation-induced liver disease in three-dimensional con-

formal radiation therapy for primary liver carcinoma: the risk factors and hepatic radiation
tolerance. Int J Radiat Oncol Biol Phys. 2006;65(2):426-34.

. XuZY, Liang SX, Zhu J, et al. Prediction of radiation-induced liver disease by Lyman normal-

tissue complication probability model in three-dimensional conformal radiation therapy for
primary liver carcinoma. Int J Radiat Oncol Biol Phys. 2006;65(1):189-95.

. Zhao JD, Jiang GL, Hu WG, et al. Hepatocyte regeneration after partial liver irradiation in rats.

Exp Toxicol Pathol. 2009;61(5):511-8.

. Ren ZG, Zhao JD, Gu K, et al. Hepatic proliferation after partial liver irradiation in rat. Mol

Biol Rep. 2012;39(4):3829-36.

. GuK, Lai ST, Ma NY, et al. Hepatic regeneration after sublethal partial liver irradiation in cir-

rhotic rats. J Radiat Res (Tokyo). 2011;52(5):582-91.

. Gu K, Zhao JD, Ren ZG, et al. A natural process of cirrhosis resolution and decelera-

tion of liver regeneration after thioacetamide withdrawal in a rat model. Mol Biol Rep.
2011;38(3):1687-96.

. Fokas E, Kraft G, An H, Engenhart-Cabillic R. Ion beam radiobiology and cancer: time to

update ourselves. Biochim Biophys Acta. 1796;2009:216-29.

. Allen C, Borak TB, Tsujii H, et al. Heavy charged particle radiobiology: using enhanced

biological effectiveness and improved beam focusing to advance cancer therapy. Mutat Res.
2011;711:150-7.

. Furusawa Y. The characteristics of carbon ion radiotherapy. In: Tsujii H, Kamada T, Shirai

T, Noda K, Tsuji H, Karawawa K, editors. Carbon ion radiotherapy. Japan: Springer; 2014.
p. 25-317.

. Habermehl D, Ilicic K, Dehne S, et al. The relative biological effectiveness for carbon and

oxygen ion beams using the raster-scanning technique in hepatocellular carcinoma cell lines.
PLoS One. 2014;9(12):e113591.

. Bassler N, Toftegaard J, Luhr A, et al. LET-painting increases tumor control probability in

hypoxic tumors. Acta Oncol. 2014;53:25-32.

Mori S, Zenklusen S, Inaniwa T, et al. Conformity and robustness of gated rescanned carbon
ion pencil beam scanning of liver tumors at NIRS. Radiother Oncol. 2014;111:431-6.

Mori S, Inaniwa T, Furukawa T, et al. Amplitude-based gated phase-controlled rescanning in
carbon-ion scanning beam treatment planning under irregular breathing conditions using lung
and liver 4DCTs. J Radiat Res. 2014;55:948-58.

Ogata S, Mori S, Yasuda S. Extended phase-correlated rescanning irradiation to improve dose
homogeneity in carbon-ion beam liver treatment. Phys Med Biol. 2014;59:5091-9.

Richter D, Graeff C, Jakel O, et al. Residual motion mitigation in scanned carbon ion beam
therapy of liver tumors using enlarged pencil beam overlap. Radiother Oncol. 2014;113:290-5.



234

Z.Wang et al.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Kato H, Tsujii H, Miyamoto T, et al. Results of the first prospective study of carbon ion
radiotherapy for hepatocellular carcinoma with liver cirrhosis. Int J Radiat Oncol Biol Phys.
2004;59(5):1468-76.

Imada H, Kato H, Yasuda S, et al. Conparison of efficacy and toxicity of short-course carbon
ion radiotherapy for hepatocellular carcinoma depending on their proximity to the porta hepa-
tis. Radiother Oncol. 2010;96:231-5.

Tsujii H, Kamada T, Shirai T, et al. Carbon-ion radiotherapy: principles, practices, and treat-
ment planning. Japan: Springer; 2014. p. 213-8.

Imada H, Kato H, Yasuda S, et al. Compensatory enlargement of the liver after treatment of
hepatocellular carcinoma with carbon ion radiotherapy - relation to prognosis and liver func-
tion. Radiother Oncol. 2010;96:236-42.

Komatsu S, Fukumoto T, Demizu Y, et al. Clinical results and risk factors of proton and carbon
ion therapy for hepatocellular carcinoma. Cancer. 2011;117(21):4890-904.

Combs SE, Habermehl D, Ganten T, et al. Phase I study evaluating the treatment of patients
with hepatocellular carcinoma (HCC) with carbon ion radiotherapy: the PROMETHEUS-01
trail. BMC Cancer. 2011;11:67.

Habermehl D, Debus J, Ganten T, et al. Hypofractionated carbon ion therapy delivered with
scanned ion beam for patients with hepatocellular carcinoma - feasibility and clinical response.
Radiat Oncol. 2013;8:59.

Steinstrater O, Grun R, Scholz U, et al. Mapping of RBE-weighted doses between HIMAC and
LEM based treatment planning system for carbon ion therapy. Int J Radiat Oncol Biol Phys.
2012:84(3):854-60.

Fossati P, Molinelli S, Matsufuji N, et al. Dose prescription in carbon ion radiotherapy: a plan-
ning study for compare NIRS and LEM approaches with a clinically-oriented strategy. Phys
Med Biol. 2012;57:7543-54.



Pancreatic and Stomach Malignancies

Pamela J. Boimel, Jessica Scholey, Liyong Lin,
and Edgar Ben-Josef

Contents

15.1  INtrOAUCHON. ....ccveereerieeeereereete et et ere e eree s e ese s eeseennenns

15.1.1 Pancreatic Cancer.

15.1.2 Gastric Cancer..........

15.2  Simulation and Motion Management.

15.3 Target Delineation and Radiation Dose/Fractionation........
15.4  Proton Treatment PIanning..........cccccoccivevinininiiiiiiiiiiiccccieiinieneneneenenes

15.4.1 Planning Target SrUCIULES..........cevvveviuiieeiiiiiiirereeee s

15.4.2  Contouring and OVeITIdes..........ceeeeererererererereseeeereseeeans

15.4.3 Beam Angle SeleCtion.......ccerueirueerirueniniecnieieeeieicteeeeeeeseeeeeeseeseens

15.5 Reirradiation

15.6 Dosimetric and Toxicity Comparison...

15.7 Patient Positioning, Immobilization, and Treatment Verification.....................

15.8 Discussion and Future Developments

References...

15

235
235
237
239
243
245
246
247
248
250
250
252
252
253

15.1 Introduction

15.1.1 Pancreatic Cancer

* Pancreatic cancer is a morbid disease with a high mortality rate, and patients are
often diagnosed with metastatic disease at presentation. Approximately 53,000
patients were diagnosed with pancreatic cancer in 2016, and only 7.7% of them will
be alive in 5 years [1, 2]. Despite the high rate of distant dissemination, up to 30%
of patients die of local disease progression [3]. While the treatment paradigm for
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pancreatic cancer may change with the development of prognostic and predictive
biomarkers to help determine who may benefit from local treatment versus systemic
treatment, we currently utilize surgical resection when patients have resectable dis-
ease followed by adjuvant chemotherapy, with or without adjuvant chemoradiation.
Patients with borderline or unresectable disease are treated with chemotherapy, and
we often utilize chemoradiation for local disease control with some patients who
had borderline resectable disease subsequently able to undergo surgical resection.

* Local failure occurs in about 50 percent of patients following resection and results in
considerable morbidity and mortality. The use of postoperative radiation is supported
by the GITSG 91-73 study, which showed an increased median survival from 11 to
20 months with chemoradiation following surgery compared to observation alone
[4]. RTOG 9704 also reported on adjuvant chemoradiation, with a median survival of
20.5 months in the concurrent gemcitabine and radiation arm [5]. However, the use
of adjuvant radiation has been controversial, since the CONKO-001 study of chemo-
therapy versus observation showed gemcitabine alone conferred a median survival of
22.8 months [6], EORTC 40891 showed no difference between chemoradiation and
observation [7], and ESPAC-1 showed a benefit to chemotherapy over chemoradia-
tion [8]. It is important to note that in the EORTC study, 45% of patients had ampul-
lary cancer (with a better prognosis), so it was likely underpowered to detect a survival
advantage in the pancreatic cancer patients, and 20% of the chemoradiation arm did
not receive the prescribed regimen. There is also very strong evidence for adjuvant
chemoradiation in large retrospective case series from Johns Hopkins and the Mayo
Clinic showing the median survival extended from 11 to 20 months with adjuvant
chemoradiation [9]. A National Cancer Database study using propensity score analy-
sis in 11,526 patients revealed that chemoradiation was associated with improved
overall survival, compared to adjuvant chemotherapy alone, when each was matched
to surgery alone with a hazard ratio of 0.7-1.04, respectively [10]. The phase III
RTOG 0848 trial of resected pancreatic head tumors treated with five cycles of adju-
vant gemcitabine + erlotinib and then, if free from progression, randomized to an
additional cycle of chemotherapy or an additional cycle followed by chemoradiation
is currently open to accrual and will help determine the optimal adjuvant regimen.

¢ There is evidence that for borderline resectable disease, local radiation treatment
with concurrent high-dose chemotherapy offers a survival advantage, improved
disease control, and the potential for a high rate of an RO resection. A multi-
institutional phase II trial of systemic dosing gemcitabine and oxaliplatin with
radiation (30 Gy in 15 fractions) resulted in a 63% resection rate, 84% of which
had negative margins, and a median survival of 18 months [11]. The benefit of
chemoradiation compared to chemotherapy alone in unresectable disease has
been controversial. The limitations in the intact setting have been toxicity to the
upper abdominal structures as a result of the large radiation fields needed to
cover the gross tumor volume in the 3D conformal era. The ECOG 4201 random-
ized phase II study of gemcitabine alone versus gemcitabine with concurrent
conventional radiation (IMRT not allowed) showed an improved median survival
and decreased local recurrence with radiation but with substantial grade 3 and 4
toxicities [12]. A phase I/Il study from the University of Michigan evaluated
high-dose conformal IMRT with concurrent gemcitabine and showed an
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increased median survival of 14.8 months and an increased freedom from local
progression of 60% compared to historical controls [13]. More recently, the Lap
07 trial randomized unresectable patients to gemcitabine versus gemcitabine +
erlotinib, and then patients without progression were additionally randomized to
chemoradiation, 54 Gy with concurrent capecitabine, versus additional chemo-
therapy [14]. The results showed no significant difference in overall survival
between chemoradiation and chemotherapy alone but did show decreased locore-
gional progression in patients receiving chemoradiation. There are many patients
for whom local progression results in significant morbidity and mortality.
Autopsy series have reported that up to 30 percent of patients die of local disease
progression which was correlated with the expression of SMAD4, indicating
there are patients for whom local disease control is very important [3]. Local
progression of unresected pancreatic cancer can also result in significant morbid-
ity with obstructive symptoms, bleeding, bowel perforation, and pain necessitat-
ing palliation even in the patient with metastatic disease.

e With little improvement in survival seen in studies of chemoradiation using
modest radiation doses (~50-54 Gy in 1.8-2 Gy fractions), dose escalation has
been attempted with 3D conformal radiation, resulting in significant gastrointes-
tinal toxicities [15]. Studies utilizing IMRT have reported lower rates of acute
grade 3 nausea and vomiting, diarrhea, and late gastrointestinal toxicities such as
duodenal ulceration compared to studies using 3D conformal radiation [16].
However, IMRT dose escalation with concurrent gemcitabine also resulted in
significant toxicities, with 24% of patients experiencing grade 3 or 4 dose-limit-
ing toxicities [13]. SBRT has been evaluated for unresectable disease with com-
parable median survival to conventional fractionation and with increased concern
for acute gastrointestinal toxicity when the disease is in close proximity to or
invading the duodenum [17]. In theory, proton radiation with its characteristic
Bragg peak and rapid falloff at the distal end of the proton beam could be supe-
rior to IMRT or SBRT in sparing normal tissues. In practice, however, range
uncertainties related to CT calibration, organ motion, and patient setup have
necessitated an increase in margins in proton therapy. As double-scattered (DS)
and uniform scanning (US) proton therapy cannot modify beam portal along
their beam path, conformality is increased with pencil beam scanning (PBS)
compared to DS and US.

15.1.2 Gastric Cancer

e While the incidence of gastric cancer is declining, it still contributes significantly
to cancer mortality as the third leading cause of cancer-related death worldwide.
In locally advanced and node-positive disease, surgery with lymphadenectomy is
the mainstay of treatment. The use of perioperative chemotherapy and/or adju-
vant chemoradiation has been controversial. Neoadjuvant and adjuvant chemo-
therapy may be offered based on results of the MAGIC trial of perioperative
chemotherapy showing increased overall survival and improved progression-free
survival compared to surgery alone. Alternatively, patients may proceed with
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surgery and then receive adjuvant chemoradiation, done frequently in the United
States, based on results of the North American Intergroup 0116 trial showing a
survival advantage. Practically, the decision to offer perioperative chemotherapy
or adjuvant chemoradiation may depend on the local extent of disease, resect-
ability at presentation, and pathologic risk factors after resection such as the
margin status and extent of the lymph node dissection.

e The surgical approach for stomach tumors is either a total gastrectomy for proxi-
mal 1/3 and diffuse gastric malignancies or a subtotal gastrectomy for tumors of
the gastric antrum (distal 2/3) [18]. Surgical margins are very important due to
the infiltrative nature, and a 5 cm proximal and distal margin has historically
been recommended. However, recent multi-institutional retrospective analysis of
distal gastric cancers indicated that 3 cm may be adequate [19]. There are 16
lymph node stations, and the extent of their dissection is described in the surgical
literature. A D1 lymph node dissection is the removal of the adjacent perigastric
lymph nodes (stations 1-6) alone; a D2 dissection includes the additional dissec-
tion of the hepatic, left gastric, celiac, and splenic nodes (stations 1-11) as well
as a splenectomy; and a D3 dissection additionally adds the porta hepatic and
periaortic nodes (stations 1-16). In practice a D2 dissection with removal of at
least 15 lymph nodes is recommended, but this is often dependent on the experi-
ence of the surgeon performing the surgery, and many patients have much more
limited D1 dissections with fewer lymph nodes removed.

e Adjuvant chemoradiation is often offered based on the results of the Intergroup
0166 randomized trial of postoperative radiation with 45 Gy and fluorouracil and
leucovorin versus observation. The 3-year overall survival was significantly
increased to 50% in patients receiving chemoradiation from 41% with observa-
tion alone, supporting the use of adjuvant chemoradiation [20]. In this trial a D2
lymph node dissection was recommended; however, only 9.6% had a D2, 36%
had a DI, and 54% had less than a D1 lymph node dissection. These results
imply that chemoradiation may benefit a population without an adequate lymph-
adenectomy. The acute toxicity rate was also significant in this study in the 2D
planning era, with 54% hematologic and 33% gastrointestinal grade 3 or greater
toxicity. Seventeen percent stopped treatment due to toxicity and there was a 1%
death rate. The ARTIST I trial evaluated adjuvant chemotherapy versus chemo-
radiation in patients who underwent a D2 lymph node dissection and found no
survival or distant metastasis-free survival difference [21]. However, there was a
significant decrease in local relapse rate with chemoradiation which can cause
significant morbidity in this population. A subset analysis of the ARTIST I trial
found a disease-free survival benefit in patients with lymph node-positive dis-
ease, and the ARTIST II trial is currently evaluating the benefit of chemoradia-
tion in lymph node-positive disease. It is also important to note that on subset
analysis of the INT-0116 trial, there appeared to be a reduced effect of chemora-
diation in patients with diffuse-type histology. The ARTIST I trial had a high
proportion of patients with diffuse-type histology (63% in the chemoradiation
arm) which we know have worse outcomes and may have made it difficult to
show a benefit.
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e There are patients who benefit from adjuvant chemoradiation, and likely those
with positive lymph nodes, less than a D2 lymph node dissection, and positive or
inadequate surgical margins benefit more from adjuvant radiation treatment. The
treatment volume encompasses the tumor bed, the remaining stomach, anasto-
moses, hepatogastric ligament, and at-risk and dissected lymph node volumes.
With a large treatment volume, it is important that we utilize advances in radia-
tion treatment delivery with more conformal techniques to reduce toxicity.
Three-dimensional conformal treatment has been compared with IMRT and was
found to increase conformality and decrease the dose to the spinal cord, kidneys,
liver, and heart [22]. Proton beam radiation is promising as another treatment
modality in gastric malignancy to spare dose to nearby OARs with the potential
to decrease toxicity.

15.2 Simulation and Motion Management

Robust indexed immobilization is strongly recommended when treating pancre-
atic and gastric malignancies to minimize interfraction patient setup error.
Immobilization vacuum bags can be used provided that the bag volume does not
change through the course of treatment, as variation in bag volume can perturb the
proton beam range. If used, bag volume should be verified with imaging prior to
each treatment. Alternatively, simulation and treatment may be performed using a
wing board or alpha cradle and indexed knee lock to prevent rotation in the legs
and hips (Fig. 15.1). Simulation scans should be performed in the supine position
with arms up and away from the treatment area. Scans should be acquired from the
carina to below the iliac crest.

Non-contrast CT scans should be obtained for treatment planning for the purpose
of dose calculation. A high-resolution CT scan (slice thickness of 3 mm or less)
with IV contrast may be subsequently performed for improved delineation of the
primary tumor, vasculature, and lymph nodes. Volumen (0.1% barium suspension),

Fig. 15.1 Simulation is
done supine using indexed
wing board and knee lock.
Note: for actual treatment,
patient should have
minimal clothing on to
avoid perturbation of
proton beam
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Fig. 15.2 (a) Volumen oral contrast, when used with IV contrast, allows for improved mural
detail in the duodenum and bowel. (b) Barium as an oral contrast agent

a negative oral contrast agent with low attenuation (Fig. 15.2a), allows for excellent
distention as well as superior visualization of mural detail of the duodenum and
small intestine with CT imaging [23]. It is recommended that contrast scans be
performed subsequent to scans used for treatment planning; however, if that is not
possible, any material existing in the planning scan which will not be present for
treatment must be overridden and assigned appropriate Hounsfield unit (HU) val-
ues. Of note, metal mash stents in the common bile duct do not perturb the proton
dose distribution and do not need to be overridden. Additional imaging such as
diagnostic-quality CT, PET-CT, and/or MRI may also be useful to visualize involved
lymph nodes, extent of gross disease, and recurrent disease. In the case of postop-
erative radiation, preoperative imaging should also be used when delineating the
target volume. If possible, all scans should be acquired with the patient in the same
position as CT simulation for improved accuracy in image registration. Patients are
instructed to not take anything by mouth (NPO) for a minimum of 3 hours prior to
simulation to decrease variability in gastric volume. Patients may be given specific
dietary instructions to be NPO for a few hours prior to treatment fractions as well,
depending on the location of the target and its proximity to the stomach or when
treating gastric cancer. For example, when treating gastric adenocarcinoma after a
subtotal gastrectomy at our institution, patients are instructed to withhold food and
fluid consumption for 3 hours prior to simulation and daily treatment so that stom-
ach and bowel volumes are reproducible.

Respiratory- and gastrointestinal-induced motion management is an important
component of treating thoracic and abdominal malignancies as these regions rou-
tinely exhibit significant motion [24, 25]. An in-depth analysis of motion mitigation
techniques is beyond the scope of this chapter, although Task Group 76 of the
American Association of Physicists in Medicine discusses a comprehensive over-
view of available options [26]. Several motion mitigation methods are employed at
our institution when treating pancreatic and gastric targets, depending on the degree
of anatomical motion exhibited by the patient. These methods include using
respiratory-correlated (or 4DCT) scans and adding an ITV to account for motion,
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deep inspiration breath hold (DIBH), or abdominal compression. The modality of
motion management is particularly important for unresected pancreatic adenocarci-
noma, since the tumor and duodenum are usually in close proximity. We recom-
mend motion management with breath hold (involuntary with Active Breathing
Control, ABC, or voluntary deep inspiratory breath hold, DIBH, with SDX), when
treating unresected pancreatic tumors.

Fluoroscopy can be useful in identifying the degree of a patient’s anatomical
motion [27-30]. At our institution, patients who are being simulated for an abdomi-
nal malignancy may undergo a pre-simulation fluoroscopy session to assess the
degree of motion and determine which method may be the best option to mitigate or
account for motion during treatment (Fig. 15.3). Not all abdominal lesions can be
clearly visualized on fluoroscopy and should be administered on a per-patient basis.
Visualization techniques may aid in delineating volumes of interest in the fluoros-
copy, such as implanted markers, oral contrast to distinguish stomach volume, or
nearby visible landmarks whose motion may act as a surrogate for the region of
interest (for example, the liver or diaphragm). In general, patients with less than
5 mm of motion undergo 4DCT scans, with treatment planning being performed on
the CT scan comprised of the average of all breathing phases. Patients with greater
than 5 mm of motion may require DIBH or abdominal compression to reduce the

FLUOROSCOPY SESSION
pre-simulation to determine type of scan

| Motion > 5mm | | Motion < 5mm |

| Tolerate DIBH? | 4DCT scan

(plan on Average)
[ es | [ ]
DIBH Abdominal

Compression

Fig. 15.3 Example of workflow diagram from pre-simulation fluoroscopy session to determine
type of motion management used. General practice at our institution is that if motion is less than
5 mm, planning is performed on a free-breathing average CT scan. If motion is greater than 5 mm
and DIBH is tolerated, SDX or ABC device is utilized for DIBH. If not tolerated, abdominal com-
pression using a belt is utilized. Motion should be carefully evaluated by the treating team on a per
patient basis



242 P.J. Boimel et al.

Fig. 15.4 (a) Voluntary DIBH using spirometric motion management is shown. (b) Patient inter-
face when using voluntary breath-hold SDX system. Therapists are instructed to turn the treatment
beam on during the predefined inhale region (shown in green)

amount of anatomical motion. DIBH may be achieved using a device such as the
Active Breathing Control or ABC (Elekta Medical Systems, Stockholm, Sweden) or
the Spirometric Motion Management System or SDX (Qfix, Avondale, PA), both of
which have been implemented at our institution (Fig. 15.4). Because SDX requires
patient compliance and the ability to hold one’s breath as instructed, abdominal
compression using a compression belt may be more tolerable. One advantage of the
ABC device over SDX is that with ABC the time of breath hold is controlled by the
therapist (rather than by the patients). This allows for correct timing of the adminis-
tration of IV contrast. Contrast-enhanced scans using breath hold with the SDX
device are very difficult to obtain.

An important consideration when using abdominal compression is minimizing
variability in anatomical deformation caused by the belt. It is important that the
belt be placed in the same position each day, including indexing and belt tight-
ness. Positioning of the belt and abdominal anatomy can be verified using x-ray
portals, verification CT scans, and/or onboard CBCT if available. In general,
image guidance should be used to ensure that interfraction range variations are
less than 3 mm for 95% of the target volume [31]. Additional imaging used for
target delineation should employ the same compression as used for the planning
CT. For example, if MRI is used for anatomical delineation, an MRI-compatible
compression belt should be used. This prevents propagating differences in ana-
tomical positioning caused by the belt. As with any system, patients should
undergo training with the appropriate motion management devices to maximize
their effectiveness. During simulation, care should be taken to keep devices out-
side of the potential treatment field.

Accurate registration between imaging sets is important. In addition to bony
anatomy, we focus fusions on patient vasculature (celiac and SMA) for unresectable
pancreatic head tumors. With breath-hold devices, there is variability in the position
of the abdominal target, even with identical tidal volumes. To account for this
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reproducibility error, at our institution an additional superior and inferior margin of
2 mm is added to CTV [32, 33].

While pencil beam scanning (PBS) proton therapy can create more conformal
dose distributions versus passive scattering techniques, the use of PBS in thoracic
and abdominal malignancies has been limited due to the uncertain relationship
between spot scanning and respiratory-related anatomical motion [34]. This com-
plicated interplay effect between spot delivery and organ motion has made passive
scattering techniques, specifically double scatter or uniform scanning, preferable
when treating patients with higher levels of anatomical motion, although PBS is
being increasingly adopted for more cases at our institution.

15.3 Target Delineation and Radiation Dose/Fractionation

e The gross tumor volume (GTV) for definitive chemoradiation of borderline or
unresectable locally advanced pancreatic adenocarcinoma is drawn on the non-
contrast-enhanced, simulation CT scan using the registered contrast-enhanced
simulation CT scan and MRI/PET if available to delineate the extent of the gross
tumor visible and any involved lymph nodes (>1 cm). On contrast-enhanced
scans, pancreatic tumors are often hypodense/hypointense compared to normal
pancreatic tissue on the late arterial and venous phases, although they can rarely
be isodense/isointense and harder to distinguish from the surrounding paren-
chyma. To assist with delineation, it can be helpful to carefully look at the biliary
anatomy and follow the dilated intrapancreatic biliary duct to the point of
obstruction in order to locate tumors in the pancreatic head. Pancreatic tumors
often appear as hazy dark-gray soft tissue which can extend into the abdominal
fat and duodenum and wrap around the vasculature. Following the celiac and
SMA carefully to look for tumor wrapping around these vessels can also help
delineate the GTV boarders. At our institution we do not electively treat lymph
nodes based on data that when prophylactic nodal radiation was omitted, there
were few peripancreatic lymph node failures and all were within the 80% iso-
dose line [35]. The CTV is generated by adding a 5 mm margin to the GTV and
a PTV by adding 5 mm to the CTV for setup errors.

e Target volumes for pancreatic cancer in the postoperative setting have been well
described by consensus contouring guidelines [36]. The clinical target volume is
the proximal 1-1.5 cm of the celiac artery, the proximal 2.5 cm of the superior
mesenteric artery (SMA), the portal vein (PV) contoured from its junction with
the superior mesenteric vein up to the bifurcation of the left and right branches,
the pancreaticojejunostomy (PJ), the preoperative tumor volume and surgical
bed including any clips left intraoperatively, and the aorta from the most superior
structure (PJ, PV, or celiac) down to the level of the L2 vertebral body. Each of
these structures is contoured separately with differential expansion to CTV as
previously described. These separate CTV structures are then booleaned together
into one CTV structure. An ITV is generated from the 4DCT to account for respi-
ratory motion, and then a 5 mm PTV is added (Table 15.1).
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Table 15.1 Recommended target volumes and radiation dose ranges (for an RBE = 1.1) for pan-

creatic and gastric cancers

Clinical scenario

Target

Dose

Definitive
chemoradiation for
pancreatic cancer

Pancreatic tumor and involved lymph
nodes (>1 cm)

5400-5940 cGy

Postoperative
chemoradiation for

Proximal celiac artery, SMA, PV
Pancreaticojejunostomy

4500-5400 cGy
May boost + margins

pancreatic cancer Preoperative tumor volume (5940 cGy)

Surgical bed/clips

Aorta
Adjuvant Anastomoses 4500 cGy
chemoradiation for Tumor bed (including clips/gastric Consider boost to 5040

gastric cancer

remnant) Hepatogastric ligament

Lymph nodes

* Perigastric

* Suprapancreatic

* Celiac

* Cardiac tumors—add L
hemidiaphragm, right and left cardiac,
pancreatic body, left gastric, and
hepatic and celiac arteries

* Body tumors—porta hepatic, splenic
hilum, pancreatic body,
pancreaticoduodenal, left gastric, and
hepatic artery

* Antrum tumors—oporta hepatic,
pancreaticoduodenal, pancreatic head

(or 5400-5940 cGy for
positive margins)

Reirradiation for local
recurrence

Gross disease

5400-5940 cGy

» For gastric cancer, a lymph node contouring atlas has been published which

nicely describes the anatomic boundaries and contouring of the 16 lymph
node stations described in the literature [37]. The CTV includes the anasto-
moses (esophagojejunal for total gastrectomy and gastrojejunal for a subtotal
gastrectomy as well as the duodenal stump), preoperative tumor bed, hepato-
gastric ligament, and regional lymph nodes. In general lymph node coverage
should depend on the location of the tumor within the stomach. For all sce-
narios we would include the N1 perigastric lymph nodes and suprapancreatic
and celiac lymph nodes. For tumors of the proximal 1/3 of the stomach (car-
dia), we would additionally include lymph nodes along the left and right car-
dia, the lesser and greater curvature, L hemidiaphragm, and pancreatic body.
The left gastric artery, hepatic artery, and celiac artery are also included in the
CTV. For tumors of the middle 1/3 of the stomach (body), we would include
lymph nodes of the lesser and greater curvature, splenic hilum, porta hepatic,
pancreaticoduodenal, and pancreatic body as well as the left gastric artery and
hepatic artery. For tumors of the distal 1/3 of the stomach (antrum), we would
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Table 15.2° Recommended Organ at risk Dose constraints
dose constraints (for an . Kidney (left and V18 < 50%
RBE =1.1) to organs at r}sk right)
for treatn.lent of pancreatic Liver Mean < 30 Gy
and gastric cancer
Stomach D, 60, V54 < 2%,
V45 <25%
Small bowel D, 60, V54 < 2%,
V50.4 < 5%, V45 <25%
Large bowel D, 60, V54 < 2%,
V50.4 < 5%,V45 <25%
Duodenum D, 60, V55 < 1¢cc, V54 < 5%
Spinal cord Max <45 Gy

include lymph nodes of the lesser and greater curvature, porta hepatic, pancre-
aticoduodenal, and pancreatic head lymph nodes. For tumors near the pylorus,
we would take an additional distal margin into the duodenum of about 5 cm
(Table 15.1).

¢ Normal abdominal structures such as the liver, kidneys, spinal cord, stomach (for
pancreatic cancers), and small and large bowel are contoured as organs at risk.
For unresected locally advanced pancreatic cancer, it is important to carefully
delineate and contour the duodenum as there can be overlap between the duode-
num and target volume (Table 15.2).

15.4 Proton Treatment Planning

Because of the complicated interplay effect between anatomical motion and spot
scanning, the majority of pancreatic and gastric cancer patients at our institution
have been treated with passive scattering techniques (double scatter or uniform
scanning). In select cases where PBS is particularly desirable (e.g., if trying to treat
a target with irregular geometry or further spare nearby organs), careful evaluation
of anatomical motion is required. A study from our institution investigated the dosi-
metric impacts of treating abdominal lesions with PBS. It was found that for small
motion (ML < 7 mm anAWET <5 mm, where M. is the perpendicular motion
amplitude and AWET is the change in water equivalent thickness), motion mitiga-
tion was not needed. For moderate motion (ML 7-10 mm or AWET 5-7 mm),
abdominal compression produced a modest improvement. For large motion
(ML >10 mm or AWET > 7 mm), abdominal compression and/or some other forms
of mitigation strategies were required [38]. Because of anatomical variability and
motion in the abdomen, our institution treats PBS using single-field uniform dose
(SFUD) techniques and will be the focus of this chapter. However, future develop-
ments in robust optimization may allow for more widespread implementation of
intensity-modulated proton therapy (IMPT).
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15.4.1 Planning Target Structures

Proton beam range uncertainty due to conversion between CT Hounsfield units and
proton stopping-power ratio must always be considered when treating with proton
radiotherapy.

e Passive scattering: when treating with passive scattering at our institution, this
uncertainty is mitigated by adding additional distal and proximal margins to the
CTV structure which correct for range uncertainty of 3.5% (of beam range)
+3 mm in the distal direction and proximal directions (Fig. 15.5). Lateral mar-
gins should also be added to account for motion and setup errors.

Compensator: when using a range compensator to modulate the dose in passive
scattering, it is important to use compensator smearing to ensure that the proton
beam adequately shapes target volume despite any setup errors and intrafraction
motion. At our institution, the smearing parameter is derived from Moyers et al. [39]
and is calculated using the following equation:

\/ (IM+SM)’ + [0.03 x (CTVclepth + Compensator,, ... )]2

where IM is internal motion, SM is setup margin, and CTV ., is the distal depth of
the CTV. At our institution we determine internal motion on a patient-specific basis
and utilize 3 mm setup error to determine the compensator smearing parameter.

e Pencil beam scanning: to account for proton beam range uncertainty in PBS, a
planning optimization structure can be created when using a single-field optimi-
zation planning technique. At our institution, an optimization structure is created
by adding to the CTV a margin of 3.5% of the beam range (accounting for
uncertainty in the conversion from Hounsfield unit (HU) values to proton stop-
ping power) plus an additional 1 mm margin (correcting for beam calibration
uncertainty). Specific uncertainty values employed should be evaluated on an
institutional basis) (Fig. 15.6).

Beam  Directi

s e

__Beam| Direction

Fig. 15.5 Examples of distal (red) and proximal (purple) margins added to the CTV target along
the beam direction for a patient being treated with a posterior beam (left) and right lateral beam
(right) using passive scattering proton technique
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Fig. 15.6 Pencil beam
scanning target volume
(PBSTV) optimization
structure (red) is created by
adding a margin of 3.5% of
the beam range plus 1 mm
to CTV structure (blue) in
the direction of the beam.
A conventional PTV
structure (CTV + 5 mm) is
shown in green for
comparison

Beam Direction =

Fig. 15.7 It is recommended that contrast scans be acquired after treatment planning scans.
However, if that is not possible, any contrast material appearing in the planning scan which will not
be present for treatment should be overridden to the appropriate HU value. Shown are examples of
HU material overrides for kidney contrast and bowel gas

15.4.2 Contouring and Overrides

* To account for changes in bowel filling, gas and stool are contoured and assigned

an HU value similar to the surrounding tissues. Artifacts created by high-density
material should be overridden to an appropriate HU value. It is recommended
that contrast scans be performed subsequent to planning CT so that no contrast is
present in planning scan; however, if that is not feasible, any high-contrast mate-
rial that appears in planning scan (e.g., barium) should be assigned an appropri-
ate density or HU value (Fig. 15.7). Manual HU overrides are not required for
Volumen contrast.

If the diaphragm is in close proximity to the target or treatment fields, a dia-
phragm override volume can be created by adding an additional margin to the
diaphragm which is defined by the inferior borders of the lung in the exhale and
inhale scans when 4DCT-based planning is employed (Fig. 15.8). The HU value
of this margin should be overridden to the value determined by sampling the
most superior slice containing the dome of the liver, which generally varies
between —50 and +50 HUs.



248 P.J. Boimel et al.

Fig. 15.8 To account for motion of the diaphragm, an additional margin can be added to the dia-
phragm (a) and is constructed by subtracting the lung contours between the inhale and exhale
scans (b) when 4DCT is used for planning purposes

Fig. 15.9 Postoperative radiation for T3 N1 pancreatic adenocarcinoma with a close uncinate
margin (4500 cGy to entire postoperative CTV; 5400 cGy to post-op bed, anastomoses, clips, and
SMA; and 5940 cGy in region of close margin). (a) Patient was treated with a double-scatter pro-
ton plan consisting of a posterior and right lateral beam arrangement to avoid the bowel, stomach,
and left kidney. (b) For comparison, an IMRT photon plan is shown. To achieve adequate target
coverage in this case, photons deliver higher dose to the stomach, bowel, and left kidney, making
protons the more desirable option

15.4.3 Beam Angle Selection

e For both passive scatter and PBS techniques, beam arrangements typically
consist of 2-3 coplanar fields, which usually include a posterior beam and
either a posterior oblique or right-sided beam (blocking the cord) (Figs. 15.9,
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15.10 and 15.11). Gantry angles should be chosen to minimize dose to spinal
cord, kidneys, skin overlap, and duodenal dose from the beam penumbra [40].
When using an abdominal compression belt, it is important to override artifacts
caused by the belt and attempt to choose beam arrangements which do not
shoot through the belt.

e Beams which enter anteriorly or from the patient’s left side are avoided due to
uncertainties created by presence of air, motion of stomach and bowel, and vari-
ability in anterior abdominal tissue.

e If treating with anterior beam arrangements provides a more desirable plan,
these beams can be used and possibly given a lower weight (Fig. 15.12). A left-
sided beam may be needed when covering left hemidiaphragmatic, perigastric
lymph nodes, and splenic lymph nodes for adjuvant gastric cancer cases. The
weight of the posterior beam may also be limited by tolerance doses to the
kidneys or cord.

Fig. 15.10 Postoperative radiation for gastric adenocarcinoma in the antrum, treated with double-
scatter proton therapy using a posterior and right anterior oblique beam to avoid proton beam tra-
versing through the bowel. Axial (a) and coronal (b) views are shown with PTV shown in red

Fig. 15.11 Pancreatic cancer patient (post distal pancreatectomy) with surgical bed recurrence
was treated using PBS proton therapy at our institution. (a) To achieve lateral coverage on the right
side of the target, a right anterior oblique beam was used with a posterior beam in the plan treated
to 44 Gy. (b) Gross residual disease received a conedown to total dose of 60 Gy using right and left
posterior oblique beams. In both plans the bowel is almost completely spared, and we avoid treat-
ing through variable bowel volume
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Fig. 15.12 Pancreatic patient treated with double-scatter proton technique using a posterior beam
plus two anterior oblique beams. Anterior beams were chosen in this case to minimize kidney dose.
To avoid large beam perturbations due to anatomical changes in anterior anatomy (e.g., fluctua-
tions in bowel gas), anterior beams were weighted less than posterior beam (beam weighting of 0.2
for each anterior beam and 0.6 for posterior beam were used)

Fig. 15.13 (a) Pancreatic case originally treated with photons after Whipple procedure. (b)
Patient had local recurrence which was treated with double-scatter proton therapy using posterior
beams to avoid dose overlap of lateral and anterior organs. (¢) Sum total of photon and proton
treatments indicates higher radiation dose to disease sites and manageable dose to surrounding
healthy organs

15.5 Reirradiation

Both PBS and passive scatter techniques can be used for treating pancreatic and
gastric malignancies which have received prior radiation to help limit dose to nor-
mal tissue that has already been irradiated (Fig. 15.13).

15.6 Dosimetric and Toxicity Comparison

* We have previously reported on a dosimetric study comparing IMRT versus
double-scattering (DS) and pencil beam scanning (PBS) proton radiation for unre-
sected pancreatic head cancers [40]. This study demonstrated that both DS and
PBS decreased duodenum, stomach, and small bowel dose in the low-dose region.
The V20 Gy to the stomach was reduced from about 20% with IMRT to 10% with
proton beam radiation, and for the small bowel, V20 was 6.5% with PBS, 9.8%
with DS, and 19.7% with IMRT. However, dose to the duodenum, stomach, and
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i) Duodenum

Fig. 15.14 (a) In some cases, a proton plan (using posterior and right posterior oblique beams)
may result in a larger volume of tissue going to D,y,, in critical organs near the PTV or if overlap-
ping the PTV (e.g., the duodenum). (b) An IMRT plan may decrease the volume of high dose to
the OAR due to increased conformality, at the expense of increased low-dose spread to other
OARs. (¢) A combined proton (double-scatter)/photon plan was administered to this patient to
achieve an optimal balance between high- and low-dose sparing. (d) DVH comparison for photon-
only plan (circle), proton-only plan (triangle), and mixed proton-photon plan (square). In this case,
the benefit of a mixed proton-photon plan included significant decrease in (i) high dose to duode-
num versus proton-only plan, (ii) low dose to small bowel versus photon-only plan, and (iii) low
dose to stomach versus photon-only plan

small bowel in the high-dose region (>40 Gy) showed IMRT to be superior fol-
lowed by PBS and finally DS. This study highlighted that in unresected pancreatic
head tumors, in close proximity to or invading the duodenum, there is a need for
high conformality which may not be met by DS or PBS plans alone. The quality of
life and toxicity outcomes for this comparison have not yet been evaluated. It is
unknown how a large volume of duodenum/stomach/small bowel getting a low-
dose bath from IMRT may impact the toxicity or quality of life of patients com-
pared to a mid- to high-dose point near the tumor as long as maximum dose
constraints to OARs are met. As our proton beam radiation techniques advance and
we improve motion management techniques as previously described and begin to
utilize IMPT, we may potentially achieve the optimal combination of high confor-
mality combined with minimal integral dose to nearby OARs. In the meantime, our
institution has routinely used mixed photon/proton plans to decrease the volume of
duodenum in the high-dose region while still achieving lower integral dose to the
abdomen than a photon plan alone (Fig. 15.14).
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e A unique and rare presentation of pancreatic cancer is the local-regional recur-
rence, with or without minimal metastatic burden. These tumors may be charac-
terized by intact expression of SMAD4 [3]. We have previously enrolled patients
with locally recurrent pancreatic adenocarcinoma on a proton beam reirradiation
registry and reported on 15 of these patients [41]. Proton reirradiation was gener-
ally well tolerated with a median survival of 15.7 months and minimal grade 1
and 2 non-hematologic acute toxicities, grade 3 fatigue in 2 patients, and no
grade 2 or higher late toxicities [41]. There was one duodenum ulceration in a
patient treated to progression of unresected locally advanced adenocarcinoma
with duodenum abutting the PTV. We recommend patients are treated to the
gross disease alone with minimal CTV expansions (the median CTV in our reir-
radiation cohort was 71 cc) and try to avoid beam angles which overlap with the
prior radiation fields.

15.7 Patient Positioning, Immobilization, and Treatment
Verification

Treatment positioning should be performed using the same immobilization tech-
niques as used in simulation. Localization should be performed daily by matching
bony anatomy in orthogonal x-ray imaging. If volume of stomach will impact treat-
ment delivery, oral contrast can be administered to more clearly delineate gastric
volume in kV imaging. If available, onboard volumetric imaging (CBCT) can be
used to verify soft tissue anatomy. For proton patients we perform biweekly verifi-
cation scans to check for changes in anatomy, such as weight loss, and variation in
bowel gas and gastric filling.

15.8 Discussion and Future Developments

e The utilization of protons for treating pancreatic and gastric cancers can be use-
ful to decrease integral dose to stomach, bowel, kidney, and liver depending on
the location of the PTV and beam arrangement chosen. In the case of adjuvant
chemoradiation for resected pancreatic and gastric cancers, where field sizes are
often large, proton radiation can reduce dose to OARs sparing kidney, liver, and
a large amount of bowel, improving the toxicity profile. Advances in co-
registration software for image fusions, incorporating cone beam CT into IGRT
for proton delivery, gating for motion management, and better understanding of
the range uncertainty (allowing margins to be decreased) would help us advance
proton planning and treatment.

e Delivering radiation with limited motion (e.g., using breath hold) is of great
importance as it allows delivery of higher doses to target, lower doses to OARs,
and more treatment reproducibility. Motion management is particularly impor-
tant with proton therapy and truly critical with PBS.
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Fig. 15.15 Figure showing the difference in motion without (a) and with (b) abdominal compres-
sion. Difference of CTV (yellow), ITV (red), BSPTV (blue), and AWET (color wash) over CT
images (Figure courtesy of Liyong Lin’s oral presentation at the AAMP meeting, 2016)

Further investigation of motion mitigation techniques will likely make treating
with PBS more clinically feasible. Studies at our institution have utilized abdom-
inal compression to decrease motion for the treatment of liver tumors with PBS
[38, 42]. Abdominal compression resulted in reduction of the beam-specific PTV
(PBSTV)/CTV and ITV/CTV volume ratios, less overlap of BSPTV with heart,
and a clear reduction of motion, thus less variability in water equivalent thick-
ness (WET) traversed by the proton beam. When PBS plans utilizing abdominal
compression were analyzed using 4DCT for ten patients being treated to a liver
tumor, this method resulted in decreased mean liver dose, smaller ITV and
PBSTV margins, and a reduction in motion amplitude. Although this study
focused on liver patients, the implications and conclusions can be similarly
applied when treating other abdominal targets (Fig. 15.15).

Utilizing proton beam radiation for unresected pancreatic cancer can be chal-
lenging due to larger volumes of the duodenum which may be included in the
high-dose region of the PTV. Combination photon/proton plans can be used to
reduce the volume of the duodenum treated to high dose, reduce the volume of
the stomach and bowel in the low- to intermediate-dose range, and decrease
overall integral doses. In the future, the use of PBS with abdominal compression,
cone beam CT, and IMPT may allow for improved conformality and decreased
margins near the duodenum.
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16.1 Introduction

Lower GI cancers present a particular problem for multidisciplinary care. Concurrent
chemoradiotherapy is the standard of care, but with it comes a host of treatment-
related toxicities. For rectal cancer, preoperative chemoradiation with 5-fluorouracil-
(5-FU)-based treatment followed by total mesorectal excision results in the best
local control. For anal squamous cell cancer (SCC), definitive chemoradiation with
two sensitizing agents has allowed curative treatment without the need for surgery.

Fortunately, lower GI cancers are curable, but survivors may face not only acute
but also late toxicities including the bowel, bladder, bone marrow, and sexual func-
tion toxicities as well as an increased risk for second malignant neoplasms. Acute
toxicities are significant in these diseases as they dictate how fit patients are as they
head into surgery (for rectal adenocarcinomas) or the likelihood of finishing treat-
ment within a narrow package time (for anal SCCs). One of the major treatment-
limiting acute toxicities is bowel toxicity, usually manifest as diarrhea. Because
5-FU, which can cause bowel mucositis, is frequently combined with pelvic radia-
tion, treatment-related diarrhea is common. Historically, dosimetric planning param-
eters for bowel have focused on the maximum radiation dose. Even as recently as the
“failed” RTOG 0822 trial for rectal cancer using IMRT in combination with
capecitabine and oxaliplatin, volumetric small bowel limits were set for V35, V40,
and V45 [1]. However, more recent retrospective data have suggested that the volume
of bowel, in particular small bowel, that receives low to medium doses of radiation is
most predictive of clinically significant diarrhea during concurrent chemoradiation.
Doses ranging from 15 to 25 Gy are the most predictive of acute GI toxicity regard-
less of how the bowel is contoured (tight individual loops or a peritoneal structure)
[2-6]. Another important acute toxicity during lower GI chemoradiation is bone mar-
row toxicity. This is particularly important when marrow-toxic agents like mitomy-
cin C are employed, as is standard for anal SCC. Even for rectal adenocarcinoma,
most patients will proceed to adjuvant chemotherapy with regimens like FOLFOX,
SO marrow preservation is an important goal. Sexual function after combined modal-
ity treatment for lower GI cancers can certainly suffer. Protection of gonads, the
vagina, and the external genitalia has been difficult to achieve in the 3DCRT era, but
modern techniques may improve on this. Son et al. showed that mean dose (<43 Gy)
and generalized equivalent uniform dose (<35 Gy) to the vagina are important pre-
dictors of vaginal stenosis [7]. Attention to vaginal dose, starting with contouring the
vagina as an avoidance structure, may help reduce the negative quality of life impact
of chemoradiation. The role of proton therapy (PT) in GI cancers has been reviewed
[8], but there is a paucity of clinical data published for lower GI cancers.

16.2 Rectal Adenocarcinoma

PT is currently being used for rectal cancers in some centers. Early comparative
dosimetry studies showed an advantage for PS PT over three-dimensional conformal
radiotherapy (3DCRT) photons with respect to the small bowel, bladder, and femoral
heads in the postoperative setting [9] and for unresectable rectal cancers with dose
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escalation [10]. More recent studies comparing IMRT and PS PT have also shown
dosimetric improvements with proton therapy with respect to the bladder, bowel,
testes, and bone marrow [11, 12]. In particular, passive scattering (PS) PT had lower
small bowel V10-V20 volumes, which is predicted to correlate to acute diarrhea with
S5FU-based chemoradiation [11]. A comparison of intensity-modulated radiation
therapy (IMRT) with pencil beam scanning (PBS) PT using lateral beams in the pre-
operative setting showed that PBS PT could deliver much lower small bowel V15
(66 cc vs. 286 cc), lower bladder, and lower femoral head doses [13]. In a retrospec-
tive series comparing 39 patients treated with IMRT and 26 patients treated with PBS
PT in the neoadjuvant setting with concurrent chemotherapy, there was significantly
less grade > 2 diarrhea in PBS PT patients (12% vs. 39%, p = 0.022) [14]. Proton
therapy has also been explored in the reirradiation setting for rectal cancer with supe-
rior bowel dosimetry and feasible treatment in a small number of patients [15].

16.3 Simulation, Target Delineation, Radiation Dose,
and Fractionation

The first major decision with regard to positioning is whether to simulate the patient
in the supine or prone position. When using 3DCRT for rectal cancer, prone posi-
tioning with a “belly board” can displace pelvic loops of small bowel away from the
target volume. However, this position is not always comfortable for the patient and
is generally less stable than the supine position. Precise positioning is more critical
for robust proton therapy delivery, so supine positioning has its advantages. The
decision for prone versus supine positioning for rectal cancer should be individual-
ized to the patient and the intended proton technique.
In general:

— CT simulation should be performed with a comfortably full bladder (when pos-
sible to displace small bowel from the target volume), with intravenous iodinated
contrast (when not contraindicated) to facilitate elective nodal anatomical delin-
eation. Pelvic floor immobilization is required in the supine position (knee and
ankle support). For the purposes of dose calculation, a non-contrast CT needs to
be employed in planning proton therapy. Standard oral contrast agents need to be
overridden and can cause artifacts that can make proton planning more compli-
cated. A negative contrast agent with Hounsfield units close to tissue, such as
VoLumen®, can help with bowel definition without needing to be overridden.

— A vaginal cylinder can be used to displace the anterior vagina away from the
target volume. We have found that an empty bladder is more reproducible than a
variably full bladder for consistent vaginal cylinder position during treatment
(personal communication, James M. Metz MD).

— MRI and/or PET/CT may be helpful for accurate delineation of the extent of the
primary tumor and involved lymph nodes [16, 17].

— The GTV and involved nodes should be defined using all imaging modalities and
these should be registered to planning CT for accurate delineation. Registering
over the area of interest should be considered to minimize uncertainties.
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— The CTV (elective nodal area) should include internal iliac lymph nodes, mesorectal,
and presacral space. If appropriate, ischiorectal fossa should be included. The
Radiation Therapy Oncology Group (RTOG) elective nodal anorectal atlas [18] has
high-resolution pictorial details and instructions regarding elective nodal contouring.

— The PTV should be created from CTV with expansion according to institutional
standard accounting for setup and delivery uncertainties and mainly used for
dose recording and reporting purposes (ICRU 78).

— The following organs at risk (OAR) are segmented:

Small bowel: Contouring should include all individual small bowel loops to at
least 2 cm above the superior extent of both PTVs. It may be helpful to ini-
tially delineate the large bowel +/— endometrium to exclude these from sub-
sequent delineation of small bowel.

External genitalia: Delineation of the male genitalia should include the penis and
scrotum. In woman it should include the clitoris and labia majora and minora
out to the inguinal creases. Superior border in both sexes should lie midway
through the symphysis pubis. A planning structure that defines the “perineal
skin” may also be helpful to avoid inadvertent hot spots in the skin folds.

Bladder: From dome to the neck including outer bladder wall.

Right and left femoral heads: To be contoured separately on each side, including
the ball of the femur, trochanters, and proximal shaft to the level of the bottom
of ischial tuberosities.

Vagina: Soft tissue extending from the vaginal meatus to the inferior aspect of
the uterus [7].

16.4 Passive Scattering Treatment Planning

Treatment planning for anorectal cancers is complex due to concerns related to
inconsistent patient positioning (especially the pelvic tilt) and varying patterns of
bowel gas both in and outside of the mesorectal target. PS PT is limited by the maxi-
mum field size and the lack of proximal target conformality. The latter in particular
can lead to high-skin doses, especially in the gluteal cleft which is prone to desqua-
mation. However, compared to pencil beam scanning, PS PT is generally more robust
with regard to the aforementioned uncertainties regarding positioning and bowel gas.

To account for the range uncertainties from multiple sources such as energy fluctua-
tion of the delivery machine (~1 mm), compensator manufacturing (2 mm), and transla-
tion of the CT Hounsfield number into proton’s stopping power (~3.5% of depth of
CTV), distal and proximal margins are added to the CTV along beam direction to ensure
sufficient target coverage. For PS technique, the distal margin is calculated by 3.5%
distal CTV depth plus 3 mm, while proximal margin is 3 mm plus 3.5% of proximal
CTV depth [19]. The same CTV to PTV expansions are applied to the other directions.

For patients with “simple” target volumes, namely, patients who do not have
indications to treat the external iliac or inguinal nodes, high-quality PS plans can be
generated that compare favorably to PBS plans with respect to avoiding OARs. In
Fig. 16.1, both PS and PBS plans deliver minimal dose to the bowel, in part due to
favorable bowel anatomy even in the supine position.
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Fig. 16.1 Comparison of PS and PBS for a “simple” rectal adenocarcinoma target volume. This
young man with T3 N1 rectal adenocarcinoma was treated with preoperative chemoradiation using
PS PT in the supine position using standard target volumes that did NOT include external iliac or
inguinal nodes. Panel A and B show comparative color washes for PS (leff) and PBS (right) using
posterior oblique fields (red arrows) at different viewing planes. Panel C shows the comparative
dose-volume histogram. CTV_4500 (red), CTV_5040 (green), the bladder (orange), small bowel
(light green), large bowel (brown), and bone marrow (pink) are contoured, and the bowel and blad-
der are displayed on the dose-volume histogram, where the PS (square) and PBS (triangle) plans
are compared
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16.5 Pencil Beam Scanning

In contrast to PS, the distal and proximal margins are both reduced by 2 mm for
PBS planning as no compensator is used (3.5% of CTV depth plus 1 mm). Beam-
specific PBS target volumes (PBSTV) are created using those proximal and dis-
tal margins of each beam as well as the same CTV to PTV expansions in the
directions perpendicular to the beam. PBSTV or PTV, which is larger, is used for
plan optimization. Usually, PBSTV is adopted. For cases with serious CT arti-
facts, increase on distal and proximal margin should be considered to ensure
target coverage.

16.5.1 Irregular Targets

Generally speaking, PBS offers a potential advantage over passive scattering
when targets are irregular. In the case of rectal adenocarcinomas, the target vol-
umes become more complex when nodal volumes are extended more anteriorly
to include external iliac nodes (e.g., T4 tumors involving anterior structures) and/
or inguinal nodes (e.g., extensive involvement of the anal sphincter). These types
of target volumes are more similar to anal SCC target volumes, discussed in more
depth below.

Another strategy using PBS to target simpler rectal adenocarcinoma target vol-
umes is to use opposed laterals. The ability to conform proximally allows for spar-
ing of femoral heads while simultaneously keeping skin dose negligible (Fig. 16.2).
We have used this technique to treat some patients who need external iliac nodal
volumes included as well.

16.5.2 Robustness Planning

Planning margins do not protect against unpredictable changes that occur during
the course of treatment. Proton dose distributions are sensitive to changes of
tissue density or position of tissue interfaces. To ensure the target coverage, air
cavities in bowel or rectum are often overridden with proper HU, as shown in
left panel of Fig. 16.3. If the air cavity in this patient shown in Fig. 16.3 was
filled during daily treatment, the target will still be covered. However, there
would be significant “overshoot” when the air cavity presents during treatment.
Therefore, lateral beams would be less likely to unpredictably deposit dose into
more sensitive anterior structures (as opposed to muscle and fat lateral to the
target volume).
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Fig. 16.2 Opposed lateral PBS fields (red arrows) for rectal adenocarcinoma. Dose color wash
with CTV_4500 (red), bladder (yellow), and bowel (brown) contoured
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Fig. 16.3 Effect of air in rectum on proton dose distribution. This patient with a rectal lymphoma
has significant air in the rectum at the time of simulation treated with opposed lateral PBS beams
(red arrows). The left panel shows the dose distribution when the air is overridden with tissue
equivalent (assuming case of empty rectum). The right panel shows the dose distribution without
overriding the air. Both dose color washes are set to 50% of the prescription dose. If posterior
beams were used, the “overshoot” would have gone into the bladder instead of the muscle and fat

16.6 Anal Cancer

Special consideration is given to treatment of anal SCC compared to rectal adeno-
carcinoma. The concurrent chemotherapy is more aggressive, the treatment vol-
umes are larger and more complex, and skin toxicity is a much more significant
issue. These clinical considerations are reflected in the more complex technical
requirements for anal SCC proton therapy.

16.6.1 Simulation, Target Delineation, Organ at Risk Delineation,
and Radiation Dose/Fractionation

— Given the complexity of the treatment volume in anal cancer compared to rectal
cancer, CT simulation generally should be performed supine with a comfortably
full bladder.

— MRI is helpful for accurate delineation of the extent of anal tumor and involved
lymph nodes. PET may also be helpful in identification of involved nodal areas
and primary tumor segmentation.

— As in rectal cancer, the GTV and involved nodes should be defined using all
imaging modalities, and these should be registered to planning CT for accurate
delineation. A further isotropic margin of at least 2 cm should be added to GTV,
depending on tumor stage, while respecting anatomical boundaries. Attention
must be given, especially for anal verge and perianal lesions, that a 2-cm radial
and caudal margin is used to ensure coverage of perianal skin.

— The CTV (elective nodal area) should include inguinal lymph nodes, external
and internal iliac lymph nodes, obturator, mesorectal, and presacral space. If
appropriate, ischiorectal fossa should be included. The AGITG consensus atlas
[20] and the Radiation Therapy Oncology Group (RTOG) elective nodal anorec-
tal atlas [18] are both excellent resources.
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— The PTV should be created from CTV as above, but with the larger, more com-
plex target volume, larger expansions may be considered for anal CTV.

— Organs at risk (OAR) is segmented as in rectal cancer with the following
additions:

Due to the myelotoxic concurrent chemotherapy agents used in anal cancer, the
total pelvic bone marrow—composed of iliac, lower pelvic, and lumbosacral
subdivisions—should be outlined as described by Mell et al. [21].

In addition, careful attention should be paid to skin dose in anal cancer as radia-
tion dermatitis may be a limiting toxicity for timely completion of therapy.
We also use an avoidance structure called “perineal skin” to limit excessive
dose to sensitive regions.

The recommended dosing and fractionation vary depending on the clinical sce-
nario: tumor stage, whether an excisional biopsy has been performed, and the
use of a simultaneous integrated boost technique vs sequential boost technique
(Table 16.1).

The use of concurrent chemotherapy is standard of care; unless there are medical
contraindications to systemic treatment when a higher radiation dose could be
considered.

16.6.2 Patient Positioning, Immobilization, and Treatment
Verification

Setup accuracy should ideally be ascertained with daily orthogonal X-ray
imaging matched to the bony pelvis or volumetric imaging, if available. For
advanced stage with bulky disease (primary or lymph nodes), imaging and clin-
ical examination should be considered during the course of treatment (every 1
or 2 weeks) to assess for potential changes in anatomy, as they could have
potential impact in dose distribution. Additionally, weight should be monitored
as weight loss could lead to overshooting target volumes using proton
therapy.

Table 16.1 Recommended radiation doses

Elective nodal
Stage Technique | dose GTV dose
T1 and non-bulky T2 | SIB 42Gy(RBE) in 50.4 Gy(RBE) in 28F
28F
Bulky T2, T3 and T4 | SIB 45 Gy(RBE) 54 Gy(RBE) in 30F
Involved nodes SIB n/a 50.4-54 Gy(RBE)
Any Sequential | 30-36 Gy(RBE) | Boost to macroscopic 50.4-60 Gy (RBE)
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16.7 3D Proton Passive Scattering vs Pencil Beam Scanning
Planning

16.7.1 Passive Scattering

There are no reports using PS for anal cancer, therefore principles for treatment of
the pelvis (gynecologic, prostate) could be applied. The target volumes for anal
cancer are complex compared to rectal cancer since the inguinal nodes are included.
Generally, matched fields would be required. Care should be taken to avoid placing
match lines on organs at risk (OARs) and any colostomy. Match line feathering can
be utilized to reduce excessive hot spots at the match line level.

16.7.2 Pencil Beam Scanning

PBS plans can consist of left- and right-posterior oblique fields to cover volumes
encompassing the primary tumor, pelvic nodes, and inguinal nodes [22].
Figure 16.4 shows a plan using right- and left-posterior oblique SFUD (single-
field uniform dose or single-field optimization (SFO)) fields in a woman. Of note,
a vaginal cylinder was used to maximize sparing of at least the anterior vaginal
wall. If a sequential cone down is used for the primary tumor, skin sparing can be

Fig. 16.4 Pencil beam scanning plan using posterior oblique (red arrows) SFUD fields for anal
cancer. Several axial slices are shown with dose color wash for the initial fields treated to 42 Gy
and 50.4 Gy with a simultaneous infield boost. The CTV_4200 (green contour) is shown as well
as the small bowel (light green), large bowel (brown), external genitalia (orange), and vagina
(pink). A vaginal cylinder was inserted at the time of simulation and for daily treatments in an
effort to spare concentric dose to the entire vagina



16 Lower Gastrointestinal Malignancies 267

achieved using opposed lateral beams. Plans can be optimized using the SFUD
technique, allowing each field to uniformly cover the target in order to increase
plan robustness.

Alternately, posterior and anterior SFUD fields can be used with an internal
“gradient match” where the external iliac volume connects the inguinal nodes
and the internal iliac nodes. This fields matching method using volumetric gradi-
ent dose optimization (GDO) has been routinely used on craniospinal irradiation
for proton PBS technique without match line changes [23]. The GDO involves
the use of multiple fields such that in the overlapped junction area, the dose con-
tribution decreases in one field, while this decrease is compensated by increasing
dose contribution from the adjacent field. Challenges still exist for opposing
beam sets due to the fact of range uncertainties of proton therapy. Cold-dose buf-
fer in the junction has to be deliberately created to prevent potential overlaps
between beam sets. To investigate the worst case scenario, often the robustness
of the plan is studied by manually introducing setup and range uncertainties.
Although this technique may be more sensitive to changes in body weight and
position, it can help with challenging volumes, such as a hip replacement as
shown in Fig. 16.5.

16.7.3 Dosimetric and Toxicity Comparison

To date there are no data regarding outcomes of patients with anal cancer treated
with PT. There are two in silico modeling studies, Ojerholm et al. [22] and Anad
et al. [25], reporting that PT offers significant reduction in doses to the small
bowel, bladder, and genitalia when compared to seven field IMRT in eight cases
[22] and volumetric arc therapy (VMAT) in eight cases [25]. This reduction is
more substantial in doses <30 Gy across all organs. Furthermore both studies
have shown significant reduction in the pelvic bone marrow dose of clinical
relevance.

Fig. 16.5 Pencil beam scanning plan for a patient with hip replacement using GDO for anterior
and posterior matched fields (red arrows). CTV is shown in light green contour
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Table 16.2 Recommended dose constraints to organs at risk when using proton beam therapy
anal cancer are listed

Organ at risk Recommended dose constraint

Small bowel Max dose 54 Gy
120 cc < 15 Gy
Bladder 50% < 35 Gy
35% < 40 Gy
5% < 50 Gy
Femoral heads Max dose = 50 Gy
50% < 30 Gy
35% < 40 Gy
5% < 44 Gy
Genitalia 50% < 20 Gy
35% < 30 Gy
5% < 40 Gy

These recommendations are adapted from RTOG 0529 protocol [24]. As additional data are accu-
mulated, these constraints will continue to be refined. In clinical practice, the planner should make
every effort to achieve the lowest dose possible for all normal tissues while maximizing
coverage.

16.7.4 Future Developments

It is crucial that prospective data collection (in a trial or registry) of clinical toxicity
and long-term PROMs are undertaken to aid establishing the benefit of protons.
MGH currently is running a multi-institutional trial for anal cancer (NCT01858025)
to determine the feasibility of PBS with concurrent 5-fluorouracil and mitomycin
C. Proton radiotherapy will be considered feasible if grade 3+ skin toxicity seen on
this protocol is less than 48% (reported grade 3+ dermatologic toxicity from RTOG
98-11).

References

1. Hong TS, et al. NRG oncology radiation therapy oncology group 0822: a phase 2 study of pre-
operative Chemoradiation therapy using intensity modulated radiation therapy in combination
with Capecitabine and Oxaliplatin for patients with locally advanced rectal cancer. Int J Radiat
Oncol Biol Phys. 2015;93(1):29-36.

2. Chopra S, et al. Predictors of grade 3 or higher late bowel toxicity in patients undergoing pel-
vic radiation for cervical cancer: results from a prospective study. Int J Radiat Oncol Biol Phys.
2014;88(3):630-5.

3. Banerjee R, et al. Small bowel dose parameters predicting grade >/= 3 acute toxicity in rec-
tal cancer patients treated with neoadjuvant chemoradiation: an independent validation study
comparing peritoneal space versus small bowel loop contouring techniques. Int J Radiat Oncol
Biol Phys. 2013;85(5):1225-31.

4. RobertsonJM, et al. The dose-volume relationship of small bowel irradiation and acute grade 3 diar-
rhea during chemoradiotherapy for rectal cancer. Int J Radiat Oncol Biol Phys. 2008;70(2):413-8.

5. Gunnlaugsson A, et al. Dose-volume relationships between enteritis and irradiated bowel vol-
umes during 5-fluorouracil and oxaliplatin based chemoradiotherapy in locally advanced rectal
cancer. Acta Oncol. 2007;46(7):937-44.



16

Lower Gastrointestinal Malignancies 269

6

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Tho LM, et al. Acute small bowel toxicity and preoperative chemoradiotherapy for rectal can-
cer: investigating dose-volume relationships and role for inverse planning. Int J Radiat Oncol
Biol Phys. 2006;66(2):505-13.

. Son CH, et al. Dosimetric predictors of radiation-induced vaginal stenosis after pelvic radia-
tion therapy for rectal and anal cancer. Int J Radiat Oncol Biol Phys. 2015;92(3):548-54.

. Plastaras JP, Dionisi F, Wo JY. Gastrointestinal cancer: nonliver proton therapy for gastrointes-
tinal cancers. Cancer J. 2014;20(6):378-86.

. Tatsuzaki H, Urie MM, Willett CG. 3-D comparative study of proton vs. x-ray radiation ther-

apy for rectal cancer. Int J Radiat Oncol Biol Phys. 1992;22(2):369-74.

Isacsson U, et al. Comparative treatment planning between proton and X-ray therapy in locally

advanced rectal cancer. Radiother Oncol. 1996;41(3):263-72.

Colaco RIJ, et al. Protons offer reduced bone marrow, small bowel, and urinary bladder expo-

sure for patients receiving neoadjuvant radiotherapy for resectable rectal cancer. J Gastrointest

Oncol. 2014;5(1):3-8.

Wolff HA, et al. Irradiation with protons for the individualized treatment of patients with

locally advanced rectal cancer: a planning study with clinical implications. Radiother Oncol.

2012;102(1):30-7.

Dionisi F, B.S., Kirk M, Both S, Vennarini S, McDonough J, Metz JM, Plastaras JP, Pencil

Beam Scanning Proton Therapy in the Treatment of Rectal Cancer, in American Society of

Radiation Oncology Annual Meeting. 2013: Atlanta, GA.

Batra S, et al. Lower rates of acute gastrointestinal toxicity with pencil beam proton ther-

apy relative to IMRT in neoadjuvant chemoradiation for rectal cancer. Int J Clin Oncol.

2015;33(3):696.

Berman A, et al. Proton Reirradiation of recurrent rectal cancer: Dosimetric Comparsion, tox-

icities, and preliminary outcomes. IJPT. 2014.; in press

Braendengen M, et al. Delineation of gross tumor volume (GTV) for radiation treatment plan-

ning of locally advanced rectal cancer using information from MRI or FDG-PET/CT: a pro-

spective study. Int J Radiat Oncol Biol Phys. 2011;81(4):e439-45.

Whaley JT, et al. Clinical utility of integrated positron emission tomography/computed

tomography imaging in the clinical management and radiation treatment planning of locally

advanced rectal cancer. Pract Radiat Oncol. 2014;4(4):226-32.

Myerson RJ, et al. Elective clinical target volumes for conformal therapy in anorectal cancer:

a radiation therapy oncology group consensus panel contouring atlas. Int J Radiat Oncol Biol

Phys. 2009;74(3):824-30.

Moyers MF, et al. Methodologies and tools for proton beam design for lung tumors. Int J

Radiat Oncol Biol Phys. 2001;49(5):1429-38.

Ng M, et al. Australasian gastrointestinal trials group (AGITG) contouring atlas and planning

guidelines for intensity-modulated radiotherapy in anal cancer. Int J Radiat Oncol Biol Phys.

2012;83(5):1455-62.

Mell LK, et al. Association between bone marrow dosimetric parameters and acute hema-

tologic toxicity in anal cancer patients treated with concurrent chemotherapy and intensity-

modulated radiotherapy. Int J Radiat Oncol Biol Phys. 2008;70(5):1431-7.

Ojerholm E, et al. Pencil-beam scanning proton therapy for anal cancer: a dosimetric compari-

son with intensity-modulated radiotherapy. Acta Oncol. 2015;54(8):1209-17.

Lin H, et al. Supine craniospinal irradiation using a proton pencil beam scanning technique

without match line changes for field junctions. Int J Radiat Oncol Biol Phys. 2014;90(1):71-8.

Kachnic LA, et al. RTOG 0529: a phase 2 evaluation of dose-painted intensity modulated radi-

ation therapy in combination with 5-fluorouracil and mitomycin-C for the reduction of acute

morbidity in carcinoma of the anal canal. Int J Radiat Oncol Biol Phys. 2013;86(1):27-33.

Anand A, et al. Scanning proton beam therapy reduces normal tissue exposure in pelvic radio-

therapy for anal cancer. Radiother Oncol. 2015;117(3):505-8.



Breast Cancer 1 7

Robert Samstein, David DeBlois, Robert W. Mutter,
and Oren Cahlon

Contents
171 INEEOAUCHION ..ttt ettt ettt ettt ettt ettt ebe et esaeesteesteseensesneenseeneesseensenseans 271

17.2  Partial Breast Irradiation.. 272
17.3  Whole Breast/Chest Wall Plus Regional Nodal Irradiation.......... 274
17.4  Simulation, Target Delineation, and Radiation Dose/Fractionation..............ccc.ccceu..... 278
17.5 Patient Positioning, Immobilization, and Treatment Verification...............cccecveenenne. 279
17.6  Three-Dimensional (3D) Proton Treatment Planning 281

17.6.1 Passive Scattering (PS)/Uniform Scanning (US)......cccccccvverrerenuencne. 281
17.7  Pencil Beam Scanning (PBS)........cccoceiririiirieiirieenieieeteteeeteetere e tese s s anene 282
17.8 Critical Structures ............... .. 283
17.9  Future Developments ... ... 284
REFEIENCES ...ttt ettt ettt ettt ettt et e e taeste e b e ess e seesbessaeseessesssensaeneas 284

17.1 Introduction

Breast cancer is the most common malignancy of females in the United States with
an estimated incidence of >230,000 in 2015 [1]. Radiation therapy plays an impor-
tant role in prevention of locoregional and distant recurrence which can translate
into improvements in overall survival with long-term follow-up [2—4].
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Adjuvant radiation to the breast is an essential part of breast conservation therapy
for most women with early stage breast cancer. For many women with stage 2 and
3 disease, breast/chest wall irradiation in combination with regional nodal irradia-
tion improves outcomes [5, 6].

With continued improvements in cure rates and expected long-term survival in
many breast cancer patients, minimizing late toxicities of radiation is essential.
Proton therapy may improve the therapeutic ratio by minimizing exposure to the
surrounding normal tissue in the thorax, while preserving optimal target coverage.
The major potential benefit of protons is thought to be in cardiac avoidance with
dose to the heart directly correlated with major cardiac events [7]. In addition, pro-
ton therapy can reduce the exposure to nontarget tissues outside of the clinical target
volume such as the lungs, soft tissues of the shoulder and back, contralateral breast
or chest wall, and dissected axilla, potentially reducing rates of pneumonitis, lymph-
edema, and secondary cancers and improving other functional outcomes.

Proton therapy has been proposed in breast cancer patients in several settings,
including partial breast irradiation (PBI), whole breast radiation (WBRT) with or
without regional nodal irradiation (RNI), and postmastectomy radiotherapy
(PMRT).

17.2 Partial Breast Irradiation

Early breast conservation trials comparing surgery with or without whole breast
radiation therapy demonstrated that most recurrences occur in close proximity to
the original tumor bed [2, 8, 9].

Advantages of PBI include a smaller target allowing for accelerated hypofrac-
tionation with fewer treatments, which is ultimately more convenient for patients
and more cost-effective for the health-care system. A smaller target also decreases
normal tissue exposure and may result in decreased toxicity.

PBI can be delivered using IORT, interstitial or intracavitary brachytherapy, and
external beam radiation therapy (EBRT) with EBRT being the most common form
in the Unites States. Brachytherapy techniques provide better conformality than
EBRT but have a more inhomogeneous dose distribution and are more invasive.
EBRT is noninvasive and more convenient but less conformal, with more nontarget
breast tissue receiving radiation.

Several large phase III clinical trials have randomized early stage breast cancer
patients to partial vs. whole breast irradiation. Strnad and colleagues found multi-
catheter interstitial brachytherapy to be not inferior to adjuvant whole breast irradia-
tion [10]. The 5-year incidence of local recurrence was 1.44% for PBI and 0.92%
for WBI, p = 0.42. Due to the greater technical complexity and invasiveness of the
procedure, interstitial brachytherapy is not widely used in North America for the
treatment of breast cancer. Although results from NSABP B-39 and the RAPID trial
are still pending, PBI is currently used for select favorable-risk patients with early
stage disease, as supported by American Society of Radiation Oncology (ASTRO)
consensus guidelines [11].
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The TARGIT-A and the ELIOT studies randomized patients to single-dose intra-
operative radiation therapy vs. whole breast irradiation (WBI). In TARGIT-A,
5-year local recurrence was significantly higher with IORT compared with WBI
(3.3% vs. 1.3%, p = 0.042) despite 15.2% of patients with predefined adverse fea-
tures receiving supplemental WBI in the IORT arm. In the ELIOT trial, the 5-year
local recurrence was 4.4% with IORT vs. 0.4% with WBI, p = 0.0001. Therefore, at
the present time, IORT is only recommended in the setting of a clinical trial [12].

Early toxicity results from the RAPID as well as other reports raised concern of
increased adverse cosmesis with PBI [13-16]. Cosmesis has been correlated with
the volume of nontarget breast tissue receiving prescription dose [14, 17]. Optimal
dose and fractionation for PBI has not been defined, although some data suggest
that once daily fractionation may be better tolerated given the relatively large frac-
tion sizes administered with PBI [18, 19].

Proton therapy for PBI has been suggested in order to improve the sparing of
tissues outside of the clinical target volume, which could potentially result in
improved cosmesis.

An example of PBI beam arrangement and dosimetry can be seen in Fig. 17.1.
Dosimetric analyses demonstrated that proton therapy improved sparing of nontar-
get breast tissue compared with other EBRT techniques. The non-PTV breast vol-
ume receiving 50% of the prescription dose was 16.5% with proton therapy, 22.8%
with tomotherapy, 33.3% with IMRT, and 40.9% with 3DCRT [20, 21].

One early clinical experience demonstrated increased skin toxicity and telangi-
ectasias with proton therapy delivered via a single beam. In that prospective trial of
98 patients treated at MGH with protons, photons or mixed photons/electrons, a
higher rate of telangiectasias (69% vs. 16%), pigmentation changes (54% vs. 22%),
and lower rates of good/excellent cosmetic outcomes (62% vs. 94%) were observed

Fig. 17.1 Three field PBI plan with uniform scanning. (a) isodose lines for a uniform scanning
PBI plan with skin sparing. (b) Axial image demonstrating the lightly weighted tangent beam
using the aperture edge to spare the skin. Anterior oblique and lateral beams deliver full skin dose
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with proton therapy, although there was no difference in patient-reported outcomes
[22]. The use of two proton fields was shown to result in a higher proportion of
patients with good/excellent cosmesis compared to a single-beam technique [23].

In a larger phase II trial of 90 patients at Loma Linda using 2—4 beams, the 5-year
breast tumor recurrence-free survival rate was 97%, and good/excellent cosmetic
outcomes were observed in 90% of patients [24, 25]. Therefore, at least two fields
per day are recommended by most institutions.

The use of pencil beam scanning proton therapy (PBS) may allow additional skin
sparing and improvements in conformality in order to further reduce nontarget
breast dose.

17.3 Whole Breast/Chest Wall Plus Regional Nodal
Irradiation

Level 1 evidence supports the use of adjuvant radiation to the breast/chest wall and
comprehensive regional nodes encompassing the axilla, supraclavicular fossa, and
IMN chain, for many patients with stage 2 and 3 breast cancer [4-6, 26-28].
Inclusion of lymph node basins, and in particular the internal mammary nodes
(IMN), results in a larger volume of normal tissue and critical organs exposed to
radiation with increased treatment morbidity. In addition, most of the debate over
whether to incorporate the IMN chain into the target volume is because doing so
results in increase heart and lung doses.

A dose-dependent association has been demonstrated between ischemic heart
disease and even low radiation doses to the heart [7]. Therefore, the available clini-
cal data suggest that even incremental reductions in dose to the heart will translate
to reduced cardiac morbidity in the future. Several photon-based treatment tech-
niques such as heart blocking, breath hold, prone positioning, matched electron/
photon fields, and intensity modulated radiotherapy can be used to minimize cardiac
dose. However, clinical target volume coverage is often sacrificed in order to achieve
the desired cardiac sparing, and there can still be significant exposure to the heart
and lung when trying to achieve ideal coverage. A study from MD Anderson showed
that only 75-90% of the CTVs received 90% of the prescription dose — well below
what is accepted for most disease sites.

Several studies have demonstrated improved target coverage and normal tissue
doses with protons compared to 3D conformal photons or IMRT/VMAT [29-35].
These studies are summarized in Table 17.1. In a systematic review of published
mean heart doses between 2003 and 2013, the average dose to the heart in tangential
photon treatment when the IMN nodes where targeted was 8 Gy compared with
2.6 Gy with protons [36]. More recent proton experience reports have demonstrated
even lower mean heart doses in the range of 0.5-1 Gy [32, 37, 38].

Factors that indicate an increased benefit for protons include unfavorable cardiac
anatomy with anterior portion of the heart immediately adjacent to the chest wall,
lack of breath-hold capability, lack of improvement with breath hold, need for inclu-
sion of the IMNs, and medial tumor and breast reconstruction limiting beam angles.
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For most early stage patients receiving whole breast radiation alone with modern
treatment planning, there is not likely to be a marked reduction in dose to the normal
tissues or improvement in target volume coverage with proton therapy. However, there
are some patients with unfavorable anatomy where protons can provide a significant
advantage. For example, in patients with a barrel-shaped chest, the lung dose can be
high with a tangent approach, and protons can reduce the dose significantly (Fig. 17.2a).
In addition, in some patients with left-sided breast cancer, the heart may be fixed to the
chest wall, resulting in high doses to the heart and left anterior descending artery with
photon tangents. Deep inspiratory breath-hold techniques can often increase the space
between the chest wall and heart, reducing cardiac exposure. However, some patients
cannot tolerate the procedure and others derive minimal benefit (Fig. 17.2¢). Finally, a
medial tumor location could necessitate shallow tangents in order to obtain margins on
the tumor bed and result in significant contralateral breast dose (Fig. 17.2d).

Early clinical experience using passive scatter techniques have been reported by
several institutions including MGH and MSKCC/Princeton Radiation Oncology, with
good target coverage, mean heart dose under 1 Gy, and ipsilateral lung V20 12.7-
16.5% [31, 37]. Toxicities observed were mild with Grade 2 dermatitis observed in
71.4% and moist desquamation in 28.6% without any Grade 3 skin toxicities [37].
One patient experienced a Grade 3 reconstructive complication. An example of the
brisk skin reaction observed can be seen in Fig. 17.3. When skin dose was measured
using OSLs, protons dose was similar to that observed in patients treated with bolus
with photons. In our experience, the skin reaction with uniform scanning/passive scat-
tered protons is a deep erythema that is more intense than with photons, but the des-
quamation is typically dry and superficial, and the erythema heals quickly. The skin
reaction is more intense in the supraclavicular region than is typically seen with an
anterior oblique photon field, and a few patients have had prolonged hyperpigmenta-
tion in that area although it does typically ultimately heal completely. Telangiectasias
have been identified in a few patients with more than 2 years of follow-up.

»
| o

Fig. 17.2 Left whole breast RT with DIBH. 43 yo female s/p BCS for TIbNO IDC of the left
breast treated with proton therapy for lung sparing. (a) Isodose lines and DVH for photon tangents.
(b) Isodose lines and DVH for uniform scanning proton plan. Comparison of the DVHs shows that
the ipsilateral V20 is reduced from 18% to 8%, V30 from 18% to 2% and V40 from 17% to 0%.
(¢) 53 yo F with pT1cNO, ER/PR+, HER2-, IDC of L breast s/p BCS and AC-T chemo. Accepted
for whole breast RT. Did not tolerate DIBH. Tangent fields would have resulted in large portions
of the LAD and left ventricle receiving high doses. Patient was therefore simulated for proton
therapy and strong target coverage was achieved with near complete cardiac sparing, with a mean
heart dose of 0.2 Gy. (d) 44 yo F with pT2NO, 4.6 cm, triple negative, poorly differentiated, IDC
of upper inner quadrant of left breast s/p BCS/SLNB and AC-T chemo. Simulated for whole breast
radiation with DIBH. Although heart was well displaced, because of the location of the tumor bed
(green contour) in UIQ), there was still significant spillage into the contralateral breast and a signifi-
cant portion of the lung receiving full dose. The proton plan gives excellent coverage of the tumor
bed and the IMN chain without increasing dose to the lung or contralateral dose
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Fig. 17.3 Typical skin reaction observed for patients undergoing proton therapy to the chest wall
and regional nodes after mastectomy without reconstruction (a—c¢) and after lumpectomy (d—f).
a and d: Baseline. b and e: end of RT. ¢ and f 1 month followup after RT

PBS treatment, as seen in Fig. 17.5, can result in greater skin sparing, if clinically
indicated, as well as allow treatment with a single beam, although may be more
sensitive to setup uncertainties.

The currently accruing RADCOMP trial randomizes patients to protons vs. pho-
tons for breast cancer requiring comprehensive regional nodal irradiation including
treatment of the IMNs with a primary endpoint of reduction in cardiac events at
10 years. Other endpoints include health-related quality of life including fatigue and
patient-reported body image and function as well as cancer control outcomes.
Predictive models to understand the association with radiation dose distribution to
the heart with major cardiovascular events and quality of life outcomes will also be
developed. The trial is designed to be pragmatic, allowing for treatment at centers
across the country with broad eligibility criteria and limited treatment planning req-
uisites. A RADCOMP contouring atlas has also been developed to offer guidance
and promote consistency in photon and proton treatment target areas.

17.4 Simulation, Target Delineation, and Radiation Dose/
Fractionation

In general, clinical target volume (CTV) should be similar for photon or proton
treatment as it defines the area at risk for microscopic disease. However, contouring
accuracy is critical with protons given the steep dose gradients. There are areas that
the physician may consider including in the proton target volume that historically
received significant incidental doses with photons even if not intentionally delin-
eated. The areas where this could make a difference are the posterior supraclavicu-
lar fossa, retroclavicular region connecting the IMN contour to the supraclavicular
and the posterolateral axilla [39]. With protons, if an area is not specifically
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contoured, it will receive minimal dose; thus, an atlas for the RADCOMP trial was
developed with slight modifications to the RTOG atlas. Guidelines exist as well for
contouring of the left anterior descending artery [LAD] [40].

The ribs and intercostals are not included as they are at low risk of microscopic
disease, and their exclusion allows the end of range to fall in soft tissue/bone rather
than the lungs [41]. In addition, excluding a high-density structure such as the rib
reduces the amount of smear necessary and allows for better conformality.

The role of PTV margins for setup uncertainty in breast cancer is unclear. At
MSKCC/Princeton Radiation Oncology, a 7 mm margin is added in all directions
perpendicular to the beam but not posteriorly (parallel to beam) to avoid expansion
into the ribs/lungs and heart. In addition, limited margin is used in the medial supra-
clavicular fossa to avoid expansion into the esophagus [37]. An expansion is not
necessary in the direction of the beam as motion in the beam path has very little
dose perturbation. At the Mayo Clinic in Rochester, MN, setup uncertainty analyses
of +5 mm shifts in isocenter along each translation axis and +3% beam range uncer-
tainty are performed on the CTV and organs at risk as part of routine treatment
planning for PBS intensity modulated proton therapy. It should be noted that mar-
gins will not compensate for motion or breast tissue deformation.

45-50 Gy (RBE) should be prescribed to the target volumes in 1.8-2.0 Gy frac-
tions. There have been no published reports of hypofractionated schedules for
patients being treated to the breast/chest wall and regional lymphatics to date
although this is under investigation (NCT02783690).

For proton PBI, contouring should be done similar to photon-based EBRT PBI.

17.5 Patient Positioning, Immobilization, and Treatment
Verification

CT simulation should be performed with the arms abducted above the head using a
custom mold (alpha cradle, breast board). Due to the en face beams in proton radio-
therapy, an “arms down” position can also be considered which can be helpful in
patients who have difficulty post axillary surgery or other comorbidities which limit
arm mobility. A chin strap and shoulder pulls can be used to assist in reproducibility.
IV contrast can assist in defining nodal volumes and OARs, but a non-contrast CT
is necessary for dose calculation.

Two matching fields to the chest wall and supraclavicular fossa with uniform
scanning or passive scattering are often used. The match line should be feathered,
and the fields can be treated daily (4 fields/day) or on alternating days (2 fields/day).
A typical beam arrangement is seen in Fig. 17.4.

While most clinical experience to date has been with uniform scanning or pas-
sive scattering [31, 34, 37], a pencil beam scanning (PBS) technique has been
reported at MGH [42], and as PBS becomes widely available, it will likely become
more popular in the future (Fig. 17.5).

Setup accuracy should be confirmed with daily X-ray imaging, or when avail-
able, surface imaging such as AlignRT is highly desirable to be employed for inter-
fraction and intrafraction for setup and positioning surveillance.



280 R.Samstein et al.

Fig. 17.4 Typical beam
arrangement

Fig. 17.5 A standard 3D conformal photon plan compared with a proton plan using pencil beam
scanning for a patient with locally advanced breast cancer, bilateral implants and inclusion of the
internal mammary nodes in the treatment field
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End of range uncertainty must be considered in proton therapy related to both setup
variability as well as intrafraction motion. Early clinical experience was mostly in the
postmastectomy setting, but many centers today are also treating post-lumpectomy
patients. Mobile breast tissue in breast conservation patients is a source of setup and
range variability, requiring special care when using proton therapy, particularly in
patients with pendulous breasts where day-to-day setup uncertainty may be increased.
In the postmastectomy setting, with or without reconstruction range uncertainty may
be less due to better reproducibility. Low-dose verification CT scans during treatment
as well as optical surface tracking technologies such as AlignRT have allowed more
robust treatment, including those with intact breasts. In some patients with breast
edema, adaptive planning to account for increased range is needed.

Target motion of the chest wall due to respiration has minimal effect, relative to
typical setup and beam range uncertainties, due to the relatively low absolute motion
in most patients primarily in the direction of the beam [29, 42].

Another potential challenge remains in patients with immediate tissue expander
reconstruction due to the metal port perturbing the proton dose distribution. With
passive scattering and uniform scanning techniques with anterior beams, a cold spot
is created behind the port that can be overcome by increased smearing at the expense
of increased heart and lung dose. Thus, tissue expanders have remained a contrain-
dication to proton therapy with those techniques.

The feasibility of treating patients with breast expanders with metallic ports with
intensity modulated proton therapy has recently been reported (Mutter, Remmes
et al. PTCOG 2016). At the Mayo Clinic, all expanders implanted are made by the
same manufacturer. Prior to considering PBS for patients with expanders, a sample
expander used in their practice was disassembled, and the water-equivalent thick-
ness of its components was measured. These measurements are used to construct a
contouring template in the treatment planning software that is matched to the
expander port on the treatment planning images with stopping power override. Two
multi-field optimized anterior/oblique beams at ~45° are used in order to provide
the best compromise between robust target coverage and ability to limit the dosi-
metric impact of the expander port and limit hot spots at the skin surface compared
with en face single-beam plans. Using this technique in 12 patients, they determined
that target coverage and normal tissue dose uncertainties from the expander were
clinically acceptable. They cautioned, however, that similarly extensive analyses
should be carried out on the physical properties and dosimetric impact of expanders
used in each institution’s practice prior to considering PBS for these patients [43].

17.6 Three-Dimensional (3D) Proton Treatment Planning
17.6.1 Passive Scattering (PS)/Uniform Scanning (US)

17.6.1.1 Partial Breast Irradiation

Two or three beams are often used for treating partial breast irradiation. In some
cases, beams can be manipulated to aid in skin sparing, as seen in Fig. 17.1. However,
due to size and location of the disease within the breast, this is not always possible.
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17.6.1.2 Whole Breast, Postmastectomy Chest Wall, or Implant
Patients with Nodal Basin

Two sets of matching fields to the chest wall and supraclavicular fossa with US or
PS are often used. Two isocenters with only a longitudinal shift between them are
chosen: a chest wall isocenter and a supraclavicular nodal isocenter. The match lines
of the two beam projections must be feathered and not overlap. The fields can be
treated daily (4 fields/day) or on alternating days (2 fields/day); alternating days is
possible if the individual matched pairs cover the target sufficiently without signifi-
cant hot spots. A typical beam arrangement is seen in Fig. 17.4. For each pair of
matched beams, the minimum air gap that allows the target to fit within the aperture
and provides clearance from collisions with the patient or table should be used. The
same air gap should be used to allow for a more homogeneous dose distribution at
the match lines. However, with larger snout sizes, patients may be able to be treated
with a single isocenter and two beam projections that do not require match lines.

Before compensator generation, fiducials in the beam path, such as scar or border
wires or BBs, must be contoured and the densities forced to air. This is done as
fiducials can disrupt the beam and cause an artificial cold shadow distally.

When planning a breast with an implant, the liquid inside implant may be com-
prised of varying materials. Some materials may sample as the correct density,
while others may not and need to be forced to the correct density.

Range uncertainty in proton therapy must be accounted for, and robustness anal-
ysis demonstrates acceptable “worst case scenario” dose profiles [42].

Dose painting and scaling of beams are common to gain coverage and mitigate
hot spots.

Lumpectomy boosts are often planned the same as PBI; however, skin sparing is
not achievable as the initial portion of treatment cannot spare skin.

Other possible areas to boost include chest wall excluding nodal volumes, chest
wall with only internal mammary nodes (IMN) included, or an IMN boost alone.

For chest wall boosts that include the IMN, often fully new fields need not be
generated as the boost can be treated with the beams for the initial portion of the
plan, with edited apertures if needed to exclude the supraclavicular or axilla nodes.

Chest wall boosts that exclude all nodal volumes may be able to use the beams
from the initial portion of treatment as well, provided that the initial did not include
IMN. Should this be the case, new fields need to be generated, and the same plan-
ning process is followed for the initial treatment.

In some cases, a boost to just the IMN is needed. In these cases, one or two en
face beams should be used to cover the target. Care must be taken with the heart as
it is distal to the IMN target, and these boosts can increase the heart dose.

17.7 Pencil Beam Scanning (PBS)

PBS planning for breast treatments has a very similar beam geometry to US plan-
ning. One to two en face beams should be chosen. Four fields may be necessary if
the target is too large, and a two-isocenter technique is required.



17 Breast Cancer 283

Materials in beam path need to be evaluated for forced densities with the same
consideration used in US planning.

Beam parameters, such as spot layer distance, spot spacing distance, and spot
distance outside of target, should be determined by each institution.

Single field uniform dose (SFUD) should be used to ensure individual beam
coverage while maintaining robustness. SFUD should be utilized with robust opti-
mization whenever possible to account for uncertainties, i.e., distal end, setup, and
motion uncertainties. If robust optimization is unavailable, Planning Organ at Risk
Volume (PRV) and other optimization structures can be used to account for
uncertainties.

The use of PBS planning can allow for some skin sparing. In US planning, there
is no method to control the proximal end of the beam resulting in potential hot spots
on the skin surface. By creating an optimization volume for target and an avoidance
structure proximal to the target along the beam path, skin dose can be lowered to
less than the prescribed dose.

17.8 Critical Structures

The heart is a critical avoidance structure, especially for left-sided treatments, and
should have the mean dose to the organ minimized as much as possible. For treat-
ments with IMN inclusion, the heart and LAD dose must be balanced with coverage
to the IMN targets. The esophagus is of concern superiorly in the section of treat-
ments that include the nodal basin targets and should be kept below prescription
dose. The lungs should have the V5 and V20 minimized to the ipsilateral lung and
all dose to the contralateral lung kept as low as reasonably achievable (ALARA)
(Table 17.2).

Table 17.2 Recommended dose constraints to organs at risk when using proton beam therapy. No
specific dose constraints have been developed for proton therapy

Organ at risk Recommended dose constraint
Ipsilateral lung Vaoay < 20%

Viogy < 40%

V5 <50%
Contralateral lung Vaay < 1%
Heart Vasay < 5%

Max point dose 50 Gy

Mean dose <2Gy
Thyroid Mean dose <20Gy
Esophagus Max point dose 40 Gy
Contralateral intact breast Mean dose <5 Gy
Liver Mean dose <5 Gy
Stomach Mean dose <2 Gy
Cord Max point dose <10 Gy
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17.9 Future Developments

Mature follow-up of single arm prospective studies as well as the RADCOMP study
will better define the clinical benefits of proton therapy.

The use of PBS may allow for better modulation of skin dose and improved con-

formality in some cases.
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18.1 Introduction

* Gynecologic malignancies including endometrial, vulvar, vaginal, and cervical
pose a significant challenge for women worldwide with an estimated 83,620 new
cases diagnosed in the United States in 2016 [1]. Radiation therapy is routinely
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administered to increase local control and overall survival either in the post-
hysterectomy or definitive setting. The standard treatment for early-stage cervi-
cal and endometrial cancers includes hysterectomy with adjuvant radiation given
with or without concurrent chemotherapy depending on the presence of high-risk
features [2—7]. The standard treatment for locally advanced cervical cancer is
external beam radiation therapy (EBRT) and intracavitary brachytherapy with
improved local control and overall survival when given with concurrent chemo-
therapy [8]. High-risk stage III/IV endometrial cancers are typically treated with
hysterectomy and adjuvant radiation, often combined with chemotherapy given
either concurrently or sequentially or sandwiched [9].

e The gynecologic target volume includes the pelvis (either post-hysterectomy to
treat pelvic lymph nodes or in the definitive treatment of locally advanced cervical
cancer to treat the cervix, uterus, parametrium, proximal vaginal, and pelvic lymph
nodes), with extended field radiation performed when para-aortic lymph nodes are
positive or suspicious for disease. Inguinal lymph node radiation is added for distal
vaginal extension or in the treatment of vulvar and vaginal cancers.

e EBRT for gynecologic malignancies has historically been delivered using pho-
tons with 2—4 fields to the pelvis, including an extended AP/PA field for treat-
ment of the para-aortic lymph nodes, with the addition of chemotherapy often
resulting in significant hematologic and gastrointestinal toxicity. Bone marrow
suppression leading to hematologic toxicity with concurrent chemoradiation can
necessitate dose reductions in chemotherapy and has been correlated with infe-
rior outcomes [10, 11]. Specifically, the volume of pelvic bone marrow receiving
10-20 Gy has been correlated with increased hematologic toxicity when radia-
tion is given concurrently with cisplatin [12, 13]. In a recent phase II study, bone
marrow sparing using intensity-modulated radiation therapy (IMRT) was shown
to decrease rates of hematologic toxicity with concurrent cisplatin [14]. IMRT
has also been shown to decrease dose to the bowel, rectum, bladder, and bone
marrow when treating pelvic and para-aortic lymph nodes versus conventional
(3D conformal photon) radiotherapy [15, 16]. However, dose reduction to one
OAR with IMRT can often result in increased dose to other OARs and increased
integral radiation dose [17]. A recent phase II study of IMRT reported a signifi-
cant 28% grade > 2 bowel adverse events [18]. The characteristic Bragg peak of
protons often translates to a reduction in normal tissue dose when using proton
beam radiation therapy (PBRT) with the additional potential to escalate dose and
reduce toxicity with combined modality treatment. PBRT may allow for dose
escalation to gross disease, fewer chemotherapy dose reductions, and treatment
of recurrent disease with little dose to previously irradiated normal tissues.

e Results of early dosimetric studies comparing IMRT alone with mixed IMRT
and proton therapy indicate that treatment with proton therapy significantly
reduces dose to the small and large bowel as well as kidneys when treating para-
aortic lymph nodes [19]. Until recently, the majority of PBRT has been delivered
with passive scattering, which can be less conformal and require longer treat-
ment times compared to IMRT. We have recently reported on the clinical feasi-
bility and dosimetric advantages of proton pencil beam scanning (PBS) to reduce
normal tissue dose while maintaining target coverage and conformality in the
treatment of gynecologic cancers following hysterectomy [20]. PBS was found
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to result in a lower volume of bone marrow, bladder, and small bowel treated to
low dose (10-30 Gy) compared to IMRT. Initial toxicity estimates have been
very encouraging with a low percentage of grade 3 or greater hematologic toxic-
ity. In our experience, PBRT is feasible, allows for combined modality treatment
with fewer chemotherapy dose adjustments, and has dosimetric advantages
allowing us to meet OAR constraints even when escalating dose to boost gross
residual disease or retreating for local recurrence.

18.2 Simulation, Target Delineation, and Radiation Dose/
Fractionation

e CT simulation should be performed on a non-contrast CT scan for the purposes
of dose calculation. If desired, CT with IV contrast can be subsequently per-
formed and fused to the planning CT for delineation of nodal volumes. Oral
contrast may be given to define small and large bowels. Placement of gold seed
fiducial markers at the vaginal apex in the postoperative setting or in the cervix
in the intact setting may allow for improved target delineation, provided that any
artifacts, high-Z materials, or hollow fiducials are overridden appropriately for
treatment planning purposes.

e PET-CT-based treatment planning is especially useful for visualization of gross
nodal involvement, residual disease, vulvar invasion, sidewall disease, and local
recurrence [21-24]. MRI-based brachytherapy treatment planning has been
shown to have more accurate delineation of the tumor volume compared to CT-
based planning and has been incorporated into consensus guidelines [25-28].
Likewise, MRI can be useful for proton treatment planning prior to brachyther-
apy to ensure adequate coverage of gross disease. If PET-CT and/or MRI will be
used for treatment planning, the scans should optimally be performed at the time
of CT simulation using the appropriate immobilization devices and fused with
the non-contrast planning CT scan used for dose calculation.

¢ Robust indexed immobilization is strongly recommended as interfractional vaginal
motion can be significant [29-31]. To minimize the impact of bowel gas, patients
may be instructed to take anti-gas medication, such as simethicone or Phazyme, with
every meal starting approximately 1 week before simulation and throughout the
duration of treatment. Patients may be instructed to drink a fixed volume of fluid at
some time interval prior to simulation and treatment sessions for a reproducibly full
bladder to reduce bladder dose and push bowel away from the fields. For example, at
our institution patients are instructed to drink 16 oz of fluid 30 min prior to simulation
and each daily fraction. An endorectal balloon inflated with 50-100 cc of water may
be employed for target immobilization and to limit anatomical variation.

e To assist in target delineation and to account for internal motion of the target due
to variable bladder volume, patients may be scanned initially with a full bladder
and rectal balloon and subsequently with an empty bladder and rectal balloon
filled to the same volume (Fig. 18.1).

e Patients should be simulated in the supine position using an indexed knee and
foot lock to limit hip rotation and encourage fixed flexion at the knees and hips
(Fig. 18.2). Positioning of arms should be reproducible and placed so as not to
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Non-contrast,
full bladder CT

- Used for dose calculation

- Bladder volume should be
same as for treatment

Fusion to planning CT should be performed on institututional standards and relevant anatomy

MRI
- Strong soft tissue resolution
- Useful for contouring target
and OARs

PET/CT Contrast CT Empty bladder CT

- Useful for visualization of - May use oral contrast for - Useful for contouring of
metabolically-active disease vusualization of bowels

iGTV to account for

and IV contrast for nodal volumes variability in bladder filling

Full bladder '

Fig. 18.1 Imaging workflow with clinical examples. It is recommended that images be acquired
on the same day and in the same treatment position (see below). Image fusions should be per-
formed based on institutional standards and relevant anatomy. For example, image sets at our
institution are acquired with the patient in the same treatment position and are fused using rigid
registration based on bony anatomy

Fig. 18.2 Recommended
setup and immobilization
includes indexed knee and
foot lock. Hands and arms
should rest outside of
treatment area, either on
the superior chest (shown)
or above head if treating
para-aortic nodes. Note:
This photo shows options
for immobilization, but
patient should have
minimal clothing on to
avoid perturbation of
proton beam

A L 2

interfere with radiation beams. For example, the patient may hold a ring on the
superior chest if treating the pelvis alone but should have arms up using a wing
board if including more superior fields to target para-aortic volumes.

Target and OAR contouring of the post-hysterectomy pelvis should follow RTOG
guidelines [32]. The CTV should include the pelvic lymph nodes (common iliac,
internal and external iliac, obturator, and presacral when treating cervical cancer
and endometrial when there is cervical/parametrial involvement) and the proxi-
mal vaginal cuff (3 cm). When treating patients with an intact cervix, the CTV
should include the proximal vagina, cervix, uterus, parametrium, ovaries, and
pelvic lymph nodes as previously described [33]. The entire mesorectum should
be included if there is pelvic sidewall involvement. A nodal CTV should be con-
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toured which includes a 7 mm expansion around the vasculature [34]. When
contouring para-aortic lymph nodes, use generous margins in the left para-aortic
region (including the entire space between the aorta and left psoas muscle),
which is the most common location for para-aortic lymph node metastasis [35].

e Internal motion of the vagina caused by changes in bladder volume can be
accounted for by fusing the full and empty bladder CT scans and expanding the
vagina CTV to include the proximal vagina and paravaginal tissue in both sce-
narios (iCTV) (Fig. 18.3).

* OARs include small and large bowels, rectum, pelvic bone marrow (including
bone marrow in the lower pelvis, ilium, and lumbosacral spine), kidneys, femoral
heads, and bladder. Individual loops of small and large bowel are contoured
within the field and 2 cm above the PBS target [15]The rectum is contoured from
the anus to the rectosigmoid junction.

e To account for variations in patient positioning and setup, a PTV is created such
that nodal CTVs are expanded by 7-8 mm and vaginal CTVs are expanded by
10-13 mm. In proton therapy, the PTV accounts for lateral uncertainties and is
used for recording and reporting purposes.

e Proton beam range uncertainty can be of concern in proton radiotherapy. To miti-
gate this uncertainty, either robust optimization can be used or a PBS-specific
optimization structure can be created for planning purposes when a single-field
optimization planning technique is employed. At our institution, an optimization
structure is created by adding a margin of 3.5% of the beam range to the CTV in
the beam direction to account for uncertainty in the conversion from Hounsfield
unit (HU) values to proton stopping power, and an additional 1 mm margin can
be added to correct for beam calibration uncertainty (Fig. 18.4). Specific uncer-
tainty values employed should be evaluated on an institutional basis.

e Artifacts caused by high-density materials should be contoured and assigned a
predetermined density or HU value. Gas in the rectum and small and large bow-
els should be contoured to the density or HU value of the surrounding soft tissue
to account for interfractional variation in gas. Any contrast existing in the simu-
lation CT that will not be present for treatment should also be contoured and
assigned HU value appropriately (Fig. 18.5).

%, 1
L

i h '
L d
N |
Y'F icTv
Fig. 18.3 To account for internal motion caused by variable bladder volume, a vaginal CTV

should include the CTV contoured on the empty bladder scan (a) and full bladder scan (b). The
iCTV volume should encompass both CTV volumes (c)

o

v
uleBladder
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Fig. 18.4 Pencil beam
scanning target volume
(PBSTV) optimization
structure is created by
adding a margin of 3.5% of
the beam range plus 1 mm
to CTV structure in the
direction of the beam

\

Air in small bowel erridden to average
el HU value

Fig. 18.5 (a) Artifacts caused by hip replacement. (b) Artifacts should be manually contoured and
HU values assigned to nearby fat or tissue. (¢) Air in bowels. (d) Air in bowels should be overrid-
den and assigned to appropriate HU value in planning CT

e All proton doses are provided in relative biologic effectiveness (RBE = 1.1).
Planned dose is typically 45-50.4 Gy delivered in 1.8 Gy daily fractions but can
vary depending on the clinical scenario. At our institution, dose and fraction-
ation for proton therapy follows the same regimen as employed for photon ther-
apy. A dose of 45 Gy is administered when a brachytherapy boost will be added
both for definitive treatment of locally advanced cervical cancer and for post-
hysterectomy endometrial cancer patients who receive vaginal brachytherapy
following whole-pelvis radiation. A dose of 50.4 Gy is administered when treat-
ing with EBRT alone for post-hysterectomy high-risk cervical cancer and endo-
metrial cancer. For high-risk endometrial cancer with pelvic disease (i.e., stage
II-III endometrial cancer), a dose of 50.4 Gy may be administered followed by
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Table 18.1 Recommended target volumes and radiation doses (in Gy RBE) for common clinical

scenarios

Clinical scenario

Target

Dose (Gy RBE)

Pelvic and
para-aortic lymph
nodes

Cervix: Common iliac, internal
and external iliacs, obturator,
presacral nodes

Endometrial: Only add presacral
lymph nodes if there is cervical or
parametrial involvement

Distal vaginal/vulvar invasion:
Add inguinal lymph nodes
Para-aortic nodes: Extend
contour up to the level of the renal
hilum (T12)

50.4 Gy in 1.8 Gy fractions to the
pelvic lymph nodes

45 Gy in 1.8 Gy fractions to
para-aortic lymph nodes

Gross nodal boost to 60-66 Gy in
2 Gy fractions

Post-hysterectomy
pelvis

Pelvic lymph nodes as above,

3 cm proximal vaginal cuff
Cervix: Include presacral space,
clips, and/or mesorectum if there
is pelvic sidewall extension

50.4 Gy in 1.8 Gy fractions

45 Gy in 1.8 Gy fractions with
vaginal brachytherapy

(VB HDR 34 Gy/fx, 3fx)

Intact cervix

Cervix, uterus, parametria,
ovaries, proximal vagina + pelvic
lymph nodes

45 Gy in 1.8 Gy fractions

Boost to 60—66 Gy in 2 Gyfx to
positive lymph nodes or parametrial/
adnexal/sidewall disease depending
on location and accounting for
brachytherapy dose

T&O brachytherapy boost (HDR-
5.5-6 Gy/fx, 5 tx)

Isolated local
recurrence

Gross disease alone

60-66 Gy in 2 Gy fractions

vaginal brachytherapy. A dose of 45 Gy is administered to para-aortic lymph
nodes if treating. A higher dose per fraction (e.g., 2 Gy/fx) may be given for
total dose of 60-66 Gy for conedowns to smaller targets, for example, when
boosting gross residual disease, positive lymph nodes, or isolated local recur-
rences. Guidelines are suggested below but should be tailored for each individ-
ual patient and clinical scenario while also accounting for dose to organs at risk

(Table 18.1).

18.3 Proton Treatment Planning

Due to the complicated geometry of target volumes, PBS is generally preferred over
passive scattering when treating gynecologic cancers with protons. Because of the
high potential of interfraction variability in pelvis anatomy, our institution currently
treats with single-field uniform dose (SFUD) PBS plans as opposed to intensity-
modulated proton therapy (IMPT).
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18.3.1 Pelvis

e Careful consideration of beam angles is imperative in proton planning, particu-
larly when treating pelvic regions as there can be significant variations in weight
and volume of the bladder and bowel. For this reason, anterior beams are gener-
ally avoided. To minimize the impacts of changes in patient anatomy, a posterior
beam arrangement is recommended. Two posterior oblique beams angled 10-30
degrees from the posterior have been used at our institution (Figs. 18.6, 18.7 and
18.8). In some cases two lateral beams have been used (Fig. 18.9). Clinical trials
are currently ongoing which investigate alternative planning approaches, for
example, a single posterior beam planning technique for SFUD proton PBS [36].
Choice of beam arrangement may vary depending on proton beam spot size,
potential skin sparing, and institutional and clinical judgment.

e During planning, avoid using beam angles that result in fluence entering through
immobilization devices or sharp edges of the couch, as these may not be repro-
ducible during patient setup.

e For patients with mobile anterior tissue (Fig. 18.7), a posterior beam arrange-
ment (consisting of 1-2 beams depending on the spot size) provides a more sta-
ble beam path than lateral or anterior beams do, as this technique avoids daily
anatomical modifications to the beam pathway.

18.3.2 Local Recurrence or Boost Volumes
*  When treating small volumes of gross disease to higher doses (i.e., boost to posi-

tive lymph nodes or recurrent disease), beams should be selected which have the
shortest and most homogeneous and reproducible path length.

Fig. 18.6 Standard beam orientation for treating the pelvis using SFUD at the University of
Pennsylvania. Two posterior oblique beams of angle 30° from posterior are used in this example
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Fig. 18.7 For patients Mobile Anterior-Fissue

Y

with mobile anterior tissue,
posterior beam
arrangements are
recommended over lateral
or anterior beam
arrangements, which may
be affected by daily
anatomical variations due
to tissue positioning
(delineated by arrows in
above figure)

Fig. 18.8 A patient with
localized nodal recurrence
was treated with two left
posterior oblique beams
using PBS

Fig. 18.9 (a) Dose distribution from previous four-field box photon irradiation to a dose of
39.6 Gy with a boost to 55.6 Gy and (b) dose distribution for re-irradiation using protons. In this
case, lateral beams were selected for re-irradiation to minimize additional dose to bowel and blad-
der as no imminent anatomical deformation of the patient external contour was identified
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18.3.3 Re-irradiation

e PBRT can be used in patients who have had previous radiation to help limit dose
to tissues that have already been irradiated.

18.3.4 Avoiding Hardware and Sparing OARs

e Avoid using beams that traverse through hardware or organs with volume vari-
ability due to physiological changes, for example, bladder or bowel. Beams may
also be selected to avoid specific organs that may be of clinical concern (e.g., the
kidneys) (Fig. 18.10).

18.4 Dosimetric and Toxicity Comparison

e Dose to normal tissues should be low as reasonably achievable without compro-
mising target coverage. The recommendations in Table 18.2 are adapted from
IMRT dose constraints outlined in RTOG 0418 and RTOG 1203, along with
institutional photon treatment planning objectives. In practice, dose limits should
be carefully considered for each patient by the clinical team (Table 18.3).

Ll

Fig. 18.10 (a) Patient with unilateral hip replacement was treated using a posterior and right
posterior oblique beam arrangement to avoid beams traversing through hardware or artifacts. (b)
Partial kidney sparing was achieved using posterior oblique beams angled 10° from the posterior
for a patient receiving radiation to the para-aortic nodes adjacent to the kidneys

Table 18.2 ‘Recc?mmended Organ at risk Recommended dose constraint
dose constraints (in RBE) to Pelvic bone V10 Gy < 95%, V20 Gy < 76%
organs at risk when using marrow
PBRT for treatment of Large bowel V40 Gy < 30% and V40 Gy < 300 cc
gynecologic malignancies
Small bowel V40 Gy < 30% and V40 Gy < 300 cc
Kidney V18 Gy < 66%
Bladder V45 Gy <35% or ALARA
Rectum V40 Gy <60 or ALARA
Femoral heads V30 Gy < 15%
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Table 18.3 OAR dosimetric comparison of IMRT versus PBS with posterior oblique beams for
treatment of gynecologic malignancies [20]

Characteristic Dosimetric comparison of IMRT vs. PBS”

Bladder Volume receiving 0-35 Gy was significantly lower with PBS than with
IMRT. No significant difference between IMRT and PBS for doses >35 Gy

Small bowel Volume receiving 0-32 Gy was significantly lower with PBS than with
IMRT. No significant difference between IMRT and PBS for doses >32 Gy

Large bowel Volume receiving 0-31 Gy was significantly lower with PBS than with
IMRT. Volume receiving 48-58 Gy was significantly lower with IMRT
than with PBS

Pelvic bone Volume receiving 0-29 Gy (specifically V10 Gy and V20 Gy) was

marrow significantly lower with PBS than with IMRT. Volume receiving >35 Gy
was significantly lower with IMRT

Rectum V20 Gy and V45 Gy were significantly lower with IMRT than with PBS

“All doses listed in Gy RBE)

18.5 Patient Positioning, Immobilization, and Treatment
Verification

* Treatment positioning should be performed using the same immobilization tech-
niques as used in simulation, including consistent bladder filling as previously
described.

e Localization should be performed daily by matching bony anatomy in
orthogonal kV x-ray imaging. If available, volumetric imaging (CBCT) can
be used to verify soft tissue positioning including bladder volume and rectal
balloon placement. If volumetric imaging is not available on the proton treat-
ment machine, contrast can be added to the water used to fill the indexed
endorectal balloon to assist in kV x-ray alignment and to verify rectal bal-
loon placement. Daily SSD or air gap measurements can assist in identifying
changes in weight.

e If proton rooms are not equipped with volumetric imaging, weekly verifica-
tion CT scans can be used to monitor anatomical variations (e.g., weight
loss, tumor changes, and variability in bladder and bowel volume). These
factors are important to evaluate as they can cause significant dosimetric
changes to the radiation plan. Providing feedback to patients on bladder fill-
ing and gas management can result in more consistent preparation for treat-
ment. Continuous communication between the treatment delivery team,
physician, physicists, and planner is recommended to timely identify and
correct for any patient-related changes which may impact the dose distribu-
tion (Fig. 18.11).
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Fig. 18.11 A patient who
experienced considerable
change in weight over the
course of 6 weeks. Proton
beam path length is
adversely affected by
weight variation; therefore,
adequate monitoring of
weight is essential

18.6 Future Developments

The utilization of proton beam radiotherapy is increasing; however, proton beam
range uncertainty remains a concern, particularly in the treatment of pelvic
malignancies which contain a high level of anatomical variability. Many groups
are investigating methods to mitigate this uncertainty, for example, in the use of
dual energy CT [37, 38], proton computed tomography [39, 40], and in vivo
measurements which may be used to detect the Bragg peak [41, 42].

The University of Pennsylvania has reported on the use of SFUD in treating
gynecologic malignancies using PBS. To our knowledge, no results have been
reported on the use of IMPT in treating gynecologic cancers. IMPT may give
superior dose distributions and higher OAR sparing; however, IMPT plans are
more sensitive to uncertainties. The clinical implementation of robust optimiza-
tion in treatment planning systems may provide a realization for IMPT in treat-
ing gynecologic malignancies in the future.
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19.1 Introduction

1. In the USA, other than skin cancer, prostate cancer is the leading cancer diagno-
sis in men, estimated to represent 21% of new cancer diagnoses in men in 2016.
Due to improvements in early detection and treatment, prostate cancer mortality
has been decreasing since the 1990s [1]. Most patients are diagnosed with non-
metastatic disease, and those who opt for intervention are typically managed
with radiation therapy (RT) with or without androgen deprivation therapy (ADT)
or surgery.

2. The NCCN classification system stratifies patients into pretreatment risk groups
based on risk of disease progression and to assist decision-making. This includes
very low-, low-, intermediate-, and high-risk groups.
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3. RT may be delivered by external beam (intensity-modulated radiation therapy or
particle therapy), brachytherapy, or a combination of the two. High-risk and unfa-
vorable intermediate-risk disease is typically managed with RT and ADT [2].
Some patients who opt for surgery may go on to have adjuvant RT and/or ADT.

4. Control rates after RT for prostate cancer are excellent. Significant improve-
ments in local control and/or toxicity have been made with dose-escalated RT,
intensity-modulated RT (IMRT), image-guided RT (IGRT), hypofractionated
RT, and addition of ADT to patients with intermediate- or high-risk disease [3—
5]. Five-year biochemical relapse-free survival after dose-escalated RT is 98%,
85%, and 70% for low-, intermediate-, and high-risk groups, respectively [6].

5. The most common acute and late genitourinary (GU) toxicity during and after
prostate RT is irritative urinary symptomatology including urgency, frequency,
and hesitancy, all of which may be exacerbated by pretreatment lower urinary
tract symptoms or benign prostatic hyperplasia. Erectile dysfunction may occur
in approximately one third of men [7]. The Common Terminology Criteria for
Adverse Events (CTCAE) Grade 2 gastrointestinal toxicity (rectal bleeding) is
encountered in approximately 5% of patients 10 years after treatment [8]. Severe
late toxicity including urinary stricture, rectal fistula, and secondary malignancy
is relatively uncommon.

6. The benefit of proton therapy in the definitive treatment of prostate cancer may
be best realized with potential reduction in acute and late GU and GI toxicities
[9]. Rates of Grade 2+ late GU and GI toxicities with IMRT may approach
10-15% and 5-10%, respectively [6, 10]. IMRT/IGRT have allowed for the safe
delivery of high-dose RT. Proton therapy may improve the therapeutic ratio by
reducing GI toxicity including rectal bleeding, potentially reducing the risk of
secondary, radiation-induced malignancy due to the markedly reduced integral
dose from lack of exit dose.

19.2 Simulation

1. To aid in daily prostate image guidance, three fiducial markers are implanted in
the prostate under transrectal ultrasound guidance (Figs. 19.1 and 19.2). Markers
should be radiographically visible and cause minimal streak artifact on CT scan
[11]. In our practice, we generally recommend markers that have <10% dose
perturbation [12]. These markers should ideally be placed approximately
3-5 days prior to simulation to allow time for resolution of prostate hemorrhage/
edema and any fiducial migration.

2. At the time of fiducial placement, a hydrogel spacer (e.g., Augmenix
SpaceOAR™) can be inserted to provide temporary physical separation of the
anterior wall of the rectum from the prostate (Fig. 19.3). This allows for improved
sparing of the anterior rectal wall from the high-dose region of treatment.

3. CT simulation is required in all patients. For dose calculation, a non-contrast CT
should be obtained. Intravenous contrast is not required but may assist with tar-
get delineation of pelvic nodal volumes.
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Fig. 19.1 The fiducial
marker and an expansion
structure expanded from
the marker by 1 mm for
daily fiducial registration

Contours of
markers + 1

Contours of

markers + 1 mm

Fig.19.2 Orthogonal X-ray images for a prostate patient with three fiducial markers. The markers
can be aligned with the expanded contour with a 1-mm margin to account for a 2-mm setup
uncertainty
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Non-contrast CT

Fig. 19.3 Prostate contoured using the ancillary magnetic resonance (MR) image registered to the
non-contrast computed tomography (CT) image. In this case, a hydrogel spacer had been placed
between the prostate and rectum, which can be clearly discriminated on the MR images

4. Axial CT images at 1.25-mm intervals are captured from approximately the
top of L4 to 5 cm below the ischial tuberosities. The patient is supine on the
table immobilized in an indexed customized vacuum-lock cushion or alpha-
cradle. Orthopedic metal artifact reduction (OMAR) technology may be
helpful in reducing CT streak artifact in patients with prosthetic hips; how-
ever, the accuracy of the Hounsfield unit (HU) numbers will still have to be
validated.

5. Multiparametric magnetic resonance imaging (MRI) is highly recommended to
assist in prostate contouring in all patients. MRI may be particularly helpful in
patients with orthopedic hip prostheses as metal streak artifact may make it dif-
ficult to contour the prostate accurately.

6. High-resolution, T2 axial MR images through the pelvis/prostate should be reg-
istered to the non-contrast planning CT for accurate target delineation paying
special attention to soft-tissue alignment.

19.3 Target Delineation and Prescription

1. For low-risk prostate cancer patients, the clinical target volume (CTV) includes
the entire prostate. For intermediate-risk patients, we typically include the proxi-
mal seminal vesicles (SV) as part of the initial CTV54 and boost the prostate
alone in CTV79.2 (Fig. 19.4). If OAR constraints are not exceeded, the entire
initial volume may be treated to the full prescription dose. Dose-escalated radia-
tion is certainly recommended, but dose used may vary with institution from 74
to 82 Gy(RBE) [13, 14].
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Fig. 19.4 Target volumes
and organs at risk for the
initial phase (54 Gy(RBE)
in 30 fractions) of an
intermediate-risk prostate
cancer

£ CTV 54

PTV 54 EVAL

2. For high-risk prostate cancers, the initial CTV45 includes the entire prostate and
SVs. The CTV45 may also include the pelvic nodes for physicians who treat the
pelvis. The pelvic volume includes the external and internal iliac nodes and obtu-
rator nodes contoured as per the Radiation Therapy Oncology Group (RTOG)
Pelvic Lymph Node Atlas.

3. When contouring the CTV, every effort should be made to include suspicious
lesions and areas of extracapsular penetration (ECE) or seminal vesical invasion
(SVI). ECE and SVI are best visualized on the fusion MRI. Review of contours
with a diagnostic radiologist can be helpful in distinguishing areas of tumor from
normal structures. The prostate apex can be difficult to see clearly on CT, so cor-
relation with MRI is typically helpful in ensuring adequate coverage of the pros-
tate apex. MR imaging is also helpful in the identification of and contouring of
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spacer hydrogels. Uncertainties related to image fusion should be considered in
the treatment planning process.

4. To aid in image guidance registration, fiducial markers should be contoured with
the use of the appropriate window and level setting to allow for proper visualiza-
tion. Fiducial marker contours should correlate reasonably with the physical
dimension specifications provided by vendors. An extra 1-mm margin is then
added to the fiducial contour for the low- and intermediate-risk patients, and a
2-mm margin is added for high-risk patients to create registration structures in
the IGRT software. On the DRRs, these “grape” or “cloud” structures will repre-
sent the region to which fiducial markers should be registered for correct prostate
alignment.

5. Setup uncertainty is estimated to be up to 2-3 mm with the use of two to three
implanted fiducial markers. The planning target volume (PTV) considering the
setup uncertainty would be expanded from the CTV depending on the stage. For
low-risk patients, the PTV margin expansion should be 2 mm posteriorly and
3 mm in other directions. For intermediate- and high-risk prostate patients, the
PTV margin expansion around prostate is 3 mm posteriorly and 4 mm elsewhere.
However, this may vary with institutional practice and difference in patient
setup. For example, an alternative approach is to use a 5-mm uniform expansion
for optimization and an additional institution-specific 1 mm for range uncer-
tainty [10, 13].

6. Additional margin for range uncertainty is added to the PTV in the lateral direc-
tions when an opposed lateral beam arrangement is utilized, creating a PTV-
EVAL structure. Adequate dose coverage of the PTV-EVAL is used to assess
plan robustness and adequacy of coverage. In our clinical practice, an additional
margin of 5 mm is added to the PTV along the beamline axis to create to the
PTV-EVAL. Figure 19.5 shows a composite margin 9 mm expanded from the
CTV to the PTV-EVAL to account for range uncertainty. Alternatively the mar-
gins can be calculated as indicated in Chap. 3.

7. Required normal structures to be contoured include the rectum, bladder, left and
right femoral heads, large intestine, small bowel, and penile bulb. A RECTUM-
EVAL structure is also created as a plan evaluation structure that is defined as the
circumferential rectal wall extending 1 cm superior and inferior to the PTV.
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Fig.19.5 The
delineations of tumor/
treatment volumes and
organ at risks for a
high-risk prostate cancer.
The nodes will receive a
dose of 45 Gy(RBE), and
there is no PTV NODE
EVAL since the range
uncertainty is considered
with the 7-mm margin
expanded from CTV
NODE
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19.4 Patient Positioning, Immobilization, and Treatment
Verification

1. Bladder filling is practiced at most institutions to help keep as much of the blad-
der wall away from the high-dose region and also to help move the small bowel
superiorly, away from the target region. Patients are instructed to drink 20 ounces
of water 30—-60 min prior to simulation and daily treatment. The volume and tim-
ing may need to be adjusted at the time of simulation based on the adequacy of
bladder filling seen on the simulation CT.

2. Simulation and treatment with an endorectal balloon or rectal saline instillation is
recommended as a method of maintaining a consistent rectal shape and for prostate
immobilization (Fig. 19.6) [9]. The rectal balloon is typically filled with 50-60 cm?
of saline. However, other institutions may use 100 cm?® of saline in a rectal balloon
[10]. With saline instillation, up to 100 cm? of saline is inserted into the rectum via
a lubricated, flexible rubber catheter. If necessary, bowel gas can be removed via
the catheter, as well. Daily setup accuracy should be assessed with a daily pair of
orthogonal X-ray images using the implanted fiducial markers or cone beam

Fig. 19.6 Use of a rectal
balloon for an
intermediate-risk prostate
cancer with right-sided hip
prosthesis
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Markers Contours of markers + 1mm

Fig. 19.7 A rectal balloon filled with diluted contrast is used to aid in daily setup for a prostate
patient with a hip prosthesis. The fiducial markers are clearly visible on the PA film, and the
contrast-filled balloon assists in the lateral view

CT. Cone beam CT can also verify bladder volume and endorectal balloon place-
ment. In patients with prosthetic hips, fiducial markers may be difficult to visualize
through the metallic hip, and a contrast-filled rectal balloon may be helpful in
identifying the prostate/anterior rectal wall interface on a daily basis (Fig. 19.7).
3. Large discrepancies between fiducial registration and approximate bony registra-
tion may indicate an issue with setup. An effort to reduce bony anatomy discrep-
ancy should be attempted to limit this discrepancy to <5—7 mm. Quality assurance
or “QA” CTs may be helpful in understanding the nature of setup inconsistency
whether it be related to bladder/rectal filling, patient positioning, or bowel gas.

19.5 Treatment Planning

1. The prostate + seminal vesicles are typically treated with coplanar, opposed left
and right lateral fields with a single isocenter. Two fields or a single alternating
lateral field can be treated on a daily basis [15]. Patients who require treatment
to the pelvic nodes are treated also with opposed lateral fields. The superior por-
tions of the nodal volumes require treatment with two fields daily, with each
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lateral field treating the ipsilateral nodal volumes. These fields are then matched
inferiorly with beams that treat the central prostate volume (Fig. 19.8).

2. An alternative approach for patients with a metallic hip prosthesis is to use ante-
rior oblique-oriented beams [16]. A typical beam arrangement for a patient with a
right hip prosthesis may be a left lateral, right anterior oblique, and left anterior
oblique beams. Anteriorly oriented beams may be sensitive to changes in rectal or
bladder filling (Fig. 19.9). Alternatively a posterior oblique can be used in combi-
nation with a lateral beam. Thus, QA CTs may be relatively more important in
these cases to ensure that the rectal and bladder anatomy remains consistent.

3. Whichever approach is used, daily coverage of the CTV considering the setup
and range uncertainty is critical to minimize risk of local failure. In addition,

Fig. 19.8 The dose
distributions of a high-risk
prostate treatment plan
using two matched
opposed lateral pencil
beam scanning (PBS)
fields

Fig. 19.9 The dose
distributions of the
treatment plan of a
low-risk prostate patient
with femur prosthesis
using horizontal and
anterior oblique (superior
image) or horizontal and
posterior oblique fields
(inferior image)
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Uniform Scanning (US)
-same modulations from a single US beam

Pencil Beam Scanning (PBS)

-variable modulations based on spot positions

Fig. 19.10 The comparison of dose distributions of prostate treatment plans using uniform scan-
ning (US) and pencil beam scanning (PBS) techniques. The red dash lines represent the spread-out
Bragg peak (modulation) in the US plan and spot positioning in the PBS plan, respectively

every attempt should be made to reduce the volume of bladder and rectal wall
that receives high-dose radiation [17].

4. Pencil beam scanning (PBS) allows treatment of the target volume spot by spot
along a 3D grid without the use of tissue compensators or custom apertures. PBS
in general provides highly conformal dose distributions as compared to uniform
scanning techniques. PBS allows for variable modulation distances as compared
to uniform scanning in which range modulation is the same for all spots, result-
ing in reduced proximal conformality of the beam (Fig. 19.10) [18-20].
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Table 19.1 Target volume coverage goals and normal tissue dose constraints in proton treatment
planning for prostate cancer

Target Recommended coverage
PTV-EVAL V98 >99.5%
PTV-EVAL V100 >95%
OAR Normal organ Prescription
tolerances AllRx’s < > 60 Gy(RBE)
Gy(RBE) 60 Gy(RBE) | Hard constraints
Bladder Bladder Vgigyrpry | <1 cm?
Bladder Vooywrery | <25%
Bladder (post Bladder Vesgyrpr)y | <40%
prostatectomy) Bladder Vygywery | <60%
Rectum Rectum-EVAL <13% <70Gy(RBE)
V70Gy(RBE)
Rectum Viogyrar) <10%
Rectum Vscyrar) <17%
Rectum Vgigyreey | <1 cm®
Rectum Vsogyrar) <55%
Rectum (post Rectum Vsgyrar) <25%
prostatectomy) Rectum Vioyree) | <45%
Penile bulb Mean dose <52.5Gy(RBE)
Femoral heads Femoral heads <1.0cm?
VSOGy(RBE)
Bowel Bowel 1.0 cm? <55Gy(RBE) | < 60Gy(RBE)
Bowel 0.03 cm? < 64Gy(RBE)

19.6 Planning Constraints

1. Target volume coverage goals and normal tissue dose constraints for prostate
proton therapy are summarized in Table 19.1. Trade-offs between target cover-
age and normal tissue dose should be determined by the treating physician and
take into account the unique clinical factors of the individual case.
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20.1 Introduction

1. Approximately 0.6% of the population will be diagnosed with cancer of the cen-
tral nervous system (CNS), representing 1.4% of all new cancer cases in the
United States [1]. In adults, the most common histology for primary brain tumors
is meningioma (24%), followed by glioblastoma (23%), and astrocytoma (14%)
[2]. While meningiomas are the most common benign intracranial tumors, glio-
blastoma is the most common malignant primary brain tumor. Over the past
10 years, 5-year survival rates for CNS tumors have remained relatively stable
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ranging between 23 and 36% [1]. Radiotherapy is utilized for a variety of
intracranial tumor types in the definitive, postoperative, and salvage settings
depending on the tumor histology and clinical scenario.

Proton therapy has been used for both benign and malignant intracranial neo-
plasms including glioma [3—7], meningioma [8—12], acoustic neuroma [13, 14],
and pituitary adenoma [15-18]. The majority of studies evaluating clinical out-
comes and toxicities of intracranial proton radiotherapy are retrospective in nature
and include some prospective studies as well. There are currently no results of
randomized control trials comparing photon versus proton radiotherapy.

. Due to the dose tolerance of many critical intracranial structures such as the

brainstem and optic nerves, the optimal doses necessary to achieve adequate
tumor local control may not be reached. Therefore, proton therapy has emerged
as an attractive modality to spare toxicity to dose-limiting structures in the brain
while allowing potential increased dose to tumor targets. As local control has
been shown to be superior for meningiomas treated with higher relative biologi-
cal effectiveness (RBE) [19] and studies have demonstrated central in-field
recurrence as the most common pattern of recurrence in glioblastoma [20], dose
escalation is attractive for these malignant tumors in particular. Dose escalation
studies using proton therapy have been performed for meningioma [21], low-
grade glioma [3], and high-grade glioma [4, 5], though dose escalation in low-
grade glioma showed increased toxicity with no meaningful therapeutic benefit.

20.2 Simulation, Target Delineation, and Radiation Dose/

Fractionation

. CT simulation should be performed with intravenous iodinated contrast, when

not contraindicated. For the purposes of dose calculation, a non-contrast CT
needs to be acquired first and employed in planning proton therapy (see Chap. 3).

. Magnetic resonance imaging (MRI) with intravenous contrast, when not contra-

indicated, should also be performed for accurate delineation of extent of gross
tumor in soft tissue and also for extent of edema. For patients who have under-
gone resection of their brain tumors, both preoperative and postoperative MRIs
should be used. MRI can also be helpful for delineation of critical normal struc-
tures such as the optic chiasm.

MRI images should be registered to the non-contrast planning CT for accurate
target delineation, including both T1 contrast-enhanced and T2 FLAIR images.
Uncertainties related to image fusions should be considered in the treatment plan-
ning process (Chap. 3).

Refer to Table 20.1 for the recommended dosing and fractionation, which may
vary depending on the clinical scenario.

. Clinical target volumes (CTV) should be expanded according to institutional

standard, typically by 3-5 mm, to create a planning target volume (PTV),
employed for recording and reporting purposes [22].
Concurrent chemotherapy with temozolomide is used for high-grade gliomas [23].
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Table 20.1 Recommended target volumes and radiation doses

Target
Clinical scenario volume | Target definition® Dose and fractionation
Glioma, high grade, GTV1 T1-enhancing 46 Gy (RBE) at 2 Gy (RBE)
postoperative vs. definitive if disease, abutting per fraction to GTV/CTV1
unresectable or inoperable surgical bed if with 14 Gy (RBE) to GTV/
applicable + FLAIR | CTV2 =60 Gy (RBE) total®
CTVI GTVI1 +2cm
GTV2 | Tl-enhancing
disease
CTV2 |GTV2+2cm
Glioma, low grade, with GTV T1-enhancing 50.4 vs. 54 Gy (RBE) at
STR or high-risk features disease or FLAIR 1.8 Gy (RBE) per fraction
for non-enhancing
tumors
CTV GTV + 1 cm margin
Meningioma, low grade, if GTV T1-enhancing 50.4 vs. 54 Gy (RBE) at
unresectable, inoperable, or disease including 1.8 Gy (RBE) per fraction
recurrent dural tail and
abutting surgical
bed if applicable
CTV GTV +0.5cm
margin
Meningioma, high grade, GTV T1-enhancing 60 Gy (RBE) at 2 Gy (RBE)
postoperative vs. definitive if disease including per fraction
unresectable or inoperable dural tail and
abutting surgical
bed if applicable
CTV GTV +0.5cm
margin
Acoustic neuroma GTV T1-enhancing 54 Gy (RBE) at 1.8 Gy (RBE)
disease per fraction
CTV GTV
Craniopharyngioma, with GTV Residual tumor + 54 Gy (RBE) at 1.8 Gy (RBE)
STR tumor bed per fraction
CTV GTV +1.0cm
margin
Pituitary tumors, GTV T1-enhancing 45-50 Gy (RBE) at 1.8 Gy
nonfunctioning disease (RBE) per fraction
CTV GTV +0.5cm
margin
Pituitary tumors, functioning | GTV T1-enhancing 50.4-54 Gy (RBE) at 1.8 Gy
disease (RBE) per fraction
CTV GTV +0.5cm
margin

Abbreviations: STR subtotal resection, GTV gross tumor volume, CTV clinical target volume, RBE

relative biological effectiveness

“Based on magnetic resonance imaging (MRI) fusion
Alternatively, GTV = Tl-enhancing disease and abutting surgical bed if applicable and
CTV = GTV + 1.5 cm margin + inclusion of all FLAIR, all to 60 Gy (RBE) with no cone down
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20.3 Patient Positioning, Immobilization, and Treatment
Verification

1. Simulation and treatment is recommended to be performed in the supine position
with a three-point mask.

2. Setup accuracy should be confirmed with daily orthogonal X-ray imaging or
volumetric imaging.

3. In-room CT imaging (i.e., cone beam CT) is ideally used for treatment verifica-
tion, and, if unavailable, verification CT scans performed in the treatment posi-
tion are recommended to assess for potential changes in patient anatomy (i.e.,
seroma shrinkage) which can result in a change in the patient dose distribution
(Fig. 20.1). If available, in-room CT imaging is recommended weekly.
Verification CT scans in the treatment position are recommended as needed
based on individual patient cases, such as the presence of seroma cavity and any
apparent changes in surface anatomy.

4. Weekly to monthly MRIs are recommended for monitoring cyst growth, particu-
larly for craniopharyngioma. For changes in anatomy, replanning may be
required to ensure cyst changes have not extended beyond the treatment field or
altered dose distributions to normal tissues (Fig. 20.2).

20.4 Three-Dimensional (3D) Proton Treatment Planning
20.4.1 Uniform Scanning (US)

1. Three-field plans are typically utilized (2—4 beams, Fig. 20.3), preferably with
the shortest and most homogeneous radiologic depths.

Fig. 20.1 Anatomical changes during proton treatment. (a) Planning simulation scan of a poste-
rior fossa target. (b) Verification CT 1 week into treatment demonstrating significant seroma
shrinkage. This required replanning for accurate delivery of the intended plan



20 Adult Intracranial Tumors 321

Fig. 20.2 Anatomical changes during proton treatment. (a) Planning simulation scan of a supra-
sellar target. (b) Verification MRI 4 weeks after initial scan demonstrating significant cyst growth.
This required replanning for accurate delivery of the intended plan

Fig. 20.3 Uniform scanning plan for treatment of a right frontal lobe atypical meningioma with
typical two-beam arrangement including (a) anterior oblique and (b) lateral beams

2. In the planning process, care should be taken not to overlap the distal ends of
more than two beams, and no more than one beam should range into the same
location of an organ at risk (OAR), especially at levels of serial structures. To
visualize the distal end of a beam, the modulation of each beam can be changed
to 0.5 cm and the 90% isodose line location for each individual beam can be
examined. If excessive distal end overlap between beams is present, alternate
beam angles and/or range feathering techniques should be considered. Figure 20.4
demonstrates a three-field beam arrangement mitigating distal end overlap by
utilizing various beam angles.
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Fig.20.4 Uniform scanning plan for the treatment of a right skull base meningioma with typical
three-beam arrangement including (a) posterior oblique, (b) anterior oblique, and (c) lateral beams

Fig. 20.5 Uniform scanning plan for treatment of an acoustic neuroma tumor with typical three-
beam arrangement including (a) posterior oblique, (b) lateral beams, and (c) superior oblique
beams

3. Plan robustness is evaluated by analyzing the over and under ranged plans based
on the relevant range uncertainties as determined by each center. In analyzing
plan robustness, all critical organs at risk should be within their respective dose
tolerances and target dose coverage to the CTV should be achieved in both the
over and under ranged treatment plans.

4. For acoustic neuroma cases, the ipsilateral cochlea is a critical avoidance struc-
ture, and care should be taken to minimize the mean dose as low as reasonably
achievable (ALARA) while ensuring 100% GTV V95 coverage. In this case an
aperture can be used to minimize the lateral penumbra dose to the cochlea as can
be seen in Fig. 20.5.

20.4.2 Pencil Beam Scanning (PBS)

1. The same two- to four-beam arrangement shown in Fig. 20.4 may also be used
with PBS; however, in many cases, using a two-field beam arrangement provides
sufficient target coverage. As in the case of uniform scanning, it is also important
to ensure that there is minimal overlap of beam distal ends.
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2. PBS plan optimization is similar to IMRT planning in that it is planned
inversely to target and OAR optimization volume(s). The optimization vol-
umes are created by the planner by taking into account proton beam-specific
uncertainties. Some treatment planning systems (TPS) are equipped with
robust planning optimization. This takes into account these beam-specific/
setup uncertainties in the optimization process. When robust optimization is
not available in the TPS, planning organ at risk volumes (PRV) and target opti-
mization volumes can be utilized in the treatment planning process to achieve
similar results.

3. PBS provides conformal plans with superior skin sparing compared to uniform
scanning, particularly when the target volume does not extend to the surface.
In most cases, PBS can provide superior proximal conformality. Avoidance
structures can also be created with dose-limiting objectives to decrease the
skin dose. However, in many instances, the volume will extend to the patient
surface, and the advantage of skin sparing even with PBS may be limited
(Fig. 20.6).

4. In CNS cases, it is often preferable to use single-field uniform dose (SFUD) as it
results in the most robust treatment plan (Figs. 20.7 and 20.8). Each beam should
be evaluated individually to ensure adequate coverage and then compositely to
evaluate OAR constraints and hot spots. As robust optimization matures in the
clinical environment, IMPT may be used more extensively further enhancing the
dosimetric gains.

5. IMPT is the method of choice for optimal normal tissue sparing for tumors that
wrap around critical OARs (e.g., brainstem, optic chiasm). For the majority of
these cases, SFUD is possible; however, some cases might require IMPT or a
mix of the two techniques in order to meet currently recommended dose con-
straints while maintaining plan robustness. (Table 20.2).

Fig. 20.6 PBS plan with SFUD for treatment of an atypical meningioma of the left frontotempo-
ral brain with sparing of proximal skin
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Fig. 20.7 Example of coverage of a craniopharyngioma target using (a) uniform scanning with
field-in-field technique versus (b) pencil beam scanning with SFUD. In such cases, pencil beam
scanning often offers an advantage in sparing OAR under prescription dose while ensuring PTV
V95 coverage. However, due to lack of aperture, PBS plan has larger penumbra compared with the
uniform scanning plan which could be mitigated using a small spot size or apertures

Fig. 20.8 Example of coverage of centralized meningioma target using (a) uniform scanning
versus (b) pencil beam scanning with SFUD using the same beam arrangement. In such cases,
pencil beam scanning often offers superior conformity allowing for enhanced brain and skin
sparing



20 Adult Intracranial Tumors 325

Table 20.2 Recommended dose constraints to organs at risk for the treatment of intracranial
tumors with proton radiotherapy

Organ at risk Recommended dose constraint

Brainstem 0.05 cc < 60 Gy/max dose 64 Gy
Cochlea Max dose <50 Gy

Optic nerves and optic chiasm 0.05 cc < 60 Gy

Spinal cord 0.1 cc < 50 Gy/surface max <64 Gy
Retina Dose to 0.1 cc < 45 Gy/max dose <60 Gy
Lens Max dose <10 Gy or ALARA

These recommendations are adapted from institutional photon/IMRT treatment planning. Doses
are reported in Gy (RBE) for proton therapy (RBE = 1.1)

20.5 Uniform Scanning vs. Pencil Beam Scanning

Comparisons

20.5.1 Proton Stereotactic Radiosurgery (SRS)

1.

Stereotactic proton radiation can be used to deliver conformal, high-dose
radiation to the target. Protons as opposed to photons may offer superior confor-
mality, particularly for larger lesions not amenable to photon stereotactic
radiation.

20.5.2 Dosimetric and Toxicity Comparison

1.

The organs at risk (OARs) for intracranial tumors include optic structures, the
brainstem, cochlea, and eloquent cortex. Unsurprisingly, vision, hearing, and
neurocognitive function are critical for patient quality of life.

Proton radiotherapy for intracranial tumors has demonstrated superior avoidance
of critical structures compared to photon therapy, particularly for targets nearby
critical structures [24, 25]. In comparison of 3D conformal radiotherapy
(3DCRT), stereotactic radiation (SRS), intensity-modulated photon radiotherapy
(IMRT), and radiotherapy with protons with spot scanning (PBS) or passive scat-
tering (PS) for intracranial tumors, PBS and SS were shown to have decreased
mean doses to the brainstem, contralateral optic nerve, and eyes [26].

While studies have demonstrated superior sparing of critical structures with pro-
ton therapy compared to photon therapy, whether this has tangible reduction in
patient-reported toxicity and brain function needs to be further studied.

20.6 Future Developments

1.

Future studies may help further elucidate the optimal dosing for intracranial
tumor as well as the potential benefits of proton therapy on brain function, espe-
cially when IMPT matures and is routinely employed in the clinic.
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21.1 Introduction

1. Radiation therapy is an extremely important modality in the management of pri-
mary spine tumors. However, the relative radioresistance of many of these
tumors requires high doses for durable local tumor control. In general, radiation
doses in excess of 70 Gy are necessary to adequately control macroscopic dis-
ease. Likewise, doses greater than 60 Gy in 2 Gy fractions, and preferably over
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66 Gy, are required to treat positive microscopic margins. Traditional concepts of
spinal cord tolerance establish the TD5/5 (the dose at which there is a 5% prob-
ability of a complication within 5 years) at 45-54 Gy in 2 Gy fractions, beyond
which there appears to be a significantly increased risk of developing radiation
myelitis [1]. In addition to the spinal cord, toxicities to paraspinal structures,
such as small and large bowel, kidneys, and esophagus, must also be considered
during spinal irradiation. Unfortunately, the radiation tolerances of these organs
range from 23 to 65 Gy. The requirement to adhere to these normal tissue con-
straints severely limits the dose that can be delivered to spine tumors using con-
ventional radiotherapy techniques and hence curbs the probability for achieving
durable local tumor control and, potentially, cure. The need to deliver dose-
escalated radiation therapy while minimizing treatment-related morbidity has
led to the development of novel radiotherapy techniques such as image-guided
intensity-modulated radiation therapy. In addition, there has been a renewed
focus on charged particle therapy, in particular, proton beam therapy, the subject
of the current chapter.

2. The principal advantage of proton beam therapy in treating spine tumors lies in its
dose distribution. In contrast to conventional photon-based radiotherapy where,
after a short buildup region, energy deposition decreases exponentially with
increasing depth in tissue, the physical characteristics of the proton beam result in
increasing energy deposition with penetration distance with the majority of the
energy being deposited at the end of a linear track, in what is termed the Bragg
peak [2] (Fig. 21.1). Beyond the Bragg peak, the position of which is primarily
determined by beam energy, there is virtually no exit dose. This region of maxi-
mum energy deposition can be positioned within the target for each beam direc-
tion, allowing the creation of a highly conformal high-dose region and a reduction
in integral dose of approximately 50-60% [3, 4]. The steeper dose gradients and
lower integral doses that characterize proton beam therapy make it a highly attrac-
tive modality in the management of malignancies arising in the spine.

3. In spite of their well-recognized advantages, proton beam therapy is not with-
out problems and uncertainties. First and foremost, one must consider the bio-
logic unknowns of proton beam therapy [5]. One of the most fundamental
challenges of proton beam radiotherapy is RBE uncertainties [6]. In clinical
practice, an invariant 1.1 RBE for protons is generally used, but this disregards
the growing body of laboratory evidence demonstrating variability in RBE val-
ues for protons with depth. Clonogenic cell survival data approximate RBE
values for protons (at 2 Gy per fraction) to be 1.1-1.15 from the entrance to the
center of the spread-out Bragg peak (SOBP), increasing to 1.35 at the distal
edge and 1.7 at the distal falloff [7]. Further, biologic parameters such as tissue
type, cell cycle phase, oxygenation level, and alpha/beta ratio have also been
shown to influence RBE values in addition to physical parameters such as dose
and linear energy transfer (LET) [2, 8, 9]. For instance, RBE values have been
found to increase by up to 20% with decreasing alpha/beta ratio [10]. Several
strategies to mitigate RBE uncertainties have been proposed in the literature
including tapering the SOBP distal edge (by reducing the physical dose within
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the terminal few millimeters of the proton SOBP), probabilistic and worst-case
robust optimization, yielding plans that are less sensitive to range and RBE
uncertainties, as well as prioritizing LET optimization within treatment plan-
ning attempting to shift LET hotspots into target volumes and away from treat-
ment margins and organs at risk [11].

21.2 Simulation/Treatment Planning Considerations

1. Computed tomography (CT) simulation should be performed with intravenous
iodinated contrast, when not contraindicated, to facilitate anatomical delinea-
tion. For the purposes of dose calculation, a non-contrast CT needs to be
employed in planning proton therapy.

2. Magnetic resonance (MR) imaging is recommended for accurate delineation of
the extent of gross disease. Different MR sequences can be useful in delineating
normal tissue and target volumes. Contrast enhancement is useful for extraosse-
ous paraspinal and epidural disease. T2 and fat-suppressed T2-weighted images
are often very helpful in identifying tumor-bearing areas of many primary tumors
of the spine. In the presence of metallic spinal hardware, T2-weighted images
can also be useful in assessing the status of the epidural space. Multiplanar imag-
ing is a hallmark of MR imaging and should be utilized in assessing spinal
tumors.
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3. MR images should be registered to the planning CT for accurate target delinea-
tion. Uncertainties related to image fusion should be considered in the treatment
planning process.

4. There are unique considerations in treatment planning of spine tumors with pro-
ton therapy. The presence of high-density metallic implants in patients with spi-
nal instrumentation, including titanium hardware, introduces considerable
uncertainties into the treatment planning process. These uncertainties, primarily
pertaining to proton range, may cause significant underdosing of target volumes
and/or overdosing of critical structures in the vicinity, and it is critical that the
practicing radiation oncologist carefully considers the distribution and magni-
tude of these effects in plan review. In fact, recent studies of chordoma patients
treated with proton beam therapy have shown an inverse association between
local tumor control and the presence of titanium-based surgical stabilization
[12]. While other factors may have been at play, the dosimetric implications of
metallic hardware should be considered.

5. Firstly, CT numbers are used to determine the proton stopping power of tissues
in the path of the proton beam. Hence, metallic streak artifacts in the recon-
structed CT images can result in errors in the calculated proton range. While
proton stopping powers may be manually adjusted in an attempt to mitigate these
errors, it is often not straightforward to determine anatomy and tissue density in
images that have been degraded by artifacts. Range errors stemming from CT
metal artifacts may also be reduced with improved CT image reconstruction
methods, which are gradually becoming commercially available. In this regard,
it is important to use methods that provide accurate segmentation of metallic
implants from surrounding tissue as well as minimize image degradation wrought
by metal artifacts.

6. Secondly, pencil beam dose calculation methods are based on water as a refer-
ence medium and may not accurately model beam transport through titanium
hardware, potentially underestimating dose inhomogeneity and range degrada-
tion distal to these implants. Dosimetric analyses have demonstrated that the
greater density of metallic implants can affect the range of protons and heavy
ions by up to 10 mm and alter the dose by greater than 10% in the high-dose
region [12]. Given that the spinal cord is typically only a few millimeters away
from the high-dose region, the dosimetric uncertainties associated with metallic
implants are unacceptable. One solution to account for these uncertainties is to
use a larger number of beams and more conservative range margins. However, a
more ideal solution rests in the utilization of dose calculation algorithms that
better simulate the physical interactions of protons with high-density metallic
implants and, in particular, better model the effect of multiple Coulomb scatter-
ing. In this regard, Monte Carlo simulation techniques have been shown to pro-
vide more accurate dosimetry in the setting of these spinal fixation devices [13].

7. It is well recognized that patient/tumor motion as well as changes in anatomy
during radiation therapy are major causes of geographic misses and unantici-
pated toxicities. Protons, with their unique beam transmission properties and
rapid dose falloff, have been shown to be even more sensitive to these factors
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than conventional photon-based techniques [14]. Spinal and paraspinal tumors
are relatively static. Hence, tumor motion is not as critical an issue as it is for
lung and abdominal tumors which are highly mobile. However, it is imperative
that due diligence is paid to rigid immobilization to create a stable and reproduc-
ible patient setup on a day-to-day basis. While immobilization in external beam
radiation therapy is primarily designed to minimize inter- and intra-fraction
patient motion, there are additional aspects that must be considered in proton
beam therapy, chief of which is accurately determining and maintaining the tar-
get’s water equivalent depth along the beam axis. To this end, there are both in-
house and commercially available immobilization devices that have been
engineered to work with the unique physics of proton beam transmission and
designed to keep the range relatively constant for most treatment beam angles. In
addition, as proton beam therapy is exquisitely sensitive to changes in patient
and tumor anatomy, replanning should be considered if significant tumor shrink-
age is anticipated. This may be most relevant for large baseline tumors, located
in close proximity to or abutting spinal cord, for which response during the
course of treatment may be brisk and without adaptation may result in unantici-
pated increments in OAR doses. However, precise data on the implementation
levels or thresholds for replanning as well as the timing and frequency with
which it should be performed is lacking.

8. Normal tissue constraints. Table 21.1 summarizes suggested maximum doses for
organs at risk near the spine. In clinical practice, a wide range of doses are con-
sidered acceptable.

21.3 Proton Beam Experience for Primary Spine Tumors
21.3.1 Giant Cell Tumors

Giant cell tumors (GCTs) are relatively rare, usually benign skeletal neoplasms
occurring primarily in young adults, with a peak incidence in the third and fourth
decades. Although the most common location for these tumors is the epiphyses of
long bones, they can occur in the axial skeleton, where they may present with local
pain and neurologic deficits. In the spine, they are observed most commonly in the

Table 21.1 Dose constraints

Recommended dose constraint (2 Gy per fraction
Organ at risk equivalent dose)
Spinal cord 54 Gy
Cauda equina 60 Gy
Brainstem 60 Gy
Esophagus 65 Gy
Brachial plexus 60 Gy
Bowel 60 Gy
Rectum 70 Gy
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sacrum, followed by elsewhere in the mobile spine where they occur in equal inci-
dence in the cervical, thoracic, and lumbar vertebraec. Management of giant cell
tumors of the spine is challenging owing to the close proximity to critical neural
structures and the frequent vascularity of these tumors. The standard of care for
GCTs of the mobile spine and sacrum is en bloc surgical resection where feasible. It
is widely recognized that the status of surgical margins is the single best predictor of
outcome in GCTs. Following complete resection with wide margins, local control is
achieved in 85-90% of cases, but incomplete resection is associated with tumor
recurrence in up to 50% of the cases. Therefore, radiotherapy has been advocated by
some either as an adjunct to surgery in patients undergoing intralesional or marginal
resections or as an alternative treatment in patients with giant cell tumors of the spine
that are either unresectable or where resection would result in substantial functional
deficits. Although concerns about radiotherapy side effects and in particular the risks
of malignant transformation have been raised in the past, the evolution of radiother-
apy techniques and the ability to deliver high radiation doses to target volumes with
optimal sparing of critical structures have largely allayed these fears. A range of
radiotherapy doses have been used in the literature, and when radiotherapy has been
used as the primary therapy, local control rates have been satisfactory.

The literature on the use of proton beam therapy for giant cell tumors of the spine
is sparse. However, given the concerns that exist about radiation-induced carcino-
genesis in a disease that occurs primarily in young adults, proton beam therapy
intuitively appears to be a better alternative. There is approximately a 50% reduc-
tion in integral dose both with the use of scattered and scanned proton beams com-
pared with photon-based radiotherapy techniques, and mathematical modeling
studies in pediatric patients have estimated a twofold or more reduction in risk of
radiation-induced malignancies [15]. In a study by Hug et al., eight patients with
primary or recurrent giant cell tumors of the axial skeleton were treated with com-
bined high-dose proton and photon radiation therapy at the Massachusetts General
Hospital and Harvard Cyclotron Laboratory [16]. The mean target dose was 61.8
CGE. The authors found that 5-year local control rates were excellent (83%) with
acceptable rates of morbidity.

21.3.2 Meningiomas

Although spinal meningiomas are far less common than intracranial meningiomas,
they account for 25-45% of all spine neoplasms and are the second most common
spine tumor in the intradural location after schwannomas. They are most frequently
located in the thoracic spine (80%) followed by the cervical spine (15%). They only
rarely occur in the lumbar spine (<3%). They primarily affect middle-aged women,
and similar to their intracranial counterparts, the vast majority of spinal meningio-
mas are benign (>90%). Atypical meningiomas and anaplastic/malignant meningio-
mas account for 5% and 3-5% of all meningiomas, respectively.

The standard of care for spinal meningiomas is surgical resection. Complete
resection of the tumor and its dural attachment can often be achieved. Sacrifice of
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thoracic spinal roots may be required, but where possible, cervical and lumbar nerve
roots are preserved. Management of subtotally resected lesions is usually expectant,
and symptomatic recurrence is generally managed with further surgery. As with
intracranial meningiomas, definitive radiotherapy tends to be reserved for symp-
tomatic primary or recurrent lesions that are considered unresectable owing to tech-
nical difficulties or medical comorbidities. In the adjuvant setting, radiotherapy is
generally recommended for atypical and anaplastic (grade II and III) meningiomas,
regardless of the extent of surgery due to their aggressiveness, their proclivity to
recur, and the neurologic morbidity associated with tumor recurrence.

For intracranial meningiomas, radiotherapy doses using conventional photon-
based techniques range from 50 to 60 Gy. A dose of 60 Gy is recommended for
atypical and anaplastic meningiomas, based on the maximal safe dose deliverable
to the surrounding normal brain. Even at this dose, local failures are not uncom-
mon suggesting that strategies that allow safe dose escalation such as proton beam
therapy may further optimize outcomes. This may be particularly so in spinal sub-
sites where the tolerability of the spinal cord to radiotherapy is even lower than that
of the brain.

The literature on the use of protons in spinal meningioma is limited owing to the
rarity of the disease. However, proton beam therapy has been used with success in
intracranial and skull base meningiomas (Table 21.1). Hug et al. reported the out-
comes of 31 patients with WHO grade II and III meningiomas treated with photon
or combined proton—photon irradiation [17]. The total doses ranged from 50 to
68 Gy (RBE) and 40 to 72 Gy (RBE) for grades II and III meningiomas, respec-
tively. Local control was significantly improved with combined proton—photon irra-
diation compared with photon radiotherapy alone (P = 0.025), and survival rates for
WHO grade III meningiomas were significantly improved by proton beam therapy
and radiation doses >60 Gy (RBE). Similarly, in a study of 24 patients with WHO
IT and III meningiomas treated by proton and photon beams to a median dose of
65.1 Gy (RBE), Boscos et al. found that survival was significantly associated with
total dose [18]. In another recent report on the outcomes of six patients with WHO
IT and IIT meningiomas treated at doses of 68.4 Gy (RBE) and 72.0 Gy (RBE),
respectively, Chan et al. observed local recurrence in one patient with WHO grade
IIT meningioma. No severe treatment-related toxicity was observed [19].

In addition, in a recent study, Arvold et al. calculated projected second tumor
rates in patients with benign meningioma by performing dosimetric comparisons
between proton radiotherapy and photon radiotherapy treatment plans and found a
50% reduction in risk of radiation-associated second malignancies with proton
beam therapy [20].

21.3.3 Schwannomas

Spinal schwannomas are the most common intradural extramedullary spinal tumors,
accounting for approximately 30% of such lesions. They are most frequently seen
in the cervical and lumbar spine and only rarely in the thoracic spine.
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Although it is virtually impossible to reliably distinguish between schwannomas
and neurofibromas radiographically, the former tends to be much more frequently
associated with hemorrhage, intrinsic vascular changes (thrombosis, sinusoidal dilata-
tion), cyst formation, and fatty degeneration. As spinal schwannomas generally arise
from dorsal nerve roots, patients often present with radiculopathic pain. Sensory
changes can also occur in a dermatomal distribution. Weakness is a less common
presenting symptom. Myelopathy may occur if the lesion is large. Hence, spinal
schwannomas can be debilitating in spite of the fact that they are slow-growing and
rarely undergo malignant change. Surgical resection is the management of choice, and
gross total resection is usually curative for patients with sporadic tumors. Reported
obstacles to complete resection include adhesion of tumor to the spinal cord as a result
of hemorrhage, inflammation, or subpial localization as well as attachment of critical
structures such as the vertebral artery to extradural components of the tumor.

In general, radiation as a primary treatment modality for benign tumors of the
spine such as schwannomas has not been advocated, and descriptions of its role as
an adjunct to neurosurgical resection are scarce in the literature. At present, radio-
therapy tends to be reserved for patients with technically unresectable disease,
patients with medical comorbidities that preclude them from surgery, or those who
refuse surgery in favor of noninvasive treatment particularly in the setting of recur-
rent disease.

In spite of the paucity of published evidence on the utility of radiotherapy as a
primary or adjuvant treatment modality in spinal schwannomas, highly conformal
photon-based radiotherapy techniques as well as proton therapy have been used
with success in patients with vestibular schwannomas. In one report of 88 patients
with vestibular schwannoma treated with proton beam stereotactic radiosurgery at
the Harvard Cyclotron Laboratory, the 2-year and 5-year local control rates were
95% and 94%, respectively [21]. Excellent facial nerve and trigeminal nerve func-
tion preservation rates were achieved. However, only 33% of patients with func-
tional hearing retained serviceable hearing ability, leading the authors to postulate
that the use of fractionated proton therapy may have helped diminish this cranial
nerve toxicity. Given the similarity in pathology between spinal schwannomas and
vestibular acoustic neuromas, this modality may have even greater utility in the
management of spinal schwannomas, where the radiation tolerance of the adjacent
spinal cord is even more stringent.

21.3.4 Chordomas

Chordomas are rare, slow-growing, locally aggressive bone tumors that arise from
the embryonic remnants of the notochord [22]. They exhibit a predominance in
men, and the peak incidence occurs between 50 and 60 years of age. In adults, 50%
of chordomas occur in the sacrum, 35% at the base of the skull, and the remaining
15% in the cervical, thoracic, and lumbar vertebrae.

Clinically, chordomas of the sacrum and mobile spine can present with localized
pain or neurologic deficits corresponding to the spinal level at which they occur.
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Unfortunately, the nonspecific nature and insidious onset of these symptoms may
lead to delayed diagnosis when disease is already advanced.

Like most complex diseases, care for patients with chordomas is best undertaken
in a high-volume quaternary referral center, where the multidisciplinary team mem-
bers have the necessary expertise in the management of these tumors. Given the
rarity of these tumors, there are no randomized clinical trials or large prospective
series that define optimal treatment. A landmark study by Fuchs et al. demonstrated
that there was a significant difference in recurrence rates between patients who
underwent radical en bloc resection of sacral chordomas and those who had subtotal
resection [23]. The time to local recurrence was 2.3 years and 8 months, respec-
tively. This finding has since been corroborated by several other case series, sup-
porting aggressive surgical resection in chordomas of the sacrum, mobile spine, and
skull base [24, 25]. However, in spite of major advances in surgical interventions,
total en bloc resection is achievable in only about half of all sacral chordomas, with
much lower rates for chordomas elsewhere. Incomplete or subtotal resection of
chordomas, which often arises in the presence of epidural disease, is associated with
high rates of recurrence. To combat this, a combined modality approach is recom-
mended, utilizing maximal surgical resection and adjuvant radiation therapy sup-
ported by data from small retrospective series.

Historical data evaluating the efficacy of conventional photon-based radiotherapy
in the management of skull base chordomas demonstrate poor outcomes with 5-year
local control rates less than 25%. However, this must be interpreted with caution as
much of this data was accumulated in the era of older surgical and radiotherapy tech-
niques and prior to the advent of MRI. Over the last decade, improvements in surgical
techniques and the advent of high-precision radiotherapy in the form of intensity-
modulated radiation therapy and image guidance have seen a significant improvement
in 5-year local control and survival rates. At Memorial Sloan Kettering Cancer Center,
single-fraction SRS via image-guided intensity-modulated radiation therapy has been
used in the management of chordomas [26]. Results have been promising with
respectable 3- and 5-year local control rates of approximately 71% and 59.1%, respec-
tively, with no serious adverse effects. Likewise, preliminary outcomes of 24 patients
with skull base chordoma treated with IG-IMRT at Princess Margaret Cancer Centre,
Canada, have demonstrated 5-year overall survival and local control rates of 85.6%
and 65.3%, respectively, at a median follow-up of 36 months [27]. The median
IG-IMRT dose used was 76 Gy delivered in 2 Gy fractions. The authors conclude by
stating that further follow-up was needed to confirm long-term efficacy.

Proton therapy is also an established radiotherapeutic option for the management
of sacral chordomas (Table 21.2; Fig. 21.2), and outcomes correlate with dose. In a
study by Park et al., 27 patients with sacral chordomas (16 primary and 11 recur-
rent), most of whom had undergone surgical resection (78%), received photon/pro-
ton radiation and followed for a mean time period of 8.8 years [28]. Local control
rates for surgery and radiation were 86% for primary and 14% for recurrent chordo-
mas. Among patients receiving definitive radiation, doses of 73 Gy or more resulted
in greater local control rates. The authors conclude by recommending 77.4 Gy to
unresected chordomas or areas of gross residual disease.
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Table 21.2 Published data on proton beam therapy for patients with meningioma

Radiation Overall Local
Author Patients | modality survival control Toxicity
Wenkel et al. 46 Protons and 95% and 100% and | 20% severe toxicity
[43] photons, 77% at 5 88% at 5
59.0 GyE and and
10 years 10 years
Vernimmen 27 Protons Not 88% 11% late toxicity:
et al. [44] 54-61.6 GyE, reported ipsilateral partial
16-27 fractions hearing loss,
temporal lobe
epilepsy
Noél et al. 51 Protons and 100% at 98% at 4% grade III toxicity.
[45] photons 4 years 4 years Unilateral hearing
60.6 GyE loss, complete
pituitary deficiency
Boskos et al. 24 34.05 GyE 53.2% and | 46.7% at5 | 4% radiation necrosis
[18] photons and 42.6% at5 | and at 16 months after
30.96 GyE and 8 years | 8 years RT
protons (total
dose 65.01
GyE)
Pasquier etal. | 39 Protons 81.8% at 84.8% at 15.5% > grade 111
[46] 52.2-66.6 GyE |5 years 5 years

Fig. 21.2 Preoperative proton beam therapy plan for a case of sacral chordoma
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A systematic review of the literature on proton beam radiotherapy in patients
with skull base chordomas analyzed the outcomes of 416 patients from seven retro-
spective studies who were treated either exclusively with protons or with a combi-
nation of protons plus photons [29]. The majority of these patients had advanced
inoperable or incompletely resected tumors. Although there was some heterogene-
ity of radiation doses and schedules both within and between series, in general, the
total radiation dose was 70 GyE or greater. The authors reported 5-year local and
overall survival rates of 69% and 80%, respectively, with a median follow-up of
46 months.

In conclusion, the clinical data for modern proton and photon-based radiotherapy
show similar results, and choice is generally dictated by both geographic and finan-
cial accessibility to proton facilities. High-level evidence of benefit does not exist
for unequivocal recommendation of proton-based treatment [30, 31].

21.3.5 Osteosarcomas

Osteosarcomas are primary malignant bone tumors characterized by the production
of osteoid or immature bone from neoplastic cells. Although they are the second
most common primary malignant tumor occurring in the bone, spinal involvement
is rare, accounting for less than 5% of all cases.

Spine osteosarcomas are most commonly located in the sacrum, followed by the
thoracic and lumbar spine segments, and, then, the cervical spine. Clinically, spine
osteosarcomas present almost universally with gradually progressive pain, and two-
thirds of patients exhibit some degree of neurologic impairment.

As with osteosarcomas of the extremities, optimal management for spine osteo-
sarcomas is multimodal, comprising of neoadjuvant chemotherapy followed by
wide en bloc excision if feasible and, subsequently, further systemic therapy.
Obtaining adequate surgical margins is particularly challenging in the spine. In one
study evaluating the relationship between surgical margin status and local recur-
rence in spine sarcomas, the resection was classified as wide, marginal, or intrale-
sional in 23%, 10%, and 67% of patients, respectively [32]. Resection margins were
histologically positive in 60% of cases and associated with a fivefold increased risk
of local recurrence. In addition, if the tumor abuts or invades dura, although en bloc
resection (vertebrectomy), followed by stabilization and fusion may be possible,
surgery is fraught with the risk of tumor seeding into the CSF space. Patients with
osteosarcomas of the sacrum fare particularly poorly. In one study that included 12
patients with primary high-grade osteosarcoma of the sacrum, only two patients
who underwent surgery had wide excision to negative margins [33]. Although total
sacrectomy may improve local control, it comes at the cost of significant morbidity
to the patient with neurologic and sexual dysfunction being almost inevitable [34].

Radiation therapy for local control may be considered as the primary modality in
patients who decline surgery or in whom there is no effective function-preserving
surgical option. It may also have a role in the adjuvant setting following incomplete
resections.
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Historically, the prognosis for spine osteosarcomas has been inferior to stage-
matched extremity osteosarcomas, with reported rates of 5-year survival ranging
between 30 and 40%. This may at least in part be attributable to the usage of subop-
timal radiotherapy doses prior to the advent of three-dimensional or volumetric
image guidance and more conformal radiotherapy techniques. Newer radiation
techniques and modalities such as IG-IMRT, proton beam irradiation, and carbon
ion radiotherapy now permit safe dose escalation to target volumes while limiting
doses to the spinal cord, and preliminary outcomes have been promising.

In a study by Ciernik et al., 55 patients with unresected and incompletely resected
osteosarcomas in various anatomic subsites including the spine were offered proton-
based radiotherapy. The mean dose was 68.4 Gy, and 58.2% (11-100%) of the total
dose was delivered with protons. Local tumor control after 3 and 5 years was 82%
and 72%, respectively. Five-year disease-free survival was 65% and 5-year overall
survival was 67% [35].

21.3.6 Chondrosarcomas

Chondrosarcomas are malignant cartilage-forming tumors, comprising approxi-
mately 10% of all primary bone tumors. If hematologic malignancies of bone are
excluded, they are the third most common primary malignant bone tumor after
osteosarcoma and Ewing sarcoma. However, spinal chondrosarcomas are relatively
infrequent, accounting for less than 10% of all chondrosarcomas and 5% of all spi-
nal tumors. These tumors have a predilection for the thoracic spine and typically
originate in the vertebral body and extend into the spinal canal and paraspinal soft
tissue. The most common presenting symptom in chondrosarcoma is pain. Other
symptoms include a palpable mass and neurologic deficits in approximately 50% of
patients.

These malignancies are relatively resistant to radiotherapy and chemotherapy,
and wide en bloc surgical resection is the management of choice [36]. Intralesional
resections almost always result in tumor recurrence. Both IG-IMRT and proton
beam therapy have been used in the adjuvant setting following incomplete resec-
tions with promising results. In a recent report looking at preliminary outcomes
following high-dose IG-IMRT, 18 patients with skull base chondrosarcomas treated
with a median dose of 70 Gy were followed for a median time period of 67 months
[27]. Favorable 5-year overall survival and local control rates were found (87.8%
and 88.1%, respectively) with acceptable adverse event rates.

The most extensive radiotherapy data for chondrosarcoma, however, comes from
proton beam therapy (Table 21.3). The largest series that analyzed the outcomes of
200 patients with skull base chondrosarcomas treated with proton beam therapy
showed excellent 10-year local control and survival rates of 98% and 99%, respec-
tively [37]. The median radiotherapy dose was 72 GyE. A subsequent review of the
literature demonstrated similar results [38].

In a treatment planning comparison study of intensity-modulated photon and
proton therapy for paraspinal sarcomas, the authors found that both IMRT and
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Table 21.3 Published data on proton beam therapy for patients with chordomas

Local
Author Patients | Radiation modality | control Toxicity
Santoni 96 Protons 66.6 GYE | — Temporal lobe necrosis 7.6 and
et al. [47] or 72 GyE 13.2% at 2 and 5 years
Terahara 115 Protons 66.6-79.2 | 5-year LC |-
et al. [48] GyE 59%,
10-year
LC 44%
Hug et al. 33 Protons, 50.4 GyE | 5-year LC | 7% of grades IIl and IV
[49] bis 78.6 GyE 59%
Colli and 53 Protons vs. 4-year LC |-
Al- Mefty conventional RT 90.0% vs.
[50] 19.4%
Igaki et al. 13 Protons or protons | 5-year LC | —
[51] + photons, 72 GyE | 50%
Weberetal. | 18 Protons, 74 GyE 3-year LC | 3-year complication-free survival
[52] 87.5% 82.2%
Noel et al. 100 Photons vs. 2- and 8 patients visual deficits, one
[53] protons, 67 GyE 4-year LC | patient symptomatic temporal
86.3% and | lobe necrosis; 22 patients hearing
53.8% deterioration; hormonal deficits
in 16 patients
Ares et al. 42 Protons, 73.5 GyE | 5-year LC | 6% high-grade toxicity
[54] 81%

IMPT produced similar levels of tumor conformality [39]. However, a reduction in
nontarget integral dose was demonstrated in IMPT plans. The significance of this is
twofold. The first is the potential for improved toxicity outcomes, in particular,
radiation carcinogenesis. In addition, OAR integral doses could be critically impor-
tant in the following settings: reirradiation, preoperative radiation therapy, as well
as concurrent and sequential chemoradiotherapy. The second is the potential for
dose escalation, and this study demonstrated that dose escalation to 93 CGE was
possible in all patients within OAR dose constraints irrespective of tumor size, loca-
tion, and geometry. Whether this translates to improved oncologic outcomes remains
to be seen. In short, there are no randomized trials comparing these different con-
temporary radiotherapy techniques, and the advantages of proton beam therapy are
primarily theoretical.

21.3.7 Hemangiopericytomas/Solitary Fibrous Tumors

Hemangiopericytomas are uncommon tumors of the central nervous system
(CNS), constituting approximately 1% of all CNS tumors. Originally thought to
arise from capillary pericytes, they have been categorized as fibroblastic with no
evidence of pericytic differentiation in the updated WHO classification and are
thought to lie on the same spectrum as solitary fibrous tumors. The distribution of
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hemangiopericytomas within the CNS is similar to that of meningiomas. They
primarily arise within the brain, and spinal hemangiopericytomas are exceedingly
rare, with less than 100 cases reported worldwide. The majority of these tumors
are located in the intradural extramedullary compartment. They have been
observed to occur throughout the spine but demonstrate some prevalence for the
cervical and thoracic spine. If feasible, en bloc resection of the tumor along with
the dura is the mainstay of management. Preoperative embolization is recom-
mended to reduce intraoperative blood loss as these tumors are typically highly
vascular. Given the rarity of this disease entity, there is a paucity of literature on
the role of adjuvant radiotherapy, and much of the available evidence derives from
retrospective studies with inherent biases. Available studies have not shown a con-
sistent advantage with postoperative radiotherapy in improving disease-free sur-
vival and/or overall survival. Hence, the utility of radiotherapy is best decided on
a case-by-case basis in the context of a multidisciplinary discussion and is gener-
ally reserved for subtotal resections, when high-risk features, e.g., high grade, are
observed or when the morbidity of surgery is considered unacceptably high par-
ticularly in the case of recurrent tumors (Table 21.4).

Combs et al. analyzed the use of high-precision photon-based radiotherapy in
patients with hemangiopericytoma, including two patients who had primary heman-
giopericytoma of the spine [40]. The median RT dose was 54 Gy. The authors dem-
onstrated an overall survival rate of 100% at 5 years and 64% at 10 years for patients
treated with a combination of surgical and RT approaches. Progression-free survival
after RT was 80% and 61% at 3 and 5 years, respectively.

The role of proton irradiation in the management of hemangiopericytomas of
the spine has yet to be defined. However, the physical benefits of protons, namely,
the potential to dose escalate as well as the ability to reduce OAR volumes
receiving low to intermediate doses, provide future opportunities for dose—
response studies to assess if higher doses translate into better local tumor control
and survival as well as studies evaluating late side effects such as second
malignancies.

Table 21.4 Published data on proton beam therapy for patients with chondrosarcomas

Local
Author Patients | Radiation modality control Toxicity
Hugetal. [49] |25 Protons, 70.7 GyE 5-year 7% of grades III and IV
LC 75%
Noel et al. [53] | 18 Protons + photons, 67 GyE | 3-year -
LC85%
Weber et al. 11 Protons, 68 GyE 3-year 3-year complication-free
[52] LC survival 82.2%
100%
Aresetal. [54] | 22 Protons, 68.4 GyE 5-year 6% high-grade toxicity
LC 94%
Rosenberg 200 Protons + photons, 72.1 S-year -
et al. [37] GyE LC 98%
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21.3.8 Ewing Sarcomas

Ewing sarcomas are malignant, poorly differentiated, small round blue cell tumors
that arise in bone and soft tissues. They most commonly present in the second
decade of life, and there is a slight male predilection with a male-to-female ratio of
1.5:1. They primarily affect Caucasians and are rare in Blacks and Asians. They
commonly arise in the long bones of the extremities and pelvis. Although the verte-
brae are the most common bony site of metastatic involvement in Ewing sarcomas,
primary Ewing sarcoma of the spine is relatively rare with a reported incidence of
5-8% of all cases. The sacrum and lumbar spine are most commonly affected fol-
lowed by thoracic and then cervical spine. In the mobile spine, the bulk of lesions
have their epicenter in the posterior elements with extension into the vertebral body.
In the sacrum, the ala tends to be the most frequently affected site. In addition, spi-
nal canal invasion is evident in the vast majority of cases. Approximately three-
quarters of all patients present with clinically localized disease. However, Ewing
sarcoma is considered a systemic disease, and subclinical metastatic disease is pres-
ent in the bulk of patients. In 20-25% of patients who present with overt metastatic
disease, common sites of metastases include the lungs and bone/bone marrow.

Typical presentations include localized pain and neurologic impairment.
Occasionally, a palpable mass or swelling may be noted. Constitutional symptoms
such as fever, malaise/fatigue, weight loss, or anemia are present in 10-20% of
patients at the time of presentation and are generally indicative of advanced
disease.

As Ewing sarcoma is considered a systemic disease, most modern treatment
plans utilize initial induction chemotherapy followed by local treatment followed
subsequently by further chemotherapy. These general principles of management
applied to Ewing sarcoma occurring elsewhere in the body hold true for spinal loca-
tions as well. In a neurologically stable patient with Ewing sarcoma of the spine,
initial chemotherapy after biopsy is recommended prior to any definitive local ther-
apy either in the form of radical en bloc resection or radiation therapy. Neoadjuvant
chemotherapy typically comprises of vincristine, dactinomycin, and cyclophospha-
mide (VAC). Following completion of chemotherapy, if tumor restaging studies
demonstrate no evidence of metastases, then radical en bloc spondylectomy should
be considered because the risk of local recurrence is lower and long-term survival
may be improved compared with intralesional excision or radiation therapy alone.
However, in cases which are clearly unresectable following induction chemother-
apy or where a function-preserving surgical option is lacking as a result of tumor
location or extent, definitive radiation therapy alone is recommended. In general, all
patients are selected for local therapy in such a way that they are treated with sur-
gery or radiotherapy but not both since combined use exposes them to the morbidi-
ties of both modalities. However, postoperative radiotherapy is indicated in the
presence of microscopic or gross residual disease following surgery. Following
local therapy, adjuvant chemotherapy is resumed, typically for several months.

In patients with progressive neurologic deficits and impending paralysis second-
ary to spinal cord compression, or in patients with primary mechanical instability or
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impending instability, prompt decompressive surgery and/or stabilization proce-
dures must be undertaken prior to commencement of systemic therapy. These
patients subsequently also require radiation therapy.

The use of proton beam therapy as part of the treatment of Ewing sarcoma of the
spine has not been extensively examined in the literature. However, this approach
may be particularly beneficial for Ewing sarcomas arising in the spine, and the rea-
sons for this are twofold. Firstly, radiotherapy doses to primary tumors involving the
vertebral body using conventional photon irradiation are often limited to ~45 Gy
because of proximity of the spinal cord. Doses of at least 55.8 Gy are necessary for
adequate local tumor control in unresectable tumors. For patients undergoing post-
operative radiotherapy, doses of 45-50.4 Gy are recommended for microscopic dis-
ease. The utilization of proton beam therapy enables safe dose escalation. Secondly,
patients treated for Ewing sarcoma have been observed to be at high risk for the
development of second malignancies with genetic factors, chemotherapy and radio-
therapy likely all playing a contributory role. Proton beam therapy has been shown
to reduce integral dose to nontarget tissues by approximately 50%, hence reducing
the risk of radiation carcinogenesis [41]. In fact, proton beam irradiation has been
approved for use in Children’s Oncology Group protocols.

Rombi et al. analyzed the initial clinical outcomes in 30 pediatric patients with
Ewing sarcoma treated with proton therapy at the Francis H. Burr Proton Therapy
Center at Massachusetts General Hospital [42]. The median dose was 54 Gy with a
median follow-up of 38.4 months. The 3-year actuarial rates of event-free survival,
local control, and overall survival were 60%, 86%, and 89%, respectively. The
authors found that proton therapy was well-tolerated, with mostly mild to moderate
skin reactions. At the time of publication, the only serious late effects were four
hematologic malignancies, which are known risks of topoisomerase and anthracy-
cline exposure. The pediatric patients in this study were treated with passive beam
technology. Increasingly, patients can be treated with spot-scanned protons which
offer better dose conformality and has the capability to further reduce skin dose,
nontarget integral dose, and, hence, radiation-induced second malignancies.
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22.1 Introduction/Background

Sarcomas represent a relatively rare and heterogeneous malignancy of mesenchymal
origin occurring in the soft and connective tissues and bone throughout the body with
an expected 12,310 new cases and 4990 deaths for soft tissue sarcoma (STS) and
3300 new cases and 1490 deaths for bone and joints in the United States in 2016 [1].
The most common sites of involvement are the extremity (59%: lower 46%, upper
13%), trunk (18%), retroperitoneum (13%), and head and neck (9%) [2].

There are over 100 histologic subtypes as classified by the World Health
Organization (WHO) with the most common subtypes being undifferentiated/unclas-
sified STS (previously malignant fibrous histiocytoma), liposarcoma, leiomyosar-
coma, synovial sarcoma, and malignant peripheral nerve sheath tumor (MPNST),
which is technically of ectodermal origin; molecular genetics are continuously refin-
ing these classifications [3]. Tumor size and grade are most highly associated with
risk for distant metastasis [4]. While isolated nodal involvement (N1 MO) is uncom-
mon at presentation (0.9%), the subtypes most commonly involved are epitheloid,
clear cell, rhabdomyosarcoma, synovial, and angiosarcoma [5].

Limb salvage surgery and radiation have become the mainstay of extremity STS
management with amputation generally reserved for salvage, based on randomized
evidence demonstrating comparable outcomes to upfront amputation [6, 7]. Local
control rates approach 85-90% for high-grade and 90-100% for low-grade extremity
STS, respectively [8]. Extrapolating from such data, this combined modality approach
of surgery and radiation has also become the mainstay for non-extremity STS.

For retroperitoneal STS, an ongoing randomized trial by the EORTC [9] is cur-
rently exploring adjuvant radiation, while dose painting to the high-risk margin dur-
ing preoperative IMRT reported 80% actuarial, two-year local control rate [10], and
is similarly being explored in a nonrandomized, multi-institutional study along with
IMPT [11].

Preoperative radiotherapy may be pursued at the risk of increased wound healing
complication depending on tumor location for the benefit of reduced, often irrevers-
ible radiation fibrosis, lymphedema joint stiffness, bone fracture, and other late
radiation sequelae compared to postoperative radiation [12]. Given the complexity
of STS management, referral to multidisciplinary subspecialists is associated with
reduced local recurrence [13].

Neoadjuvant and adjuvant chemotherapy (largely ifosfamide and doxorubicin-
based regimens) may be considered for large (>8 cm), high-grade tumors due to up
to 50% incidence of metastatic failure, albeit with limited evidence of benefit [14].

Select small, low-grade tumors may be managed with surgery alone [15].

Unresectable, recurrent, and/or medically inoperable patients may undergo
definitive radiation (with or without chemotherapy) with reported 5-year local con-
trol, disease-free survival, and overall survival rates of 60%, 36%, and 52%, respec-
tively, for patients receiving 63 Gy or more, including some receiving proton therapy
[16], and there is additional history of using particle therapy for primary and recur-
rent soft tissue and bone sarcomas based on the favorable dose deposition and
potential to dose escalate in this setting [17, 18].
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While skull base chordomas have higher local failure rates than chondrosarco-
mas, patients with unresected chordomas may have their disease locally controlled
with high-dose proton therapy, making it desirable to neurologically intact patients
with upper sacral chordomas or those declining surgery [19-21].

For patients with axial osteosarcomas, local control can be enhanced with high-
dose, proton-based RT [22]. Target volume doses and OAR constraints in osteosar-
coma are often less than those used with chordoma/chondrosarcoma due to the
concern for nerve and bowel toxicity when given alongside MAP (methotrexate,
doxorubicin, cisplatin) chemotherapy [19].

Carbon ion radiotherapy offers the additional advantage of high LET and thus
increased BED and has been utilized in the management of various sarcoma types
largely in Asia with compelling results [23, 24]; however, it is not currently avail-
able in the United States and will not be further reviewed in this chapter.

22.2 Simulation, Target Delineation, and Radiation Dose/
Fractionation

CT simulation may be performed with or without intravenous iodinated contrast,
when not contraindicated, to facilitate anatomical delineation. For the purposes of
dose calculation, a non-contrast CT needs to be employed in planning proton ther-
apy (see Chap. 3). 4D motion assessment is advised for upper abdominal tumors.

Magnetic resonance imaging (MR) is recommended for accurate delineation of
the extent of gross tumor (T1 post-contrast) as well as radiographic assessment of
tumor-related edema (T2 or FLAIR) and generally obviates the need for IV contrast
on the co-registered CT.

Positron emission tomography (PET) may be helpful for identification of meta-
bolically active gross disease and identification of involved or suspicious lymph
nodes.

PET and MR images should be registered to the planning CT for accurate target
delineation. Uncertainties related to image fusion should be considered in the treat-
ment planning process (Chap. 3).

The recommended dosing and fractionation vary depending on the clinical sce-
nario as delineated in Table 22.1.

A relative biological effectiveness (RBE) factor of 1.1 (relative to 60 Co) is
employed, and proton doses below are reported in Gy (RBE).

Target volumes should be expanded according to institutional standard account-
ing for immobilization and image guidance as delineated in Table 22.1 to create a
planning target volume (PTV) for recording and reporting purposes [25].

Avoid circumferential irradiation of the limb to reduce the risk of lymphedema
and functional deficit.

Full prescription dose to skin over areas commonly traumatized (e.g., the elbow,
knee, shin) should be avoided. This is particularly relevant with proton therapy
when passive scattering is employed since no skin-sparing effect is obtained.

Treat biopsy scar if it is not subsequently resected after radiotherapy.
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Consultation with the orthopedic or surgical oncologist in the pre-op setting to
define the high-risk margin areas of concern [36] or preferred normal tissues to
spare [26] and in the post-op setting to review the surgical bed and any areas of
concern for positive margin and microscopic residual is recommended.

22.3 OARDose Constraints

1. Extremity and trunk (adapted from RTOG 0630 [27])
2. Beam orientation should try to avoid treating the:
(a) Full circumference of an extremity
(b) Anus, vulva and scrotum, lung
(c) Skin to full dose over commonly traumatized areas (e.g., the elbow, knee,
shin) and femoral head/neck
3. If the tumor is close to the following structures:
(a) Anus volume receiving 30 Gy (RBE) (V30) < 50%
(b) Vulva V30 < 50%
(c) Testis V3 < 50%, if the patient prefers to reserve fertility
(d) Total lungs V20 < 20%
(e) Femoral head/neck V60 < 5% or D, 59 Gy when feasible
(f) Any joint (including shoulder, elbow, and knee) V50 < 50%
(g) Kidney V14 < 50%
(h) Longitudinal strip (1-2 cm) of skin and subcutaneous tissue of an extremity
V20 < 50%
(i) Weight-bearing bone infield V50 < 50% Gy, except when:
e Tumor invades the bone.
* There is circumferential involvement of the tumor more than a quarter of
the bone.
*The bone will be resected in a subsequent surgical resection.
4. Retroperitoneal Sarcoma (from ref. [35]):
(a) Liver mean dose <26 Gy (to planned residual liver)
(b) Stomach and duodenum V45 < 100%; V50 < 50%, D,,.x 56 Gy
(c) Kidney if 1 is resected V18 < 15% (remaining kidney)
(d) Kidney if both will remain mean dose <15 Gy, V18 < 50%
(e) Spinal cord maximum dose 50 Gy
(f) Peritoneal cavity (small and large bowel bag) V15 < 830 cm?, V45 < 195 cm?
(g) Small bowel if contoured as individual loops V15 < 120 cm?, V55 < 20 cm?
(h) Large bowel if contoured as individual loops V60 < 20 cm?
(i) Rectum V50 < 50%
(j) Testicles ALARA, V3 < 50% for fertility, D,,.. <18 Gy; consider cryo-
preservation in young men
(k) Ovaries D,,, <3Gy for fertility; consider cryopreservation in young
women
(1) Bladder V50 < 100% (if necessary)
(m) Perineum (including anus and vulva) V30 < 50% if possible
(n) Femoral head D,,,, <50Gy if possible, V40 < 64%, mean dose <37%
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5. Sacral/spine chordoma and osteosarcoma proton constraints (adapted from ref.

[19, 20]):

(a) Skin <66 Gy (RBE)

(b) Spinal cord <54 Gy RBE to center and cord surface <63 Gy RBE over a
length of 5 cm or less

(c) Cauda equina <70.2 Gy RBE except areas in direct contact with tumor
(£77.4 Gy RBE)

(d) Sacral Nerves <77.4 Gy RBE

(e) Small bowel <50.4 Gy RBE (entire) and <57.6 Gy RBE for <50% circum-
ference of single loop

(f) Large bowel <66 Gy RBE to <1/3 of circumference over length of 5 cm

(g) Rectum posterior 1/3 < 77.4 Gy RBE and <70.2 Gy RBE over 5 cm

22.4 Patient Positioning, Immobilization, and Treatment
Verification

Simulation and treatment should be conducted in the appropriate supine or prone,
head- or feet-first position with customized indexed immobilization depending on
the anatomic site as demonstrated in the representative case examples that follow.

Setup accuracy should be ascertained with daily orthogonal X-ray imaging or
ideally with volumetric imaging when available.

In-room CT imaging (i.e., cone-beam CT) is ideally used for treatment verifica-
tion. When in-room 3D imaging is not available, off-line verification CT scans with
the patient in treatment position are recommended periodically during the course of
treatment to assess for potential changes in anatomy (i.e., due to weight loss, tumor
swelling, etc.) and potential changes in the accuracy of the dose distribution (see
Case 4 below). Consider rescanning every other week for preoperative and defini-
tive cases and at least once midcourse during treatment for postoperative cases,
though there are exceptions to this depending on the clinical scenario.

22.5 3D Proton Treatment Planning

22.5.1 Passive Scattering (PS)

1. As the historically most commonly used proton technique, PS can still play a
useful role with its advantages of faster delivery and being more robust and for-
giving of organ and tumor motion compared to scanning-beam techniques later
discussed. These make it useful for treating targets with considerable intra- and
inter-fraction motion.

2. There are no absolute rules on selecting field orientation; however, the following
guidelines are often used to decide the optimal beam angle:

(a) Avoidance of critical OARs, ranging into critical OARs, beam path hetero-
geneities, and anatomy or organs that may vary in positioning or filling
(b) Minimization of path length and motion effects
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. In practice, two or more fields are employed to improve the robustness of the

treatment plan against the delivery uncertainties.

. Considering the range uncertainties from multiple sources such as energy fluc-

tuation of the delivery machine (~1 mm), compensator manufacturing (~2 mm),
and conversion of the CT Hounsfield number into proton’s stopping power
(~3.5% of distal depth of CTV), distal and proximal margins are applied to the
CTV to ensure sufficient target coverage. The distal margin is calculated by
3.5% of distal CTV depth plus 3 mm, while proximal margin is 3 mm plus 3.5%
of proximal CTV depth [28]. The 3.5% may vary institutionally based on the
technology and methodology employed.

. Compensator smearing factor globally modifies the compensator design so

that variations in tissue densities along the beam path (i.e., bone, air cavity)
related to motion and setup uncertainties are taken into consideration. Brass
aperture or multi-leaf collimator is employed to modify the lateral field
shape.

Treatment plans are optimized with requirement that at least 95% of the CTV
received the prescribed dose according to ICRU [29] (Varian Eclipse version
11.0.30 was the treatment planning system (TPS) used for all STS cases below,
and dose calculations were performed on a 2.5 x 2.5 x 2.5 mm? grid).

Case 1 Preoperative lower extremity case: 10 cm gluteal STS in a young
female of child bearing potential treated in 25 fractions at 2 Gy (RBE) = 50 Gy
(RBE).

1.

Simulation: CT imaging from L1 to the knee with 1.5 mm slice thickness in the
prone position with arms above her head and legs straight in a vac-lock bag for
appropriate, customized immobilization (Fig. 22.1). The secondary imaging was
MR imaging with IV contrast.

. Planning: A three-field plan utilizing an RPO (right posterior oblique field),

LAO (left anterior oblique field), and LIPO (left inferior posterior oblique field)
were selected with maximal sparing of OARs and the shortest, simplest beam
paths (Fig. 22.2); typically 2-3 fields with the shortest and most homogeneous
radiologic depths should be utilized.

. Distal margins of 7-10 mm and proximal margins of 3-4 mm were used for

proton planning. The optimized plan utilized two 4 inch compensator and one 3
inch compensator. Smearing factor of 10 mm and boarder smoothing factor of
15 mm were adopted during compensator design. Three mm motion and setup
errors were considered to be a good estimation for the case and were used for
smearing calculation.

Care was taken not to overlap the distal ends of more than two beams, and no
more than 50% of the dose ranged out into an OAR, especially at levels of serial
structures (Chap. 3).
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Fig.22.1 Gluteal STS
prone setup and
immobilization

Fig. 22.2 Passive-scattering plan for Case 1, treatment of a gluteal sarcoma with three-beam
arrangement including an RPO (right posterior oblique field), LAO (left anterior oblique field), and
LIPO (left inferior posterior oblique field). Beam’s eye view ((a), (b), (¢)), dose contribution from
individual field ((d), (e), (f)), and composite dose from axial, sagittal, and coronal view ((g), (h),
(i)) are shown. The orange structure represents the CTV
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5. For most extremity cases, PS or uniform scanning (US) can be used with excel-

lent results. The target volume for most cases may extend superficially, often just
below the skin, resulting in little opportunity for skin sparing. The skin dose with
US/PS is similar to the prescription dose, likely slightly higher than with
intensity-modulated photon radiation therapy (IMRT) and similar to IMRT with
bolus.

. For extremity cases, the goal is to spare the uninvolved bone, joint, normal soft
tissues, including those potentially being used for flaps, and other adjacent OARs
depending on the tumor location. As these are generally distal to the target, com-
parable normal tissue sparing may be achieved with passive or scanned beams.

. A dosimetric comparison of PS and IMRT is shown in Fig. 22.4. Reduction of
nontarget integral dose is demonstrated for PS. However, for concave/convex
OARs closest to the target volume, for example, the ipsilateral femoral head in
this case, the high-dose volume is slightly higher than IMRT despite the benefits
in the low- and intermediate-dose region. This is common for PS because fewer
treatment fields are typically employed. Given the similar penumbra between
proton and photon beams, fewer fields result in less dose conformity. Secondly,
due to uncertainties, PS is generally planned on a larger target volume than
IMRT as noted in the PS planning section above. PTV is employed for recording
and reporting purposes [25] (Fig. 22.3).

. Other PS and IMRT dosimetric comparisons: for retroperitoneal and intraab-
dominal sarcomas, a dosimetric study of eight cases comparing 3DCRT, IMRT,
and 3DPT using passive-scattering technique found that 3DPT was able to sig-
nificantly reduce the integral dose and dose to adjacent OARs while maintaining
comparable coverage as noted in Table 22.2 adapted from [30].

Table 22.2 In-silico Comparison of IMRT and 3DPT for retroperitoneal and intraabdominal sar-

comas adapted from [30]

T-test
IMRT 3DPT (P value)
Conformity index 0.751 (0.675-0.820) | 0.691 (0.555-0.759) | 0.0519
Small bowel Median V15 |52.15% (15.8-71.4) | 16.4% (8.1-36.9) 0.0005
Median V45 | 4.65% (0.8-28.4) 6.3% (2-13.2) 0.9999
Kidney (ipsilateral) | Mean dose 34.1 (4.7-52.7) 22.5(0-53.3) 0.2160
V5 98.5% (15.9-100) 58.7% (0.2-100) 0.3119
V10 85.2% (11.6-100) 57.6% (0-100) 0.3270
V20 75.3% (7.9-100) 55.5% (0-100) 0.4443
Kidney Mean dose 6.4 (0-17.0) 0(0-1.4) 0.0320
(contralateral) V5 49.9% (0-100) 0% (0-8.2) 0.0493
V10 11.5% (0-66.8) 0% (0-4.8) 0.1916
V20 0% (0-28.6) 0% (0-1.6) 0.9800
Liver Mean dose 15.7 (2.3-26.8) 2.4 (0-23.8) 0.0161
Integral dose Mean (J) 400 (205-587) 126 (40-209) 0.0161
Dose  reported in Gy (IMRT) and cobalt gray equivalent  (proton)

V5 volume receiving 5 Gy, J joules
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Case 2 Preoperative upper extremity/thoracic case: 63-year-old male with high-
grade pleomorphic sarcoma of right pectoralis major insertion just inferior to the
shoulder, cT2bNOMOG3, s/p 6 cycles of neoadjuvant chemotherapy, treated in 25
fractions at 2 Gy (RBE) = 50 Gy (RBE).

1.

Simulation: CT imaging from vertex through diaphragm with 1.5 mm slice thick-
ness in the supine position with bolster under the knees, the head turned to the
left with left arm straight by side and right arm akimbo in a vac-lock bag for
appropriate, customized immobilization (Fig. 22.5). The patient was offset to the
left on the table. The secondary imaging was MR imaging with IV contrast.

Planning: A two-field PS plan utilizing an LAO (left anterior oblique field) and
RSAO (right superior anterior oblique field) was selected with the shortest, sim-
plest beam paths maximal sparing the shoulder, lower neck, and central thoracic
OARs (Fig. 22.6). Similar PS planning considerations as detailed in the case above.

Case 3 Preoperative lower extremity case: 18-year-old female with myxoid
liposarcoma of the medial knee/distal thigh, treated in 25 fractions at 2 Gy
(RBE) = 50 Gy (RBE).

1.

Fig.22.5 Preoperative
upper-extremity/thoracic
case setup and
immobilization

Simulation: CT imaging from pelvis through knee with 1.5 mm slice thickness in
the feet-first, supine position with involved knee built up and slightly elevated in
a vac-lock bag for appropriate, customized immobilization (Fig. 22.7). The sec-
ondary imaging was MR imaging with IV contrast.

Planning: A two-field, PS plan utilizing an LAO (left anterior oblique field) and
RAO (right anterior oblique field) was selected with the shortest, simplest beam
paths maximal sparing the knee joint, vessels, and posterior normal soft tissues
(Fig. 22.8) with similar PS planning considerations as detailed above.
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two-field beam arrangement including an LAO (left anterior oblique field) and RSAO (right supe-
rior anterior oblique field). Composite dose from axial, sagittal, and coronal view ((a), (b), (¢)),
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Fig.22.7 Preoperative
extremity (medial knee/
distal thigh) supine setup
and immobilization

-
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Fig.22.8 Passive-scattering plan for treatment of a lower extremity/knee sarcoma field with two-
field beam arrangement including an LAO (left anterior oblique field) and RAO (right anterior
oblique field). Composite dose from axial, sagittal, and coronal view ((a), (b), (¢)), dose contribu-
tion from individual field ((d) and (e)), DVH (f), and representative daily kV IG technique (g)

22.6 Pencil-Beam Scanning (PBS)

1. PBS provides proton therapy the ability to conform the dose in a 3-dimensional
fashion using one beam.

2. Compared to PS, PBS provides the advantages of more conformal target dose,
especially proximally, larger treatment field size, less neutron dose, and elimina-
tion of the time and resources required for the use of aperture and compensators.
As no compensator is used, distal and proximal margins are both 2 mm shorter
for PBS compared to PS.

3. PBS plans are separated into two categories depending on their treatment plan-
ning optimization method:

(a) Single-field optimization (SFO) or SFUD (single field uniform dose)—
based on field-specific optimization. The goal of the optimization is that
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each individual field uniformly covers the whole-target volume (though, in
practice, the dose homogeneity requirement may be relaxed due to dose con-
straints of adjacent/overlapping OARs). It has limited OAR sparing when
the OAR is located proximal to the beam (Chap. 3).

(b) Multi-field optimization (MFO or IMPT)—this category, on the other hand,
has no requirements for individual fields. Instead, the optimization is per-
formed for all fields together to achieve the target coverage as well as addi-
tional dose constrains of OARs, i.e., each field may only cover part of the
target with modulated intensity, while the composition of all fields provides
full coverage of the target (Chap. 3).

4. Given the same treatment fields and geometry, SFO is generally considered to be
more robust than IMPT against delivery uncertainties, while IMPT may offer
more OAR sparing in certain clinical circumstances (Fig. 22.9j). Until PBS
becomes more mature, SFO plans are generally recommended whenever feasi-
ble, with IMPT reserved only for cases where it is deemed clinically necessary.
IMPT is often used in combination with SFO or IMRT as part of multimodality
therapy [31].

5. A simple and well-accepted approach to improve SFO robustness is using mul-
tiple fields. Multiple fields with larger angular separation reduce the concerns of
range uncertainties and effect of potential uncertainties in RBE. Additionally, the
dose heterogeneities resulting from interplay effects can be smoothed out simply
as the cold and hot spots are generally located in different positions for different
fields.

6. A simultaneous integrated boost approach is available for both SFO and IMPT,
which can provide the potential for dose escalation.

7. When the target size is greater than the maximum PBS field size, abutting fields
using gradient dose matching method can be easily and safely employed to cover
the whole target without match line changes [32].

Case 4 Retroperitoneal sarcoma, postoperative case: 61-year-old female with left-
sided retroperitoneal sarcoma s/p resection with multiple positive margins and spar-
ing of ipsilateral kidney, treated in 35 fractions at 1.8 Gy (RBE) = 63 Gy (RBE).

1. Simulation: 4DCT imaging from diaphragm through pelvis with 1.5 mm
slice thickness in the supine position in a vac-lock bag for appropriate, cus-
tomized immobilization. The secondary imaging was MR imaging with IV
contrast.

2. Planning: For both the initial ITV and sequential conedown to the HRITYV, a
two-field PBS plan utilizing a posterior field (PO) and left posterior oblique field
(LPO) was selected using SFO to spare the adjacent bowel, kidney, and other
OARs (Fig. 22.9).

3. Verification scan at fraction 7 shows that CTV coverage is within 1% of planned
coverage, and all OAR doses are the same or lower than were planned; PTV
coverage reduced by apparent postoperative weight gain (Fig. 22.10).
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Fig.22.10 Dosimetric comparison of initial and verification plans for a postoperative retroperito-
neal sarcoma case: representative dose distribution (a) and DVH comparison (b)

Case 5 Pelvic chordoma, definitive RT: 46-year-old female with a sacral chor-
doma. After multidisciplinary discussions, patient declined surgery due to desire for
bowel and bladder preservation. She was treated in 43 fractions at 1.8 Gy
RBE = 77.4 Gy RBE. A three-phase plan was used including CTV 50.4
(GTV +2cm), CTV 70.4 (GTV + 0.5 cm), and CTV 77.4 (GTV only). All volumes
were tailored to omit appropriate OARs. Prior to CT simulation, a spacer was surgi-
cally implanted to displace small bowel away from the tumor (Fig. 22.11).

1. Simulation: 3DCT imaging of the pelvis with 1.5 mm slice thickness in the
supine position in a vac-lock bag for customized immobilization. The secondary
imaging was MR imaging with IV contrast.

2. Planning: For both the initial CTV 50.4 and CTV 70.4, a three-field (PA, LPO,
RPO) SFO PBS plan was used (Fig. 22.11). For the CTV 77.4 a single PA field
was used for optimal bowel sparing (Fig. 22.11). A proton-specific PTV margin
was used for setup uncertainty:

(a) In the case where a single beam is used, care must be taken to ensure ade-
quate compensation for range uncertainty and to account for possible
increased RBE at the end of the range.

(b) The range uncertainty depends on the depth of penetration and the anatomi-
cal stability of the tissues proximal to the target, e.g., tumor shrinkage and
setup uncertainties.

(c) Robust optimization will allow building a certain degree of range and setup
uncertainties into the calculation, which can be evaluated using a robust
analysis of the beam. However, anatomical changes cannot be estimated and
have to be evaluated using volumetric imaging during the course of treat-
ment. For shallow targets, the range uncertainty is typically small.

(d) In this case, robustness settings of 0.5 cm uniform patient-position uncer-
tainty and a 3.5% range uncertainty were used during the three-field phases.
For the single PA field, 0.6 cm uniform patient-position uncertainty and a
3% range uncertainty were used. End-of-range RBE effects can now be sim-
ulated with Monte Carlo techniques.
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Fig.22.11 The contours for the three-phase plan included CTV 50.4 (blue) = GTV + 2 cm, CTV
70.4 (green) = GTV + 0.5 cm, and CTV 77.4 (red) = GTV only (A and B). The surgically placed
spacer is shown in pink (b). Beam’s eye view of the LPO field (¢) and PA field (d) with the CTV
50.4 volume shown in blue and the PBS spot placement overlaid in orange. Dose distributions for
the composite SFO PBS plan are shown ((e), (f), (g)) alongside the DVH (h). Notably, the CTV
77.4 coverage was intentionally reduced to respect rectal and bowel constraints. The placement of
a spacer significantly limited the dose to the small bowel

22.7 Future Developments
22.7.1 IMPT

1. IMPT, in particular, as dose painting to the high-risk margin is in the early stages
of utilization and exploration.

2. Like photon IMRT, IMPT allows for more flexibility and dose modulation in
planning than SFO. By employing multiple fields from differing incident angles,
IMPT provides more potential for OARs sparing especially for those overlap-
ping the target volume.

3. The main concern in employing IMPT exclusively is reduced treatment robust-
ness. By incorporating robustness directly into the optimization stage or through
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Fig.22.12 IMPT intensity-modulated proton therapy plan for patient with a retroperitoneal leio-
myosarcoma being treated on a study of preoperative radiation dose escalation to the high-risk
posterior margin. The average-risk clinical target volume received 50.4 Gy (RBE) and the high-
risk posterior margin received 60.2 Gy (RBE) (from [34])

the manipulation of starting conditions of the IMPT optimization (robust optimi-
zation and multi-criteria optimization [33]), the flexibility of IMPT is exploited
to make the plan more robust against range uncertainties, setup error, and organ
motion [34] (Fig. 22.12).
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23.1 Introduction

Hodgkin lymphoma (HL) is a rare diagnosis, with only 9000 cases diagnosed in the
USA annually [1]; however, it is the most common malignancy diagnosed in ado-
lescents and young adults 15-19 years of age [2]. Radiation is currently used as
primary treatment for early-stage nodular lymphocyte-predominant HL and as con-
solidation after chemotherapy in early-stage classic HL and bulky mediastinal stage
III/TV as well as for slowly responding sites of disease. Approximately 60-70% of
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HL patients will have mediastinal involvement, and 30% of all HL patients will
receive radiation [3].

Non-Hodgkin lymphoma (NHL) is comprised of over 100 subtypes with approx-
imately 66,000 cases diagnosed in the USA annually [1]. Primary mediastinal large
B-cell lymphoma (PMLBCL) arises from the thymic B cells and comprises 7% of
all diffuse large B-cell lymphomas or 2.4% of all NHL [4]. PMLBCL typically
affects younger patients (those in their 30s) with a predominance of females over
males (3:2) [5].

Standard treatment for HL incorporates chemotherapy with radiation delivered
to all sites of initial involvement for early-stage disease and to bulky mediastinal
sites or slowly responding sites for stage III/IV disease. For PMLBCL, dose-
adjusted R-EPOCH alone (rituximab, etoposide, prednisone, vincristine sulfate,
cyclophosphamide, and doxorubicin hydrochloride) can provide excellent results
without radiation, while R-CHOP chemotherapy (rituximab, cyclophosphamide,
doxorubicin hydrochloride, vincristine sulfate, and prednisone) requires consolida-
tive radiation.

Based on the favorable outcomes and early age of diagnosis, both PMLBCL and
HL survivors are expected to live for several decades. Consequently, late side effects
from curative therapy become a significant problem for survivors. Recent trials have
focused on reducing late morbidity without compromising cure.

Proton therapy is currently being used for HL. and NHL in a variety of clinical
settings, most prominently for treatment of the mediastinum. Patients with medias-
tinal lymphoma are at significant risk of cardiac toxicity from both anthracycline
chemotherapy and cardiac radiation, as well as radiation-induced second cancers,
including breast cancer, lung cancer, thyroid cancer, and sarcomas, decades after
treatment.

Radiation dose to the organs at risk (OARs) has been the best surrogate for pre-
dicting the risk of subsequent late toxicity, with increasing dose to the OARs being
associated with a higher risk of all reported late effects, except for thyroid cancer
(peaking at 15-20 Gy) [6, 7].

Multiple dosimetric studies comparing proton therapy to intensity-modu-
lated radiation therapy (IMRT) and three-dimensional conformal radiation
therapy (3DCRT) have been conducted, and all demonstrate that proton therapy
can best reduce the radiation dose to the OARs [8—12]. Data from a prospective
study conducted at the University of Florida Health Proton Therapy Institute
(Jacksonville, FL) are reported in Table 23.1. In this study, all 20 patients
enrolled derived a dosimetric benefit from proton therapy over either 3DCRT
or IMRT [13].

Early disease-specific results have been favorable for the use of proton therapy in
HL and NHL, similar to outcomes for IMRT or 3DCRT, without any grade 3 toxici-
ties [13—15]. Although follow-up is not currently mature for assessment of late
effects among lymphoma patients treated with proton therapy, clinical data not spe-
cific to lymphoma have demonstrated a reduced risk of secondary cancers when
proton therapy is used instead of photon radiation [16].
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Table 23.1 Average dose to the organs at risk according to treatment technique for the 20 patients
enrolled in the HLO1 prospective study at the University of Florida Health Proton Therapy Institute

Characteristic 3D-CRT IMRT PT
Heart (mean) 16.5 Gy 12.3 Gy 8.9 Gy
Lung (mean) 11.6 Gy 9.8 Gy 7.1 Gy
Breast (mean) 6.3 Gy 6.0 Gy 4.3 Gy
Thyroid (mean dose) 19.3 Gy 17.7 Gy 15.8 Gy
Esophagus (mean dose) 20.3 Gy 16.4 Gy 13.4 Gy
Total body (integral dose) 1231 104 J 54]

23.2 Simulation, Target Delineation, Radiation Dose,
and Fractionation

Patient positioning for simulation and treatment requires customization based on
patient age, sex, disease distribution, and positioning at the time of the prechemo-
therapy positron-emission tomography/computed tomography scan. Special care
must be taken to determine arm and neck positioning.

Due to the response to chemotherapy, most patients will not have disease present
at the time of simulation in all of the regions initially involved at presentation.
Modern radiation planning using involved-site radiation therapy (ISRT) requires
appropriate image fusion with prechemotherapy imaging to identify the initial sites
of involvement [17]. When image fusion is poor, a larger clinical target volume
(CTV) expansion is needed to accommodate for the uncertainty, while less expan-
sion is needed when the fusion is more accurate. When disease involves the axilla,
supraclavicular, and/or infraclavicular region, arm position (above head, akimbo, or
at the side) can greatly impact fusion with the prechemotherapy imaging. This
uncertainty and consequently larger CTV may lead to increased dose to the breast
and lung. When the axilla is not involved, arm position is less critical.

When treating the thorax, the placement of arms above the head can pull the
breasts superiorly and medially and pull the axilla and infraclavicular regions above
the lung field, which can help reduce the dose to the lungs depending on the pattern
of disease. When considering treatment with lateral fields, the arms above the head
can preclude the need for radiation beams to pass through the arms. This position,
however, is not comfortable for the patient, may not be easily reproducible, and may
require larger margins for setup errors and their effect on proton range. A more
comfortable and reproducible position for patients is with their arms at their sides or
slightly akimbo. This position may allow the breasts to fall inferiorly and laterally,
which, in certain circumstances, can reduce the amount of breast tissue receiving
radiation. Angle boards aimed at moving the breasts and heart inferiorly have been
used in photon clinics and could theoretically be applied to proton clinics. Aquaplast
masks can be used to improve the reproducibility of the neck with respect to the
mediastinum when both regions require treatment. Indexed immobilization devices
must be routinely employed to maintain the patient’s position in the beam.
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All patients should undergo a CT simulation with and without intravenous con-
trast to help identify sites of interest. When the mediastinum or abdomen is involved,
breathing motion may affect treatment; therefore, a four-dimensional CT scan is
required to determine breathing motion and the appropriate involved tumor volume
(ITV) margin. Alternatively, the deep-inspiration breath-hold (DIBH) technique can
be used to reduce the breathing motion of the mediastinum with a full breath. DIBH
has the added advantage of narrowing the mediastinum while pushing the lung and

Table 23.2 Contouring guidelines for involved-site radiotherapy

Consolidative ISRT to bulky
Definitive ISRT | Consolidative ISRT disease

GTV Gross disease as | Gross disease as seen on Gross bulky and adjacent

(pre- seen on PET/CT | prechemotherapy PET/CT scans | connected disease as seen on

chemo) |scanand prechemotherapy PET/CT
planning CT sim scans

GTV Not applicable Residual disease seen at the time | Residual disease seen at the

(post- of CT simulation that may be time of CT simulation that

chemo) PET-negative (GTVPET- may be PET-negative

negative) or PET-positive (GTVPET-negative) or
(GTVPET-positive) PET-positive
(GTVPET-positive)

CTV GTV +2-4cm | GTVpostchemotherapy + margin | GTVpostchemotherapy +
margin within that includes sites of margin that includes sites of
nodal stations to | involvement of involvement of
encompass sites | GTVprechemotherapy, while GTVprechemotherapy, while
of subclinical respecting normal tissue and respecting normal tissue and
disease OAR boundaries (i.e., if the lung | OAR boundaries (i.e., if the

was not involved, do not extend lung was not involved, do
the CTV into the lung) + margin | not extend the CTV into the
to account for fusion lung) + margin to account
uncertainties between for fusion uncertainties
prechemotherapy imaging and between prechemotherapy
CT simulation + margin to imaging and CT simulation
account for subclinical + margin to account for
involvement (i.e., connecting subclinical involvement (i.e.,
uninvolved nodal stations lying connecting uninvolved nodal
between 2 involved sites within stations lying between 2
5 cm of each other) involved sites within 5 cm of
each other). Adjacent
non-bulky well-responding
sites of prior involvement
can be excluded if they may
lead to excessive irradiation
of an OAR if included

1TV CTV + margin for motion (02 cm) or + margin for breath-hold uncertainty with
DIBH

PTV ITV + margin for set up uncertainties (0.3—1.5 cm)

CTV clinical target volume, DIBH deep-inspiration breath-hold, GTV gross tumor volume, ISRT
involved-site radiation therapy, OAR organs at risk, PET/CT positron emission tomography/com-
puted tomography
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Table 23.3 Recommended dose constraints to organs at risk when using proton beam therapy for
mediastinal lymphoma

Organ-at-risk Recommended dose-constraint

Heart Mean dose < 15 Gy (RBE); minimize left anterior descending
artery, left ventricle, valves

Lungs Mean dose < 15 Gy(RBE); V20 < 30%

Thyroid Mean dose <

Breast Minimize V4

These recommendations are adapted from institutional photon/intensity-modulated radiotherapy
treatment planning. As additional data are accumulated, these constraints will continue to be
refined. In practice, the treatment planner should make every effort to achieve the lowest dose pos-

sible for all normal tissues while maximizing coverage

heart away from the upper mediastinal targets, which can also decrease the dose to
OAREs for select cases [18, 19].

Target delineation is described in Table 23.2, and OAR dose constraints are con-
sidered in Table 23.3.

The radiation dose delivered for mediastinal lymphomas in photon or proton
therapy is low (HL, ~20—40 Gy; PMLBCL, 3045 Gy). Attempts should be made to
cover the photon PTV completely. However, in proton therapy geometry does not
equal dose, and, therefore, the PTV as a geometrical concept cannot guarantee tar-
get coverage even if larger margins are employed. In general, we try to achieve a
PTVD95 = 100% and a PTV V95 = 100%; however, due to the concern of OAR
dose, we will accept a PTVD95 > 95%. Additionally, ISRT guidelines allow for
reducing the CTV volume when adjacent OAR dose constraints are being
compromised.

23.3 Passive-Scattering Treatment Planning

The goal of treatment planning for ISRT for lymphoma with passive-scattered pro-
ton beams is to irradiate the target with an adequate dose while reducing the integral
dose to the patient. Treatment planning is technically challenging because of the
size and heterogeneity of the targets, consisting of a number of not always contigu-
ous sub-volumes of varying size, shape, and location. Limitations of the passive-
scattering delivery technique of proton beams include the maximum field size and
the inability to conform the dose proximally to the target. Advantages to passive-
scattering delivery include increased plan robustness to patient and target motion
uncertainties relative to pencil-beam scanning (PBS).

Because of the non-isotropic nature of the proton uncertainties lateral and in the
direction of each beam, a common planning strategy for passive-scattered proton
treatments is to assign the CTV or ITV, if applicable, as the beam target. Depending
on the effect of respiratory and cardiac functions on the target position as well as the
motion mitigation techniques used, the internal CTV motion margin should be
included in the ITV.



374 B.S.Hoppe et al.

Commercial treatment planning systems allow that margins be applied for proton
range uncertainties, distally and proximally, directly in the properties of each beam.
Various institutions use a formula for inherent range uncertainties similar to that
described by Moyers et al. [20]. That margin, applied along the proton beam, accounts
for the Hounsfield-number-to-relative-proton-stopping-power conversion, beam-deliv-
ery reproducibility, treatment planning-system commissioning accuracy, and compen-
sator design and milling. The effects of setup errors on the proton range are compensated
by range compensator smearing (thinning) [21].

To avoid geographical misses lateral to the beam, collimator margins for the
lateral penumbra are set to the PTV or to the CTV with an adequate expansion for
setup variations. Although visualization of proton beam-specific treatment planning
volumes is not currently available, appropriate margins can be set to ensure target
coverage along and perpendicular to each beam.

Uncertainties due to potential relative biological effectiveness (RBE) variations
along the spread-out Bragg peak can be reduced by using multiple treatment fields.
Range feathering can be also employed to reduce potential high end-of-the range
RBE effects.

Since mediastinal lymphomas may involve different sites of the mediastinum,
such as the anterior mediastinum, superior mediastinum, and/or posterior mediasti-
num, no single simple principle can be used for treatment planning. General guide-
lines for beam selection include:

e The use of multiple beams to treat the same part of the target

e Preference for beams with a small path length

e The use of matching beams if the target depth changes significantly

e Match-line changes for sets of matching beams to reduce dose in homogeneities
e No beams crossing the heart

Figure 23.1 shows two potential beam arrangements for a patient with anterior
mediastinal disease. In both cases, multiple fields are used; however, in the first
plan, these two fields are entering at slightly oblique anterior angles, while in the
second plan, they enter with an anterior and posterior field approach. The latter
plan not only substantially increases the cardiac dose, as can be seen in the dose-
volume histogram comparison and color wash, but also completely traverses the
heart to get to the anterior mediastinal disease, which is counter to the goals of
avoiding beams that cross the heart and beams that cross volumes of changing
density (such as the heart throughout the cardiac cycle). Consequently, patients
with anterior mediastinal disease won’t benefit from proton therapy if planning is
done inappropriately as shown in the dose-volume histogram (DVH).

Patient plans with alternative beam arrangements are shown in Fig. 23.2. In the
top case, posterior beams spare both the heart and the breast of the patient. In the
next case, both anterior and posterior matching beams were used to reduce the inte-
gral dose. In the bottom case, nine beams were used to treat the large target that
included the neck, mediastinum, left axilla, spleen, and para-aortics. The ITV is
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AP AP/PA

Fig. 23.1 Two potential beam arrangements with the color wash dose distribution for a patient
with anterior mediastinal Hodgkin lymphoma. In both cases multiple fields are used; however, in
the first plan, these two fields are entering at slightly oblique anterior angles, while in the second
plan, they enter with an anterior and posterior field approach. The dose-volume histogram demon-
strates the dramatic impact on the heart (red) and esophagus (green) and PTC (blue) with the
anterior approach (squares) and anterior/posterior approach (triangles)

shown in green. The treatment time can vary from 30-90 min depending on the
number of isocenters and fields being treated each day.

Plan evaluation is based on target coverage goals, OAR dose constraints, and
plan quality indices such as integral dose and dose conformality. Frequently, the
plans are normalized to the desired CTV coverage, but PTV coverage requirements
are also set to facilitate photon and proton plan comparisons.

The previously discussed margins do not protect against occasional unpredict-
able changes that occur during the course of treatment, such as lymphoma progres-
sion, pleural effusion, pneumonia, or weight loss. Proton dose distributions are
sensitive to changes of tissue density or position of tissue interfaces. If image-guided
radiation therapy is not based on 3D imaging, repeat verification CT imaging and
dose recalculation are recommended to verify the accuracy of the treatment.
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Fig.23.2 Various beam arrangements for patients with different distributions of mediastinal lym-
phoma; the involved-site radiotherapy involved tumor volume is contoured in green. The case in
the top image demonstrates a volume that lies posterior to the heart and consequently benefits from
a posterior field approach to protect the heart and breast tissue. The case in the middle image shows
amale with posterior mediastinal disease that benefits by treatment with a posterior field, while the
superior mediastinal disease and left axillary disease are treated with an anterior field approach.
The case in the bottom image demonstrates a complicated nine-field approach to treat a 17-year-
old with stage IIIA bulky Hodgkin lymphoma with various matching anterior, posterior, and lateral
fields to treat the posterior mediastinum, cervical neck, left axilla, spleen, and para-aortics

23.4 Pencil-Beam Scanning
23.4.1 Irregular and Noncontiguous Targets

Pencil-beam scanning (PBS) offers a potential advantage over double scattering
(DS) with regard to conformality around OARs, especially when targets are irregu-
lar. PBS is particularly useful when the target volume varies markedly in depth,
usually in the superior/inferior direction, or when the target is noncontiguous and
extends over a large field size (the PBS maximum field size is 34 cm in the Y axis
and 24 cm in the X axis vs. 24 cm for DS). For example, a typical ISRT target vol-
ume may encompass the entire depth of the mediastinum above the level of the heart
but with a thin shallow extension that drapes in front of the heart (Fig. 23.3).
Compared to photons, anterior proton beams can dramatically decrease the mean
heart dose, a parameter that has been shown to correlate with the risk of late coro-
nary heart disease [22]. However, due to the margin required for target coverage
with proton therapy, the conformality of medium and high doses (range, 25-30 Gy
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[RBE]) may be worse than for IMRT. Treating the entire length of the field with DS
using a single compensator provides poorly conformal plans for which target “taper-
ing” is exaggerated. Various DS techniques can be used to help improve conformal-
ity, including manual compensator editing, splitting fields to use two (or more)
compensators, and field matching as described above. Nevertheless, PBS solves
many of the treatment planning complications of DS by allowing irregular and non-
contiguous targets with homogeneous target coverage and improved sparing of
OARs (Fig. 23.4) [12]. PBS allows delivery of 3D conformal treatments with

Fig. 23.3 An example of an irregular target volume using the involved-site radiotherapy paradigm
in a patient with primary mediastinal large B-cell lymphoma in the anterior mediastinum with chest
wall invasion. The involved tumor volume (/ight green) tapers to a thin anterior structure that drapes
anterior to the heart (orange). Contours shown in (a) sagittal, (b) 3D rendering, and axial slices at
(c) the level of left hilum, and (d) the most inferior involved tumor volume slice. The pencil-beam
scanning proton plan shown in panel E uses a single right anterior oblique field painted twice

Fig. 23.4 A comparison of double-scatter and pencil-beam scanning proton therapy plans for a
patient with Hodgkin lymphoma in the anterior mediastinum and neck. The arrows indicate the
regions where the double-scatter plan has an increased volume treated to a medium dose (color
wash set to 2700 cGy)
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one—two fields, with fewer “moving parts,” and without the need for multiple cus-
tom-built compensators and apertures.

23.4.2 Long/Wide Targets

PBS field sizes tend to be larger than DS field sizes, so longer and wider targets in
the beam’s eye view can be approached more simply. When treating a large target
with DS, field matching may be required. Matched DS fields can be feathered as in
photon therapy, but this requires the creation of new apertures for each field.
Matched DS fields usually result in hot and/or cold streaks. With the relatively low
prescription dose used in lymphoma, these hot spots may not be clinically conse-
quential, but care must be taken to avoid putting a relatively “hot streak” into a criti-
cal serial OAR, like a coronary vessel or heart valve. By the same token, a “cold”
area within a target volume is suboptimal. Mediastinal lymphoma volumes can be
quite long and/or wide, depending on the pattern of disease. Although a classic
mantle field is difficult to deliver with proton therapy, regardless of available tech-
nology, ISRT fields may be long and narrow, as seen in cases of HL with high neck
involvement paired with lower mediastinal disease. In these cases, the larger PBS
field sizes allow planning with a single isocenter and without the hot and cold areas
that result from feathering. Alternatively, PBS field matching can be easily and
safely implemented as described by Lin et al. [23].

23.4.3 Motion Management

Although DIBH can be used with PBS, the beam-on times for single-field treatments
are generally longer than with DS, especially if many layers need to be painted. When
using PBS with free breathing, target coverage can be degraded due to the interplay
effect if motion orthogonal to the beam direction is roughly double the spot size [12,
24]. If the lateral target motion is small compared to the spot size used (approximately
half of the spot size), however, repainting and the use of fractionation negate the inter-
play effect, resulting in adequate coverage. If motion orthogonal on the beam direc-
tion is excessive, then techniques to limit motion, such as a compression belt or DIBH,
may be employed, or a larger spot size should be used. A larger spot size can be gener-
ated by enlarging the air gap between the range shifter and the patient surface.

23.4.4 Beam-Angle Selection

Depending on the location of the target with respect to OARs, optimal beam angles
vary; however, the PTV will be beam-angle dependent. A PTV that accounts for
uncertainty in the direction of the beam, or an optimization volume including the
correction for range uncertainty, is thus created for each beam. For PBS, this is not
automatically included in the beam properties in all commercial treatment planning
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systems. For example, the University of Pennsylvania uses a distal margin of the
range X 3.5% + 1 mm and the proximal margin calculated from the difference of the
range from the spread-out Bragg peak x 3.5% + 1 mm. The lateral margin is the usual
margin for PTV expansion. Generally, beams are selected from one direction or
another to maximize the lack of an exit dose. Because there is more skin sparing with
PBS compared to DS, overlapping beams on skin is not a major concern. Beams that
are angled away from each other slightly allow for improved robustness.

23.5 Future Developments

As PBS technology matures and intensity-modulated proton therapy can be more
routinely and robustly deployed, projected dosimetric gains may further increase
the benefits of PBS for malignancies requiring radiation treatment to the
mediastinum.
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24.1 Introduction

Pediatric malignancies are uncommon, representing less than 1% of all cancers
diagnosed each year. Significant advances in the last 30 years have led to signifi-
cantly improved survival rates of childhood cancers. Despite these advances, cancer

remains the second leading cause of death in children after accidents.
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Of the approximate 12,000 new cases of pediatric cancer each year in the United
States, about 3000 will require radiation therapy in the frontline management [1].
Given the improved outcomes, secondary to well-designed and well-conducted
clinical trials, the pediatric community is committed to the design of new trials that
not only increase cure rates but that also maximize health-related quality of life in
the developing child and adult survivor [2].

A shift from two-dimensional to three-dimensional radiation plans and later to
intensity-modulated radiation therapy (IMRT) resulted in increased conformality of
treatment plans with a reduction of the treated volume. As organs at risk could be
easily identified on computerized tomographic (CT) images, constraints were applied
a priori to limit the dose of radiation delivered to the normal tissue while maximizing
the dose to the target of interest; this is known as inverse planning. In order to achieve
high conformality, the number of beams utilized increased. While inversely planned
IMRT increased the conformality of the high-dose regions, it came at the expense of
an expansion of the low-dose volume to achieve the optimal constraints.

Proton beam radiotherapy (PBRT) represents yet another stride forward in radia-
tion therapy. The principle advantage of proton therapy over photon or X-ray ther-
apy is the ability to reduce dose to normal tissues given inherent differences in the
dose deposition of the proton as compared to the photon, discussed in Chaps. 1-3.
Yet questions remain whether the dosimetric advantage of proton therapy actually
improves clinical outcomes for patients. In addition, optimal management of uncer-
tainties in proton therapy range, relative biological effectiveness (RBE), and linear
energy transfer (LET) is still being studied, and long-term outcomes are needed to
verify that the uncertainties do not negatively impact outcomes [3, 4].

Multiple modeling publications have suggested that proton therapy should result
in reduced late toxicity by reducing normal tissue exposure. However, long-term
clinical outcomes are now just being published, and outcomes are favorable but not
conclusive for reduced toxicity, and larger studies with longer follow-up are needed.

Because of the perceived benefit of proton therapy for pediatric tumors, the num-
ber of pediatric patients receiving proton therapy annually is rising rapidly. The
most commonly treated pediatric tumors with proton therapy are brain tumors and
sarcomas.

In the United States, approximately 50% of pediatric proton therapy cases require
daily anesthesia due to the young age of patients being treated. Proton patients tend
to be younger because it is generally believed that younger patients are more sus-
ceptible to the harmful effects of radiation. As many proton centers are freestanding,
a strong pediatric anesthesia program is necessary to ensure safe treatment for anes-
thesia patients.

The majority of pediatric proton patients require concurrent chemotherapy and
strong collaboration with a local pediatric oncology program, and hospital is neces-
sary for optimal treatment. A large portion of patients will require hospitalization
during the course of RT, and it is important to avoid treatment interruptions.

It is unlikely that a randomized trial comparing protons versus photons for pedi-
atric tumors will ever be conducted. The majority of publications to date have shown
that the tumor control outcomes with protons versus photons are comparable and
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that proton therapy reduces the dose to surrounding organs at risk, but there is little
clinical data on reduction in late effects, which is one of the primary cited indica-
tions for proton therapy.

To date, most pediatric proton publications have been single institution retro-
spective series and prospective phase 2 trials. The Children’s Oncology Group
(COG) now allows the use of proton therapy in most ongoing protocols, and future
comparative analyses of photon vs proton patients is anticipated. Furthermore, the
Pediatric Proton Consortium Registry is a multi-institutional initiative led by the
Massachusetts General Hospital (MGH) to develop robust, prospective outcomes
for pediatric proton therapy.

The majority of proton publications to date have been with passively scat-
tered proton therapy. Pencil-beam scanning (PBS) is emerging as the next gen-
eration of proton therapy allowing inversely planning with intensity- and
energy-modulated proton fields, known as the intensity-modulated proton ther-
apy (IMPT). This technology actively delivers radiation dose on a layer by layer
basis, dwelling at specific locations for an amount of time coincident with the
planned delivery of dose to provide conformal treatment plans. This represents
a significant technological advance over passively scattered or uniform scan-
ning, which are employed in three-dimensional proton planning. As the number
of proton centers with PBS in the United States is increasing, it is expected that
this will become the most commonly used technique for pediatric proton ther-
apy delivery.

For most pediatric tumors treated with pencil-beam scanning, single-field uni-
form dose (SFUD) is used mostly for treatment planning to have more robustness.
However, IMPT known also as multifield optimization (MFO) is helpful for select
spinal tumors for which patch and through fields might have been used in the past,
and dose conformality around a critical structure is needed such as the brainstem
or spinal cord. MFO does produce improved high-dose conformality around a
critical structure but can result in less robust plans; these plans are exquisitely
sensitive to motion and set up error and need to be planned and delivered
carefully.

PBS also allows for more rapid treatment delivery due to generous setup uncer-
tainties with slow-gradient match. PBS has a larger field size than other proton
delivery systems and does not require use of apertures and compensators which
slowdown treatment delivery. In addition, omission of compensators and apertures
from the beam path reduces neutron contamination, which can be helpful in pediat-
ric patients. For example, at our center a uniform-scanning anesthesia case would
typically require 40 min in the treatment room. With PBS, this can be reduced to
about 25 min.

The potential disadvantage of PBS is the dependence of spot size. With larger
spot sizes, the penumbra of PBS around the field edge could be reduced for shallow
tumors compared to the use of apertures in passive scatter (PS) and uniform scan-
ning (US). Today, most treatment planning systems are not capable of using PBS
with apertures. It is hoped that most of the commercially available treatment plan-
ning systems will be able to accommodate PBS with apertures in the near future.
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24.2 Craniospinal Irradiation

Craniospinal irradiation (CSI) is an important radiation technique that is used in the
treatment of several pediatric central nervous system malignancies, which require cov-
erage of the entire craniospinal axis given a substantial risk of subarachnoid spread.

Acute side effects of CSI include skin redness/irritation, hair loss, fatigue, nau-
sea, vomiting, decreased appetite, and bone marrow suppression. Late effects
include growth retardation, hypothyroidism, hypopituitarism, accelerated heart dis-
ease, pulmonary complications, bowel complications, infertility, hearing loss, and
radiation-induced secondary malignancies. Efforts to reduce these toxicities have
been made by reducing the CSI dose, which is dependent on the primary tumor
histology and extent of disease (i.e., microscopic versus gross).

Because of the ability of protons to deposit the majority of their dose within the
Bragg peak with little to no exit dose, proton therapy has gained significant interest as
a treatment modality for CSI. MD Anderson has compared the dosimetry of proton and
photon CSI plans and reported that proton-based CSI provides more homogenous tar-
get coverage and improved normal tissue sparing [S]. Many studies have evaluated
proton versus photon-based CSI and have a significant reduction in the predictive risk
of ototoxicity, pneumonitis, cardiac failure, xerostomia, and hypothyroidism [6].

Both proton and photon CSI will impact axial and cranial growth patterns
because the dose to growing bones in the skull and spine is similar. Similarly, dif-
ferences in neurocognitive effects from the craniospinal portion of treatment would
not be expected as by definition the entire brain would receive the same dose with
protons and photons, and it is the CSI portion that contributes most to neurocogni-
tive dysfunction.

The major advantages of proton, as compared to photon, CSI plans are seen in
the boost fields allowing less normal brain to be treated and lower doses to the
cochlea and in the spine fields with decreased dose to the thyroid, esophagus, heart,
lungs, and abdominopelvic organs. Given this significant normal tissue-sparing,
proton-based CSI has been theorized to decrease the risk of neurocognitive impair-
ment, heart disease, thyroid disease, and secondary malignancies [7—11]. That being
said, studies of long-term survivors treated with CSI have demonstrated that the
most common secondary malignancies have been brain tumors (high-grade gliomas
and meningiomas) as well as spinal sarcomas, none of which are expected to
decrease with proton-based CSI as the brain and spine (i.e., the target) are treated to
the same dose with both proton and photon-based therapies [2]. Nonetheless based
on the ALARA (as low as reasonable achievable) principle, any modality to reduce
normal tissue dose may further improve the therapeutic ratio, which is of paramount
importance in the developing child [2].

24.2.1 Simulation, Setup, and Planning
CSI requires careful examination of patient setup at simulation and daily treatments.

The use of sedation should be considered for patient comfort and to assist with
accurate setup depending on patient’s age and cognitive development [6].
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CSI can be performed in either the supine or prone position, with the supine posi-
tion preferred as it is more comfortable and reproducible and allows a uniform
source-to-skin difference [12].

Immobilization is critical for setup reproducibility. An Aquaplast™ facemask is
preferable given the need to carefully immobilize the head and to match the upper
spinal and cranial fields. Additional immobilization of the body is preferred, using
either Vac-loc™ or Alpha Cradle™ as the majority of patients require an additional
matched field in the spine to cover the entire length of the spinal axis.

The CTVcs should include the entire brain and spinal canal encompassed by
the dura matter. Careful attention should be given to the area of the cribriform
plate, which commonly extends more caudally and anteriorly in pediatric
patients as compared to adults. The inferior border of the CTV g should include
the cauda equina as defined by spine MR most commonly to the level of the S3
vertebral body.

In growth immature patients, an additional normal tissue target volume (NTTV)
should be added to CT Vg to include the majority of the vertebral bodies as asym-
metric irradiation might increase the risk of scoliosis or kyphosis. In growth mature
patients, the entire brain and thecal sac alone are treated, allowing for more verte-
bral body and lung sparing. Figure 24.1 shows the comparison of dose distribution
of growth immature and mature CSI patients. Both plans are for a prescription of
36 Gy(RBE).

Clinical target volumes should be expanded according to institutional standard,
typically by 3—5 mm, to create a planning target volume (PTV) employed for record-
ing and reporting purposes per ICRU 78.

Growth Immature

Fig.24.1 The comparison of PBS dose distributions of growth immature and mature CSI patients
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Reproducibility of patient setup should be maximized to minimize dosimetric
uncertainties ideally with daily orthogonal X-ray, if available, in order to confirm
setup accuracy [6].

With both IMPT and 3D-PBRT, matched fields are required to cover the cranial
field and spine field. Often the spine field requires further division secondary to field
size limitations. Most commonly two—-three matched fields are utilized. Match line
feathering should be utilized with both US and PS to reduce hot or cold spots at the
match line level; however, with PBS, a dose gradient can be generated to improve
homogeneity between matched fields and avoiding the need for match line feathering.

Delivery of CSI with non-PBS techniques requires multiple fields due to a lim-
ited field size and feathering of match lines to avoid hot and cold spots. This is labor
intensive from both a treatment planning perspective and delivery with multiple
plans needed for each respective match line and delivery of multiple fields each day
for a lengthy treatment delivery time. With PBS, less fields are needed allowing for
a faster delivery, and the slow-gradient matched lines do not require feathering as it
is made homogenous within the plan. Figure 24.2 show the comparisons of match
lines of spinal fields delivered by non-PBS (uniform scanning) and PBS techniques.

Fig.24.2 The comparisons of dose distribution around match lines of CSI delivered by non-PBS
(uniform scan) and PBS techniques
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Both plans are for a prescription of 36 Gy(RBE). Around 107% dose hot spot around
the matched lines was found in the uniform-scanning plan.

CSI planning should ensure coverage of the brain and thecal sac by at least the
95% isodose line and good anterior skull-based coverage including the cribriform
plate. The spine should be covered with a homogenous dose without excessive hot
or cold spots (i.e., >95% but less than 105% of the prescribed dose), and the thyroid,
esophagus, heart, and abdominal organs should receive 5% or less of the prescribed
dose [13]. Over- and under-range plans should be evaluated with relevant range
uncertainties as determined by each center.

24.3 Medulloblastoma

Medulloblastoma is the most common malignant CNS tumor in children. Medullo-
blastoma arises in the posterior fossa and has a high propensity for leptomeningeal
dissemination.

Standard therapy for patients over the age of 3 includes maximal safe surgical
resection followed by craniospinal irradiation and chemotherapy.

Treatment regimens are determined by risk category which depends on patient
age, extent of surgical resection, presence or absence of CNS dissemination, and
histological characteristics [14].

CSI dose depends on risk category with current recommendations of 23.4 Gy(RBE)
for standard-risk and 36 Gy(RBE) for high-risk disease.

A boost to a total dose of 54-55.8 Gy(RBE) to the tumor bed is standard of care
for both standard- and high- risk groups.

A recent case-matched multi-institutional cohort study compared the clinical
outcomes of patients with standard-risk medulloblastoma treated with modern pro-
ton and photon therapy and demonstrated no differences in patterns of failure,
recurrence-free survival, or overall survival [15].

Additional studies have reported that proton beam radiotherapy results in greater
cochlea, pituitary, hypothalamus, parotid, and temporal lobe sparing as compared to
photon therapy [16, 17].

Proton beam therapy has been reported to theoretically reduce the risk for second-
ary malignancies in medulloblastoma patients by a factor of 8-15 when compared to
photon-based treatment including intensity-modulated radiation therapy (IMRT) [18].

Unless contraindicated contrast-enhanced MR brain in the pre- and postsurgical
setting should be obtained. In addition, given the high propensity for leptomenin-
geal dissemination, a contrast-enhanced MR spine and lumbar puncture with cere-
brospinal fluid cytology should be performed to rule out macroscopic and
microscopic tumor dissemination.

24.3.1 Simulation, Setup, and Planning
Simulation parameters and treatment setup are described in the craniospinal section

above. In general, treatment planning should start with CSI to sterilize the CSF fol-
lowed by treatment of the higher-dose boost fields.
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Pre- and postoperative contrast-enhanced MR brain scans should be fused, pref-
erably with deformable registration, with the simulation CT scan. If there was radio-
graphic evidence of leptomeningeal dissemination on the MR spine, then fusion is
warranted to help aid in contouring. As the patient was likely in different positions
on the MR and CT simulation, carefully attention should be paid to verify accuracy
on the planning CT scan.

At our institution, we have had excellent success with treating boosting the tumor
bed alone [19]. This was confirmed in a recent Children’s Oncology Group Study
that found that tumor bed boost was as effective as a whole posterior fossa boost.
The CTVuin boost Should include the entire GTV, defined as any residual disease in
the brain and the postoperative tumor bed, with a 1-1.5 cm margin though respect-
ing anatomic barriers such as bone and tentorium.

Clinical target volumes should be expanded according to institutional standard,
typically by 3—5 mm, to create a planning target volume (PTV) employed for record-
ing and reporting purposes per ICRU 78.

While both IMPT and 3D-PBRT can be utilized for the tumor bed boost, pub-
lished reports to date have been obtained primarily with 3D-PBRT. This technique
typically employs three fields (posterior obliques and PA or laterals and PA with the
PA usually being the shared beam). IMPT might have a small benefit in terms of
added conformality and reduced skin dose, but this depends on the size of the spot
used. Publications from MGH have shown that for larger spot sizes, apertures are
necessary to produce similar dose distributions as with PS and apertures.

For the boost, with three posteriorly angled portals, special care must be taken to
avoid end of range issues within the brainstem. This can be done several different
ways: (1) evaluate end of range structures, (2) range feathering, or (3) use of lateral
beams (and lateral penumbra) in the brainstem rather than distal edge. Figure 24.3
shows the dose distribution of the posterior fossa tumor bed boost for a prescription
of 54 Gy(RBE).

Fig. 24.3 The dose distribution of the posterior fossa tumor bed boost for a prescription of 54 Gy
(RBE)
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Recent preclinical data suggests that RBE for protons might be higher than 1.1 in
some tissues and at some points along the beam path, especially the distal edge of
the Bragg peak. The higher RBE of protons at the distal edge might lead to increased
brainstem toxicity for patients being treated to the posterior fossa, such as medul-
loblastoma since beams are often entering posteriorly and ending near the brain-
stem. Published reports to date have not shown an increase in brainstem toxicity
compared to historical controls with photons. However, higher rates of post-RT
MRI changes with protons have been reported as compared to photons.

Standard brainstem constraints from adult guidelines have historically been used
for pediatric tumors. Recently, pediatric specific brainstem constraints have been
identified. Based on the UFPTI data, two additional brainstem constraints are now
used routinely in the pediatric proton community: D50 < 52.4 Gy (RBE) and Dmax
<60 Gy (RBE) [20].

24.4 Retinoblastoma

Retinoblastoma (RB) is the most common primary ocular malignancy in children.

Retinoblastoma can result from a new or inherited germline mutation of the RB1
tumor suppressor gene, which is an important regulator of the G1-S cell cycle
checkpoint. Tumorigenesis requires loss of heterozygosity with a second event lead-
ing to inactivation of the second RBI1 allele. Patients with a germline mutation in
one allele typically present at a very young age (1 year) with multiple tumors in both
eyes. Whereas patients without a germline mutation present a little later (3 years)
most commonly with a single tumor.

Standard therapy includes multiple curative options including laser therapy, pho-
tocoagulation, cryotherapy, ophthalmic artery chemosurgery, intravitreal chemo-
therapy, plaque brachytherapy, external beam radiation therapy, and enucleation.

While external beam radiotherapy was the preferred treatment option for many
years, the use of EBRT has significantly declined because of the morbidity of radia-
tion therapy including a high rate of secondary malignancies, especially in patients
with a germline mutation [21].

As treatment outcomes have steadily improved over time, the leading cause of
death among patients with hereditary retinoblastoma is second malignancy [22].

In patients with locally advanced radiation, therapy is often still employed in the
treatment management, as these tumors are highly responsive to radiotherapy. Given
the predisposition for second malignancy development, conformal radiation modal-
ities, such as PBRT, have been favored when radiation therapy is indicated. Proton-
based treatment results in a significant reduction in the integral dose and the volume
of nontarget tissue receiving low-dose radiation as compared to photon-based radia-
tion modalities [23].

A recent report comparing retinoblastoma patients treated with proton therapy at
the Massachusetts General Hospital and those treated with photon therapy at Boston
Children’s Hospital between 1986 and 2011 reported that PBRT significantly low-
ered the risk of a radiation induced malignancy in this population [22].
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In general we only recommend radiation therapy for patients without a germline
mutation or for patients with a germline mutation who have exhausted other treat-
ment options or who have suffered a relapse.

24.4.1 Simulation, Setup, and Planning

Given the average age of these patients, anesthesia is generally recommended for
simulation and treatment.

Immobilization with a three-point mask with an oral opening for airway manage-
ment is recommended.

Reproducibility of patient setup should be maximized ideally with nonionizing
radiation image guidance modalities when available, such as optical surface track-
ing, to help shrink volumetric expansions in order to limit unnecessary irradiation
of normal tissues at risk. If non-radiation modalities are unavailable, daily orthogo-
nal X-ray image guidance can suffice. It is preferable to treat patients on a treatment
couch with 6-degrees of freedom (vertical, longitudinal, lateral, pitch, roll, and yaw)
to help ensure efficient and accurate patient setup.

A pretreatment contrast-enhanced MR orbit should be fused, preferably with
deformable registration, with the simulation CT scan to aid in tumor delineation.

At our center, we have treated these in the past with US. PBS can also be used
and might lower the skin dose compared to other techniques. For upfront RB cases,
a lateral-anterior oblique beam is typically best as shown in Fig. 24.4, but for more
advanced/recurrent disease after exenteration, 2-3 beams are usually used (lateral
and anterior oblique).

Fig.24.4 The dose
distribution of a single
right-anterior oblique PBS
field for prescribed 45 Gy
(RBE) orbital
retinoblastoma relapse
following enucleation
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24.5 Pediatric Sarcomas

Pediatric sarcomas are an uncommon and diverse group of diagnoses. Ewing sar-
coma, rhabdomyosarcoma, and non-rhabdomyosarcoma are the most common sar-
comas that require radiation in the frontline management.

Presentation patterns differ since these sarcomas can involve nearly every part of
the body. Many rhabdomyosarcomas occur in the head and neck or genitourinary
tract, while Ewing sarcomas are common in the extremities and axial skeleton.

24.6 Rhabdomyosarcoma

Rhabdomyosarcoma (RMS) is the most common pediatric soft tissue sarcoma aris-
ing from the malignant mesenchyme. RMS has a bimodal incidence with ~2/3 of
cases diagnosed in children 6 years of age and younger and ~1/3 diagnosed in ado-
lescents. The more favorable embryonal subtype is more common in younger chil-
dren, whereas the more aggressive alveolar subtype is more common in
adolescents.

Treatment regimens are determined by risk category (low-, intermediate-, and
high-risk groups), which depends on site of origin, histology, lymph node involve-
ment, metastatic spread, and extent of surgical resection [14]. Patients with gross
residual or unresectable disease (Group III) are treated to 50.4 Gy. Elective nodal
irradiation is not commonly practiced unless there is gross or microscopic disease
that merits irradiation. All of these patients are treated with intensive chemotherapy
regimens.

As treatment outcomes are good in patients with localized disease treated with
combined-modality therapy with greater than 70% of patients surviving more than
5 years after diagnosis, there is significant interest in developing effective albeit less
toxic treatment options for these patients.

In a recent report on patients treated with PBRT in a prospective phase II proto-
col, there was no difference in disease control outcomes and a favorable toxicity
profile as compared to historical IMRT reports [24].

Dosimetric comparisons of PBRT and IMRT from phase 2 prospective MGH/
MDA trial for RMS patients demonstrated that PBRT results in a lower integral
dose and improved normal tissue sparing in 26 of 30 organs at risk that were evalu-
ated [25, 26]. Based on this, it would be expected to result in reduced late effects.
However, it is important to remember that the facial asymmetry and disfigurement
associated with lateralized PM-RMS is not expected to be reduced with protons as
the facial bones are usually included in the target volume.

24.6.1 Simulation, Setup, and Planning

The use of sedation should be considered for patient comfort and to assist with
accurate setup depending on patient’s age and cognitive development.
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Immobilization is critical for setup reproducibility. For parameningeal RMS a
three-point mask is recommended, except in the setting of nodal irradiation for
which a five-point mask is preferred.

Unless contraindicated, contrast-enhanced MRI, CT, and PET scans in the pre-
chemotherapy and post-chemotherapy setting should be obtained to help evaluate
for intracranial extension, perineural spread, tumor response to chemotherapy, and
surgical-resection status. Fusion with the planning CT simulation should be per-
formed, preferably with deformable registration, to help with tumor demarcation.

The GTV 346, should include all gross and suspected microscopic tumor at the
time of diagnosis (pre-chemotherapy) as well as any lymph nodes that may be
involved.

The CTV 346, consists of the GTV;46, plus a 1 cm margin.

The GTVs5 46, should include any residual gross disease or suspicious abnormal-
ity seen on the post-chemotherapy MRI, CT, and/or PET scans at the primary tumor
site and lymph nodes (if initially involved). This will allow for potential field reduc-
tion based upon response to induction chemotherapy. In the rare case of a complete
radiographic response, then no radiotherapy beyond 36 Gy is warranted.

The CTVs5g4, consists of a 1 cm expansion from the GTV s 4cy.

Clinical target volumes should be expanded according to institutional standard,
typically by 3—5 mm, to create a planning target volume (PTV) employed for record-
ing and reporting purposes per ICRU 78.

For parameningeal-RMS cases, the goal is to spare the oral cavity, lens, retina,
brainstem, temporal lobes, pituitary, hypothalamus, lacrimal gland, parotid glands,
and spinal cord. In many cases, comparable normal tissue sparing may be achieved
with passive- or uniform-scanned proton beams or with PBS. PBS provides more
conformal plans with greater control over the proximal end of the beam and an addi-
tive advantage of skin sparing. Typically 2—4 field plans have been used to optimize
target coverage and OAR sparing. We have typically favored lateral and posterior
oblique beams. Anteriorly angled beams often result in unwanted orbital exposure.
We have typically tried to avoid superior oblique and vertex beams in young patients
to avoid unwanted brain exposure. For patients with tumors near the paranasal
sinuses, special consideration should be given to try to avoid anteriorly angled
beams traversing through the sinuses when possible. When such beams are needed,
verification scans should be done during RT to ensure there has not been filling,
which could lead to under dosing of the tumor. Figure 24.5 shows the dose distribu-
tion for a parameningeal RMS using uniform-scanning fields with apertures for a
prescription of 50.4 Gy (RBE).

Tumor regression can alter dosimetry with proton therapy and must be monitored.
While now rarely indicated, for patients undergoing early proton therapy (weeks
0-4), there can be significant regression and verification scans are needed to check
for changes accordingly. For these cases, we typically perform a verification scan in
week 3 to allow time for a plan modification if needed. For definitive parameningeal-
RMS cases treated at week 13 and beyond, the majority of tumor regression has
occurred during chemotherapy, and adaptive planning is less likely to be needed.
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Fig. 24.5 The dose distribution of a parameningeal RMS using uniform-scanning fields with
apertures for a prescription of 50.4 Gy (RBE)

24.7 Ewing Sarcoma

Ewing sarcoma is the second most common bone tumor in children but can also
arise in soft tissues. It most commonly affects children in the second decade. Ewing
sarcoma is highly radiosensitive and may arise from a variety of locations, most
commonly from the long bones of the appendicular skeleton or pelvis. Patients with
large pelvic/sacral tumors are often managed with definitive radiation. These are
excellent cases for proton therapy. Tumors arising in the appendicular skeleton are
often managed with surgery and less likely to benefit from proton therapy. Paraspinal
tumors can also benefit from proton therapy.

Standard therapy for patients with non-metastatic disease includes induction che-
motherapy followed by surgery and/or radiation therapy and adjuvant chemotherapy.

In patients with gross residual or unresectable disease, radiation therapy to
55.8 Gy is recommended, whereas 50.4Gy is recommended for microscopic posi-
tive margins postsurgical excision.

Dosimetric studies of various Ewing sarcoma tumor sites have noted that PBRT
provides better normal tissue sparing and less integrative dose [1, 27, 28]. Clinical
outcomes of Ewing sarcoma patients treated with proton therapy have been excel-
lent and comparable to photon-based treatment plans [29].

24.7.1 Simulation, Setup, and Planning

Given the older age of these patients, sedation is often not indicated.
Unless contraindicated contrast-enhanced MRI of the primary tumor site as well
as a PET/CT scan should be obtained to help chemotherapeutic response and extent
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of surgical-resection status. Fusion with the planning CT simulation should be per-
formed, preferably with deformable registration, to help with tumor demarcation.

The GTV s, should include all initial gross disease based on all pre-chemotherapy
(and preoperative) scans. The CTV,sg, consists of a 1 cm expansion from the GTV,sg,.

The GTVsssg, consists of residual post-chemotherapy soft tissue tumor as well
as PRE-chemotherapy abnormalities in bone. The CTVssgg, should be a 1 cm
expansion from the GTVs;s .

If the patient is status postsurgical resection with microscopic margins, the
CTVs5y46y should include the postoperative bed with a 1 cm expansion. If there is
any gross residual disease, these should be included in the GT V55 as noted above.

Clinical target volumes should be expanded according to institutional standard,
typically by 3—5 mm, to create a planning target volume (PTV) employed for record-
ing and reporting purposes per ICRU 78.

The 2-4 beam plans have typically been used for patients with pelvic sarcomas.
For well-lateralized pelvic tumors, lateral beams are usually heavily weighted with
some contribution of anterior and/or posterior beams. Anterior beams traversing
through bowel should be used with caution due to day-to-day variations in bowel
gas filling. This can lead to under-dosing of the target if not accounted for. We typi-
cally generate our compensators with bowel override to ensure coverage. This is a
conservative approach that ensures target coverage with slight increase in OAR
exposure. For sacral tumors as shown in Fig. 24.6, we usually use primarily

Fig. 24.6 The dose distribution of a sacral Ewing sarcoma using uniform-scanning fields with
apertures for a prescription of 55.8 Gy (RBE)
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posterior beams to minimize the bowel exposure. However, with US/PS, the skin
dose can be high in some areas and can lead to brisk skin reaction. A lateral beam
using the aperture edge to block the skin can be used in cases where the PTV does
not touch the skin. Alternatively, PBS can be used for skin sparing when available.
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