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Toward robust proton therapy planning and delivery
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With its significant advantages of physical dose deposition,
specifically, the ability to select the energy of a proton
beam such that it stops in patient at a known depth, thereby
depositing no dose in tissue distal to the target, proton
therapy is gaining wider acceptance as an additional modality
in radiation therapy treatments. Many uncertainties,
however, are associated with the clinical application of
proton therapy, including calculation of beam range in
patient from patient CT images; uncertainties in beam
lateral scattering and penumbra values in patient; sensitivity
to patient set up error and intra-fraction organ motion; and
sensitivity to patient anatomical and physiological changes
through the course of treatment, including tumor shrinkage
and organ filling variations in stomach and bowels. Many
studies have been performed to quantify and evaluate the
dosimetric effects of such uncertainties. In the clinical
practice of proton therapy, every effort should be made in
the patient simulation, planning, and delivery process to
take these uncertainties into consideration, such that proton
treatments are delivered with adequate robustness and high
confidence against their effects.

Uncertainty of CT number to relative stopping
power ratio (RSPR) conversion

For each treatment field, the beam range required to
adequately cover the target distally is calculated from the
water-equivalent-path-length (WEPL) of the beam, from
the location where it first enters the patient to the distal
most point of the target. CT numbers of patient anatomy
along the beam path is converted to tissue-to-water relative
stopping power ratio (RSPR) of protons, using a pre-
determined CT number conversion curve, such as the
stoichiometric method of Schneider et #/. (1). Uncertainties
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in the determination of such conversion curves, including
accuracy of calculated RSPR of tissue-equivalent
materials used to establish such curves (2); CT imaging
beam hardening effect (3); and the weak dependence of
CT numbers on tissue compositions; translate directly
into uncertainties in beam range calculation. Clinically,
proximal and distal margins of up to 3.5% have been added
to the calculated beam range to accommodate for such
uncertainties (4) see Figure 1. Schaffer and Pedroni (3)
performed animal tissue stopping power measurements
in comparison with the calculated values using the
stoichiometric method, and found agreements to within
1.1% in soft tissues and 1.8% in bones, with CT beam
hardening contributing to less than 1% of the uncertainties.
Yang et al. (5) performed a comprehensive analysis of proton
beam range uncertainties in the CT number to relative
stopping power ratio conversion using the stoichiometric
method. It was noted that uncertainties associated with
the calculated RSPR values are highly dependent on tissue
groups, ranging from 1.6% to 5.0%, with smaller values
of uncertainties for soft tissues and higher values for
higher-density tissue groups such as bones. The overall
uncertainties of beam range determination, for most clinical
disease sites, were estimated at 3.0-3.4% at 95 percentile
confidence interval.

It should be noted that use of proximal and distal
margins to accommodate for CT number to RSPR
conversion uncertainties assumes that target coverage by the
prescribed isodose distribution is prioritized at distal end
of the beam: addition of a distal margin guarantees target
coverage in the event that the delivered beam has a range
in patient shorter than calculated from the CT number to
RSPR conversion curve; while use of a proximal margin
assures target coverage in the event that the delivered
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Figure 1 Use of proximal and distal margins to account for CT number to RSPR conversion uncertainties: a distal margin is included in beam

range selection to assure distal CTV coverage in the event that the calculated beam range overestimates the delivered beam range; while a

proximal margin is used to assure proximal CTV coverage in the event that the calculated beam range underestimates the delivered beam range

beam range is larger than calculated. In the case where
delivered beam range is larger than calculated beam range,
beam penetration is deeper than shown in a treatment
planning system, therefore delivering a prescribed dose to
an additional thickness of tissue located distal to the target
than calculated by the treatment planning system. A critical
organ located distal to the target may therefore receive
the full prescription dose by use of a distal margin to the
beam. For this reason, it is generally recommended that
proton beam angles are selected to avoid having a critical
organ immediately distal to the target. Proximal margins
should also be adequate to assure target coverage for the
case where delivered beam range is larger than calculated,
especially for beams that enter target through low density
tissues such as the lung (6). In addition, verification
treatment plans, using the same beam range and modulation
values, may be re-calculated using alternative CT number
to RSPR conversion curves that are scaled up or down by
the expected uncertainty limits (for example +/-3.5%), to
investigate the cumulative effect of such uncertainties in
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terms of both target dose coverage and critical organ doses,
and the original treatment plan modified if unacceptable
target and critical organ doses were identified in the
verification plans.

While proximal and distal margins have been the method
of choice to account for CT number to RSPR conversion
uncertainties for traditional, scattered broad beam proton
therapy techniques, their implementation for intensity
modulated proton therapy techniques using pencil or spot
beam scanning techniques is not as well-established. In
particular, the delivered dose distribution degradations, in
terms of both dose inhomogeneities and target coverage,
due to potential misplacement of individual beam spots,
are not completely resolved by use of distal and proximal
margins, as shown by Albertini ez /. (7). While effect of range
uncertainties may be estimated by recalculating treatment
plans using CT number to RSPR conversion curves scaled up
to down a given percentage (8), complete integration of such
uncertainties in IMPT optimization algorithms remains
unavailable in commercial treatment planning systems.
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Figure 2 Modification of range compensator to account for effect of beamlet range changes due to setup errors. (A). Sample ray line along

which a line integral is performed to obtain the WEPL between skin (S) and the proximal (Tp) and distal (Td) target surfaces. (B). Expansion

(smearing) of range compensator to ensure target coverage in the presence of setup error and organ motion of magnitude d. From (15)

Inaniwa et al. (9) proposed an IMPT optimization algorithm
that allows adequate target coverage while maintaining
allowable dose distribution gradients within the target. Liu
et al. (10) developed an IMPT optimization algorithm based
on worst-case dose distributions that includes setup errors
as well as range uncertainty. A total of nine different dose
distributions that include the effects of these uncertainties
are calculated each iteration of plan optimization, and
optimization objective function evaluated based on the
worst dose distribution of the 9 plans. The authors found
that the proposed algorithm able to improve normal tissue
sparing while maintaining plan robustness against the
uncertainties considered, without using the “safety margins”
of traditional PTV concept.

Dosimetric effect of setup errors and organ
motion

In general, patient setup errors and organ motion tend
to cause geometric misalignment of treatment field to
the treatment target [clinical target volume (CTV)] in
radiotherapy, resulting in part of the CTV receiving
inadequate dose coverage. Traditionally, these uncertainties
are compensated for in treatment planning by use of the
Internal Target Volume (ITV) and Planning Target Volume
(PTV) concept (11), which expand the treatment field
laterally in the beam’s eye view (BEV) such that the CTV
or I'TV is always contained within the treatment field. In
proton therapy treatments, however, patient setup errors
and organ motion not only affect the lateral extent of proton
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dose distribution, but also cause uncertainties in beam range
within the treatment field. In that sense, the traditional
PTV expansion, using magnitude of target motion and
setup errors to calculate expansion margins, does not in
principle apply to proton therapy. A setup error parallel
to beam direction, if not associated with a corresponding
WEPL change, has minimal effect on proton beam dose
distribution, thus may be safely ignored in proton therapy
treatment planning.

A state-of-the-art proton therapy treatment planning
system for scattered and/or or uniform scanning (wobbling)
proton beam dose calculations, using the pencil beam dose
calculation algorithm (12,13), decomposes a broad, scattered
proton beam into small pencil beamlets, and performs
ray-tracing of each proton pencil beam to determine the
WEPL of the pencil required for the treatment field. A
range compensator (or “bolus”) is used to pull back the
ranges of individual pencil beams so that the board beam
conforms distally to the treatment target (14,15). Patient
setup errors, both translational and rotational, may change
the calculated WEPL values across the treatment field, for
example, increasing the WEPL of a pencil beamlet required
to reach the distal side of the target if a higher density bone,
absent in the path of a beamlet in the treatment planning
images, moves into the path of the beamlet due to setup
errors. Figure 2 from Urie et al. (15) illustrates how the
range compensator is “smeared” (expanded) to account for
the WEPL changes of setup errors and organ motion on
a given beamlet. The tissue-equivalent range compensator
is calculated using ray tracing for each beamlet, and has
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variable thicknesses across its profile so that all beamlets
would stop at the distal surface of the target. In regions
where the beam passes through high density bone segments,
the range compensator has reduced thickness due to the
increased WEPL through the bone (for example, line from
points P through S to Td). If the bone is offset from the
range compensator laterally due to patient setup errors or
organ motion, then a beamlet may pass though thicker part
of the compensator, as well as the bone segment, causing it
to stop before reaching the distal surface of the target. The
thinner part of the range compensator is therefore smeared
by a given radius, called “smearing margin”, the magnitude
of which should be no smaller than the potential total shift
of the bone relative to the compensator due to setup errors
and/or organ motion (d in Figure 2).

As discussed above, range compensator design is based
on geometric ray tracing of the WEPL values of beamlets
within the treatment field to the distal surface of the target.
This method of compensator design, however, does not
adequately consider the additional scattering and range
straggling of protons passing through the compensator
itself. Range compensators are therefore fabricated with a
tapered milling bit on a CNC milling machine, in order to
introduce an tapering angle (up to 3°) that reduces the effect
of protons scattering off sharp compensator edges and the
resulting dose distribution inhomogeneities (hot-spots) (14).
Range compensators may also be “smoothed” manually by
interpolation of its thicknesses for beamlets into final grids
for fabrication. This practice has been found to improve
agreement of calculated vs. measured dose distribution, and
in general improves dose distribution homogeneity (16).
The effectiveness of compensator smearing is also reduced
by the additional proton range straggling introduced by the
compensator. 'To include the effect of such range straggling,
Moyers et al. (4) included an additional term of proton
lateral scattering term in their smearing margin (referred
to as “bolus expansion (BE)” in the article) calculation, to
arrive at an equation of

BE =J(1M + SM)2+(0.03 X (distal CTV depth + bolus thickness)z,

where IM is the internal organ motion radius in the
direction orthogonal to beam axis, and SM is the setup
error term, again in the direction orthogonal to beam axis.
The borders of the compensator which overlaps with the
additional PTV and aperture margins of the treatment field
will not produce intersections with the target in ray tracing.
Thicknesses of the compensator in these parts are usually
set to be equal to the compensator thicknesses immediately
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inside the target in the beam’s eye view (BEV), in a practice
commonly referred to as “border smoothing”. The radius
of border smoothing should therefore be selected to be no
smaller than the margins between the field border and the
target.

Adequate selection of range compensator smearing and
border smoothing margin values in general assures adequate
target coverage of scattered proton beam treatments.
This method of increasing proton beamlet ranges to
assure adequate distal target coverage, however, results
in unnecessary treatment of normal tissues immediately
deeper than the target for the times when the higher density
tissues do not intersect the beamlets for which the smearing
margin is selected. Use of smearing margins, therefore, may
increase doses to critical organs located immediately distal
to the target. Similar to the case of range uncertainties
discussed previously, careful considerations should be given
to beam angle selection to avoid such scenarios.

Calculation of proximal and distal margins, as outlined
above, assumes knowledge of magnitudes of organ motion
and setup errors for each patient. Magnitude of periodic
organ motion, such as due to breathing, is available via use
of 4-dimensional CT (4DCT) or MRI imaging techniques.
Use of such data however needs to be cautioned with
the understanding that their reproducibility throughout
the course of a patient’s radiation therapy treatment is
not assured (17). Periodic repeat 4DCT scans during a
patient’s treatment course may be necessary to confirm
the consistency of such motion data. Non-periodic organ
motion, such as prostate movement due to bladder filling
and rectal gases, may require separate and additional and
sometimes patient-specific evaluation.

It should be further noted that the setup errors that have
impact on selection of proximal and distal margins, as well as
smearing margins in range compensator design, are heavily
influenced by multiple factors. While in traditional photon
therapy one would be concerned only with the setup error
of the target itself, for proton therapy one is concerned with
the setup errors of the target, as well as all tissues that lie
in the path between beam entrance and the distal target,
for each individual beam. Patient skin and the underlying
fat/muscle tissue may not be reproducible, especially when
compressed by immobilization devices. Bony structures that
a beam traverses through may present different angulations
between treatment fractions. Rotational setup errors, both
for overall patient anatomy, as well as internal organs, such
as bones and, in the thorax, the mediastinum and the heart,
can cause large range errors. Figure 3 shows the potential
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Figure 3 Effect of rotation setup errors on the range of a proton

beam tangential to the heart. The planned beam path, shown in red,
has a WEPL value of 8.48 cm to reach the tumor. With a setup error
of 2 degrees, the altered beam path, shown in yellow, has a WEPL
value of 10.68 cm. This 2 degree setup error in patient roll direction

therefore introduces a beam range uncertainty up to 2.2 cm

effect of rotational setup error: if an anterior-posterior
(AP) beam is used for treating this lung cancer, a rotational
error of 2 degrees in patient roll direction would place the
beam path though a thickness of the heart (yellow line) that
was not present in the planned beam path (red line). The
heart tissue in the beam path causes an increase of 2.2 cm
in WEPL required to reach the target. Such a sharp change
in WEPL values could be compensated for by use of range
compensator smearing margins, which nonetheless increases
dose distribution heterogeneity. Note that this type of
changes may not be due to setup errors, but can be the
result of organ motion: breathing motion, as well as heart
beating, can cause rotation of the heart by greater than 2
degrees. It is therefore recommended that such treatment
beams be avoided in proton therapy treatment plans.
Trofimov er al. (18) performed detailed analysis of the
effect of setup errors in the treatment of prostate cancer
using proton therapy. As proton therapy fields in prostate
cancer treatments typically use lateral beam entrance gantry
angles, femur rotation angles, as well as thicknesses of
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subcutaneous tissue, in addition to prostate position and
rotation, all contribute to uncertainties in the delivered
proton dose distributions. The authors found substantial
variations in the software tissue thicknesses in the lateral
hips (up to 5 mm), and femur rotation angle deviations from
initial values of greater than 10°. Selection of distal and
proximal margins for beam range calculations, as well as
smearing margin for the range compensator, needs to take
these variations into consideration. Patient immobilization
technique and daily setup tolerances, as calculated by image
guidance system, should be optimized to minimize such
variations. For example, the commonly used vacuum bags in
lung cancer treatments can introduce over 10 mm variations
in the thicknesses of soft tissue around the chest wall; and
breast position in female patients can introduce additional
thickness variations. It is therefore common that no such
vacuum bag immobilization devices are used for treatment
of tumors in the thorax region using proton therapy,
and beams that enter female patient through breasts are
minimally used.

While the dosimetric effect of organ motion has been
traditionally accounted for by use of the ITV concept
in photon-based radiation therapy, this practice is often
inadequate for proton therapy, especially when the organ
motion is accompanied by tissue density changes, such
as in the treatment of isolated lung tumors. The solid
tumor, often having near tissue RSPR value, is enclosed
within low density lung tissue. The I'TV volume therefore
includes volumes of both low density lung tissue and higher
density tumor tissue. Calculation of proton beam range
that ensures adequate tumor coverage regardless where the
tumor is needs to take this motion-induced RSPR change
into consideration. In addition, the normal lung volume
has variable RSPR values at different phases of breathing,
due to the filling of lung airways and blood vessels. Several
authors have described treatment planning strategies for
lung cancer (4,19-21). A typical strategy would start with
constructing an average CT dataset from the 10 phases
of a 4DCT scan set. The ITV is then outlined on the
average CT dataset, and its HU values overridden by the
maximum or a representative HU value of the tumor. Beam
range calculations, as well as range compensator design, is
performed on this CT dataset, with appropriate proximal,
distal, and compensator smearing margins applied. Note
that this approach accounts for the range uncertainties
caused by lung density variations in breathing, as well as
ITV density variations due to tumor motion. However, the
critical organ doses calculated from this CT dataset may
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be underestimated. A second treatment plan is therefore
calculated, using the same beam parameters (apertures,
compensators, beam ranges, beam modulation widths,
etc.) of the initial treatment plan, but using an average CT
dataset with no override of I'TV HU values. Finally, several
verification plans of the initial plan may be calculated
on representative phases of 4DCT images (for example
maximum inhalation, mid-inhalation, and maximum
exhalation phases) to confirm the adequacy of target
coverage as well as critical organ protection. Treatment
planning of proton lung therapy therefore calls for
calculation of anywhere between 2 and 5 treatment plans,
a significant increase in complexity and workload from the
practice of photon-based lung radiotherapy practice.

Detailed and comprehensive consideration of the
dosimetric effect of patient setup errors and organ
motion is critical in the optimal design of proton therapy
treatment plans. It is also a labor-intensive and time-
consuming process, as state-of-the-art proton therapy
treatment planning systems do not include automatic
tools for this process. Much research efforts have been
devoted to development of methodologies to perform this
task, with greater attention paid to intensity-modulated
proton therapy (IMPT) treatment planning (10,22-26).
For example, Park er al. (27) proposed the use of beam-
specific PTV (bsPTV) to account for setup errors, CT
number to RSPR conversion uncertainties, as well as
range uncertainties due to organ motion. In the beam axis
direction, ray tracing is performed for each beamlet within
a treatment field, and the WEPL values of the beamlets
are expanded both proximally and distally by the effects of
each of these uncertainties. Laterally the CTV is expanded
in the same manner as is done traditionally to achieve
PTV. Treatment planning then may proceed with range
compensator design and dose calculation for each scattered
or uniform scanning proton beam, or beam spot weight
optimization for pencil beam scanning beam such that each
beam delivers a uniform dose distribution conforming to
the bsPTV.

With the increasing interests in IMPT applications,
especially in treatment of tumors associated with
significant organ motion such as lung tumor (28), various
methods have been proposed to address the dosimetric
effect of organ motion. Specifically, the interplay effect of
organ motion relative to the spot-by-spot and layer-by-
layer delivery of pencil beam proton therapy treatments
has been a subject of intense research efforts (29,30).
Similar to conventional photon-based radiotherapy (31),
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the lateral motion of treatment target in the BEV of a
proton treatment field causes the delivery of a pencil
beam dose to a voxel of the tumor other than the planned
voxel. In addition, state-of-the-art IMPT treatments are
delivered in a layer-by-layer manner, where the deepest
layer is treated to the prescribed dose, followed by energy
changes (range pullback) to deliver prescribed doses to
shallow layers of the tumor. Tumor motion in the beam
axis direction, as well as organ motion along the beam
passage, may cause WEPL changes that result in doses
deposited at incorrect layers of tumor or normal tissues.
Simulated dose calculation studies have demonstrated
dose delivery error of 34% in a single fraction (32) and
18% in 30 fractions (33) for lung treatments; and of 33%
in a given fraction for liver (34). Various methods have
been proposed to mitigate the dosimetric effects of organ
motion in radiotherapy (29,35), including gated therapy;
breath-hold; tumor-tracking; and abdominal compression.
In addition, IMPT treatments may be delivered via a
“repainting” technique (33,36), in which the entire volume
is treated multiple times within a treatment fraction, each
delivering a portion of the fractional prescribed dose.
While all motion mitigation methods will potentially
serve to minimize the dosimetric effect of organ motion in
proton therapy treatments, they all also require additional
verification of organ motion magnitudes and patterns for
a given treatment fraction, so as to ensure that deviations
of organ motion patterns from their assumed ones at
time of patient simulation do not lead to significant dose
delivery errors. Dose repainting of the target volume,
at 5-10 times in a given fraction, is general considered
adequate to minimize the effect of any residual motion
modeling error (33,36). This strategy however also may
be associated with significantly increased treatment delivery
time: at a nominal average dose rate of 2 Gy/min for IMPT
treatments, repainting » times would potentially increase
the fractional treatment time by 2 times longer.

Dosimetric effect of patient anatomy variations

Tumor volume changes during course of radiotherapy
treatment are common for H&N and lung cancers, and may
result in increased doses to critical organs and decreased
target dose coverage (37). Adaptive therapy techniques,
where off-line repeat patient imaging and re-planning is
performed periodically during a patient’s treatment course,
are used to minimize the effect of such target volume
changes. For proton therapy, these volume changes may
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significantly change the WEPL of treatment beams, causing
even larger dosimetric deviations than would happen for
photon-based radiotherapy techniques. Shi et 4/. (38,39)
reported the case of a non-small-cell lung cancer patient,
for whom the tumors shrank by up to 80% in volume
through the course of a 75.6 Gy (RBE) proton therapy
treatment, delivered in 42 daily fractions. Without adaptive
re-planning, the patient would receive a lung V20 value
20% higher than originally planned; 150% higher for spinal
cord; and 200% higher for esophagus. Adaptive proton
therapy for treatment of cancers where the target is subject
to shrinkage during the course of treatment is therefore a
required component of robust proton therapy practice.

Evaluation of tumor response during radiation therapy
course remains an active area of investigations. Currently
there are no specific guidelines on the frequency and
technique of adaptive re-planning for proton lung cancer
treatments. Hui ez a/. (40) reported results of weekly repeat
4DCT imaging for 8 lung cancer patients with Stage III
non-small cell lung cancer receiving IMRT treatments.
Proton treatment planning studies showed a mean 4%
increase of contra-lateral lung dose; and a mean 4.4 Gy
(RBE) dose increase to the spinal cord. Koay ez al. (41)
reviewed the need for and results of adaptive re-planning
of proton therapy for lung cancer. Of the 44 patients
enrolled in their clinical trial proton therapy treatment
[74 Gy (RBE) in 37 fractions] of stage III non-small cell
lung cancer, 9 patients required re-planning due to tumor
volume changes that were identified in repeat patient CT
imaging, performed at 3-4 weeks after start of treatment.
The adaptive re-planning maintained sparing of critical
organs such as the esophagus and spinal cord, and prevented
inadequate target coverage that would have occurred
without re-planning. Beltran ez /. (42) reported results of
a study of tumor volume changes in craniopharyngioma
patients. An average of 6 MRI studies was performed for
these patients during their course of radiation therapy
treatments. Maximum tumor volume changes ranged
between —-20.7% and 82%, with a mean of 28.5%. The
dosimetric effects of these tumor volume changes were
investigated in a subsequent study (43) of 14 similar
patients. Comparisons of IMRT, scattered proton therapy,
and IMPT treatment plans show higher sensitivity of IMPT
than the other two techniques to tumor volume changes.
The authors suggest that IMPT re-planning should be
considered with a 5% change in PTV volume, while 10%
and 25% changes would necessitate re-planning for IMRT
and scattered proton therapy respectively.
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Patient anatomy changes that impact proton therapy dose
delivery accuracy may occur in all tissues along proton beam
paths. Albertini er 4/. (44) reported the dosimetric effect of
weight changes for two patients with para-spinal tumors.
Treatments were planned and delivered using IMPT
technique. Patient weight changes (gaining 1.5 kg for one
patient, and losing 8 kg for another) caused WEPL changes
along treatment beams, and resulted in optimized beam
range changes of +8 mm and —13 mm. It was noted that
maximum dose to the cauda equina, the critical organ of
concern in the treatments, increased by only 2%, although
as much as 80% dose differences were observed within the
treated volume locally, due to the range changes. Similarly,
changes of stomach and bowel contents in abdominal tumor
treatments such as retroperitoneal sarcomas (45), pancreas (46),
and liver tumors, may significantly alter the WEPLs of
treatment beams. For beams that have to traverse through
such organs with potential content changes, alternative CT
image datasets are created with the CT numbers of these
organs overridden by their potential values for contents
that may be present alternatively. Verification plans are
then calculated on the overridden image sets to estimate the
extent of dosimetric uncertainties due to these organ filling
changes. The initial treatment plan may be modified by
increasing the proximal and distal margins of the offending
treatment field. In general, multiple beams, sometimes non-
coplanar, are used, with a majority of target doses delivered
via beams having smaller uncertainties, if no other choices
are available. Periodic repeat CT or MRI imaging sessions
are also used to verify the validity of these verification
plans. For prostate treatments, the rectum content may be
controlled by filling the rectum with saline or saline-filled
rectal balloons, to reduce the impact of daily variability of
rectal filling (47).

Relative biological effectiveness (RBE)

Clinically, an RBE value of 1.10 has been assigned to
protons of all beam energies, at all depths (11). The RBE
of a given proton beam, however, increases significantly
toward the end of its beam range (48-55). Current clinical
treatment planning systems do not represent the effect of
such RBE increases, and it is therefore left to the treatment
planning personnel to interpret and include such effects
implicitly. In particular, the increase of RBE at the distal
end of a proton beam, estimated at up to an additional
25% (over the 1.10 value currently used clinically), also
manifests itself in an increase of the beam range (defined to
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be at the distal 90% of the depth dose) when corrected for
RBE by 2 mm or greater (56). For beams that stop before a
critical organ, this implies that an additional distal margin
of 2 mm or above would need to be included in treatment
planning for the offending beam, so that the potential effect
of the increased biological dose to the critical organ is
approximated in the dose distribution.

Conclusions

Accurate and safe delivery of proton therapy must take into
consideration the various uncertainties associated with the
calculation and delivery of proton doses. In particular, these
include the uncertainties of C'T' number to relative stopping
power ratio conversion, as well as the effect of setup error
and organ motion on delivered beam ranges. For traditional
scattered beam treatments, addition of distal and proximal
margins, as well as use of range compensator smearing
margins, has proven adequate for a large variety of tumor
treatments. The specific effects of these uncertainties on
intensity-modulated proton therapy, however, remain an
active area of research. Delivery of IMPT treatments to
targets with significant organ motion, therefore, must be
done with utmost care.
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