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ORIGINAL ARTICLE

A treatment planning study of the potential of geometrical tracking
for intensity modulated proton therapy of lung cancer
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Abstract

Background. Proton therapy of lung cancer holds the potential for a reduction of the volume of irradiated normal lung tis-
sue. In this work we investigate the robustness of intensity modulated proton therapy IMPT) plans to motion, and evalu-
ate a geometrical tumour tracking method to compensate for tumour motion. Material and methods. Seven patients with a
nine targets with 4DCT scans were selected. IMPT plans were made on the midventilation phase using a 3-field technique.
The plans were transferred and calculated on the remaining nine phases of the 4DCT, and the combined dose distribution
was summed using deformable image registration (DIR). An additional set of plans were made in which the proton beam
was simply geometrically shifted to the centre of the gross tumour volume (GTV), i.e. simulating tracking of the tumour
motion but without on-line adjustment of the proton energies. A possible interplay effect between the dynamics of the spot
scanning delivery and the tumour motion has not been considered in this work. Results. Around 97-100% of the GTV was
covered by 95% of the prescribed dose (V95) for a tumour displacement of less than about 1 cm with a static beam. For
the remaining three of nine targets with a larger motion the tracking method studied provided a marked improvement over
static beam; raising the GTV V95 from 95 to 100%, 82 to 98% and 51 to 97%, respectively. Conclusion. The possibility of
performing DIR and summing the dose on the 4DCT data set was shown to be feasible. The fairly simplistic tracking
method suggested here resulted in a marked improvement in GTV coverage for tumours with large intra-fractional motion
(>1 cm displacement), indicating that on-line adjustment of the proton energies may be redundant.

Lung cancer was recently shown to be the most
common cause of cancer-related death, and respon-
sible for 1.3 million deaths worldwide each year
[1,2].The overall 5-year survival remains poor despite
considerable technical advancements in the treat-
ment and detection of lung tumours [3-5]. Recent
clinical data shows that increasing the radiation dose
to the tumour for early stage and locally advanced
cancers improves the local control of the disease
[6-8]. But in clinical practice this is difficult to
achieve since increasing the radiation dose to the
tumour and surrounding normal tissue also increases
the risk of treatment-related toxicity [9]. Even very
low dose levels were recently shown to be of rele-
vance; the relative lung volume receiving 5 Gy was
shown to correlate with the risk of treatment related
pneumonitis [10].

A treatment modality that offers the possibility of
both increasing the radiation dose to the tumour and
reducing the dose to the healthy tissue is proton
therapy. The relatively sharp drop in the depth dose
curve owing to the well-defined range of protons in
tissue can be used effectively in modern treatment
planning software, and generally allows for greater
sparing of healthy tissue than external photon-beam
radiotherapy (XRT) [11,12]. Modern treatment
planning software allow for several ‘beam spots’ to
be optimised with respect to intensity and energy.
The proton beam is then scanned across the target
from a given beam direction (i.e. ‘spot-scanning’).
The optimal dose-distribution is sought through
adjusting a large number of beam spots from a num-
ber of beams in order to obtain the optimal (summed)
dose-distribution, which will deliver a high dose to
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the tumour, while minimising the dose to healthy
tissue; the process is commonly referred to as Inten-
sity Modulated Proton Therapy (IMPT) planning
[13,14].

Proton therapy has been suggested as a treatment
modality in a number of cancers [12], and has been
demonstrated to be superior to XRT in treatment
planning studies for lung cancers in some studies (for
instance [15]) but only marginally so in others (for
instance [16]). Recent reviews comparing the avail-
able clinical outcome for patients treated with state
of the art XRT and passively scattered proton ther-
apy on lung cancer were inconclusive [17-19]. Pro-
ton therapy has some inherent weaknesses, which
could mitigate its successful implementation for lung
cancer treatment. Firstly, the well-defined range of
protons in tissue causes dose distributions to be sen-
sitive to temporal density variations. Secondly, for
the spot-scanning technique, interplay with the scan-
ning- and the breathing frequency might occur [20—
23]. Basically, because both the delivery system and
the treated volume are subject to change with time
the target may move momentarily out of the dose
deposition area. For instance, if the scanning and
breathing frequencies are similar, significant under-
and over-dose may occur in different parts of the
target, and the effectiveness of the treatment may be
compromised.

To date, there is limited prospective treatment
planning data on the potential gain of using advanced
techniques for motion management in IMPT [19];
i.e. gating, deep inspiration breath-hold, tumour
motion tracking coupled with real-time plan adjust-
ment. Some data has been published on proton ther-
apy and motion management and planning strategies
recently [15,24-27]. A method was suggested by
Kang et al. [24] where the voxels in the union of all
the gross tumour volumes (GTV) for each phase of
a 4DCT scan were replaced by a constant Hounsfield
value, which proved to yield treatment plans robust
to motion. Engelsman et al. [26], optimised proton
therapy plans on each individual phase of a 4DCT
scan, which was shown to yield a good target cover-
age. The aim of this study was to investigate the
robustness of intensity modulated (spot-scanned)
proton therapy (IMPT) with respect to target dose
coverage for lung cancer treatment. In addition, we
evaluate the possible benefit of performing a simplis-
tic adaptive therapy using real-time geometrical
tumour tracking.

Material and methods

This study was based on free breathing 4DCT scans
from seven patients referred for stereotactic radio-
therapy of peripheral early stage lung cancer. The

patients were enrolled in an ongoing prospective
study involving implantation of markers into the
tumour, repeated 4DCT scans and fluoroscopic
movies with the purpose of examining the intra- and
interfraction variation in tumour motion.

A Siemens Sensation Open (Siemens Medical
Solutions) multi-slice CT scanner was used in a heli-
cal mode to acquire the 4DCT raw scan data. The
pitch and rotation time for the CT scanner was 0.1
cm and 1 second, respectively. The raw scan data was
reconstructed in ten phase bins and with a slice
thickness of 3 mm.

Tumours were located peripherally: right lower
lobe (3), right middle lobe (1) right upper lobe (2),
left upper lobe (2) and left side of the superior medi-
astinum (1); i.e. totally nine. One of the patients had
two tumours in the same lobe and one patients had
an unexpected lymph node metastasis in the superior
mediastinum, all of which were treated with stereot-
actic radiotherapy out of protocol. The tumour dis-
placement in the cranio-caudal direction ranged
0.3-2.4 cm and tumour size (diameter) ranged 0.9—
6.2 cm. GTV delineation in all phase bins of the
4DCTs was done by the same physician. In the mid-
ventilation phase, a GTV to PTV margin of 5 mm
in the transversal plane and 10 mm in the cranio-
caudal (CC) direction was applied, corresponding to
a PTV margin for daily image guidance.

IMPT plans to 45 Gy in three fractions were
made using the Eclipse™ version 8.6 treatment
planning system (Varian Medical Systems, USA).
The radiation absorbed dose was corrected to the
radiobiological equivalence of 45 Gy using a cobalt-60
source; often denoted as “cobalt-equivalent Gray”
(abbreviated as CGy, GyE or Gy-Eq). The fraction-
ation was identical to that used clinically. A co-planar
3-field technique was used in this study, where the
fields were separated by 45 degrees and placed in
order to reach the targets through irradiating the
healthy tissue to as little extent as possible. The field
directions were selected in order to avoid impinging
the body surface at an oblique angle. An isocentric
field setup was employed, resulting in a focus to skin
distance of around 225 cm. The generic beam data
of PT2 Varian Proton Therapy System was used in
the treatment planning. The machine has a span of
proton kinetic energies of 70-250 MeV. Since many
of the targets had a proximal depth of less than 4.1
g/cm?, corresponding to the lowest energy available
(70 MeV) a range shifter was introduced in the beam.
The system included only a 57 mm water equivalent
range shifter, which was used for all beams to accom-
modate placing beam spots at the most proximal part
of the target. The range shifter slightly increases the
energy straggling and the lateral spread of the beam
which results in a blurring of the otherwise very
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sharp Bragg-peak. This will tend to make the dose
fall-off close to the target somewhat less sharp but
might also make the plans somewhat more robust to
tumour motion. The spot spacing in the scanning
direction was set to 0.5 g/cm? and the spacing
between scanning lines was 0.5 cm. The “Simultane-
ous Spot Optimisation” method was used to optimise
the plans. A calculation grid of 2.5 mm was used
using the proton convolution superposition calcula-
tion algorithm. The planning strategy was similar to
that used clinically; i.e. aiming for keeping the dose
to the PTV within 95 to 107% of the prescription,
and minimising the dose to the lungs and the spinal
cord. The average dose to the PTV (on the midven-
tilation phase) was normalised to be equal to the
prescription.

The IMPT plans were made on the midventila-
tion phase and then applied and recalculated on each
of the remaining phase bins of the 4DCT. One addi-
tional set of plans were made where the beam was
moved to accommodate for tumour displacement
and centred on the delineated GTV of each phase.

The total absorbed dose was summed to the mid-
ventilation phase using deformable image registra-
tion (VelocityAI™, Velocity Medical Solutions,
USA). Various deformable image registration algo-
rithms are contained within the VelocityAl software,
including model based segmentation, B-Spline and
Demons algorithms all of which have been modified
and integrated in an user-friendly graphical interface.
The system was used to deform each of the nine
phase bins of the 4DCT image sets to the midventi-
lation phase. The dynamic series was composed of
the acquired 4D image phase bins (9) and samples
the patient respiration at different stages of the respi-
ratory transform containing the information of the
moving anatomy. The Velocity system was used to
deduce the motion contained in the dynamic image
series and match this motion to the static midventila-
tion image through deformable registration. The
resulting deformation field produces an approxima-
tion of the patient’s organ motion during the whole
breathing cycle. The Velocity’s B-Spline model was
chosen due to its simplicity and efficiency in approx-
imating the smooth thoracic motion. The B-Spline
model defines the deformation only on a sparse lat-
tice of nodes overlaid on the image, and the displace-
ment at any voxel is obtained by interpolation from
closest lattice nodes. One of the main advantages of
using the spline model is that the deformation is
interpolated between grid points, making it stable to
pixel-level noise. Unlike other spline models, the
B-Splines are locally controlled. Thus, the displace-
ment of an interpolation point is influenced only by
that of the closest grid points and changing a lattice
node only affects the transformation regionally,

making it efficient in describing local deformations.
The specifics of the registration are described in
detail in literature [28,29].The metric over which the
optimisation occurs is the Mattes formulation of the
mutual information concept [30]. Mattes implemen-
tation does not use all voxels in the input images, but
rather evaluates a random sample of the voxels and
uses interpolation to evaluate the joint histogram,
creating histograms that are less noisy if used as cri-
teria for the optimisation. The average and maximum
residual error of the deformation was previously
shown to be around 1 mm and 2 mm, respectively,
for the B-Spline algorithm [28]. The deformation
field was subsequently applied to the RT dose matrix,
and thereby used to deform each dose matrix calcu-
lated by the treatment planning system to the mid-
ventilation phase. Following this dose deformation
step, the dose available in each voxel was summed to
each respective voxel in the registered image sets of
the mid-ventilation scan to produce an expected, cal-
culated total absorbed dose.

The summed 4D dose distribution deformed to
the midventilation phase was used in the subsequent
analysis, where we looked at the PTV and GTV cov-
erage in terms of V95% (the volume receiving 95%
of the prescription) and the average dose to both the
PTV and GTV. The method used assumes therefore
regular breathing and movement of the tumour,
equal to the 4DCT. We did not consider the effects
related to setup uncertainty and variations in breath-
ing pattern in between fractions in the present study.
In addition, the interplay effect of the scanning of the
proton beam and the tumour motion was disregarded
here but will be the topic of future studies.

Results

In the midventilation (i.e. planning) phase the 95%
isodose covered the complete PTV in all cases stud-
ied. In Figure 1, the plans on the midventilation
phase were shown.

Around 97-100% of the gross tumour volume
(GTV) was covered by 95% of the prescribed dose
(V95) for a tumour displacement of less than 1 cm;
a summary of the data was presented in Table I.
GTVV95% and GTV average dose as a function of
cranio-caudal (CC) tumour peak-to-peak displace-
ment was shown in Figure 2. Tumour tracking pro-
vided slight deterioration, no or only minor
improvement for six of nine targets on the GTV dose
coverage. For these targets, typically a few phases of
the 4DCT for the static beam plan demonstrated
rather poor dose coverage of the GTV, but the
summed dose distribution was found to be fairly
robust, which stresses the need for 4D treatment
planning methods to evaluate dose plans. This effect
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Figure 1. IMPT plans on targets 1-9 studied in this work on the midventilation phase of a 4DCT study. The doses 10 to 110% of the
prescription is displayed in dose colour-wash.

was shown in Figure 3, where dose volume histo-
grams for the GTV for target 4 was shown for all
phases for the tracked and the static beam plans,
respectively.

Lung doses tended to be similar for tracked and
static plans. In Figure 4, the inspiration phase of the
4DCT was shown as an example with the dose dis-
tribution overlaid for the tracked and the static beam,
respectively. Large peak doses occurring for the static
beam in the lung tissue appears to average out in the
summation of all phases.

For the tumours with the largest displacement in
the CC direction, the tracking technique provided a

markedly increase of V95 and of the average dose to
the GTV.

Discussion

Radiation pneumonitis occurs for hypo-fractionated
radiation therapy of the lung; even though usually at
a moderate level (i.e. <10% of patients) [31]. How-
ever, higher incidence of radiation pneumonitis
(~25%) have been reported, e.g. Yamashita et al. [32]
where 48 Gy in 4 fractions was delivered for most of
the patients. The risk of radiation pneumonitis can
potentially be reduced using proton therapy.

Table I. Patient and planning data for targets 1-9 studied in the present work; Left-Right (LR), Anterior-Posterior (AP) and Cranio-Caudal
(CC) peak-to-peak displacement in cm, PTV and GTV V95%, as well as the volume in cm? of the PTV and the GTV.

Target # 1 2 3 4 5 6 7 8 9

Tracking No Yes No Yes No Yes No Yes No Yes No Yes No Yes No Yes No Yes
PTV V95 (%) 41 92 100 97 99 100 97 98 98 99 72 99 100 98 80 95 95 94
GTV V95 (%) 51 97 100 100 100 100 98 100 97 98 99 100 100 99 82 98 95 100

PTV average dose (%) 90 99 100 100 101 101 99 99 100 100 98 99 100 100 98 100 100 100
GTV average dose (%) 92 100 100 101 101 101 99 100 100 100 98 100 100 100 98 100 100 101

LR (cm) 03 03 01 01 03 03 03 03 01 01 01 01 02 02 02 02 01 0.1
AP (cm) 04 04 02 02 08 08 04 04 01 01 04 04 02 02 01 01 03 03
CC (cm) 24 24 03 03 04 04 05 05 03 03 07 07 05 05 16 16 1.0 1.0
PTV (cm?) 109 109 147 147 15 15 61 61 38 38 7 7 41 41 93 93 23 23

GTV (cm?) 45 45 46 46 3 3 19 19 9 9 04 04 13 13 30 30 2 2
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GTV V95%: tracking vs. static beam

110 4
1001 FRRY X x %
£ 90
=®
2 80 .
>
E 70 1 # Static beam
60 4 X Tracking
50 : : . L .
0.0 0.5 1.0 1.5 20 25
CCtumour displacement (cm)

GTV average dose: tracking vs. static heam

104
~ 102 -
g §' X
g 1m0 § Xy X X
; 98 - ¢ S
!g 96 -
> 94 -  #Static beam
Y g2l XTracking
90 : - 1 ¢ L 1
0.0 0.5 1.0 15 20 25

CC tumour displacement (cm)

Figure 2. GTV V95% (left) and GTV average dose (right) as a function of Cranio-Caudal (CC) tumour peak-to-peak displacement for

static beam and tracking.

The 3-field technique employed in the present
study was found to result in very good coverage of
the GTV and the PTV in the midventilation (i.e.
planning) phase, disregarding the impact of the
motion on the dose distribution. Taking motion in to
account, the GTV dose coverage was still acceptable
to the majority of the targets (six out of nine), indicat-
ing that motion management strategies for most lung
tumours may not be required (assuming the interplay
effect can be minimised). For the tumours with equal
to or larger displacement than 1 cm peak-to-peak we
found a rather substantial drop in both the average
dose to the GTV and the volume receiving 95% of
the prescription dose (three out of nine targets). For
these targets, the simplistic geometrical tracking
method suggested here was found to be quite effec-
tive. The PTV coverage was also presented in Table I
for tracked and static beams. However, considering
that the PTV in a few of the cases extended into the
chest wall that does not move with the tumour we
believe the PTV coverage to be a questionable param-
eter to use in the evaluation of the tracking method.

GTV (TARGET 4) - TRACKING
100

80

60

Volume (%)

20

Dose (%)

80 90 100 110

The method used for tracking in this study cor-
responds approximately to steering the beam in two
dimensions to accommodate for temporal tumour dis-
placement, however, the method used here might also
move the beam slightly in the direction of the beam
axis. Given the large source to skin distance and the
small movement of the lung tumours in the anterior-
posterior and right-left directions makes the move-
ment in the direction of the beam axis negligible. The
positional deviation from the midventilation phase
was less than half a centimetre in the direction of the
beam axis for all phases and patients; the dosimetric
difference between the tracking method used here
and a purely 2D tracking was therefore estimated to
<0.5%.

Interestingly, the geometrical tracking method
provided an adequate target coverage for even the
patients with a large tumour displacement of about
2 cm, suggesting that on-line tracking as well as
adaptation of the proton energies (as previously stud-
ied [26]) may not be required. This result was a bit
surprising due to the fact that the temporal density

GTV (TARGET 4) - STATIC BEAM

Volume (%)

80 S0 100 110
Dose (%)

Figure 3. An example of cumulative dose volume histograms for the GTV in each phase of the 4DCT for Target 4 for Tracking (left) and

Static beam (right), respectively.
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Figure 4. Example of sagittal plane through target (number 8) with the dose distribution overlaid for tracked beam (left) and static beam
(right), respectively. A maximum of 122% of the prescription dose can be observed in the lung tissue for the static beam (right).

changes do not only involve the tumour but also
healthy tissue, such as ribs, that does not necessarily
move synchronously with the tumour. Such effects
occur to some extent but appear to average out,
under the assumption of regular breathing and no
interplay effect beam scanning vs. tumour motion
(which was not studied here).

The importance of the interplay of the beam
scanning and tumour motion could be studied using
a treatment planning system, such as the system used
in this study. This would involve simulating the
dynamics of the spot scanning and breathing pattern,
which was demonstrated previously by Paganetti
et al. [22]. Data on for instance the speed of changing
energy and moving spots would be needed for such
a study. The delivery sequence could potentially be
optimised taking the machine and patient’s tumour
dynamics in to account in order to minimise the
interplay effect. The idea of “repainting” the target,
i.e. repeated application of the spot-scanning
sequence, was suggested and studied previously,
showing that a reduction of the interplay effect was
feasible [33]. With current cyclotron- and synchro-
tron-based technology the repainting using the same
energy level is fast. However, changing energy is
slower; typically one second, which is practically
making real-time adjustments unrealistic. In that
sense, the presented method might potentially offer
a reasonable technical solution, which we envision
would involve only an adjustment of the position of
the electromagnetically deflected, scanned proton
beam.

An alternative to both the geometrical tracking
suggested here and a full 4D plan optimisation and
delivery [26] would be to force the treatment plan-
ning optimisation to use the same spot grid in all
the breathing phases, and then limit the optimisa-
tion to adjusting the spot weights. That would then
generate ten sets of spots with identical direction
and energy information, but each with a different
set of weights (i.e. different “intensities”). We pos-
tulate that such an approach would improve the
plan quality somewhat compared to the method

used for tracking in this study, but that needs to be
investigated. Technically, the real-time tumour
tracking positioning data would then simply direct
the beam control software to the appropriate list of
spot weights. Adjusting the spot weights in real-time
might be easier from an engineering point of view
than to steer the beam in real-time, as was implied
in this study.

The beam tracking procedure suggested in this
study would involve a real-time tracking of the
tumour position and correction of the beam position,
such as demonstrated for photon therapy [34]. The
actual technical solution was not the topic of the
present publication; several systems commercially
available are capable of providing real-time positional
data.

In the present study the largest tumour motion
observed in the patient group as a whole was perpen-
dicular to the beam direction. It is possible that a
different choice of beam entry angles could affect the
plan robustness to intra- and inter-fraction motion
to some extent. IMPT for lung cancer might require
plan adaptation in order to account for inter-fraction
variations; see Sonke and Belderbos for a recent
review for XRT [35]. Further studies are required to
clarify if IMPT using the tracking method proposed
here compares favourably to other methods previously
shown to be effective [24,26,27].

Conclusion

In this study we have studied the effect of intra-
fraction motion in silico for small lung tumours
treated with stereotactic radiotherapy at our institu-
tion. We demonstrate that a good target coverage can
be achieved by planning on the midventilation phase
of a 4DCT scan using intensity modulated proton
therapy for targets exhibiting a relatively modest
motion, i.e. less than around 1 cm peak-to-peak dis-
placement, and assuming that the interplay of the
beam spot-scanning and patient motion can be min-
imised. For targets with a peak-to-peak displace-
ment of 1 cm or larger we find that a real-time
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geometrical tracking of the proton beam could sub-
stantially improve the target coverage. The summed
dose distributions for the plans using the geometri-
cal tracking method were on par in terms of quality
with the plans optimised on the midventilation
phase. Further, we demonstrate that four-dimen-
sional treatment planning is a useful tool in the
selection and exploration of motion management
strategies in proton therapy.
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