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Intrafractional motion and interfractional changes affect the accuracy of the delivered dose in radio-
therapy, particularly in charged-particle radiotherapy. Most recent studies are focused on intrafractional
motion (respiratory motion). Here, we report a quantitative simulation analysis of the effects of interfrac-
tional changes on water-equivalent pathlength (WEL) in charged-particle lung therapy. Serial four-
dimensional (4D) CT scans were performed under free breathing conditions; the time span between the
first and second 4DCT scans was five weeks. We quantified WEL changes between the first and second
CT scans due to interfractional changes (tumor shrinkage and tissue density changes) and compared the
particle-beam-stopping point between the serial 4DCT scans with use of the same initial bolus. Both
tumor-shrinkage and lung-density changes were observed in a single patient over the course of therapy.
The lung density decreased by approximately 0.1 g/cm® between the first and second-CT scans, resulting
in a 1.5 cm WEL changes. Tumor shrinkage resulted in approximately 3 cm WEL changes. If the same
initial bolus and plan were used through the treatment course, an unexpected significant beam overshoot

Regular Paper

would occur by interfractional changes due to tumor shrinkage and lung density variation.

INTRODUCTION

Dose conformation requires accurate knowledge of the
geometry of the target. In the treatment of thorax and abdo-
men, recent developmental efforts in dose conformation
have been focused on mitigating the effects of respiratory
motion by using respiratory-correlated or tracking irradiat-
ing methods.'™ Clinical implementation of these techniques
have been reported."” Another source of intrafractional
motion, cardiac motion, can also affect treatment accuracy.(’)

Charged-particle beams are particularly sensitive to intra-
fractional motion because of their finite beam range. The
water-equivalent pathlength (WEL), can be calculated by
weighting the physical pathlength with the HU (Hounsfield
unit) value per pixel.” Temporal variations in the WEL
along the same ray lead to variation of the geometric depth
of penetration (overshoot or undershoot relative to the nom-
inal beam stopping point).
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Other sources of beam range perturbations include those
resulting from interfractional changes of tumor size, tumor
shape, tissue thickness, etc. Tumor shrinkage has been
observed over the course of treatment, and its effect on dose
distribution has been reported.*'” A quantitative analysis of
WEL changes due to interfractional changes during a treat-
ment course is the purpose of this paper.

MATERIALS AND METHODS

Patient and data acquisition

The patient signed an informed consent for CT scanning
and treatment when she agreed to be treated with photons.
The subject of our simulation study was a female patient
aged 77 years with non-small-cell lung cancer (IIIA)
(cT2N2MO). The tumor (5.7 cm (left-right: LR) X 5.1 cm
(anterior-posterior: AP) cm X 5.2 cm (superior-inferior: SI))
was located in the right middle lobe. In addition, chemo-
therapy was administered. A weight loss of 9.1 kg was
recorded over a period of five weeks. The prescribed dose
to the planning target volume (PTV) was 43.2 Gy in 24 frac-
tions, followed by a dose of 19.8 Gy to a smaller volume in
11 fractions, for a total dose of 63 Gy delivered by an 8-field
IMRT (intensity modulated radiotherapy).

Two CT scan data are used here for assessment of inter-
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fractional changes if charged-particle beams were to be
used. The first treatment-planning CT scan was performed
under free breathing conditions with a 4-slice CT scanner
(LightSpeed Qx/i, General Electric Medical Systems,
Waukesha, WI) in 4DCT acquisition mode.'" Patient respi-
ration was monitored by a Real-Time Position Management
(RPM) Respiratory Gating System (Varian Medical Sys-
tems, Palo Alto, CA). Five weeks after the first CT scan, a
second 4D CT scan (second CT scan) was done. A slice col-
limation of 4 X 2.5 mm was used for both CT scans.

Data analysis

We calculated the changes between the first and second
CT scans of the following quantities: (i) the gross tumor vol-
ume (GTV), (ii) the tumor center-of-mass motion, (iii) WEL
to a specific plane, (iv) regional lung density, and (v) proton
beam dose distribution. Image registration was performed by
aligning the two 4DCT scans by registration of the bony
anatomy at the peak exhalation because respiratory signal is
more reproducible than that at other phases. Each respiratory
cycle was subdivided into 10 phases (from T0% to T90%),
with peak inhalation and peak exhalation defined at T0%
and T50%, respectively by using RPM signal. The GTV was
contoured manually on axial slices of both first and second
CT scan images.

GTV center of mass was calculated by averaging points
on the GTV counter lines as a function of a respiratory
phase.

In the WEL analysis, the rationale of this metrics is to
obtain an estimate of the beam range variations. The calcu-
lation region was defined by two planes encompassing the
tissues between the entrance surface of the body and the
plane tangent to the most distal point of the internal target
volume (ITV). The same plane positions were chosen for the
second CT scan. The WEL calculation was performed along
the beam direction. A WEL change (AWEL) was also cal-
culated by subtraction of the WEL of the second CT scan
from that of the first CT scan at the same respiratory phase.

A lung density map was calculated for each scan to ana-
lyze lung density changes. The lung was first segmented
from other anatomic structures by threshold edge detec-
tion.'” A two-dimensional (2D) convolution filter (Gaussian
filter)'® was applied to the 2D AP image in order to smooth
noise (3 pixels x 3 pixels). A lung density image was then
generated by calculation of the average density, p, along the
BEV (beam’s eye view) direction by using the following
equation;

_Hhvu, -HU,, 3

p= e e
where HUwne and HU,;: are the average HU (Hounsfield
unit) numbers in the lung and air, respectively. We evaluated
the lung density variation as a function of respiratory phase
by defining a 2-cm-diameter ROI on the upper left and right

lung regions in the first and second CT scans.

A bolus was designed to irradiate a moving target in the
respiratory gated phase interval as follows: an internal target
volume (ITV) was defined for respiratory-gated radiothera-
py (RGRT) using the T40%-T60% phase interval (gated
phase) in the planning 4DCT scan data.'¥ The charged-
particle beam with this bolus nominally stops at the distal
edge of the gated ITV. Next, this bolus was applied to both
first and second CT scans at the exhalation respiratory phase
(T50%). A two-field proton dose distribution was calculated
for beams at 180° and 300° gantry angles (IEC convention),
using a pencil-beam algorithm.'” These beam angles were
selected from the ipsilateral rather than contralateral side of
lung and to minimize excessive dose to heart. The PTV
included an 8-mm margin around the ITV.

RESULTS

GTV center-of-mass trajectory

The center-of-mass trajectories for the first and second CT
scans are shown in Fig. 1. Peak exhalation (T50%) and
inhalation (T0%) loci are indicated by solid circles. The
solid lines correspond to the gating window (T40-60%). The
center-of-mass displacement was 3.5 mm (AP: 1.6 mm, LR:
2.6 mm, SI: 1.7 mm) for the first CT scan and 3.3 mm (AP:
2.3 mm, LR: 1.1 mm, SI: 2.1 mm) for the second CT scan.
The center-of-mass trajectory and the difference between the
two CT scans were relatively small. Although the peak exha-
lation positions of the first CT and second CT scans are
close, the tumor trajectories differ.

GTV volume changes
Axial images of the first CT and second CT scans at
exhale at the same cranio-caudal position are shown in Fig.
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Fig. 1. Tumor center-of-mass trajectory for first and second CT
scans in 3D trajectory. The solid lines correspond to the gating win-
dow (T40-60%).
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2. The tumor shape in the second CT scan shows asymmetric ~ no significant variations in volume as a function of respira-
shrinkage compared with that for the first CT scan. tory phase for either scan.
The mean gross tumor volume from all respiratory phases
was 115.2 cm’ (s.d. 1.2 cm’) in the first CT scan and 39.2cm®  WEL change
(s.d. 1.7 cm’®) in the second CT scan (Fig. 2b). There were The WEL change map quantifies the differences in WEL

(a) (b)

Fig. 2. Axial images at peak exhalation (T50%). (a) First CT scan. (b) Second CT scan. The red contour represents the
GTYV at time of first CT scan.
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Fig. 3. WEL change (AWEL) map at (a) peak inhalation (T0%) and (b) peak exhalation (T50%). (c) AWEL in ROIs for the left upper
lung, right upper lung (solid circles in Figs. 3a and 3b) and above the tumor (dotted circles in Figs. 3a and 3b). (d) Histogram of AWEL (left
axis) on the tumor at peak exhalation (T50%).
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Fig. 4. Lung density maps at two respiratory phases (a) Peak inhalation (T0%). (b) Peak exhalation (T50%). Dotted lines show axial plane
location. (c) Average lung density within ROI for first and second CT scans. ROIs were defined on upper left and right lungs.
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Fig. 5. Proton beam dose distributions. A bolus, designed to cover moving target during gated treatment (T40-
60%), is applied to (a) first CT scan and (b) second CT scan at peak exhalation phase (T50%). The beam angle was
set to 180° and 300°. Yellow lines demarcate the PTV for the planning CT. Red lines show 95% dose line.
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between two CT scans. If there were no changes in WEL,
the change maps would show no structure. However, several
regions of the WEL change map show significant changes
(Figs. 3a and 3b). These change maps indicate that the WEL
from the entrance surface to a well defined anatomic plane
have changed from the first CT scan to the second scan.
Such changes arise because of changes in tissue size or
shape, or density changes in the tissues transited.

Consider Fig. 3a; this change map is calculated by first
calculating the WEL map for both scans 1 and 2 from the
AP direction (to a specified plane). The change map is cal-
culated by subtracting the second scan WEL map from the
first (in a mode similar to a subtraction angiogram). Figure
3a is calculated at a respiratory phase of maximum inhale,
while Fig. 3b shows the change map at exhale. The external
contours and outlines of the lungs are approximately sym-
metric, and provide an indication that the alignment of the
two CT scans is reasonable. However, specific regions of the
WEL change map show significant positive / negative WEL
changes. A WEL change (< 15 mm) was observed at the
superior edge of the left lung because of inexact registration
of this organ. A WEL change of greater than 20 mm was
observed at the edge of the breast because of weight loss
(and / or breast positioning). The periphery of the heart
showed a negative WEL change (blue region) resulting from
cardiac motion. There was a rim of positive WEL change
near the inferior portion of the tumor due to shrinkage
(marked as arrow in Fig. 3a). The lung tissue above the
tumor showed negative WEL change, as indicated by the
blue region (marked as circles in Figs. 3a and 3b).

To evaluate WEL changes at each respiratory phase, we
defined three circular regions of interest (ROIs), two in the
two upper lungs and one over the tumor. The average AWEL
of these ROIs is shown in Fig. 3c. WEL change in the left
lung over the entire respiratory cycle were less than 6 mm
(mean: 4.6 mm, s.d. 1.2 mm) and were nearly constant
throughout the respiratory cycle. The AWEL in the right-
lung ROI (above the tumor) exhibited a substantial change
of approximately —16 mm (mean: —12.5 mm, s.d. 2.7 mm)
over all phases. This beam range change is a function of the
respiratory phase. The tumor ROI showed a WEL of less
than 17 mm (mean: 15.4 mm, s.d. 0.7 mm) averaged over all
respiratory phases; this was attributed to tumor shrinkage.
The maximum AWEL was 34.7 mm (pixel value) (see the
black arrows in Fig. 3a).

The tumor ROI included a region where the tumor had
shrunk and been replaced by lower-density lung tissue.
Because the tumor center-of-mass displacement was small,
the AWEL image at peak exhalation (T50%) was selected,
and the ROI over the tumor region was plotted in the histo-
gram in Fig. 3d. About 640 mm” of this ROI showed a
AWEL of greater than 20 mm, and 1090 mm? of the ROI
showed a AWEL of greater than 15 mm.

Lung density changes

Lung density maps for the first and second CT scans are
shown in Figs. 4a and 4b. The left-lung densities were
unchanged in both CT scans; however, a lower lung density
was observed in the right upper lung region in the first CT
scan.

The lung density in the contralateral lung showed that left
lung density in both CT scans is essentially unchanged;
0.32 g/cm® and 0.33 g/cm’ averaged over all respiratory
phases. Furthermore, these lung densities decreased slightly
at inhalation because of the expanding lung volume. In the
right lung above the tumor, however, the lung density in the
ROI changed from 0.23 g/cm? (first CT scan) to 0.33 g/cm’
(second CT scan) averaged over all respiratory phases, cor-
responding to a density change of approximately 0.1 g/cm’.

Dose distribution

Figure 5 shows the proton beam dose distributions
(T50%) for treatment beams at 180° and 300°. Because the
first bolus was designed based on the first planning scan, the
charged-particle beam stopped as planned (Fig. 5a). How-
ever, use of the first bolus on the second CT scan would have
resulted in significant beam overshoot because of tumor
shrinkage and weight loss (Fig. 5b). At the 300° angle, the
overshoot reached the spinal cord.

DISCUSSION

We have reported on WEL variations due to interfra-
ctional changes as observed in serial 4DCT scans. The key
findings of this investigation are tumor shrinkage and lung
density changes resulted in approximately 3 cm and 1.5 cm
WEL variation, respectively. These WEL variations are
dependent on patient characteristics such as tumor size or
tumor position. Although only a single patient was evaluat-
ed, our results indicate that using a first bolus and a first
treatment plan throughout a charged-particle therapy course
can be problematic. Furthermore, the results of our study are
one of the first steps toward a better understanding of how
to reduce uncertainties caused by interfractional changes in
charged-particle therapy of the lung.

RGRT is currently in clinical use in a number of centers.
With this technique, the tumor is irradiated at its most repro-
ducible position during the respiratory cycle, usually at peak
exhalation. With RGRT, beam range fluctuations due to
respiration are reduced in comparison to free breathing
radiotherapy. Significant beam overshoot was observed in
this patient even though RGRT was used, because of tumor
shrinkage.

The tumor volume in the patient decreased by 76 cm’
between the two 4DCT scans. The volume occupied by the
tumor after shrinkage was replaced by lung tissue, with a
density change from 0.95 g/cm® (tumor) to 0.33 g/cm’
(lung). This density change results in beam over-penetration
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that is twice as great as the pathlength of tissue replaced
along the beam axis. Because the bolus is designed to cover
the PTV based on the first CT scan, the charged-particle
beam with this bolus correctly stops along the distal edge of
the PTV in early fractions. However, application of this first
bolus would result in beam overshoot in late fractions due
to tumor shrinkage. The overshoot causes undesired dose to
normal tissues.

The other source of beam range variation in this patient
is a lung density change, resulting in a 1.5 cm WEL change.
Figure 4 shows that the density of the left lung in the first
CT scan varied as expected over the respiratory cycle; the
same variation of density as a function of respiratory phase
was observed in the second CT scan, indicating normal lung
function. The resulting AWEL image of the left lung was
nearly constant, indicating little relative change over an
interval of several weeks. In contrast, in the upper right lung,
the density did not vary during respiration, indicating limited
air exchange. However, in the second scan, the right lung
density did change during breathing in a manner similar to
that in the left lung (see Fig. 4c). Possible clinical explana-
tions of the increase in density are 1) subclinical pneumonia
or 2) increased perfusion due to tumor shrinkage. This unex-
pected lung density change can potentially decrease the
accuracy of irradiation, and suggests the need for frequent
monitoring of density changes during the course of treat-
ment.

Other sources of beam range uncertainty include 1) tumor
trajectory variations between the first and second CT scans
and 2) weight loss. Britton et al. reported such variations by
analyzing the tumor center-of-mass trajectory seen in week-
ly serial 4DCT data.'® If the first bolus and aperture design
does not cover the beam range of tumor motion due to res-
piration, even with RGRT, the dosimetric coverage can be
compromised. In this study, the tumor trajectory did not
affect beam overshoot because of minimal tumor motion.

Recently, there has been interest and implementation of
hypo-fractionated carbon ion beam or proton beam treat-
ments for lung cancer.''® In hypofractionated carbon ion
beam treatment, issues such as tumor shrinkage or lung den-
sity changes, may not be as great a concern because the
treatments are given over just a few days. The variation of
center of mass trajectory and WEL fluctuation from one
fraction to another may still be a concern, and additional
studies are needed.

CONCLUSION

Multiple factors in intrafractional motion and interfrac-
tional change can affect the beam range in charged-particle
therapy. Interfractional changes can result in significant
beam overshoot if the first bolus is applied over the entire
course of therapy. Replanning'” and redesigning of the
bolus to account for interfractional changes must be consid-

ered in addition to intrafractional motion mitigation to deliv-
er treatment beams with greater accuracy.
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