response is quite difficult to expect (0-6%) [18-21]. Therefore,
second-line systemic chemotherapy for failure after CRT is only
a palliative treatment. In fact, most of the patients with unresect-
able failure or distant metastasis were treated with second-line
chemotherapy in the current study (2 Fig. 1). However, among
the patients with local failure after CRT, some patients developed
only local recurrence and these recurrent or residual lesions
could be candidates for salvage PDT and expected to be cured.
As for major complications after salvage PDT, we experienced
four cases (10.8%) of esophageal fistulae. Of these, one patient
(2.7%) died due to an esophageal-aortic fistula. Esophageal per-
foration can develop even in patients receiving primary intent
PDT for naive esophageal cancer, as previously reported [8].
However, we cannot deny the possibility that radiation-induced
esophageal damage was potentiated by PDT and that the struc-
tural damage occurs by transmural necrosis. Lecleire et al. report-
ed a retrospective comparative study of primary intent PDT and
salvage PDT after CRT [22]. They found two out of 15 cases
(13.3%) of perforation in a salvage setting, whereas no cases (0/
25) suffered perforation after primary intent PDT. In the present
study, all four patients who developed fistulae had an initial T3 or
T4 lesion and had a residual lesion just after CRT, and their total
light dose was more than 600 ]. Salvage PDT should be carefully
performed, particularly in patients in the initial advanced stage
and with residual local failure just after CRT. Furthermore, the to-
tal laser irradiation dose may correlate with esophageal fistulae.
Patients with baseline T1 or T2 before CRT, and uT1 before PDT
tend to achieve long-term survival after PDT. In seven patients
with baseline T1 or 2, six patients were evaluated uT1 before
PDT. In addition, we could not deny the possibility that patients
with more advanced local failure were included in the baseline
T3/4 before CRT group, because EUS evaluation is more difficult
just after CRT due to radiation esophagitis, especially in advanced
cases. From the results of the present study, the treatment effica-
cy and long-term survival were quite different based on the T
stage either before CRT or PDT, and earlier T-stage lesions tended
to be cured with PDT, even in the salvage situation. In fact, the
baseline tumor stage of five patients with histologically proven
local failure who are still alive without any recurrence before
CRT was T1 in 1, and T2 in 4, and all their failure lesions were
uT1 before PDT. However, caution should be shown when inter-
preting these survival rates across different variables due to the
small sample size.

In conclusion, salvage PDT could be a curative treatment option
for patients with local failure after CRT for ESCC when their fail-
ure lesions are suspected at stage T2 or earlier without lymph
node or distant metastasis.
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Purpose: We compared two treatment plannmg methods for stereotactic boost for treating naso-
pharyngeal carcinoma (NPC): the use of conventional whole-body bismuth germanate (BGO)
scintillator positron emission tomography (PETconvWB) versus the new brain (BR) PET
system using semiconductor detectors (PETnewBR).
Methods and Materials: Twelve patients with NPC were enrolled in this study. ['®F]Fluoro-
deoxyglucose-PET images were acquired using both the PETngwBR and the PETconvWB
system on the same day. Computed tomography (CT) and two PET data sets were transferred
to a treatment planning system, and the PETconyWB and PETnewBR images were coregistered
with the same set of CT images. Wmdow width and level values for all PET images were fixed at
3000 and' 300, respectively. The gross tumor volume (GTV) was visually delineated on PET
images by using either PETconvWB (GTVCONV) images or PETxgwBR (GTVnew) images.
Assuming ‘a stereotactic radlotherapy boost of 7 ports, the prescribed dose delivered to 95%
of the planning target volume (PTV) was set to 2000 cGy in 4 fractions.
Results: The average absolute volume (Zstandard deviation [SD]) of GTVngw was 15.7 ml
(£9.9) ml, and that of GTV cony Was 34.0 (£20.5) ml. The average GTVngw Was significantly
smaller than that of GTVconv (p = 0.0006). There was no statistically significant difference
between the maximum dose (p = 0.0585) and the mean dose (p = 0.2748) of PTV. The radio-
therapy treatment plan based on the new gross tumor volume (PLANNgw) significantly reduced
maximum doses to the cerebrum and cerebellum (p = 0.0418) and to brain stem (p = 0.0041).
Conclusion: Results of the present study suggest that the new brain PET system using semicon-
ductor detectors can provide more accurate tumor delineation than the conventional whole-body
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than the conventional system
and offers functional and

. molecular radiotherapy
treatment planning.

BGO PET system and may be an important tool for functional and molecular radiotherapy treat-
ment planning. © 2011 Elsevier Inc.

Keywords: Nasopharyngeal carcinoma, Positron emission tomography, Radiotherapy planning,
Semiconductor, Target volume delineation

Introduction

Since the advent of computed tomography (CT), sophisticated
techniques in radiation treatment such as three-dimensional
conformal radiotherapy, stereotactic radiotherapy, and intensity-
modulated radiotherapy (IMRT) have been developed in order to
focus and escalate the radiation dose to the tumor while sparing
normal tissues. In these techniques, it is important to precisely
determine the tumor volume. With their high anatomic resolution,
CT and magnetic resonance images (MRI) have been used primarily
for target volume delineation in radiotherapy treatment planning.
However, when delineating the target volume, it is sometimes
difficult to distinguish between tumor and nontumor tissues by using
anatomical imaging alone. In the past 10 years, positron emission
tomography (PET) labeled with [®F)fluorodeoxyglucose (FDG),
which is able to visualize molecular information for the tumor, has
been widely used in oncology for diagnosis and staging of various
cancers. This functional imaging has been adopted in radiotherapy,
and several studies have examined the clinical impact of PET on
radiotherapy planning (1—3). However, as PET does not provide an
intrinsically accurate examination, with a spatial resolution of
approximately 4 to 7 mm (4—6), it is difficult to determine tumor
boundaries on conventional whole-body bismuth germanate (BGO)
scintillator PET images. In 2007, a new brain PET scanner with
semiconductor detectors, the first in the world, was developed with
Hitachi, Ltd., and was installed at our institute (7). This brain PET
system is equipped with small semiconductor detectors and a depth
of interaction system with sufficient sensitivity to obtain higher
spatial resolution (2.3 mm at 1 cm [National Electrical Manufac-
turers Association (NEMA) NU 2-2001]). Semiconductor detectors
also have an advantage in energy resolution. Our new semi-
conductor PET detectors had an energy resolution of 4.1% full-
width half maximum, which is superior to the energy resolution
obtained with previously available scintillation detectors (e.g.,
10%—20%) (8, 9). The limited energy window set permits collec-
tion of accurate signal counts with lower noise counts. The scatter
fraction of the new brain PET system was 23% (NEMA NU 2-1994),
which was lower than those of other scintillation-based whole-body
BGOPET scanners such as Exact HR+ (32.1%; NEMA NU 2-1994;
Asahi-Siemens, Tokyo, Japan) (10, 11). In our previous study, the
contrast obtained with the semiconductor brain PET scanner was
27% higher than that obtained with the conventional whole-body
BGO scanner for both a cold spot phantom with 6-mm-diameter
cold sphenoid defects and a dual-cylinder phantom with an adjusted
concentration of 1:2 surrounded with water (7). In patients with
nasopharyngeal carcinoma (NPC), the new brain PET system
identified intratumoral inhomogeneity in more detail than the
conventional whole-body BGO PET system, and the tumor edge
was sharper on images obtained with the new brain PET system than
on those obtained with the conventional whole-body BGO PET
system (7). Therefore, the new brain PET system has the potential to
provide high contrast and detailed images with sharper tumor edges
in radiation treatment planning for NPC.

The purpose of this study was to evaluate effects of the new
brain PET system for radiotherapy treatment planning for patients
with NPC compared with those of a conventional whole-body
BGO PET, Exact HR+.

Methods and Materials
Patients

Subjects in this study were 12 NPC patients who had been newly
diagnosed between July 2007 and April 2009. The median age was
61 years old (range, 30—76 years old). Patient characteristics are
shown in Table 1. Written informed consent was obtained from all
patients.

Image acquisition and target volume delineation

Before undergoing the PET study, all patients fasted for at least
6 h. Serum glucose levels were checked in all patients before we
administered ['®FJFDG. The dose of ['®FJFDG for each patient
was 370 MBq. ['®F]JFDG-PET images were acquired with the
patients in a diagnostic, nontreatment position, with the new brain
PET system using semiconductor detectors (PETygwBR) and with
a conventional whole-body BGO PET system (PETconvWB) on
the same day. PETconvWB system studies were performed using
Exact HR+ machine. Two time-course protocols were adopted
and randomly selected. In Protocol 1, PETconvWB images were
acquired first, and in Protocol 2, PETngwBR images were
acquired first. Among the 12 patients, there were 7 patients in
Protocol 1 and 5 patients in Protocol 2. The difference in the
distribution was that the time-course protocols were used for all
patients who received PETygwBR scans, not just patients with
NPC but also those with brain tumors, epilepsy, and other
conditions.

CT was performed with a slice thickness of 2 to 5 mm. CT and
two PET data sets were transferred to the Pinnacle® treatment
planning system (version 8.0; Philips Medical Systems, Fitchburg,
WI) for image registration, target volume delineation, and volume
analysis. PETconvWB and PETnewBR images were coregistered
with the same set of CT images. PETygwBR images on the
Pinnacle® treatment planning system were not displayed using the
standardized uptake value scales for window level/width; instead,
we used raw value scales (Bg/ml), and window width and level
values in all PET images were fixed at 3000 and 300, respectively.
Gross tumor volume (GTV) was visually delineated on PET
images alone by an experienced nuclear medicine physician and
a radiation oncologist in consensus. When the GTV contour was
drawn, CT images were not used. Because the new brain PET
scanner with semiconductor detectors is dedicated to brain
imaging, the bottom level of PETconvWB images used in this
study was adjusted to almost the same as that of PETygwBR
images; the GTV was limited to the primary tumors and/or
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retropharyngeal lymph nodes in this study. GTVcony was deter-
mined using PETconyWB images, while GTVnew was deter-
mined using PETnewBR images. There was an interval of
approximately 1 week between the delineation of GTVygw and
GTVcony- After the two types of GTV were delineated, the
cerebrum and cerebellum and the brain stem were contoured on
CT images. '

Radiotherapy treatment planning simulation

The clinical target volume (CTV) was defined three-
dimensionally as the GTV with a 2-mm margin, while the plan-
ning target volume (PTV) was defined as the CTV plus a 3-mm
margin. Assuming a stereotactic radiotherapy boost of 7 ports, the
prescribed dose delivered to 95% of PTV was set to 2000 cGy in
4 fractions. A radiotherapy treatment plan was prepared for
GTVynew and GTVconv- Dose-volume histograms (DVHs) were
calculated for the PTV, cerebrum, cerebellum, and brain stem in
both plans.

Statistical analysis

Absolute volumes of GTV and DVH parameters were compared.
- Differences were evaluated using the paired z-test. A p value of
<0.05 was considered statistically significant.

Results

Absolute volumes of GTVygw and GTVeony are shown in
Table 2. The average (+standard deviation [SD]) absolute volume
of GTVngw was 15.7 (£9.9; range, 4.9—31.6) ml, and that of
GTVcony Was 34.0 ml (+20.5; range, 10.6—75.9) ml. The
average absolute volume of GTVnew was significantly smaller
than that of GTVeonv (p = 0.0006). Regardless of the order in
which the two ['®FJFDG examinations were conducted, volumes
of GTVnew were always smaller than GTVoyny for all 12
patients.

Maximum and mean doses of PTVygw and PTVgony are
shown in Table 3. There were no statistically significant differ-
ences between the maximum dose (p = 0.0585) or the mean dose
(p = 0.2748). The maximum doses for cerebrum cerebellum (CC)
and for brain stem (BS) in the radiotherapy treatment plan based

on GTVnew (PLANjew) and those in the plan based on
GTVCONV (PLANCON\/) are shown in Table 4. In the PLANNE\V,
the average (+SD) maximum dose to CC was 2,001(%347; range,
1,278—2,430) ¢Gy and that to the BS was 1,475 (4:612; range,
586—2,243) cGy. In PLANconv, the average maximum dose to
CC was 2,233(+209; range, 1,627—2,442) cGy and that to the BS
was 1,816 (£455; range, 664—2197) cGy.

Compared with PLANconwv, the PLANngw significantly
reducedmaximum doses to CC (p = 0.0418) and BS (p =
0.0041). An example of PLANNgw and PLANcony is shown in
Figs. 1 and 2.

Discussion

Although PET offers better identification of tumor localization
than the anatomical imaging modalities because of its higher
contrast resolution, tumor boundaries are blurred on the conven-
tional BGO PET system because of its relatively low spatial
resolution due to its larger detectors and worse annihilation non-
collinearity blurring because of the larger detector ring of whole-
body BGO PET. Daisne et al. (12) reported thatPET-derived
volumes are more accurate than CT or MRI-derived volumes for
squamous cell carcinoma of the head and neck; however, they are
still larger than those delineated from the surgical specimens (12).

We did not use CT images when delineating‘the GTV in order
to evaluate the impact of the difference between the two PET
scanners on radiotherapy treatment planning. The present study
has shown that the absolute GTV volumes on the PETygwBR
system are significantly smaller than those on the PETconyWB
system and that the smaller size of the GTV on PETngwBR is not
likely due to the time of examination. There are several potential
reasons why the GTV is smaller for the new brain PET system
using semiconductor detectors. One main reason is the difference
between the spatial resolution levels of the two PET systems.
Higher spatial resolution yielded shaper edge of the tumor,
without doubt (7). Additional possible reasons were lower scatter
fraction and higher contrast of the PETygwBR system (8—11).
Further study is needed to determine how much geometry of the
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Table 3 Max1mum and mean doses to PTV.
Mammum dose to: PTV (cGy) , o Mean dose to PI‘V (cGy) ,
‘ Patieht : PLANNEW i i PLANCONV PLANNEW PLANCONV
1 23716 2422 o 2,150 ) 2,179
2 2,285 2329 . 2,139 2,157
3 2261 2,310 , 2121 2,148
4 02398 2462 ' 2,182 . 2,190
5 L2205 e 22540 2130 2,116
6 2,286 o 2312 , 2125 , 2,140
7 2,432 ‘ 2442 , C2218 £ 2,215
8 2,265 2,227 - 2,133 . 2,118
9 2,208 2216 : 2,112 : 2,118
10 2,337 2335 ' 2,165 . 2,158
11 2,329 e 2,326 i i e LI L 2,171
12 EL L e 2248 s e 2,301 2,136 2,147
Average + SD 2308467 2328 +79 2,150 +32 2155 + 31
pvalues 00585 o £ 02748 ' '

Abbrevzatwns PLANCONV = radlotherapy treatment plan based on GTVCQNV, PLANNEW = radxotherapy treatment plan based on GTVNEW, PTV =

planmng target volume, SD = standard devxatlon

detectors, energy resolution of the semiconductor detector,
reconstruction algorithm, and other mechanical factors were
quantitatively influential on the size of GTV.

In the simulation of radiotherapy treatment planning, this target
volume reduction resulted in a decrease in the radiation dose to
organs at risk such as CC and the BS. Although we did not compare
‘pathologic specimens to the target volumes on PET images, and it is
unclear whether the PETyezwBR-based GTV accurately reflected
the true tumor volume, we consider the reduction of absolute GTV
volumes to be due primarily to the tumor edge on the PETngwBR
image being more clearly defined. However, this reduction of GTV
volumes might be smaller if CT images were used with both PET
images for the delineation of GTV.

We adopted a method of visually interpreting the delineation of
GTV. This method is commonly used (13—17) but is influenced by
the display windowing and is dependent on operators. Therefore,

several objective methods for contouring PET images have been
developed, including isocontouring based on a fixed threshold of
a standardized uptake value (1, 17—20), a fixed threshold of 40%
to 50% of the maximum activity (3, 17, 20—22), and a threshold
adapted to the signal-to-background ratios (2, 12, 17). However,
the appropriate standardized technique for the segmentation of
PET images is still under investigation in the head and neck
regions (4—6, 23—26). It is probable that the lack of a standard-
ized method for segmentation is due in part to the intrinsically low
quality of PET images. As such, PETygwBR images could lead to
a new standardized segmentation method, and we consider it
necessary to evaluate the interobserver variability of the target
delineation and to compare objective segmentation methods for
the PETngwBR images.

Another limitation is that we did not compare our new brain
PET results with those from a state-of-the-art brain PET system

Table 4 = Ma i

Abbrevtatwns PLANCONV'
fstanda.rd deviation.
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Fig. 1. (a)Brain semicdndﬁét or PET image and (b) whole-body BGO scintillator PET image from patient no. 5, with a T3N2MO NPC are
shown. On the brain semiconductor PET image, the boundary of tumor uptake is more clearly identified. (c) Radiotherapy treatment plan
based on GTVnew (PLANNEw) and (d) radiotherapy treatment plan based on GTVcony (PLANcony) from the same patient are shown.
Blue, aqua, and orange lines show 2,000, 1,600, and 1,000 cGy isodose lines, respectively. The red line indicates PTVngw, While the green

line indicates PTVcony:

such as Siemens HRRT, but just compared them with output from
a relatively old, whole-body camera, the Siemens HR+ system
with a standard ordered subset expectation maximization (OSEM)
reconstruction method. We would like to stress the advantages of
the new brain PET camera with higher resolution and less scatter
noise which may better facilitate delineation of tumor for radiation
therapy than the conventional whole-body BGO PET camera.
However, the HR+ system provides relatively high-resolution
PET images with the current reconstruction algorithm. We are
now planning to develop a next prototype PET camera with wide
aperture and high sensitivity. We consider it necessary to compare
a state-of-the-art lutetium oxyorthosilicate (LSO) PET scanner
with our new PET in the future.

We previously reported that the PETngwBR scanner has the
potential to provide better identification of intratumoral inhomo-
geneity (7). It is likely that IMRT can accurately deliver a higher

dose to the lesion with higher intratumoral uptake on the new
brain PET system using semiconductor detectors. In addition to
['®F]FDG labeling, there are various tracers related to tumor cell
hypoxia, proliferation, or metabolism (4, 26). If the PETngwBR
imaging system and these tracers are incorporated into IMRT
planning, functional and molecular target radiotherapy will
become practicable.

Conclusions

Our results suggest that compared to the conventional whole-body
BGO PET system, the new brain PET system using semi-
conductor detectors can provide better identification of tumor
boundaries and more accurate tumor delineation; as such, it may
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Fig. 2. DVHs of PLANNgw (solid line) and PLANconv (dotted
line) are as shown in Fig.1 for (a) brain stem and (b) cerebrum and
cerebellum.

be an important tool for functional and molecular radiotherapy
treatment planning.
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Respiratory motion considerably influences dose distribution, and
thus clinical outcomes in radiotherapy for lung cancer. Breath
holding, breath coaching, respiratory gating with external surro-
gates, and mathematical predicting models all have inevitable
uncertainty due to the unpredictable variations of internal tumor
motion. The amplitude of the same tumor can vary with standard
deviations >5 mm occurring in 23% of T1-2NOMO non-small cell
lung cancers. Residual motion varied 1-6 mm (95th percentile) for
the 40% duty cycle of respiratory gating with external surrogates.
The 4-D computed tomography is vuinerable to problems relating
to the external surrogates. Real-time 4-D radiotherapy (4DRT),
where the temporal changes in anatomy during the delivery of
radiotherapy are explicitly considered in real time, is emerging as
a new method to reduce these known sources of uncertainty. Fluo-
roscopic, real-time tumor-tracking technology using internal fidu-
cial markers near the tumor has +2 mm accuracy, and has achieved
promising clinical results when used with X-ray therapy. Instanta-
neous irradiation based on real-time verification of internal fidu-
cial markers is considered the minimal requisite for real-time 4DRT
of lung cancers at present. Real-time tracking radiotherapy using
gamma rays from positron emitters in tumors is in the preclinical
research stage, but has been successful in experiments in small ani-
mals. Real-time tumor tracking via spot-scanning proton beam
therapy has the capability to cure large lung cancers in motion,
and is expected to be the next-generation real-time 4DRT. (Cancer
Sci 2012; 103: 1-6)

A utomatic collimation of radiation beams in real space with
the aid of computer simulation in virtual space has enabled
physicians to create complex dose distributions in real space and
crystallized as 3-D conformal radiotherapy and intensity-modu-
lated radiotherapy.(l) Consequently, the need for precise registra-
tion of virtual space to real space in daily treatment has become
critically important. For the precise registration of static virtual
space to real space, stereotactic body radiotherapy (SBRT),
using a rigid external fixation device on the body, and image-
guided radiotherapy, using online imaging of internal structures,
have been established.* Real-time tumor-tracking radiother-
apy (RTRT) was developed in 1999 to amplify the precision of
irradiation of moving lung tumors.”” We are now entering a
real-time 4-D radiotherapy (4DRT) era, where the temporal
changes in anatomy during the delivery of radiotherapy are
explicitly considered in real time by the precise registration of
dynamic virtual space to dynamic real space, for the purpose of
achieving the optimal dose distribution in dynamic real space.

Stereotactic body radiotherapy

The peripheral lung parenchyma consists of many independent
functional subunits. Radiation-induced pneumonitis (RP) can be
avoided if we concentrate the radiation dose to the small
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volume, while keeping the mean lung dose (MLD) lower than
its tolerance level. Using thin-slice computed tomography (CT)
for planning, and a sufficient margin for the organ motion, with
the aid of a body frame or imaging devices, the interfractional
setup error can be 5 mm or less in SBRT of lung cancer.5~%
Clinical studies have shown that SBRT alone can cure TINOMO
non-small cell lung cancers, with little adverse reaction.®~" For
65 TINOMO tumors, the local control rate at 5 years was 92%,
and the RP (=grade III) rate was 1%, with a median follow-up
period of 55 months.®® The 5-year overall survival rate for
Stage IA was 72%. Correcting the effect of dose per fraction,
the biologically-effective dose (BED) to the tumor was 116 Gy
(range: 100-141 Gy).

Considering that conventional fractionated radiotherapy
(CFRT) can deliver a BED of only 72-80 Gy (60-66 Gy using
2 Gy/fraction) to the tumor, SBRT has been successful at deliv-
ering a much higher tumor dose, by taking advantage of the
structure of the peripheral lung parenchyma. However, tumors
having large organ motion, large volume, or are located near the
trachea, main bronchus, and main vascular trunk, are not suit-
able for high-dose SBRT."%!" The risk of RP has recently been
shown to increase with MLD, with a normalized total dose
corrected using o/P ratio of 3 Gy"'?. The relationshi{) of RP
with single nucleotide polymorphisms is also suggested. 13

Internal motion of lung cancer

In accordance with the clinical success of SBRT for lung can-
cers, the control of respiratory motion is emerging as important
for reducing the unnecessary irradiation of normal tissue. Treat-
ment planning of lung cancer using CT images is subject to indi-
vidual differences in respiratory motion."* The concept of
4DRT, where the temporal changes in anatomy are explicitly
considered during the imaging, planning, and delivery of radio-
therapy, was introduced in 2000."% Since then, fiducial gold
markers have emerged as the most reliable means of trackin
the motion of lung cancer in real time during radiotherapy.'®*
The concept of 4DRT has been improved further and integrated
into other systems.(ls"zo)

Since 3-D coordinates of the gold markers are recorded every
0.033 s using an RTRT system, the marker motion can be
regarded as a surrogate of tumor motion, as long as the marker
does not migrate. In general, the amplitude of the lung tumor
motion is the largest in the craniocaudal direction, followed by
the anteroposterior direction, and finally the right-left direction,
and it is larger in the lower and outer lung fields, althou%h this
pattern can change considerably in diseased lungs.?*? The
average amplitudes were larger than 10 mm in approximately
33% of lung cancers.?® The amplitude and speed can vary
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considerably among treatment days for the same patient; the SD
of the absolute amplitude was larger than 5 mm in 23% of lung
cancer cases. Tumor position in the exhalation phase was shown
to be more stable than that in the inhalation phase, so that tumor
position upon exhalation was suggested to be more appropriate
as the baseline for gated radiotherapy. However, the tumor posi-
tion, even at the exhale phase, often shifts more than 2 mm dur-
ing treatment. On average, four readjustments of the table
position were necessary during each treatment session (30—
40 mmg due to baseline shifts of the tumor position of more than
2 mm.®® Furthermore, there is a ‘‘hysteresis”’; the trajectory of
the marker during inhalation is often different than that at exha-
lation, so we need to monitor the hysteresis in gating and scan-
ning of the beam for moving tumors."® Therefore, among the
treatment techniques in which a narrow therapeutic beam is
moved or scanned along the predicted trajectory of the tumor,
there can be serious discrepancy between the planning and
motion of the beam. The probability density of the trajectory of
the marker detected before radiotherapy is expected to be useful
for treatment planning of real-time 4DRT (Fig. 1). A dynamic
internal margin based on the probablhtg density is expected to
improve the efficiency of beam usage.

External surrogates

Instead of implantation of internal fiducial markers, external sur-
rogates are expected to be useful for respiratory gating. The
combination of external surrogates and internal observation with
simple prediction models was suggested to reduce the residual
motion of the tumor in a simulation study.®> However, a lack
of correlation between external signals and internal tumor posi-
tions durln% breathing and breath-hold periods have been
reported.®®=® The residual motion varied between 0.9 and
6.2 mm (95th percentile) for 40% duty-cycle windows, and
large fluctuations (>300%) were seen in the residual motion
between some beams in respiration gating with an external sur-

external surrogates, the baseline shxft of tumor position was the
major source of targeting error. (9 The absolute change in mean
tumor position from the first 10-min block to the third 10-min
block was >5 mm in 13% of 55 treatment fractions in lung
cancer treatment.*

4-D CT (4DCT) with a respiration-gating system using exter-
nal surrogates has been reported to be effective m reducing
uncertainty in treatment planning for lung tumors. 2 However,
the 4DCT images are all vulnerable to problems relating to the
lack of correlation between external surrogates and internal
tumor positions during breathing.

Breath coaching and holding

Audiovisual biofeedback is often used to help individuals main-
tain a regular breathing rhythm or to hold their breath during
treatment. However, the effectiveness of visual coaching
for tumor localization is still debatable, given variations in
observers len%ths of observation times, and different research
methods.® ) Neicu et al.®” pointed out that biofeedback is
not useful coaching for patients with medical or respiratory diffi-
culty, while in fact, those patients actually need to be coached
more than anyone else. The registration between virtual dynamic
space in CT plan and real dynamic space in actual treatment has
uncertainty, because CT is studied in a limited time period
(<5 min) compared to the treatment delivery (10—40 min). Dif-
ferences in tumor positions exceeding 5 mm between coached
and uncoached 4DCT scans were detected in up to 56% of
mobile tumors."””” It is still uncertain whether breath coaching is
reliable enough to reduce the internal residual motion of the
tumor during the beam-on period.

Prediction of organ motion

The prediction of internal motion is expected to be useful for
4DRT to reduce intrafractional error, but it is not so simple. The

rogate.( When tumor position was predicted based on the instantaneous maximum speed of lung cancer can be more than
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Fig. 1. Variation of trajectory and density distribution of tumor position. (a) Plots of three data sets (data 1-3) of the trajectory of the same

fiducial marker along the xy, yz, and zx coordinates in the same treatment session showed a variety of trajectories. (b) Probability density
distribution of the trajectory of the same fiducial marker made from data 1. It shows that the probability density of data 1 was in fact similar to

the trajectory map of data 3.
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33 mm/s in 29% of patients, and variable in the same patient.(23)
The latency period can be <100 ms in electronic gating, but
might be longer in mechanical tracking systems, such as robotics
and multileaf collimators.“>*" The respiratory patterns are not
simple sine curves, and can be categorized into several types:
regular breathing, frequency changes, baseline shifts, amplitude
changes, cardiac motion, or combination patterns.“*? In terms of
overall error in predicting respiratory motion, the adaptive filter
model-based Igrediction algorithm performs better than the sinu-
soidal model.“*® Linear filtering, Kalman filtering, neural net-
works, local regression, autoregressive-moving average model
and others have been reported to reduce error in prediction.(“"lss
These models are usable for a regular breathing pattern, but are
not yet clinically reliable enough for other respiratory patterns.

Real-time tumor-tracking radiotherapy

Real-time tumor-tracking radiotherapy consists of two parts: (i)
real-time monitoring of tumor position using tracking technology
in computer science; and (ii) instantaneous irradiation technol-
ogy. There have been two instantaneous irradiation methods: (i)
pursuing irradiation, where the therapeutic beam changes its
direction during treatment; and (ii) interrupting irradiation, where
the therapeutic beam does not change its direction.“” By defini-
tion, pursuing irradiation without real-time monitoring, but with
some prediction models, is not included in RTRT. The prototype
RTRT system used the interrupting irradiation method. The sys-
tem recognizes the 3-D coordinates of a gold marker (1.5 mm) in
or around the tumor 30 times/s using the two fluoroscopic X-ray
systems. The linear accelerator is gated to irradiate the tumor
only when the marker is within +1-2 mm from its planned coor-
dinates relative to the isocenter. The geometric accuracy of the
system is not deteriorated by the unpredictable respiratory motion
up to a speed of 40 mm/s. Debates regarding the uncertainty of
the migration of markers have been clarified by the clinical stud-
ies of RTRT with strict quality control, which showed excellent
results for lung cancers, liver cancers, and others.**~> Real-time
tumor monitoring without fiducial markers for peripheral radio-
dense tumors is appealing, but is still unreliable for the majority
of patients.”””’ At present, instantaneous irradiation based on real-
time verification of internal fiducial markers is appreciated as the
minimal requisite for real-time 4DRT of lung cancers.

Molecular tracking radiotherapy

Positron emission tomography can improve the precision of
determinations of the extent of lung cancer, and positron emis-
sion markers have been proposed as fiducial markers, instead of

(b) LLC {lung carcinoma)

metallic markers, in RTRT.®3-%® Ppositron-sensitive detectors
are used to record coincident annihilation gamma rays from
fiducial positron emission markers implanted in or around the
tumor. Cancers in small animals have been cured using a posi-
tron emitter as the surrogate of tumor motion (Fig. 2).°" A par-
allel-plane PET system has been developed to be attached to a
linear accelerator for molecular-base patient setup verifica-
tion.®” If we can detect the real-time distribution of hypoxic
cells during radiotherapy using the parallel-plane PET system, a
real-time boost of the dose to the radio-resistant cancer cells will
be realized, even when temporal change in the hypoxic region in
the tumor is apparent.®®

Real-time tumor-tracking, spot-scanning proton beam
therapy

Proton beam therapy (PBT) has physical advantages over X-ray
thera[()gf, especially for large cancers, because of the Bragg
peak.®%® The clinical outcome of lung cancers is expected to
be improved with PBT.©®*® Although debates exist about the
requirement of randomized, clinical trials to confirm the benefit
of expensive PBT systems, PBT technology is improving rap-
idly, and hospital-based PBT systems are now increasing in
number (Fig. 3).°%® Active spot-scanning PBT is known as a
new-generation PBT, whose advantages include a large field
size (maximum 30 X 40 cm), little contamination by neutrons
(lower carcinogenesis), flexibility in the number of beams (bet-
ter dose distribution), and the capability for intensity-modulated
PBT.®7 The size of the machine and building can be
reduced, and the total cost-effectiveness improved if the PBT
machine is dedicated to active spot scanning.

Large cancers in moving organs, such as T3N1MO non-small
cell lung cancers and large hepatocellular carcinomas, are prob-
lems than can be overcome by the new-generation PBT.®
Real-time tumor-tracking, spot-scanning PBT, that is, real-time
4-D PBT, might be a solution.

Carbon beam therapy, which has a Bragg peak as a proton
beam and sharper lateral dose distribution than a proton beam,
achieved an excellent local control rate for rare malignant
tumors resistant to CFRT.7* However, the advantage of carbon
beam therapy compared to PBT has yet to be determined for
many cancers. Its distinct characteristics of a sharp lateral pen-
umbra might be more useful for spot-scanning technology.”>

The risk of second malignancies after radiotherapy strongly
depends on the organ, age of the patient, dose, and the character-
istics of the beam.'’® Novel risk-visualization methods are
needed to facilitate routine risk-adapted, personalized clinical
decision-making.
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Fig. 2. Molecular tracking radiotherapy: (a) Tumor in a mouse in a moving state, which moves 15 mm/s, with an amplitude of 2 cm, was
irradiated by 1.5-cm electron beam only when a radioisotope (**Na source) near the tumor came into the gating window. Two sets of positron
emission detectors were used. Seven days after tumor inoculation, the tumor at the right thigh was given 20 Gy. (b,c) Nine days after tumor
inoculation, the irradiated tumor at the right thigh was controlled, but the unirradiated tumor at the left thigh had enlarged rapidly.
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Fig. 3. Distribution of proton beam therapy centers in the world, and the number of centers, excluding those only for ocular melanoma

treatment, in the USA, Europe, and Asia.

Conclusions and future remarks

The control of organ motion is emerging as a crucial objective
in reducing unnecessary irradiation to normal tissue. External
surrogates, breath coaching, and prediction models all require
attention because of their lack of reliability in accurately localiz-
ing internal lung cancer lesions. Instantaneous irradiation based
on real-time verification of internal fiducial markers is appreci-
ated as the minimal requisite for real-time 4DRT of lung cancers
at present. Molecular imaging for tumor tracking is a key area
for investigation in the next decade. Real-time tumor-tracking,
spot-scanning PBT is expected to open the door to the next stage
of curing large tumors in moving organs.
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USE OF IMPLANTED MARKERS AND INTERPORTAL ADJUSTMENT WITH
REAL-TIME TRACKING RADIOTHERAPY SYSTEM TO REDUCE INTRAFRACTION
PROSTATE MOTION
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Purpose: Interportal adjustment was applied to patients with prostate cancer using three fiducial markers and two
sets of fluoroscopy in a real-time tumor-tracking radiotherapy (RTRT) system. The incidence of table position
adjustment required to keep intrafractional uncertainty within 2.0 mm was investigated in this study.

Methods and Materials: The coordinates of the center of gravity of the three fiducial markers were measured at the
start of every portal irradiation in intensity-modulated radiotherapy (IMRT) with seven ports. The table position
was adjusted to the planned position if the discrepancy was larger than 2.0 mm in the anterior—posterior (AP),
cranial-caudal (CC), or left-right (LR) directions. In total, we analyzed 4,541 observations in 20 patients who
received 70 Gy in 30 fractions (7.6 times a day on average).

Results: The incidence of table position adjustment at 10 minutes from the initial setup of each treatment was
14.2%, 12.3%, and 5.0% of the observations in the AP, CC, and LR directions, respectively. The accumulated in-
cidence of the table position adjustment was significantly higher at 10 minutes than at 2 minutes for AP (p = 0.0033)
and CC (p = 0.0110) but not LR (p = 0.4296). An adjustment greater than 5 mm was required at least once in the
treatment period in 11 (55%) patients.

Conclusions: Interportal adjustment of table position was required in more than 10 % of portal irradiations during

the 10-minute period after initial setup to maintain treatment accuracy within 2.0 mm. © 2011 Elsevier Inc.

Radiotherapy, Prostate, Intrafraction organ motion, Image-guided radiotherapy.

INTRODUCTION

Personalized radiotherapy is required in the era of personal-
ized medicine. Organ motion can be an important patient-
specific prognostic factor to improve the therapeutic ratio
of radiotherapy. Image-guided radiotherapy (IGRT) is ex-
pected to reduce the uncertainty of the localization (1, 2).
Frequent displacement of the prostate to the pelvic bony
structure has been reported as a problem in the setup of external
radiotherapy of prostate cancer for more than 15 years (3, 4).
The usefulness of fiducial markers such as radiopaque
materials or electromagnetic devices for the assessment of
interfraction prostate displacement has also been well
established (5-8). Precise repositioning using an IGRT
technique with prostate markers has shown to be useful for
reducing the margin of the planning target volume (PTV) (5—
8). The intrafraction error due to prostate motion was reported
to be negligible compared to the interfraction setup error (9).

Recently, however, the intrafraction motion of the prostate
gland has emerged as an important limiting factor when con-
sidering margins for intensity-modulated radiotherapy
(IMRT), which often requires a treatment time longer than
that of conventional treatment. Langen et al. found that for in-
dividual patients, the maximal value of displacements >3 mm
at 5 and 10 minutes after initial positioning were 43% and
75%, respectively (10). Litzenberg et al. reported that for
a skin-based setup with the inclusion of an intrafraction mo-
tion, prostate treatments required average margins of 10.2,
12.5, and 8.2 mm in the anterior—posterior (AP), cranial-cau-
dal (CC), and left-right (LR) directions, respectively (11).
They suggested that positioning by prostate electromagnetic
markers at the start of the treatment fraction reduced these
values to 1.8, 5.8, and 7.1 mm, respectively. Most strikingly,
they suggested that interportal adjustment would further re-
duce margins to an average of 1.4, 2.3, and 1.8 mm. (11).
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This large difference in the required margin is due to the ca-
pability of detection time interval to adjust for intrafraction
prostate motion. Kron et al. evaluated 184 patients who had
two orthogonal x-rays with 3 to 30 min between preimaging
and postimaging using an on-board kV imaging system for in-
trafraction prostate displacement (12). They found that the
mean three-dimensional (3D) vector shift between images
was 1.7 mm (range, 0-25 mm). There was a large variation
in typical shifts between patients (range, 1 £ 1 to 6 & 2
mm) with no apparent trends throughout the treatment course.
They concluded that given the variation between patients,
a uniform set of margins for all patients might not be satisfac-
tory when high target doses are to be delivered.

To reduce the intrafraction displacement of the prostate
gland during delivery of radiotherapy, we have been using im-
planted fiducial markers and areal-time tumor-tracking radio-
therapy (RTRT) system in IMRT for prostate cancer for 10
years. We have adopted interportal adjustment of the patient
table position during IMRT (13). The preliminary clinical re-
sults were encouraging (14). In this study, the incidence of ta-
ble position adjustment required to keep the intrafractional
uncertainty within 2.0 mm was investigated. The appropriate-
ness of our approach of keeping the target correctly located
below the threshold of displacement using interportal adjust-
ment of the table position will be also discussed.

METHODS AND MATERIALS

In our treatment protocol for prostate cancer, three gold markers
2.0 mm in diameter were inserted into the prostate gland before
computed tomography (CT) for treatment planning. The gold
markers were inserted into the clinical target volume (CTV) of
the prostate gland, one at the apex of the prostate and two others
at the left and right of the base of the gland. Computed tomography
of the small pelvis was taken with a 1.0-mm slice thickness and 1.0-
mm interval with the patient in the supine position on a flat carbon
table. Pinnacle3 (Hitachi Medical Co., Tokyo) was used as the 3D
radiation treatment planning system (3DRTP). The contours of the
prostate gland were defined as the CTV, and the positions of the
three fiducial markers were determined on 3DRTP using CT im-
ages. The coordinates of the CTV and the three fiducial markers
were determined using the 3DRTP. The PTV was determined by
a 3D expansion of the CTV with the addition of a 3-mm margin.
Then, 70 Gy at a D95 of PTV was delivered with step-and-shoot
IMRT in 30 fractions in 30 sessions. Seven ports were used in
IMRT, and all seven ports were used in each daily treatment.

The RTRT system consists of a conventional 6-MV or 10-MV
linear accelerator, two diagnostic x-ray fluoroscopic systems in
the linear accelerator room, image processing units, and an image
display unit (originally Mitsubishi; changed to Varian Medical
Japan Co., Tokyo) (5, 13).

The actual position of the markers can be visualized during irra-
diation. The marker position is transferred from 3DRTP and super-
imposed on the fluoroscopic image on the display unit of the RTRT
system. Details of the calculation of the parallel and rotational setup
error have already been reported (15). In short, the position of the
patient can be corrected by adjusting the patient table position by
a remote control bar on the treatment console. When the displace-
ment of the center of gravity of the three markers (DCG) exceeds
the threshold, the operator can correct the patient table position
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using the remote control unit. The threshold used in this study
was 2.0 mm in each direction—AP, CC, and LR—thus, if the dis-
placement exceeded 2.0 mm in any direction, the table position
was corrected so that the center of gravity of the three markers
would be within 0.1 mm of its planned position. Therefore, the
length (in millimeters) of the patient table adjustment is equal to
the DCG in the body. The table position can be changed in the
lateral, vertical, and longitudinal directions within an accuracy of
+0.1 mm of the specifications. In our previous study on the
RTRT data of 123 setups of 5 patients, the random rotational error
around the x, y, and z axes in the manual setup was 3.0, 5.1, and 5.0
degrees, respectively. The systematic rotational error around the x,
y, and z axes in the manual setup calculated from the 5 patients’ data
was 3.0, 2.4, and 4.9, respectively (16). On the basis of these data,
we calculated the rotational setup error around each axis but
intentionally did not correct them in this study.

The RTRT system has several options for the frequency of obser-
vation. Our system has the option to gate/stop the treatment if the dis-
crepancy from the previous image is over 2 mm, but we would need to
expose a diagnostic x-ray every 0.033 to 0.1 second for this purpose.
We decided that it would not be proper to continuously generate di-
agnostic x-rays during treatment for slow prostate motion. Therefore,
we used another option, that of consulting a single exposure at the
start of every treatment beam portal and intermittently during the
beam delivery. The 3D coordinates of the three gold markers were
measured with the RTRT system, and the table position was corrected
if the DCG was greater than 2.0 mm. For patients in whom displace-
ment was frequently observed, the coordinates of the three markers
were measured two times or more during the delivery of one portal
irradiation. The position of the patient table was continuously
corrected so as not to diverge from the planned position. The time re-
quired from the detection to the adjustment of the displacement was
usually less than 1 minute. Thus, the interval between exposures
ranged from about 1 minute to 3 minutes.

The length of the table position adjustment after the initial setup
during the treatment was stored in the data server of the RTRT
system. Using the datasets in the server, we could analyze the
incidence and magnitude of the interportal requirement of patient
table position adjustment after the initial setup during daily treat-
ment. The incidence should be consistent with the incidence of
DCG exceeding the threshold of 2.0 mm during the irradiation
for each port.

In this study, datasets of 20 patients consecutively treated
between 2004 and 2008 were used to reveal the requirement of
interportal patient table position adjustment after the initial setup
during daily treatment to keep the accuracy within 2.0 mm. The pa-
tient ages ranged from 55 to 76 years, with a median age of 70
years. There were 12, 4, and 4 patients with TINOMO, T2NOMO,
and T3NOMO disease, respectively. There was no specific regimen
for bladder and rectal filling, but patients were instructed to void
about 1 hour before the time of daily treatment. The study was ap-
proved by the institutional ethical committee, and written informed
consent was obtained from all patients before the insertion of the
markers.

Statistical analysis was done with JMP 8.0.1(SAS Institute, Cary,
NC, USA). Statistical significance was tested by the chi-square test.
Analysis was performed after treatment for all patients.

RESULTS

Each patient was treated with 30 sessions, so that datasets
of 600 sessions were obtained in total (30 sessions times 20
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Fig. 1. Displacement of the center of gravity of the three gold markers according to time after initial setup at the start of
each treatment day in 20 patients. The x axis shows the time in minutes from the initial setup, and the y axis represents the
amount of the displacement in mm for each treatment day. Displacements in the anterior—posterior, Cranial-caudal, and

left-right directions are plotted on the same scale.

patients). Datasets of 45 sessions were excluded because of
insufficient records or prolonged treatment time caused by
the general condition of the patients. Consequently, datasets
of 555 sessions were used for the analysis. As a result, 4,541
observation points were obtained from the 20 patients. The
average number of observations per patient was 227.1, and
that per session was 7.6.

Figure 1 shows the displacement of the center of gravity of
the three gold markers according to the time after the initial
setup at the start of each treatment day. The x axis shows the
time in minutes from the initial setup, and the y axis repre-
sents the displacement in millimeters for each treatment
day. Displacements in the AP, CC, and LR directions are
plotted on the same graph at the same scale. The displace-
ment was sporadically but definitely larger than 2.0 mm
during the course of IMRT.

The total incidences of patient table position adjustment
after the initial setup during treatment were 465 times in
total for 30 sessions in the 20 patients. For 1 patient, the
median incidence was 19 times, ranging from six times to
68. The incidences of patient table position adjustment after
the initial setup during treatment are shown in Fig. 2. The
results show that the incidence of required interportal table
position adjustment was as low as 0.5% within the initial 2
minutes, but its accumulated incidence during daily irradia-
tion was not negligible. Details of the incidence of required
interportal table position adjustment with 95% confidence
intervals are shown in the table. The incidence of table posi-
tion adjustment was 14.2% in AP, 12.3% in CC, and 5.0% in
the LR direction, respectively, at 10 minutes from the initial
setup of each treatment. The accumulated incidence of table
position adjustment was significantly higher at 10 minutes
compared with the incidence at 2 minutes in the AP direction

(p =0.0033) and CC direction (p = 0.0110) butnot in the LR
direction (p = 0.4296).

Adjustment more than 5 mm was required at least once in
10 minutes in 7 (35%) patients and at some point in the treat-
ment period in 11 (55%) patients of the 20 patients entered in
this study. If each patient had some characteristics of prostate
motion, we might be able to predict the need for interportal
adjustment of the table position. We applied the following
criteria arbitrarily to stratify the patients into three categories
in this study. If displacement exceeded 5 mm within 10 min-
utes at least once, the patient was classified into the “large
motion” type. Patients who experienced displacement over
5 mm after 10 minutes but not in the initial 10 minutes
were classified as the “increasing” type. If displacement
over 5 mm did not occur even after 10 minutes, the patient
was classified as the “steady” type (Fig. 3). Applying these
criteria, there were 7, 4, and 9 patients, respectively, in the
groups of “large motion,” “increasing,” and “steady” type
in our series. For each patient, we investigated whether the
grouping from the first five fractions placed that patient
into the same group as the total 30 fractions. Five of 7 patients
with “large motion,” 2 of 4 patients with “increasing,” and
20 of 9 patients with “steady” type were classified in the
same category using the initial five fractions.

DISCUSSION

Recent studies have shown that ultrasound-based systems,
in-room CT, in-room kV fluoroscopy, and cone-beam com-
puted tomography are useful in reducing the setup error
for a majority of radiation patients (17-20). Our method
using fiducial markers and two sets of fluoroscopy was
also shown to be useful to reduce setup error compared
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Fig. 2. Incidences of patient table position adjustment after initial setup during the treatment. The length of the table po-
sition adjustment was stratified in 2-mm intervals. The incidence of adjustment was stratified in 2-minute intervals after
the initial setup. The figure shows the cumulative incidence of displacement at 2, 4, 6, 8, and 10 minutes, and thereafter.

with the skin-based setting (5, 13, 15). In this study, we
focused on intrafraction displacement according to
treatment time, from the beginning of each treatment
session after the daily setup procedure was finished.

The importance of sporadic intrafraction prostate motion
has been reported in recent years. Kotte et al. analyzed the
portal images of 427 patients with Stage T3NxMXx prostate
carcinoma who received IMRT combined with position ver-
ification with fiducial markers with the irradiation time of 5
to 7 minutes (21). In 66% of the treatment fractions, a motion
outside the range of 2 mm was observed, with 28% outside
the range of 3 mm. They found that intrafraction motion
caused position uncertainty with systematic errors () to
<0.6 mm and random errors (¢) to <0.9 mm, and suggested
a lower limit of 2 mm for margins with online position cor-
rection at the start of irradiation. We also found that the intra-
fraction displacement was usually as small as 2 mm on
average during the initial 2 minutes. However, the displace-
ment became larger according to the elapsed treatment time
after the start of radiotherapy in our series. A similar trend
was observed in recent studies in which patients had treat-
ment times longer than 5 minutes (10, 22). Thus, among
patients expected to have radiotherapy lasting longer than
2 minutes, careful observation during the delivery of

‘radiotherapy with interportal adjustment may be useful for
a small but definite number of patients.

In this study, interportal adjustment of the patient table
combined with the use of three implanted markers and two
sets of fluoroscopy was shown to be effective in maintaining
the accuracy of the prostate position. The benefit of quick

estimation of prostate displacement using the RTRT system
was apparent, considering the minimal elongation of the
treatment time. Similar midsession adjustment of table posi-
tion has been reported using a robotic linear accelerator for
hypofractionated radiotherapy of the prostate, which often
requires 50 to 70 minutes for one treatment session (23).
Those authors found that when sporadic prostate movements
greater than 5 mm were present in any one direction, signif-
icant changes in the dose—volume histogram could be de-
tected. Compared with their stereotactic hypofractionated
radiotherapy, our protocol has a shorter daily treatment
time. However, step-and-shoot IMRT often requires 10 min-
utes, which is still long enough for an intrafraction prostate
motion larger than 5 mm to occur.

Litzenberg et al. have estimated that midsession adjust-
ment would reduce margins to an average of 1.4, 2.3, and
1.8 mm (11). Their results are consistent with the study by
Nederveen et al. suggesting that a 1- to 2-mm margin is suf-
ficient for intrafraction displacement providing that position
verification is performed at time intervals of 2 to 3 min (7).
We confirmed that the margin for prostate motion can be sig-
nificantly reduced by our interportal adjustment technique.
The margin for internal organ motion was kept at 2 mm
for each direction in our protocol.

It is still not certain whether we should use real-time track-
ing of the prostate markers during the delivery of
radiotherapy as RTRT for lung cancers (24) and permit irra-
diation only when the fiducial markers are within the gating
window. Litzenberg et al. suggested that 2 of their 11 patients
would have benefited from continuous target tracking and
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Table. Means and 95% confidence intervals of the distribution of incidence of prostate displacement

Vertical Anterior ~2mm ~4mm ~6mm ~8 mm

~10 mm Posterior ~2 mm

~4dmm ~6mm ~8§mm ~10mm

<2min  0.0% 0.0% 0.0% 0.0% 0.0%

0.0-0.7 0.0-0.7 0.0-0.7 0.0-0.7 0.0-0.7

<4 min L 0.4% 0.0% 0.0% 0.0%
0.1-1.3 0.0-0.7 0.0-0.7 0.0-0.7

<6 min 0.5% 0.0% 0.0% 0.0%
0.2-1.6 0.0-0.7 0.0-0.7 0.0-0.7

<8 min = 0.0% 0.0% 0.0%
6 0.0-0.7 0.0-07 0.0-0.7

<10 min 16% 0.0% 0.0% 0.0%

0.9-3.1
10 min A%,

0.0-0.7 0.0-0.7 0.0-0.7
0.4% 0.4% 0.2%
0.1-1.3 0.1-1.3 0.0-1.0

<2min  0.5% 0.0% 0.0% 0.0% 0.0%
02-1.6 0.0-0.7 0.0-0.7 0.0-0.7 0.0-0.7
0.0% 0.0% 0.0% 0.0%
0.0-0.7 0.0-0.7 0.0-0.7 0.0-0.7
0.4% 0.0% 0.0% 0.0%
0.1-1.3 0.0-0.7 0.0-0.7 0.0-0.7
0.0% 0.0% 0.0%
0.0-0.7 0.0-0.7 0.0-0.7
0.0% 0.0% 0.0%
0.0-0.7 0.0-0.7 0.0-0.7
0.2% 0.2% 0.0%
0.0-1.0 0.0-1.0 0.0-0.7

<4 min

<6 min
1.9-4.9

<8 min

<10 min

>10 min

10.4-16.0 2.

Longitudinal Cranial ~6mm ~8mm ~10mm Caudal ~2mm ~6mm ~8§mm ~10mm
<2 min 0.2% 0.2% 0.0% <2min  0.4% 0.2% 0.2% 0.0%
0.0-1.0 0.0-1.0 0.0-0.7 0.1-1.3 0.0-1.0 0.0-1.0 0.0-0.7
<4 min 0.2% 0.2% 0.0% <4 min | 0.5% 0.5% 0.2%
0.0-1.0 0.0-1.0 0.0-0.7 .6 0.2-1.6 0.0-1.0
<6 min 02%  02% 0.0% <6 min 09%  02%
0.0-1.0 0.0-1.0 0.0-07 0.3-1.8 0.0-1.0
<8 min 0.4% 0.4% 0.0% <8 min 0.2%
0.1-1.3 0.1-1.3 0.0-0.7 0.0-1.0
<10 min 0.4% 0.4% 0.2% <10 min 0.2%
0.0-0.7 0.0-0.7 0.0-0.7 0.0-1.0
>10 min 0.5% 0.5% 0.2% >10 min 3% 0.4%
02-1.6 0.2-1.6 0.0-1.0 0.6-2.6 0.1-1.3
Lateral Left ~6 mm ~8§mm ~10mm Right ~6 mm ~8§mm ~10 mm
<2 min 0.0% 0.0% 0.0% <2 min 0.0% 0.0%
0.0-0.7 0.0-0.7 0.0-0.7 0.0-0.7 0.0-0.7
<4 min 0.2% 0.2% 0.2% <4 min 0.0% 0.0%
0.0-1.0 0.0-1.0 0.0-1.0 0.0-0.7 0.0-0.7
<6 min 0.2% 0.2% 0.2% <6 min 0.0% 0.0%
0.0-1.0 0.0-1.0 0.0-1.0 0.0-0.7 0.0-0.7
<8 min 0.2% 0.2% 0.2% <8 min 0.0% 0.0%
0.0-1.0 0.0-1.0 0.0-1.0 0.0-0.7 0.0-0.7
<10 min 0.2% 0.2% 0.2% <10 min 0.0% 0.0%
0.0-1.0 0.0-1.0 0.0-1.0 0.0-0.7 0.0-0.7
>10 min 0.4% 0.4% 0.2% >10 min 0.0%  0.0%
0.1-1.3 0.1-1.3 0.0-1.0 0.0-0.7 0.0-0.7

Each cell is gray-coded according to probability: =0.5% = white; 0.5-5% = light gray; =5% = gray.

threshold-based intervention from their analysis of intrafrac-
tion organ motion (11). Nederveen et al. found marker dis-
placements as large as 9.5 mm in one fraction and
suggested the need for frequent verification in some patients
(7). We also observed several patients other than the 20
patients in this study for whom the prostate position was so
unstable that real-time tracking of the marker and gated irra-
diation was used. The amount of motion of the prostate is far
different than that from respiratory motion, probably because
of the motion of gas in the rectum. By contrast, a large pro-
portion of patients experienced not so large displacement
during their irradiation. Appropriate criteria are required to
use real-time tracking of the marker and threshold-based
intervention.

We identified at least three types of patients in terms of in-
ternal prostate motion. If we could predict which patients are
steady types, we would not require any online monitoring of
the prostate motion during delivery of their radiotherapy.
Likewise, if a patient could be preidentified as a large-
motion type, frequent monitoring or even real-time tracking
of the marker position could be used to reduce the risk of
adverse effects and local relapse. For patients in the
increasing-motion type, modest monitoring of the marker
would be appropriate. In our preliminary analysis in this
study, we found that we could detect patients with large mo-
tion with considerable probability from the observation of
the first five fractions. However, the distinction between
the increasing and steady types seemed to be difficult. These
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Fig. 3. Displacement of the center of gravity of the three markers in 3 patients who were stratified into “large motion,”

“increasing,” and “steady” types, respectively.

types were arbitrarily determined in this study, and the dis-
tinction requires further analysis.

The shortcomings of this study are as follows. First,
frequent observation of the markers using diagnostic fluoros-
copy increases the patients’ radiation exposure. However,
given that a couple of orthogonal x-ray static images are suf-
ficient to measure the displacement of the prostate gland in
the interportal adjustment, the total amount of exposure is
estimated to be negligible with seven-portal IMRT. Making
position corrections using the RTRT system, as with other
IGRT devices, can reduce the CTV-PTV margin, which
might otherwise exceed that actually required, and therefore
reduce the dose around the CTV (25).

Second, a treatment time of more than 10 minutes for
IMRT may be too long in the era of high-dose-rate external
radiotherapy. Our results may be regarded as data to support
the appropriateness of developing a high-dose-rate external

radiotherapy system with a short treatment time. Aznar
et al. reported that when the volumetric modulated arc ther-
apy was used to treat prostate cancer patients, it required
less than 2 minutes of beam-on time per treatment (26). In
our study, within 2 minutes after initial patient setup for daily
treatment, the movement of the prostate was limited. Thus,
a faster treatment is suitable for avoiding excursion or drifts
of the target when an intrafraction adjustment is not used. On
the other hand, spot scanning particle beam therapy and
intensity-modulated proton beam therapy are now becoming
available to reduce the low-dose large-area irradiation in
IMRT and neutron contamination in conventional proton
therapy. These new techmiques would require more than
several minutes with the expectation for higher accuracy in
patient positioning. Our results suggest that these high-tech
methods should match the requirement for interportal adjust-
ment of the treatment position to accomplish their goal.
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In conclusion, the displacement during 10 minutes was
significantly larger than the displacement during the ini-
tial 2 minutes. The probability of displacement of more
than 2.0 mm is under 0.5% in the initial 2 minutes in
the AP, CC, and LR directions, respectively. However,
without interportal adjustment of the patient table, intra-
fraction displacement may not be negligible in treatments
longer than 2 minutes. Interportal adjustment of table

position during the 10 minutes after initial setup was
required in more than 10% of portal irradiations to main-
tain treatment accuracy within 2.0 mm. The implantation
of three fiducial markers and interportal adjustment of the
patient table with the RTRT system was shown to be use-
ful in maintaining the intrafraction displacement within
the predetermined range of 2.0 mm for localized prostate
cancer.
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