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FEASIBILITY OF SYNCHRONIZATION OF REAL-TIME TUMOR-TRACKING
RADIOTHERAPY AND INTENSITY-MODULATED RADIOTHERAPY FROM
VIEWPOINT OF EXCESSIVE DOSE FROM FLUOROSCOPY

Hwokr SHrATO, M.D., PH.D., MasaTaka Orra, R.T., Katsunisa Fuirta, R.T,,
YOsHIHARU WATANABE, R.T., AND Kazuo Mrvasaka, M.D., Pu.D.

Department of Radiology, Hokkaido University Hospital, Sapporo, Japan

Purpose: Synchronization of the techniques in real-time tumor-tracking radiotherapy (RTRT) and intensity-
modulated RT (IMRT) is expected to be useful for the treatment of tnmors in motion. Our goal was to estimate
the feasibility of the syrchronization from the viewpoint of excessive dose resulting from the use of Ruorsscopy.
Methods and Materdals: Using an ionization chamber for diagnostic X-rays, we measured the air kerma rate,
surface dose with backscaiter, and dose distribution in depth in a solid phantom from a fluoroscopic RTRT
system. A nominal 50-120 kilovoltage peak (kVp) of X-ray energy and a nominal 1-4 ms of pulse width were
used in the measurements.

Results: The mean % SD air kerma rate from one fluoroscope was 238.8 + 0.54 mGy/h for a nominal pulse width
of 2.0 ms and nominal 100 kXVp of X-ray energy at the isocenter of the linear accelerator. The air kerna rate
increased steeply with the increase in the X-ray beam energy. The surface dose was 28 -980 mGy/h. The absorbed
dose at a 5.0-cm depth in the phantom was 37-58% of the peak dose. The estimated skin surface dose from one
fluoroscope in RTRT was 29-1182 mGy/h and was strongly dependent on the kilovoltage peak and pulse width
of the fluoroscope and slightly dependent on the distance between the skin and isocenter.

Conclusion: The skin surface dose and absorbed depth dose resulting from fluoroscopy during RTRT can be
significani it RTRT is synchronized with IMRT using a multileaf collimator. Precise estimation of the ahsorbed
dose from fluoroscopy during RT and approaches to reduce the amount of exposure are mandatory.
© 2004 Elsevier Inc,
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INTRODUCTION

Fluoroscopic detection of internal fiducial markers for precise
setup of patients has been shown to be useful for static radio-
therapy (RT) (1-5) and real-time tracking and gated RT (6—
10). Prototype real-time tumor-tracking RT (RTRT) uses two
sets of fluoroscopy to detect the internal motion of a metallic
fiducial marker in or near the target volume (1). Attention to
four-dimensional accuracy in space and time is increasing for
tumors in motion when the meticulous dose distribution used
in particle therapy (11) and intensity-modulated RT (IMRT)

However, because the beam-on time will be longer when we
combine RTRT with IMRT using a multileaf collimator,
integration of IMRT and RTRT could result in an extremely
long treatment time. IMRT using a multileaf collimator
requires a radiation time four to five times longer than
conventional RT, This may result in unacceptable exposure
from the fluoroscopy.

Interventional ncuroradiology requires fiucroscopic ex-
amination for >30 min, on average, and is known to result
in a noticeably high skin dose (18). Gkanatsios et al. (19)

(12-17). Synchronization of IMRT and RTRT is expected to
increase the therapeutic ratio for tracking moving tumors.

In our previous studies of RTRT without IMRT, the dose
rate in the phantom was measured with thermoluminescence
and a surface dosimeter (12, 16). The dose rate at 120 kV
with a pulse width of 4 ms was 10.8 mGy/min at the
entrance. We concluded that the fluoroscopic dose is neg-
ligible for patients treated with 60 Gy to the isocenter.

have shown that the median surface dose during a neurora-
diclogic diagnostic imaging examination is 1.3 Gy, with a
maximal surface dose as great as 5.1 Gy.

These results suggest the importance of precise dose
measurement in RTRT when the treatment time needs to
be longer than previously cstimated. We measured the
dose resulting from the use of fluoroscopy in the RTRT
system,
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Fig. 1. Geometry of experiments used in this study, Linac = linear accelerator,

METHODS AND MATERIALS

Fluoroscopy

The fluoroscope was a rotating anode X-ray tube assem-
bly (G-1582 BI, Shimadzu, Kyoto, Japan) powered by a
three-phase generator. Photons were produced by a 0.6 X
0.6 mm’ nominal size electron beam incident on a rotating
target, We used a pulsed cathode of 80 mA, because it is
commonly used clinically. For peak tube potentials of 50—
120 kilovoltage peak (kVp), the pulse rate used was a
nominal 30 s, with pulse duration of 1.2, 1.6, 2.0, 2.5, and
3.2 ms. The power of the X-ray tube was 1500 ki for a
0.6-mm focus and 1060 kJ for a 1.0-mm focus. The inherent
X-ray filtration was 1.5 mm aluminum equivalent.

The geometries of the fluoroscopy and measurement are
shown in Fig. I. The X-ray beam was collimated to visu-
alize the tmage of the fiducial markers, which should be
placed close to the isocenter. The distance from the X-ray
tube to the image detector was 460 cm to avoid collision
between the image detectors and the gantry of the linear
accelerator. The distance from the X-ray tube (target) to the
isocenter of the linear accelerator was 280 cm. The fluoro-
scopic beam was collimated to 1.6 X 1.9 ¢cm at a 30-cm
distance from the tube. The beam size enlarged to 145 X
18.5 cm? at the isocenter of the linear accelerator where the
measurement was performed.

Measurement

The fluoroscopy irradiated field was measured in air
using film at the plane including the isocenter perpendicular
to the beam axis of the diagnostic X-ray.

The zir kerma was measured with a cylindrical chamber

with a collecting volume of 3 cm?®, using a Scanditronix
WELLHOFER DC300 TNC/160 and a RAMTEC 1500B
(Toyo Medic, Tokyo, Japan) designed for diagnostic radi-
ography and mammography. The nominal X-ray energy
available for measurement was quoted as 20-150 kV. The
wall of the chamber was made of Shonka C552 (1.7 g/cm’)
with the thickness at 0.3 mm. The chamber has an outer
length of 41.5 mm and an outer diameter of 10.6 mm. The
nominal calibration factor was 9.3 mGy/nC.

The half value layer was measured using varying thick-
nesses (0.25, 1.05, and 2.05 mm) of a 20.0 X 30.0-cm
aluminum (Al) sheet (99.999% Al). The half value layer
was measured using a source-to-aluminum filtration dis-
tance of 25 cm and a source-to-detector distance of 280 cm.

The dose in air at the isocenter was measured to estimate
the air kerma, which does not take into account any back-
scatter. The distance from the X-ray source to the central
axis of the chamber was 280 cm, and the field size was 10
X 14 cm? The chamber was positioned on the central axis
of the beam, with its long axes parallel to the cathode-anode
direction of the X-ray tube,

The percent depth dose (PDD) was measured with a
smaller chamber, a farmer-type chamber No. 2591 with a
collecting volume of 0.6 cm® without a build-up cap in the
Solid Water phantom. The ionization chamber was placed
on the surface of the phantom, which consisted of 30 X
30-cm? slabs of Solid Water, with a total thickness of 10 em
(Fig. 1). The source-to-surface distance was set at 280 cm
from the tube. The dose rate at 0.0, 1.0, 2.0, 3.0, 4.0, 5.0,
6.0, 8.0, 10, 12, 15, and 20 cm was measured by changing
the depth of the chamber perpendicular to the beam axis for
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Table 1. Measured air kerma rate from one fluoroscope
at isocenter of lincar accelerator according to nominal kVp

Nominal kVp
Air kerma rate 50 70 100 120
Mean (mGy/h) 33.50 90.25 238.80 366.18
5D (mGy/h) 0.30 0.13 0.54 0.86
%SD 0.9 0.2 02 0.2

Abbreviation: kVp = kilovoltage peak.

a nominal 50-, 70-, 100-, and 120-kVp X-ray beam, respec-
tively. The depth of the camber was adjusted by adding the
cotresponding 30 X 30-cm? slabs of Solid Water, with a
total thickness of 1.0-20 cm on the surface of the phantom.
The position of the chamber was adjusted to be on the
central X-ray beam axis and parallel to the cathode—anode
direction of the X-ray tube by visualizing the chamber under
fluoroscopy. Correction was made for recombination, po-
larity, or energy dependence effects. The “surface” mea-
surement at depth 0 was acquired with the center of the
cylindrical chamber put at the same plane as the surface of
the Solid Water phantom by cutting the sutrface of the
phantom to fit it in. The PDD was normalized at the depth
of the maximal dose for each X-ray beam.

The mean * standard deviation were calculated for each
data item on the basis of 10 measurements for cach data
point.

RESULTS

The half-value layer for each nominal kilovoltage peak of
the X-ray tube was estimated to be 2.73, 3.71, 5.02, and 6.72

mm Al for a nominal 50, 70, 100, and 120-kVp X-ray beam,
respectively.

The air kerma rate from one fluoroscope was 20.3 = 0.2,
263 £ 04,335+ 03,479 * 0.2, and 68.2 = 0.3 mGy/h
at a nominal pulse width of 1.2, 1.6, 2.0, 2.8, and 4.0 ms,
respectively, with a nominal 50-kVp X-ray beam. The air
kerma rate from simultaneous exposure of two fluoroscopes
with a nominal 50-kVp X-ray beam for 1.6 and 2.0 ms was
58.7 = 0.5 and 72.7 = 0.3 Gy/h respectively, which was
roughly twice (2.2 times the rate with one fluoroscope) the
corresponding dose rate of one fluoroscope.

The air kerma rate measured for one X-ray tube at the

" isocenter of the linear accelerator is shown in Table 1 for

each nominal kilovoltage peak of the X-ray tube using 2.0
ms as the pulse width. The air kerma rate from one fluoro-
scope was 238.8 * 0.54 mGy/h for a nominal pulse width
of 2.0 ms with a nominal 100-kVp X-ray beam. The rela-
tionship between the nominal kilovoltage peak and the air
kerma rate is shown in Fig. 2. The air kerma rate increased
steeply with the increase in the X-ray beam energy.

The relationship between the pulse width and the surface
dose rate, including backscatter, is shown in Fig. 3 accord-
ing to the nominal kilovoltage peak. The surface dose was
28-980 mGy/h (Table 2). The surface dose was strongly
dependent on the kilovoltage peak and linearly increased
with the pulse width of the fluoroscope.

The PDD curves for each nominal kilovoltage peak of the
X-ray beam are shown in Fig. 4. The dose at 5.0 cm was
37-58% for 50-120 kVp, respectively.

When we put a patient on the treatment couch, the pa-
tient’s skin surface will reccive a greater dose than the dose
estimated at the isocenter because of the shorter distance
from the X-ray source to the skin surface. Assuming that the
distance between the skin entrance and the isocenter, r, is

400

g //366.18
@ 300
E
- 238.8
¥ 200
m
E
: ’m/rg

0 1 1 1 L

40 60 80 100 120 140

nominal voltage of x-ray tube (kVp)

Fig. 2. Relationship between nominal kilovoltage peak of fluoroscopic X-ray and air kerma rate from one fluoro-

scope.
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Fig. 3. Relationship between pulse width and surface dose rate from one fluoroscope according to kilovoltage peak.
Diamonds, 50 kV; squares; 70 KV, triangles; 100 kV; circles, 120 kV.

5-25 cm, the estimated dose at the skin surface with back-
scatter (Fig. 5) will be from » = 5 ¢cm to »r = 25 cm. The
dose was calculated simply using the formula R%/(Rr)?,
where R is the distance from the X-ray source to the
isocenter (280 cm in the RTRT system). The estimated skin
surface dose from one fluoroscope in RTRT was 29-1182
mGy/h. The estimated skin surface dose was strongly de-
pendent on the kilovoltage peak and the pulse width of the
fluoroscope and slightly dependent on the distance between
the skin and isocenter.

- DISCUSSION

The Joint Working Party of the British Institute of Radi-
ology and the Hospital Physicists’ Association published

Table 2. Estimated dose rate at skin surface for different pulse
widths and kVp values

Estimated dose rate (mGy/h)

Pulse width
(ms) 50 kVp 70 kVp 100 kVp 120 kVp
1.2 284 483.2 255.2 411
20 459 7622 366.8 568.5
3.2 75.4 1174.4 535 811.7
4.0 947 1448.7 647.4 980.1

Abbreviation: kVp = kilovoltage peak.

PDD curves of similar beams measured for use in RT (20).
Jennings and Harrison {21) and Harrison (22) have also
published the depth dose of diagnostic radiography. Fetterly
et al. (23) published the X-ray dose distribution of fluoros-
copy beams in 2001. These data were based on the mea-
surements using source-to-surface distances of 30-50 ¢m,
far shorter than the source-to-surface distance of 280 cm
uscd in the RTRT system. The greater percentage of dose at
each depth in our study compared with those in previous
reports for kilovoltage of X-rays may be a result of the
longer source-to-surface distance in the RTRT system. We
were not able to measure the “surface dose™ by parallel cham-
ber with sufficient sensitivity and used a 0.6-cm’ cylindrical
chamber, which could also have been a source of bias in our
study. More work is required for precise measurement.

The real-time tumor-tracking system has been used with
precise setup and gated RT in >200 patients with various
tumors, including head-and-neck tumors and tumors of the
lung, esophagus, liver, pancreas, prostate, and uterus (1). In
this study, we investigated the parameters used in actual
RTRT for various tumors. A nominal X-ray strength of 80
kVp and pulse width of 2—-4 ms are frequently used for the
head-and-neck region, and a strength of 100—-120 kVp and
duration of 2 ms are used for lung and liver treatment in
clinical practice. If the patient’s body is large or thick, the
system requires 4 ms for visualization of the internal
marker.
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Fig. 4. Percent depth dose curves according to kilovoltage peak of fluoroscope. Diamonds, 50 kV; squares; 70 kV,
triangles; 100 kV; circles, 120 kV.

Because RTRT usually requires two sets of fluoroscopy, very close to the skin surface, With the expected RT times
the maximal dose¢ possible to deliver to the skin surface is needed for IMRT plus RTRT and the exposure parameters
two times the dose at the skin surface from one fluoroscope. required for sufficient image quality, the patient exposure
Usually, the two diagnostic beams do not overlap at the skin could be unacceptable.
surface. However, they could overlap if treating a tumor A pormal (four fields), 2-Gy, static field treatment is

1400
1200 o/’&’/*/o'_______o
1000
£ 800
= W
] +
E 600
............................. Y x — x
400 X 2
r— a——————& & a
200
0 9 2 9 9 <
0 5 10 15 20 25 30

distance between skin and isocenter

Fig. 5. Relationship between distance from surface to isocenter and surface dose rate from one fluoroscepe, Diamonds,
50 kVp, 1.2 ms; asterisks, 50 kVp, 4.0 ms; squares, 70 kVp, 1.2 ms; black circles, 70 kVp, 1.4 ms; triangles, 100 kVp,
1.2 ms; plus signs, 100 kVp, 1.4 ms; crosses, 120 kVP, 1.2 ms; white circles, 120 kVp, 1.4 ms.

—204—



340 I. J. Radiation Oncology ® Biology ® Physics

=300 MU approximately. At 300 MU/min and a 25% duty
cycle, this would equal 4 min of surveillance time or a skin
dose of ~8 cGy (highest case, 120 kVP and 4 ms [Fig. 5],
4 min/60 min X 1.2 Gy/h). If IMRT increases the monitor
unit (MU} by a factor of 3-5, the treatment time should be
only 12-20 min; however, the fluoroscopic dose becomes
worrisome, not so much at the skin but at depth, for which
the PDD may not be insignificant. In practice, we have
noted that intrafractional fluctuation of tumor motion is
often so large that the table position must be adjusted
several times by additional fluoroscopic examination (8). In
that case, the fluoroscopic dose could extend to 30 min.
In interventional neuroradiology, advances in insertion
techniques and catheter materials have increased the accept-
able exposure time of diagnostic radiography. The unex-
pectedly high doses used in modern interventional radiology
have raised concerns about radiation safety and protection
(18). The results of the present study have confirmed that it
is also important to reduce the radiation dose from fluoro-
scopic exposure during RT. A reduction of the field size is
important, but not the perfect answer, because the same area
of skin will receive the same dose every day during RTRT.
Sharp et al. (24) have found that various prediction models,
such as a linear model or neural network model, can help
reduce the pulse rate to <30 Hz. They considered 14 lung
tumor cases in which the peak-to-peak motion was >8 mm
and compared the localization error using linear prediction,
neural network prediction, and Kalman filtering against a
systen: that used no prediction. They found that by using
prediction, the root mean squared error between the pre-
dicted and actual three-dimensional (3D) motion was im-
praved for all latencies and all imaging rates evaluated. A
reductioa in the source-to-detector distance is also useful to
reduce the amount of exposure. The attachment of the X-ray
tubes and cameras to the gantry head of the linear acceler-
ator can reduce the source-to-detector distance significantly
(17). The amount of reduction in the absorbed dose will be
about one-third of that of our system, providing that the
same dose is required at the surface of the image intensifier.
Amorphous silicon directors may reduce the dose required
to obtain an image with the same time resolution; the

Volume 60, Number I, 2004

absorbed dose will be further reduced. Changing the fluo-
roscopy angle according to changes in the therapeutic beam
angle beam may also help to reduce the dose to the same
skin surface. The shortcoming of the gantry-mounted imag-
ing units may be their inability to use noncoplanar irradia-
tion techniques and the difficulty in maintaining imaging
unit accuracy. Also, the X-ray tubes and image detectors
can be an obstacle during non-RTRT. Magnetic detection of
the metallic marker in the body can eliminate the require-
ment for fluoroscopic exposure and is also expected to be an
alterative to the fluoroscopic detection of internal fiduciat
markers (25).

We have adapted several approaches to reduce the
amount of exposure from fluoroscopy to synchronize RTRT
and IMRT. First, software was designed that allows the use
of one instead of two sets of fluoroscopy for tracking after
registration between the 3D cocrdinates and the two-dimen-
sional projected coordinates of the marker on one fluoro-
scopic image. The shortcoming of this method is that two-
dimensional projection does not provide information about
the third dimension; thus, we have not yet used the two-
dimensional projection method in a clinical situation. Sec-
ond, the pulse rate is now changeable from 30 Hz to 15, 10,
5, and 2 Hz. If the tumor is moving slowly, the lower puise
rate can be used. Third, a 3D trajectory of the tumor is
obtained before actual treatment and is used to select the
best position for tracking each day to improve gating effi-
ciency. We plan to include the 3D dose distribution of the
fluoroscopic beam in our treatment planning system to
combine it with the dose distribution of the therapeutic
beams. Details of these developments wilt be described
elsewhere.

CONCLUSION

The absolute dose and depth—dose distribution of fluo-
roscopy in the RTRT system showed that synchronization
of RTRT and IMRT may result in an unacceptably high
radiation dose to the skin surface and possibly to the deep
tissues. The synchronization of RTRT and IMRT requires
improvement to reduce fluoroscopic exposure.
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Abstract

The feasibility and accuracy of high dose three-dimensional conformal boost (3DCB) using three internal fiducial markers and a
two-orthogonal X-ray set-up of the real-time tumor-tracking system on patients with gynecological malignacy were investigated in
10 patients. The standard deviation of the distribution of systematic deviations (X) was reduced from 3.8, 4.6, and 4.9 mm in the manual set-
upto 2.3, 2.3 and 2.7 mm in the set-up using the internal markers. The average standard deviation of the distribution of random deviations ()
was reduced from 3.7, 5.0, and 4.5 mm in the manua) set-up to 3.3, 3.0, and 4.2 mm in the marker set-up. The appropriate PTV margin was
estimated to be 10.2, 12.8, and 12.9 mm in the manual set-up and 6.9, 6.7, and 8.3 mm in the gold marker set-up, respectively, using the
formula 22+0.7¢. Set-up of the patients with three markers and two fluoroscopy is useful to reduce PTV margin and perform 3DCB.

© 2004 Published by Elsevier Ireland Ltd.

Keywords: Image-guided radiotherapy; Set-up error; Real-time tracking system; Intra-fractional error; Uterine cervix, Vagina; Carcinoma

1. Introduction

Uterine cervical cancers are curable with radiotherapy
with or without chemotherapy in cases in which a sufficient
dose can be given to the clinical target volume (CTV),
which includes the gross tumor volume (GTV) and
surrounding sub-clinical or microscopic tumor extension
{2,5,8]. However, it is sometimes quite difficult, even when
the operator is highly skilled, to produce a sufficient dose
distribution in patients with a narrow vagina or with relapses
at the cervical stump by intracavitary radiotherapy (ICR)
[3]. A small but definite number of patients are not treatable
with standard radiotherapy due to the inability to insert the
tandem into the cervical os. Interstitial radiotherapy is often

* Cormresponding author.

0167-8140/8 - see front matter © 2004 Published by Elsevier Ireland Ltd.
doi:10.10164.radonc.2004.08.006

helpful in such cases, but its success rate is strongly
dependent on the skill of the operator.

It is anticipated that external radictherapy will be an
alternative to ICR or interstitial radiotherapy for patients
who cannot be treated with standard radiotherapy. However,
a fundamental shortcorning of external radiotherapy is that
detrimental set-up error and internal organ motion may
occur. To overcome the shortcoming of extermal radio-
therapy, we have developed a fluoroscopic real-time tumor
tracking radiotherapy (RTRT) system [l11]. We have
previously reported the usefulness of orthogonal X-ray
imaging by the RTRT system as a precise set-up procedure
for prostate cancer [6,7,10,12]. The purpose of the present
study was to investigate the feasibility of set-up using three
internal fiducial markers and fluoroscopic measurements for
gynecological malignancy. Additionally, uncertainties in
usual manual set-up were calculated using the accumulated

—207-



220 R. Yamamoto et al. / Radiotherdapy and Oncology 73 (2004) 219-222

data in the RTRT system. Appropriate margins for planning
target volume were estimated using the population-based
methods both in manual set-up and in the set-up using
RTRT system,

2. Materials and methods

The real-time tumor-tracking system consisted of two or
four sets of fluoroscopes equipped with a conventional
lingar accelerator in a radiotherapy room (Mitsubishi
Electronics Co., Ltd, Tokyo), as reported in a previous
study [11]. In brief, the fluoroscopes were equipped
obliquely to the position of the table to reduce the thickness
of the hurnan body passed by the diagnostic X-ray and to
improve the visibility of the fiducial markers. Using two sets
of fluoroscopic images, it has previcusly been shown that
the 3D coordinates of the three markers can be determined
with an accuracy of +0.5 mm in static phantoms [11].

If ICR and interstitial radiotherapy were abandoned and
the patients agreed to enter this study, three 2 mm-
radiopaque gold markers (99.9% Au) were implanted in or
near the tumor by 2 trans-vaginal approach using specially-
made equipment (Medikit Co., Ltd, Tokyo). After gold
markers were implanted, a CT-scan was performed using
1 mm slice thickness for the level involving the umor mass
and three markers. The coordinates of the CTV and three
markers were registered and sent to the website of the RTR
system online. .

Assuming that the tumer is solid and the 3D relationship
between the tumor and the marker does not change
significantly, the tumor position can be adjusted to the
planned position by translational parallel shift of the
treatment couch. After performing the manual set-up of
patients on the treatrnent couch using skin markers and laser
localizers in the treatment room by the usual method, two
orthogonal fluoroscopic images were taken using the RTRT
system., The 3D distance between each marker was
calcufated using a software in the RTRT system. If the
deviation of the 3D distance between each marker was
larger than 3.0 mm comparing to the planning CT at the
initial treatment day, we assumed that gold marker had
migrated from the initial position during the period between
CT scan and treatment and thus the fiducial markers were
not used for further set-up. If there was less deviation, we
assumed that there was no significant migration of the
marker and commenced set-up using the three markers. The
difference between the coordinates of the center of gravity
of the three markers from the planned position relative to the
isocenter was calculated and adjusted by moving the
reatment couch [7]. After this adjustinent, the irradiation
was delivered. During the irradiation, fluoroscopic images
can be taken at a speed of 2-30 times a second, and one of
the markers can be tracked automatically by a real-time
pattern recognition algorithm. However, real-time tracking
of the marker during the irradiation was not routinely

performed for gynecologic malignancy because it was
assumed that minimal intra-fractional movement of the
target volume would occur in this protocol setting [8]. We
took twa orthogonal X-ray images while the gantry was
moving to the next portal angle and calculated the intra-
fractional shift of the center of gravity of the three markers
several times during each treatment. If the shift was larger
than 3-5 mm, the table position was cormrected and the
treatment was continued. No external immobilization
device was used throughout the planning and treatment.

We call this boost technique as three-dimensional
conformal boost (3DCB) in this study. The mult-teaf
collimator consisted of 60 leaves of 5 mm width at the
isocenter inside of 10X 10cm® field and 10 mm width
outside of the field, respectively.

As an example of the data analysis, Fig. 1 shows the
pooled data of the discrepancy between the planned and
actual coordinates of the center of gravity in one patient
over four treatment days plotted against the minutes after
the manual set-up on the treatment couch. At time zero, the
patient is positioned using laser beam localizers to the skin
surface so that the discrepancy at time zero is attributed to
the set-up error after manual set-up. The couch is adjusted
between time 0 and 2 min using gold marker. At 2 min, the
position of the marker gradually changed, suggesting
intra-fractional organ motion or involuntary movement of
the patient. The table position was adjusted again before the
start of the next portal irradiation. From 2 to 17 min, the
discrepancy was distributed from —2.47 to 3.65 mm and
required adjustment of the table position during irradiation
several times each day for this patient.

In this study, the inter-fractional set-up error (i.e.,
external error) both in the manual set-up and in the internal
gold marker set-up, and the intra-fractional internal organ
motion (i.e., internal error) were analyzed from the
coordinates of the center of gravity of three internal gold
markers which were stored automatically in the RTRT
system in each set-up. Since two orthogonal X-ray images
were taken within a period of several minutes, the organ

Set-up errer Organ moetion

[ )

4.00
no

Discrepancy (mm)

Tinmw atier sel-up (minuies)

Fig. 1, Discrzpancy in mm between the planned and actual positions of the
center of gravity of three internal fiducial markers according to the time
after manual set-up (time zero) followed by set-up and verification using
orthogonal X-ray images. The discrepancy over 2--17 min is consistent with
error due to organ motion and patient motion. The data points in four
sessions of iradiation were overlapped in this figure.
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motion or patient motion over this period can be detected,
The rotation angle of the actual coordinates from the
planned coordinates around the x-axis (a, degrees), y-axis
({3, degrees), and z-axis (7, degrees) was calculated using
the three markers [9,12]. Geometrical uncertainties were
evaluated for both systematic and random external and
internal errors [15]. The discrepancy of the actual
coordinates of the center of gravity from the planned
position in the manual set-up was regarded as the external
error in the manual set-up. The external error in the gold
marker set-up was the deviation of the center of gravity of
the three gold markers from its planned position after the
gold marker set-up. The intra-fractional motion of the
marker during the irradiation was regarded as the internal
error during the irradiation.

3. Results

Twelve patients {(median age, 60 years; range, 33-78
years) with squamous cell carcinoma at the uterine cervix or
stump of the cervix were enrolled after obtaining written
consent for participating in the present study. Two patients
experienced drop of a marker before CT scan and not treated
with the 3DCB. The reason for the drop of the marker was
not certain. There was no relationship between the size of
the tumor and the drop of the marker. The discrepancy in
distances between each marker at the first treatment day
from the planning CT was distributed from 0 to 2.8 mm at
the medizn of 0.8 mm in the 10 patients. These discrepan-
cies were judged to be un-correctable and accepted to be
used in the gold marker set-up. Thus, 83% (10 out of 12)
eligible patients were treated with 3DCB as planned.

The 10 patients were available for the investigation of
set-up error and internal organ motion. The external error in
manual set-up was estimated from 48 measurements, the
external error in gold marker set-up was estimated from 48
measurements, and the intra-fractional error was estimated
from 105 measurements in the 10 patients.

The external error in manual set-up was 0.443.6,
—0.6+4.5, and 0.9+ 4.6 mm (meanZSD) for the x (left-
right), y (cranio-caudal), and z (antero-posterior) directions,
respectively. The external crror in gold marker set-up was
1.0+1.2, 0.3+1.1, and 0.9+ 1.7 mm for the x, y, and x
directions, respectively, The 95% confidence interval
of intra-fractional motion of the marker, or internal
error during the irradiation, was 1.4-3.4, 1.9-2.5, and
2.4-4.2 mm in the x, y, and z directions, respectively, for the
treatment time of 9.4+ 4.7 min in the 10 patients. The table
position required an average of 1.8 corrections (range: 0-6
corrections) in one treatment to correct the dislocation of the
center of gravity more than 5 mm.

The standard deviation of the distribution of systematic
deviations, total Z(E+ 1) was 3.8, 4.6, and 4.9 mm in the x,
y, and z directions in the manual set-up using the £ of
external error and the X of internal error (Table 1). The total

Table 1
Statistical analyses and estimated PTV-margin in manual set-up and marker
set-up

x {mm) y (mm) z (mm)
Z(ext) Manual 36 45 4.6
Marker 2 2 2.1
E(int) Manual 12 1.1 1.7
Marker 12 1.1 L7
Ztot) Manual 38 4.6 49
Marker 23 23 2.7
a(tot) Manual a7 5.0 4.5
Marker 3.3 30 42
o(ext) Manual 28 4.7 31
Marker 2.2 2.2 2.7
ofint} Manual 24 2.1 32
Marker 24 2.1 32
PTV-margin Manual 10.2 i2.8 129
Marker 69 6.7 8.3

Sigma (ext): Sigma, X, for external emor; Sigma (int): Sigma, X, for
internal error; sigma (ext): sigma, o, for external emror; sigma (int): sigma,
a, for internal error. Sigma (tot): Sigma, E, for total etror, taken as the
systematic ervor; sigma (tot): sigma, o, for total error, taken as the random
error; PTV-margin: 2Z(tot)+0.7e(lot); manual: manual set-up; marker:
internal gold marker set-up.

Z(E+1I) was reduced to 2.3, 2.3, and 2.7 mm in the set-up
using the gold markers. The average standard deviation of
the distribution of random deviations, total o(E+I) was 3.7,
5.0, and 4.5 mm in the manual set-up using the o of external
error and the ¢ of internal error. The total a(E+ 1) was 3.3,
3.0, and 4.2 mm in the gold marker set-up. The appropriate
PTV margin was estimated to be 10.2, 12.8, and 12.9 mm in
the manual set-up and 6.9, 6.7, and 8.3 mm in the gold
marker set-up, respectively, using the equation PTV
margin=2(total £)+0.7(total o) [13].

The mean rotational error was 0.5, 0.7, and —2.9° for a,
8, and +, respectively. The standard deviation of systematic
error of rotation was 7.6, 4.3, and 3.8° for «, 8, and +,
respectively, The average random error of rotation was 8.4,
4.3, and 3.0° for &, 8, and ¥, respectively,

4, Discussion

Stroom et al, have shown that a PTV margin size which
ensures at least 95% of the dose (on average) to 99% of the
CTV of cervical cancer, appears to be about 1 cm (7 mm for
systematic and random etror of the pelvic bone and 3 mm
for intra-pelvic organ motion and delineation error) [13].
The present study showed that the appropriate PTV margin
was 102, 12.7, and 12.9 mm in the manual set-up for the x,
y, and z directions, and suggested that the estimation of
Stroom et al. was reasonable. Stroom et al. have also shown
that online set-up corrections using bony landmarks in
anterior—posterior portal images during radiotherapy are
useful to reduce the PTV margin reduction to about 5 mm
[14]. However, Buchali et al. have examined the impact
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of the filling status of the bladder on the movement of
the uterus and concluded that the PTV margin should be
15 mm cranio-caudaly [1]. Kaatee et al. recently investi-
gated organ movement in patients with cervical cancer
using fluoroscopic electronic portal imaging and radiopaque
markers [4]. They reported that the internal cervical
movement was considerably larger than the movement of
the pelvic bony structures.

In the present study, the systematic and random external
errors decreased significantly using the internat fiducial
markers comparing to the manual set-up using skin markers.
However, the PTV margin required in the gold marker set-
up was larger than we had expected. The residual error in
the gold marker set-up was probably due to the distortion of
the soft tissue and/or internal organ motion during the
period of set-up.

Since we did not use gated irradiation, there was no
difference in internal error between the manual set-up and
gold marker set-up in this protocol setting. The appropriate
PTV margin was suggested to be 6.9, 6.7, and 8.3 mm for
the lateral, cranio-caudal, and antero-posterior directions.
Since we need to add margins for delineation error,
deformation, and rotation error, the appropriate PTV margin
must be 2-3 mm larger than these values.

There were several cases with the standard deviation of
internal organ motion more than 5 mm. In fact, since the
table position was corrected when the shift was more than
3-5 mm, there might have been more dislocation if the table
position was not corrected during the irradiation. Thus, the
appropriate PTV margins described above may be too small
to use in the absence of frequent observations by orthogonal
X-ray imaging during the irradiation.

In conclusion, set-up of gynecological malignancy using
three markers and RTRT system was useful to reduce the
uncertainty due to external and internal error but still
requires at least 7-8 mm PTV margin. The fluoroscopic
system and three gold markers would be a useful tool to
realize individual-based, precise adaptive irradiation for the
moving, shrinking, and deforming gynecological
malignancy.
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a l-lH

FERBOHIORFESE
(NOF : ZHHERRA)

izt v

ATz

b. THA

a3 51
60~70Gy

HETHRA
40Gy

SE RS

ZRBEORE

HERRR
60~70Gy

RRETHRE
40Gy

Fig. 2. 3RNERMRORGNBHRGHORNE
a DORHIRNO PR IERIAK R E 42 2 EHE (L FHMRRIANILT L 4 ThA TEv, ikl
FYARMEBDURZ OO, FRY AN ESHTORMBAKEL LS4V OT, Wl - #R~0

THBEE2TI CECZRTLER.

b EEHZ LTRSS HRATIE, BRI ERTHEN/ S LBUFCREOERY /102
EHHILEHFTESL. £, ERERFETIE, BT LMY 220 ETRMIF IO THOHMFIERE
L., =%, TREEFATIE, WEHOMFUEEIHzI N, SHCEHFIAE(ha.

RETHA, HEELENRELT TIZTIELSM
DR T~ OmIHI BT BIEI ML E L.
P, KERBEINATIE RERIZBRLL
BETLERBT > 3 HOADERIT RN,
M OHBEECRBMT LN #Z a2 MT,
40~45Gy FTHYL, F0k, FRHENLTH
AXF 2 RGHIETEINL T EHEV. 22
L, BUOEMHECHENO 1 AR 2
Gy BRI LWEIHIEETH. £/, THEHE,
BB DF/MIIE UT GTV I2R)E L TR £ i
INTBDH—ENTHS.

4. FRRY VIREIFHRS

Yy AEBOSMEAKUNIIAZL, BT
ERRR B - AN EBURHBIZEB L TWYL
A, RETIRERAECERT AMAEES OR
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X1~ L hoIE, Sl

S, Fi IMEOREY LR ETIOER
FEBEHIELINC, B 3 f~D TR 2
FEESTELEIREZVEZISND, LR,
ST LS U 23O B HITIEHT B b BT
EHDH, EXd L IE SSHERGITIIMIM « Bk
SHHT LI TE - LTH M
RER/NS(TELDOTHNTH S (Fig. 2). Wl
MMEEECEIHIMEEIIRE LEBE RITT
EPDTL, BERLWRANI A LR RD
DTRIFDIREITHS.

R AT RS 0§ 5 R FEM L BRI BT UL,
iR I AR L, FEREOR
MEHMICGTVICHRBLABHITFLZZEL, 3 X
AR ERMT AHERERIZEDOD2H
%,
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Table 2 Iﬁ?F'J‘ﬂHﬂﬁﬁkﬁ?%Eﬂﬁlﬁﬁﬁﬁ?@ ARRLER
Uernatsu | 50 50~60 (5~)10 22 94 66(3%) 88(3HF)
Nagata 16 (1A H) 48 12 6 100 79(2 F) NA
Takai 17 45~-60 7.5~15 12 82 73(4%F) B4(4 )
NA ! not avaivable [caE12) & 5]
5. EURHERHN 7
FA/NE T WIS/ NN L2 0 L Tl E R fLFREHRBOABR O
BRI STV A, Uematsu HORELT {eEftE e A L CL E S HEETOLHE
13, HREOANDEMBHRERT 3 FETHE e dE IR IL IR 60 Gy/6~7 MTH AW, T,
66%, 3 EHMERFTE 88% & RIF L BHEFHR FIRF PR TIL, BUREOBROLDIZATY) v

XN TV 5, Nagata H5¥ 4 16 F10 T1 Misgix L
THLER 48 Gy/4 RO EM B % 7w, BN
M 6~36# F (hLfli 192 B) T, 3XTRHFTRHE
XNTWD EHEL TV A (Table 2)1. EHU84T
Sl R i A YTl A M N AT E i R ot
WTwaH, EFFHBIEIZOVWTESEOIL
LR ETHD,

BFR - ERTFRERORRO

P PRl £ A YR ORISR O R
RA—EORIITIIEEIAERTAL TS

Vo RO S RGO IR AR O IS T $E i
2 -1:. .‘: y) 45 ") E ]J‘ ‘]I‘ )af-ﬁ”fmﬂ:ﬁ@mrﬁﬁ{_fhﬁ

T, 3RTEMGHIAL T 5D, HRESEZEMN
ﬁrﬂ‘r?ﬁbn‘cwom;ﬁﬂr&ﬁiii. BRI B
Fﬁh'c*' D, AR IR MR HR ST A T/ D HIR

TR BIS RAG SR Tw R, This
JZZD F, Mo RE S T2 THLAEOLETF IR
15T 86.4 Gy/18 EldH %\ i3 72 Gy/9 BIEL LD
M4 % 17 245 90~95% /MM HI AT TH D, EH
MAR~NOEFTLBMTHEIIEFDIoTE
7. SRHDF—F IS HOBFRGHILP 3 KT
FAERG - EiBHORRBIZRWVIIFSTLIL
AL TV,

Po-—-zZRBHEE LTH, BYREER LR
M ATHEIEW S TiEHn!™, ,

WG RE R O 2t iz o0 TE, g
BEOMEATET, cisplatin $ 5 i etoposide
R E SRR I T 2 2 ERTH S,
irinotecan & MM EAI T MW AR T RA &
ODIFEMBEHFEREOV RS HEAI»LETDH
A%, B, HHETIE gemcitabine & TR E D
FIEEINE 2 TH 5.
HBBHORERNERO

fr AT AT RAIET L - 2 Lk

TEILADDURUI T HEHTH A,
BIhENGE

NS DI

A G
. 40 Gy BIETIZIFHENRET S

S0Gy Mot nEANRE
ATWBEEZSNTWAIY, F7, {ffiin &

S e RRMEEEANEE 45 WEHE 1 BN
NEL LD EMEGHETERTTA, LIHT,
BEIORICTIHO 1 AR RA 26y THEA L
WEANIIREBT ALY 5. I T 1M 1.2
Gy BEOZ Ry EREL2 M I ¢ 5
HELE LTHHRsh T35, BRI 6 BER
MEEIFIEIA L,

FOR I R B I EHIF - L TALR
L2L0T, MRGHEHRBLIELTO 50 Gy TLETH
Do L7eho T, BHRHMOEHE NS T8
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Tid, VpBL U VK& {2 L EGLMIRE
RIEDVAZHEL BB 07, BHITFOZE
REIEICITILENH D,

PR AT K12 FREE RSO bE R R
WER TR E A A VI EEELLRLIL
LdH s, MESEEICL B EMHETIE
EALTHRE G 5w, LRiE 40 Gy LLERSE
BhD LHBENLERZOONRD LIRS
A, Bl thniE 60 Gy L EOBETHES
RENCHBAE 252833 RTH 5. {LEHED
GFREsNSEItEEEET S,
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Currrent radialion therapy for prositate cancer

u§ igE  Bortt 4t st Al iR
SATOH Takefumi KITANOQ Masashi ISHIYAMA Hiromichi
521 fZear B fEY B EE®
ZHoDiEEt CHEN Weigiang HAYAKAWA Kezushige BABA Shire
BROEst
2L &I : T, FRISE 3 BT AR HEE L kAN

it 7% 7 S AR 4 RIUR (PSA) PIEAERREA S h i
1986453, HIVRERBIIFIAREMIIELL, EBK
DELLTERRIZBVTYH, FOREFELIARIIE
MLTETWS, UELIBYIERTORRIU
10,940 AT > 7248, 2015%FE121330,285 A~ LFE L
MNP FRISATWDS, TKBIzEWTYH, 2003F
13200 900 AASHET 2 ST ARIE L 2T S, LA
FIBIEARLBEFEONVWEL LTRE LT
EoTwad, COLHLHEOP, IHBRHTHREA

HE T 275 "Early detection”™ (2 B AN NI TEH

h, HRiGHNEREREFIEIT I 2ko0%ht
organ confined THo R OFEE N TVE, . Ly
L—FT, LHEBOAL " Less invasive" ¥ E it
SHLWELINLN, 20X hlowrisk HBEED
7RIS B EBHESOBIG - HTEFDL
WaRmAFH 2 TVE,

FLRFEORMRERFREMELL, 2 Ea-
U7 rOMBE - HAILN, OGN
Lo LEL, SEBHIZEBOTLHMERIZOARE
B -FATEAZ ENTREIIL-TETED, #
DERFEL S IDoTE TV A,

SO LROP, FEIIEV TR
FToHHLVWEGHRGERE U7, R RTVNRETCHER
T 20T 3 2 OB HARIEEDE T low-dose rate
brachytherapy : [ 1. "Ir high-dose rate brachythera-
py s B 2), % & U LW ALERSE T H 5 3R UK
41k (3D-CRT), # & USRELREAARER IMRT)
IZ2WITERT L.

1 BEMRERGE | AR FIAEBARBSH (], LDR
: low-dose rate brachytherapy)

BBBBRIZ2VTHE, TTIEFTA2EEIIBWT
1052 DEMBENSD L, KRS HTIETOR
DIRVIZ B S EMLERMEIhETEPLNTES

ASN7BEORLEN HERIEEFDRE» Sl
BN, BERIIBWTL BRI NGE S W EBRF S 5.
[liEdrid, SrERH59.4 ) £ pd (ERMI7.0H)
FoRBEFRIIEDR 2SR AL, Bl
AE»5FEENICEF T, HEEES BERETS
B, FOEHBICIZIOVTIE, whYaTFHOAVE
END low risk BAFEL T2 EhTEY, £F
BRI SR & (ABS ¢ American Brachytherapy
Society) MIELELL, EEKHIN] T1-T2a., A2 Gleason
score 6L TF. 2 PSA 10ng/ml %G % BiGHF 0 H
FEORICE LTEN, Wwhwwd high risk group &
S BEEEHM T2b-¢c, F 7212 Gleason Score 8-10,

% 7212 PSA 20ng/ml L EDEFIZ2WTIE, boost
ELToNBHOERERRLTHD, £ Z0E
BT 2L ER ERPLIIRERSIIZSO S
Twhwion, U ABS T s FER Lo mmGH
WITE v, i IRIEHTA60ce il S & F @IS
FHELTEY, Itk LRSI RERE AT 5

1 LDR brachytherapy

CLEREESSYRENF CBERE Y1 CFH pieHz
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