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Fig. 6. Changes in the values of the activity range and proton beam irradiation time pef fraction dose at each irradiation
field of Port-1, Port-2, and Port-3. Axial and sagittal CT images of the head and neck before treatment (a) and after delivery

doses of 35 GyE (b).
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Fig. 8. The activity image and the ratio of the detection number to the measured activity calculated according to Equation
(2) in the necrotie region of the liver tumor, and proton beam irradiation time per fractional dose.

the BOLPs-RGp and ''C for measurements with the beam
OFF-LINE PET system. As a tamor is equivalent to soft tis-
sue, the measurement of the many O nuclei generated in
a tumor by proton irradiation is very important for the obser-
vation and evaluation of the changing form and the delivery
dose tesponse of the tumor. C is present and ''C is gener-
ated in the adipose tissue. Therefore, high activity is indicated
in the region under the skin when using the beam OFF-LINE
PET system. Furthermore, the BOLPs-RGp has the advan-
tage of taking measurements with the patient in same position
during proton irradiation. However, the CT image for the pa-
tient positioning can not be acquired at the same time as the
activity measurement when using the BOLPs-RGp. This
problem can be solved by the technological introduction of
a CBCT.

At present, the length of activity measurement with the
BOLPs-RGp after proton beam irradiation is 200 s; but, it
may be possible that the measurement time can be shortened
to less than 200 s as a result of this research. However, the
measurement time must be determined with consideration
to the detection efficiency by the delivery dose of each treat-
ment site, the distance between the detector heads, and the
activity measurement synchronized with the organ motion
caused by respiration in the case of the liver and lungs,

The BOLPs-RGp has been used in the daily proton treat-
ment of 48 patients. The monitoring of the accuracy of the
proton beam imadiation was performed by comparing and
verifying the daily activity images with reference activity im-
ages obtained at the start of the proton treatment. Specially,
optimized proton treatment was performed by quickly re-
planning treatment in three clinical cases involving head-
and-neck tumors, because different activity distribution
were observed in the two images during the treatment period.
The decrease of the activity in the region of necrotic cells in
the liver tumor found during the histopathological examina-

tion was linked to an increase in the delivery dose. It is sug-
gested that the increase in the washout effect in the necrotic
region is caused by a decrease in the number of necrotic cells
in the liver because of increased blood flow caused by the
higher proton delivery dose. This effect may indicate
a need to adapt the treatment to the dose response of the tu-
mors in individual patients as well as the observation of the
functional metabolism of organs.

The quality of the activity image is reduced by the large or-
gan motion of the liver and the lungs. In cases of the prostate,
the verification of changes in the activity distribution against
the condition of the bladder and the position of the head of the
femur will be reported in future. Moreover, a study concern-
ing the experimental determination of cross sections of the
target nuclear fragment reaction has been completed, and
a simulation system that includes our cross-section data for
calculating activity distribution in a patient’s body with
a high accuracy has been constructed using a cluster com-
puter system. Many results of the research of the simulation
have been already reported by the study group of Parodi et al.
(12, 14). Finally, the ideal DGPT will be achieved through
these developments and the research.

CONCLUSIONS

A BOLPs-RGp was constructed in our proton treatment
room. The BOLPs-RGp has been used in many clinical cases.
Report of the clinical use with beam ON-LINE PET or in-
beam PET in the proton therapy has been never done before.
The daily activity images obtained indicated the proton irra-
diation volume of the treatment administered to patients. In-
formation about the positron-emitting nuclei provided by the
BOLPs-RGp will be important for improving proton treat-
ment accuracy in the future. DGPT (10) will thereby be
achieved via daily proton treatment using the BOLPs-RGp.
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Abstract In order to evaluate the usefulness of a metal
oxide-silicon field-effect transistor (MOSFET) detector as
a in vivo dosimeter, we performed in vivo dosimetry using
the MOSFET detector with an anthropomorphic phantom.
We used the RANDO phantom as an anthropomorphic
phantom, and dose measurements were earried out in the
abdominal, thoracic, and head and neck regions for simple
square field sizes of 10 x 10,5 x 5,and 3 x 3 cm? with a
6-MV photon beam. The dose measured by the MOSFET
detector was verified by the dose calculations of the
superposition (SP) algorithm in the XiO radiotherapy
treatment-planning system. In most cases, the measured
doses agreed with the results of the SP algorithm within
+3%. Our results demonstrated the utility of the MOSFET
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detector for in vivo dosimetry even in the presence of
clinical tissue inhomogeneities.

Keywords MOSFET detector - In vivo dosimetry -
Anthropomorphic phantom - Inhomogeneity -
Superposition algorithm

1 Introduction

For implementation of radiation therapy with high-energy
photon beams in the clinics, comprehensive dose verifica-
tions are essential. Generally, dose verifications on phantoms
are recomnmended and carried out for each irradiation con-
dition [1-4]. However, this does not mean that these verifi-
cations assure a perfect actual radiation dose to the patients,
On the other hand, in vivo dosimetry can be used to identify
major deviations in the delivery of treatment. Thus, we
regard in vivo dosimetry during patient treatment as the
ultimate dose verification for patient quality assurance (QA),
Here, in order to carry out in vivo dosimetry, the detector
must be very small, and easy to localize. To achieve this goal,
we used metal oxide-silicon field-effect transistor (MOs-
FET) detectors (Best Medical Canada, Ottawa, Canada).
The MOSFET detector has a very small sensitive vol-
ume, which is 2 0.2 mm x 0.2 mm, 0.5-pm-thick layer of
insulating of silicon dioxide. The detector which we used is
a dual-MOSFET detector consisting of two identical
MOSFETs fabricated on the same silicon chip and oper-
ating at two different gate bias voltages, allowing tem-
perature compensation of the detector response [3]. The
MOSFET detector has been widely used for measuring
radiation doses [6-11], and the accuracy, reliability, and
usefulness of the MOSFET detector in clinical applications
such as pinpoint absolute dosimetry has been reported [12].
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An accurate estimate of the radiation dose is important
for verifying that the expected dose of radiation has been
delivered to the patient. Chuang et al. used a MOSFET
detector in intensity-modulated radiation therapy (IMRT)
dosimetric verification for routine IMRT phantoms, a solid
water slab phantom, and a cylindrical PMMA phantom [7].
These dose verifications were performed on homogeneous
materials. Carrasco et al. [13] measured percentage depth
doses in inhomogeneous-layer phantoms containing water-
and bone-equivalent materials using a MOSFET detector.
The MOSFET detector was found suitable for dose mea-
surement inside bone-equivalent materials. On the other
hand, MOSFET detectors have previously been employed
in surface dose measurements during in vivo dosimetry [8,
12, 14]. However, these measurements were not performed
under the variable conditions created by inhomogeneous
specimens containing water-, lung-, and bone-equivalent
materials.

Here, we evaluated dose measurements using the
MOSFET detector in inhomogeneous regular slab phan-
toms, as shown in “Appendix”. The dese verification
results for the superposition (SP) algorithm with use of the
MOSFET detectors were similar to Kohno’s results with
use of the Farmer ionization chamber [15]. In general, the
degree of accuracy in the dose measurement with MOS-
FET detectors is not as high as that with ionization
chambers. However, we demonstrated that the MOSFET
detector can measure doses with sufficient accuracy for
various  tissue-equivalent phantoms, various regular
geometries, and various field sizes. From a different point
of view, we can also say that it is important to measure
dose independently using detectors with different charac-
teristics, in order to evaluate the results of dose measure-
ments in difficult irradiation conditions such as the
presence of inhomogeneities. .

On the other hand, the human body does not have a
simple geometry such as the above regular slabs, and it
forms complex inhomogeneities with bone, soft tissue,
various materials, and various shapes. Therefore, it may not
be certain that the results of dose verifications for slab-
based phantoms can be extrapolated to actual clinical
cases. In this paper, to evaluate the usefulness of the
MOSFET detector as an in vive dosimeter under more
realistic conditions, we performed in vivo dosimetry using
an anthropomorphic phantom.

2 Materials and methods
2.1 Experimental apparatus

Experiments were carried out with a Siemens ONCOR
linear accelerator (Siemens Medical Solutions USA,

Concord, CA) with a dual-focus, multi-leaf collimator. The
specified uncertainty of the leaf positions was =1 mm. For
dose measurements, we used TN-502RD MOSFET detec-
tors and the mobileMOSFET reader, set at the standard bias
sensitivity. The MOSFET and a calibrated 0.6 cc Farmer
ionization chamber type 30013 (PTW, Freiburg, Germany)
were placed in a dose calibration phantom made of PMMA..
Tough Water phantoms manufactured by Kyoto Kagaku
Co., Ltd (Kyoto, Japan) were stacked on the dose calibra-
tion phantom. With a 6-MV photon beam at a dose rate of
300 MU/min, a dose of 100 MU was delivered at 100 cm
source-to-axis distance (SAD), ata depth of 10 cm within a
field of 10 x 10 cm® for calibration of the MOSFET
response.

Measurements were carried out for simple square field
sizes of 10 x 10, 5 x 5, and 3 x 3 em® with a 6-MV
photon beam. All measurement points were set in the
center of an exposed square area. We used a beam angle of
0° for all of the experiments, thus avoiding uncertainties
(~2%) of angular dependence [7, 11] of the MOSFET
detector in the dose measurements, and unnecessary com-
plexities in the SP dose calculations. We estimated the
reproducibility as +1.5% (1 standard deviation) for five
consecutive irradiations of 100 MU each.

2.2 Anthropomorphic phantom

The RANDO anthropomorphic phantom (The Phantom
Laboratory, Salem, CA) [16] provides a detailed mapping
of the dose distribution that is essential for evaluating
radiotherapy treatment plans. RANDO phantoms are eon-
structed with a natural human skeleton cast inside a
material that is radiologically equivalent to soft tissue. The
RANDO lungs are molded to fit the contours of the natural
human rib cage. The properties of the RANDO materials
are listed in Table 1. The puomna value is the nominal
electron density relative to water for tissue-equivalent
materials. Physical densities and effective atomic numbers
of the tissue-equivalent materials are alsc shown in
Table 1. The MOSFET detectors were' placed within cav-
ities in the phantom.

First, the detector positions were selected in the
abdominal region. As shown in Fig. 1a and b, the
abdominal region in the phantom is homogeneous.
The measurement point is indicated by a cross mark, and
the measurement depths for Fig. 1a and b were 6 and
9.5 cm, respectively.

Next, the dose measurement points for the chest region
are illustrated in Fig. 2a—c. Figure 2a depicts a region of
the mediastinum, which is a soft tissue. This measurement
point is at an interface of the mediastinum and lung, with
the beam central axis in the interface. On the other hand,
Fig. 2b and c is in the lung region, and thus we were able to
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Table 1 Electron densities refative to water obtained by CT number  of air. Figure 3b is the location posterior to the sella in the

conversion (pu.s); effective atomic number, and physical densities of RANDO phantom, which corresponds to the surface of the
the tissue-equivalent materials in the RANDO phantom used in this brainstem. This region also consists of bone, cavities, and
Study > £ *

soft tissue, and forms complex inhomogeneities. Because

Phantom Soft.tisaue Lung of the presence of many critical structures, it is important to

Prominal 0979 0311 deliver accurate doses in this region. Figure 3c is a location
gilad . ., ) ! g :

o 1.0t4 + 0.003 0.231 & 0,015 ~ Posterolateral to the posterior arch of the first cervical
meas o 3 3 X v :

Effective atomic number 160 7.1t vertebra.

Physical density (gfem’) 0.997 0352

- - ; 2.3 Dose calcnlation and data analysis

Prominat Rominal electron density relative to water

The XiO 4.33.02 radiotherapy planning (RTP) system for
dose calculations was used in this study. Doses were
calculated using SP algorithm [17] with inhomogeneity
correction. Here, the Monte Carlo (MC) method as a dose
calculation algorithm is a powerful tool for analytic cal-
culations and for verification of results obtained in diffi-
cult measurements situations. However, because the MC
has considerable difficulties and uncertainties in recon-
structive techniques based on measured depth dose dis-
tributions. for clinical photon beams [18], we did not use
it in this study. On the other hand, the SP has already
been verified for various irradiation conditions by many
authors [15, 17-21, “Appendix”] and has been widely
adopted in clinical use. Therefore, using the SP as a dose
calculation algorithm is reasonable for comparing the
calculation dose with the MOSFET dose in this study.
Three-dimensional dose distributions were calculated with
0.2 cm resolution.

Phantom information was obtained from computed
tomography (CT) images. The CT images of all phantomis
were acquired with an Asteion (Toshiba Medical Systems
Corp., Tokyo, Japan) CT scanner at a 2.5 mm slice thick-
ness and 2.5 mm slice separation. The electron density of
edch tissite, puess, is obtained by CT number conversion,
and we used this value obtained by CT scan in our dose
calculations. Here, the p,.... of the lung material in Table 1
was somewhat smaller than the pominag. We assume that
the lung material of the RANDO phantom changed over
time. This may have led to overestimates in the dose
calculations.

Dosimetric magnitudes  were analyzed in terms of
absolute doses. D, is the calculated dose at a measure-
ment point in the phantom, and D, is the measured dose
at the same point. The dose measured at each point was
compared to the calculated dose, and the discrepancy at the

measurement point, 5(%), was evaluated as a percentage of
Figure 3a, b, and ¢ illustrates measurement locations in the measured dose:

the head and neck region. In Fig. 3a, the dosimeter is Do =D
located at the center of the posterior arch of the first cet- 8(%) = <8 — Tmess o 40,
vical vertebra in the RANDO phantom. The dose here was Dreas
formed by the photon beam passing through the jaw,
consisting of cortical bone, and the oral cavity, consisting

Fig. I The homogeneous abdominal region of the anthropomorphic
phantom. The measurement point is indicated by a cross mark; and
the measurement depths for a and b were 6 and 9.5 cm, respectively.
Measurements were carried out for simple square field sizes of
10 % 10,5 x 5, and 3 X 3 cm” and a beam angle of 0° with a 6-MV
photon beam. All measured points were set in the center of an
exposed square area

evaluate the dose for low-density material. The measute-
ment depths for Fig. 2b and ¢ were 4.5 and 7.5 cm;
respectively.

The error bars in each figure represent the repro-
ducibility of the MOSFET dose.
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Fig. 2 The chest region of the
anthropomorphic phantom. The
cross marks represent the
measurement poiat. a A region
of the mediastinum. b and

¢ The lung region. The
measurement depths for b and
¢ were 4.5 and 7.5 cm,
respectively. Measurements
were carried out for simple
square field sizes of 10 x 10,
5x5,and3 x 3cem?and a
beam angle of 0° with a 6-MV
photon beam. All measured
points were set in the center of
an exposed square area

Fig. 3 The head and neck
region of the anthropomorphic
phantom. The cross marks
represent the measurement
point. a The dosimeter is
located at the center of the
posterior arch of the first
cervical vertebra in the RANDO
phantom. b The location
posterior to the sella in the
RANDO phaatom. ¢ A location
posterolateral to the posterior
arch of the first cervical
vertebra. Measurements were
carried out for simple square
field sizes of 10 % 10,5 x 5,
and 3 x 3 cm? and a beam
angle of 0° with a 6-MV photon
beam. All measured points were
set in the center of an exposed
square area
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Fig. 4 Comparisons between the doses measured with the MOSFET
detector and doses calculated by use of the SP algorithm for the
homogeneous abdominal region of Fig. 1. The measurement depths
for a and b were 6 and 9.5 cm, respectively. This figure also includes
the discrepancy (%) between doses measured with the MOSFET
detector and doses calculated with the SP algorithm

3 Results and discussion

Figure 4 contains comparisons between doses measured
with the MOSFET detector and doses calculated by the SP
method for soft tissue for Fig. 1a and b, respectively. This
figure also includes the discrepancy (%) between doses
measured with the MOSFET detector and doses calculated
with the SP algorithm. The measured doses agreed with the
results of the SP algorithm within +3%.

Comparisons between the measurements and calcula-
tions for the chest region (Fig. 2a—c) are displayed in
Fig. 5. We observed that the SP overestimates the dose
particularly in the lung region (Fig. 2b, c) compared with
the measurements. We can explain this by an underesti-
mation by use of the relative electron density for lung
material, as shown in Table 1. Then, the difference of the
doses between MOSFET and SP at a field size of 3 cm is
targer than those at 5 and 10 cm. Because the leaf position
uncertainty of =1 mm contributes approximately 0.5% to
the dose uncertainty for the 3 x 3 em? field size, it may be
one of the causes of the larger difference.

Figure 6 depicts comparisons between doses measured
with the. MOSFET detector and doses calculated with the
SP algorithm for the head and neck measurements mapped
in Fig 3a—c. Here, Kohno et al. [15] reported that a definite
deterioration in the dose prediction accuracy occurred
when they used the SP algorithm in bone material for a
field size of 3 x 3 cm”. Moreover, Fig. 8¢ also supported
the deterioration. Therefore, the SP algorithm would dis-
play significant differences in Fig. 3a due to the inadequate
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Fig. 5 Comparisons between the doses measured with the MOSFET
detector and doses calculated by use of the SP algorithm for the chest
region of Fig.2. Evaluation point (Fig.2a) is a region of the
mediastinum, and b and ¢ are in the lung region. The measurement
depths for Figs 2b and ¢ were 4.5 and 7.5 cm, respectively. This
figure also includes the discrepancy (%) between doses measured with
the MOSFET detector and doses calculated with the SP algorithm

energy deposition kernel model for bone material [19].
However, even in this complex inhomogeneous region, the
measured doses agreed with the results of the SP algorithm
within £3%. We concluded that the actual body does not
include large and thick bones such as this in Fig. 7c, which
results in a large deterioration of the dose prediction due to
the incomplete energy deposition kernel model in the
photon dose calculation.

Thus, dose measurements by use of the MOSFET
detector were compared with calculations by the SP algo-
rithm for various irradiation conditions. The small size,
immediate read-out, and fast response of the MOSFET
detector make it patticularly useful for dose measurements
for therapeutic MV photon beams. The results of our
dosimetric measurements demonstrate the utility of the
MOSFET detector for clinical dosimetry in radiotherapy.
Our dose measurements were performed at a beam angle of
0°. Given the variety of beam angles used in actual
radiotherapy, the £2% angular dependence of the MOS-
FET detector must be considered [7, 11]. The angular
dependence may lead to a decrease in accuracy at some
angles, which, in turn, may affeet the clinical utility of this
detector.

4 Conclusion

We evaluated in vivo dosimetry with a MOSFET detector
for an anthropomorphic phantom. Dose measurements
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were carried out in the abdominal, thoracic, and head and
neck regions for simple square field sizes of 10 x 10,
5 x5, and 3 x 3 cm® with a 6-MV photon beam. The
measured dose agreed with the results obtained with the
SP algorithm to within £3%. The MOSFET detector as
an in vivo dosimeter was useful for pinpoint absolute

1] — 1 30
- | o MOSFET(a) ]
[ & SP(a) 1
90f] @ MOSFET(H) 125
®  SP(h, 1
¢  MOSFET(c) 1
- |+ SPc) 20
80 i ] 9
L ] @
— a
=~ I J1s Z
g 4 ] ] S
~ 70 E 8
© ? H 3
brd -4 10 <
o s a $ X Discrepancy(a) | —
o H <4 Discrepancy(b) | | ¥
60 £ & Discrepancy(c) |3 s =
- +3%
50 . 3 4 o
i 1 3 ]
5 -3%
40 3 1 3 L Iy 2 ' A2t 2 A -» A _S
2 4 6 8 1c 12
Field Size (cm)

Fig. 6 Comparisons between the doses measured with the MOSFET
detector and doses calculated by use of the SP algorithm for the head
and neck region of Fig. 3. The dosimeter of Fig. 3 is located at the
center of the posterior arch of the first cervical vertebra. Figure 3b
and ¢ are the location posterior to the sella and the location of
posterolateral to the posterior arch of the first cervical vertebra, This
figure also includes the discrepancy (%) between doses measured with
the MOSFET detector and doses calculated with the SP algorithm

Fig. 7 Multi-fayer phantom

dosimetry even in the presence of clinical tissue
inhomogeneities.
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Appendix

Evaluation of dose measurements by use of a MOSFET
detector in inhomogeneous slab phantoms for 6 MV
photon beam (Figs. 7, 8, 9, and 10)

We summarize the dose evaluations by use of the MOS-
FET detector in multi-layer and laterally inhomogeneous
phantoms, the geometries of which were the same as those
in the study of Kohno et al. [15]. Doses measured by the
MOSFET detector were compared to these point doses
calculated by the SP algorithm with inhomogeneity cor-
rection in the same RTP system. Experiments were carried
out with the same beam conditions, 6 MV, dose rate of
300 MU/min, beam angle of 0°, and square field sizes of
10 x 10,5 x 5, and 3 x 3 cm® A dose of 100 MU was
delivered 5 times at 100 cm SAD. In these measurements,
a tough water phantom (TW), tough lung phantom (TL),
tough bone BE-H phantom (TB) (Kyoto Kagaku Co., Ltd,
Kyoto, Japan), and a PMMA phantom were used (Table 2).

Figure 7 illustrates the layout of the TW and PMMA
phantoms for the TW, TL, and TB thicknesses of 9 cm (a),
9 cm (b), and 4 cm (c). These phantom geometries can be
used for checking the dose Ievels beyond a Iung or bone

=25
e

geometries of the a TW and
PMMA phantoms for TW
thicknesses of 9 cm, b TL
phantom with a thickness of
9 cmr, ¢ TB phantom with a
thickness of 4 em, and

dTW + TL + TW phantom.
Measurements were carried out
for simple square field sizes of
10 % 10,5 x 5,and 3 x 3 cm®
and a beam angle of 0° with a
6-MV photon beam
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structure. Figure 7d demonstrates the typical geometry of a
thoracic wall-lung-thoracic wall interface.

Figure 8 shows a comparison between doses measured
with the MOSFET detector and doses calculated with the
SP algorithm for the phantoms of Fig 7. This figure also
includes a discrepancy (%) of doses measured with the
MOSFET detector and doses calculated with the SP algo-
rithm. The measured results for the (0 TW 9 cm and the
(b) TL. 9cm phantom were within 1.5% of the
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Fig. 8 Comparisons between the measurement dose from a MOSFET
detector and doses calculated using the SP algorithms for the multi-
layer phantom geometries of the Fig ta TW 9 cm, b TL 9 cm, ¢ TB
4 cm, and d TW + TL + TW phantom. This figure also includes
discrepancy (%) of doses measured with the MOSFET detector and
doses calculated with the SP algorithm

Fig. 9 Laterally
inhomogeneous phantom
geomeltries of the a TW/TL

corresponding calculation. For the (c) TB 4 cm phantom,
the measured results were within 2.5% of the calculated
values for field sizes of 10 x 10 and 5 x 5 cm®. However,
for a field size of 3 x 3 cm® the dose measurement
underestimated the calculated dose by 5.5%. Although the
difference increased with decreasing field size, the leaf
position uncertainty of 1 mm may have contributed
approximately 1% to the dose uncertainty for the
3 x 3 cm? field size. However, this cannot account for the
entire uncertainty. This discrepancy is comparable to that
reported by Kohno et al. [15]; therefore, we estimated that
this is because the bone material is equivalent to water (ie,
has the same atomic properties) in the dose calculation
[19]. In fact, electrons released in materials with higher
atomic numbers are scattered at wider angles compared to
electrons generated in water. For the (dTW + TL + TW
phantom, the results at a point beyond a typical thoracic
wall-lung-thoracic wall interface from the MOSFET mea-
surements agreed with the SP calculations to around 3% for
each field size.

Figure 9a-c depicts the three laterally inhomogeneous
phantom geometries. Figure 9a and b model a mediastinum/
lung interface with the beam central axis in the interface.
Figure 9¢ represents a TB/TL interface. For these configu-
rations, because we expected the phantom setups to have a
considerable effect on the dose at the measurement point,
each dose measurement was performed independently twice.

Figure 10 depicts the measured and calculated absolute
doses for each laterally inhomogeneous phantom, as well
as the dose profile calculated by the SP algorithm, because
the measurement point has a gradient dose distributien in
the lateral direction. From this dose profile, we can esti-
mate the effect of the phantom setup uncertainty.

interface with the beam central
axis in the interface, b TB/TL
interface, and ¢ larger TW/TL
interface, Measurements were

carried out for simple square
field sizes of 10 x 10, 5 x 5,
and 3 x 3 cm® and a beam
angle of 0° with a 6-MV photon
beam
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Fig. 10 Comparisons between the meastirement dose from a MOSFET detector and doses calculated using the SP algorithm for the laterally
inhomogeneous phantom geometries of the Fig 2a TW/TL interface, b TB/TL interface, and ¢ farger TW/TL interface, This figure also includes

the dose profile calculated by the SP algorithm

Figure 10a and b depicts the measured and calculated
absolute doses at the TW/TL interface, and the measure-
ment points had a gradient dose distribution of 1.5-5%/mm
in the lateral direction. Most results agreed with the SP
calculations within 3%. Although the maximum difference
was +5.6% for a field size of 5 x 5 cm? in Fig. 10b, we
could explain this large difference as the effect of the

phantom setup uncertainty of 1 mm. Thus, this highlights
the difficulty in point dose measurement with a small
radiation detector. The measured and calculated doses for
the TB/TL interface are plotted in Fig. 10c. The results of
the MOSFET measurement agreed with the SP calculations
within 3%, in spite of the fact that the measurement point
had a gradient dose distribution of 3%/mm in the lateral
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Table 2 Electron densities relative to water obtained by CT number conversion ( Pmeas), effective atomic number, and physical densities of the
tissue-equivalent materials used in this study

Phantom

Tough water Tough lung Tough bone PMMA
Praomint 0.990 0313 1.416 1.148
Prneas 1.013 + 0.006 0.320 + 0.023 1.395 £ 0.003 1.137 4 0.006
Effective atomic number 7.44 7.37 11.70 6.47
Physical density (g/cm®) 1.017 0320 1.500 1.190

Prominat DOMinal electron density relative to water

direction. The kernel model for bone material in the SP
algorithm did not significantly affect the dose accuracy in
this case.

Doses measured by the MOSFET detector in inhomo-
geneous regular slab phantoms were compared to those
calculated by the SP algorithm in the XiO radiotherapy
treatment-planning system. Except for the TB phantom at
the small field size, the results of the MOSFET detector
agreed with the calculated doses to within 3%. We
reconfirmed and support the results of Kohno's study [15}
with dose measurements with the MOSFET detector. The
MOSFET detector was useful for pinpoint dosimetry even
in inhomogeneous slab media.
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Abstract

Particle radiotherapy using proton and heavy ion beams has shown improved clinical results
and is a promising cancer therapy which is expected to gradually spread in Japan. There are,
however, no special regulations for radiotherapy treatment fagilities. They have been operated
under the same safety regulations as for a research facility using a research accelerator.

Significantly high-energy radiation is necessary for particle radiotherapy compared with
conventional radiation therapy. The treatment facility, therefore, should have a large accelerator,
which is installed in a room with a thick shield wall. Data on radiation protection for such high
energy medical facilities is fragmentary and insufficient.

In this study, we examined the necessity of other regulations for the safe operation of med- -
ical facilities for particle radiotherapy. First, we measured activation levels of the therapeutic de-
vices and of patients. Next the safety level of the medical facility was evaluated from the view-
point of radiation protection. We have confirmed the facilities can be safely operated by present «
regulations given in the Law Concerning Prevention from Radiation Hazards due to Radiation
Isotopes, etc. or the Law for Health Protection and Medical Care.
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* Radiological Protection Section, Research Center for Charged Particle Therapy, National Institute of Radiological
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1. Purpose

This study looked at problems in radiation
protection for staff workers and for families of
patients during radiotherapy using new tech-
nologies.

2. Charged Particle Radiotherapies

The term “heavy particle” is used in Japan-
ese to describe ions with a mass number of the
nucleus larger than 1. We call the charged par-
ticle radiotherapy which uses these accelerated
“heavy particles” as “heavy particle therapy”
in Japanese‘.‘For this English report, we use the
expression “charged particle radiotherapy” for
“heavy particle therapy” used in Japanese. In
this text, we include radiotherapy using pro-
tons in “chargéd particle radiotherapy”.

In 1946, Robert Wilson proposed a clinical -

application of high energy protons for radio-
therapy. The first clinical applications of these
protons were made at Lawrence Berkeley Lab-
oratory (LBL) of the University of California.
Later, helium ions were continuously applied
for radiotherapy at LBL. In 1975, radiotherapy
using neon ions was started. Since these pio-
neering studies at LBL, use of charged particle
radiotherapy has spread all over the world. Tn
Japan, proton ‘radiotherépy and carbon ion ra-
diotherapy were started at the National Insti-
tute of Radiological Sciences (NIRS) in 1979
and 1994, respectively, and there are now 6 fa-
cilities for charged particle radiotherapy in op-
eration in the country.
2.1. Characteristics of charged particle ra-
diotherapy

When high energy charged particles enter a
material, their deposited energy will gradually
increase with penetrating depth, giving rise to
a sharp maximum (Bragg peak) near the end

174

of the range. A small angle deflection of the
charged particles leads to their spreading away
from the incident trajectory in passing through
the materials. The degree of the deflection of
the high energy charged particles used in ra-
diotherapy is much smaller than that of elec-
trons. Hence, high energy charged particles
offer excellent conditions for a highly confor-
mal treatment of malignant tumors due to
these favorable physical properties.

Furthermore heavy charged particles, car-
bon ions for example, also show favorable ra-
diobiological characteristics. Heavy charged
particles can sterilize cells more effectively
than photons or protons. Heavy charged parti-
cles are able to suppress recovery from radia-
tion injury, the oxygen effect and cell cycle de-
pendence due to radio-sensitivity. Due to their
biological eﬂ‘ectiveness; the charged particles
heavier than protons are expected to be effec-
tive towards radiation resistant tumors.
2.2. Energies of the charged particles for
radiothei';zrpy

A 3cm range is required for the treatment
of eye melanoma or superficially located tu-
mors. For the treatment of deep seated tumors,
a 30 cm range is required. In order to realize
these ranges in a human body, it is necessary
to have energies from 50 MeV to 250 MeV for
proton therapy and from 50 MeV per nucleon
to 1000 MeV per nucleon for heavy charged
particles.

3. Materials and Methods
Two review tasks were done.

1. We collected the information from repre-
sentative foreign facilities for charged par-
ticle radiotherapy concerning to radiation
protection at each facility.
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2. We checked the necessity for legal con-
trols regarding safety practices of charged
particle radiotherapy based on an experi-
mental investigation of radiation levels
around several Japanese treatment facili-

ties.

4. Results and Discussion
4.1. Trends in international regulations for
proton and heavy ion therapies

Proton and carbon ion particle radiotherapy
institutes in Europe, South Africa and the
USA were visited and their situations regard-
ing government. regulations were detailed
through interviews with staff members in
charge of radiation protection. Basic data were

also obtained. Dose and exposure limits etc. in

the therapy institutions are based on the ICRP
(International Commission on Radiological
Protection) recommendations, except in the
USA where they are based on the NCRP (Na-
tional Council on Radiation Protection and
Measurements) recommendations. There are
no specific regulations for charged particle ra-
diotherapy institutes, and the regulations for
X-rays and electrons of current medical accel-
erators have been applied.

The situations in representative facilities in
five countries are summarized below. Our suz-
vey identified no items that should be added to
the Japanese regulatory system.

4.1.1 Germany

Carbon Ion Therapy Institute: Gesellschaft

fiir  Schwerionenforschung  mbH  (GSI)

Under construction: German Cancer Re-

search Center (KDFZ)

In Germany, regulatory laws on radiation
protection have been made by the federal gov-
ernment, and local governments regulate each

Review

institute. The laws include medical matters,
and there are specific guidelines on medicines.
Details of the radiation protection items are
described in the regulations. Dose limits for
person and places basically follow ICRP rec-
ommendations, so they are similar to those of
Japan. However, some points such as the
boundary of a controlled area are more severe
than in Japan. ‘

Since the method used in the GSI is Raster

~ Scanning, and it will be used also in the

KDFZ, the amounts of activated materials pro-
duced are very small. The activation levels of
patients are extremely iow, so that specific pro-
tective actions are not done after irradiation
for patients, their urine and their belongings.
The activation levels of air in the therapy room
are very low, and only ordinary ventilation is
used. The exposure doses of medical staff
members-are measured every month and have
been lower than the detection limit (under
0.1mSv) for the last several years of operation
of a radiotherapy institute.
412 USA
Proton Therapy Institute:

Proton Treatment and Research Center,

Loma Linda University Medical Center, The

University of Florida Proton Therapy Insti-

tute
Under construction at the time of the survey,
but therapy has now been started:

Proton Therapy Center, University of Texas

MD Anderson Cancer Center

The total number of patients which have
been treated at Loma Linda University Med-
ical Center is the largest of any facility in the
USA. The MD Anderson Proton Treatment
and Research Center is one of the latest proton
therapy institutes in the world.
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In the USA, laws and regulations are made
by the state governments independently. Loma
Linda University, MD Anderson Cancer Cen-
ter and The University of Florida, therefore,
are regulated by the laws of California*,
Texas** and Florida***, respectively. How-
ever, the fundamental standpoint of radiation
protection is based mainly on NCRP Report

Nos. 49, 51 and 144. The regulations for pro-

ton therapy institutes are not so different from
those for medical accelerators or other general
radiation protection regulations. Maﬁy neutron
therapies have ever been performed in MD
Anderson hospital. The risk of activation in
proton therapy has not been considered be-
cause the activation levels are quite lower
compared to those in neutron therapy. -

There are no special guidelines for proton

therapy because of the low activation levels of"

patients and other materials. For activated ma-
terials in the therapy room, they can be re-
moved from the room after checking that the
activated level is as low as the background
level.

4.1.3. Sweden

Proton Therapy Institute: Uppsala Univer-
sity '

In Sweden, there afe double regulatory bod-
ies; a national ministry in general charge and
the Swedish Radiation Protection Authority
(SSI) which is a special agency handling radi-
ation protection. Detailed regulations are per-
formed by the SSI which also makes regula-
tory inspections and issues licenses for therapy
etc. In addition, changes in therapy institutes

and radiation incidences and accidents are re-
ported to SSI. Basically, regarding regulations
for proton therapy institutes, there are no dif-
ferences from general radiation protection reg-
ulations. Actual measurements are regarded as
the methods for the dose estimations of the
ambient condition of the institutes and peri-
odic measurements are not needed if there are
no changes within the institutes or irradiation

‘methods. Specific guidelines have not been

made because the activation levels of the pa-
tients or materials on proton therapy are very
low.
4.1.4. Switzerland

Proton Therapy Institute: The PSI Proton

Therapy Facility

The PSI Proton Therapy Facility, which has
performed proton therapy with its own original
technique, has no special regulations for parti-
cle therapy; rather it follows the common reg-
ulations of other accelerator facilities. This is
for the same reason as noted above: the activa-
tion levels of the patients or materials are very
low. The regulatory authority for particle ther-
apy facilities is the Ministry of Health, which

.verifies the safety of shielding, equipment and
" machines, and inspects the facilities irregu-

larly. The current regulations are based on
those for linac devices; however, PSI facility
has prepared its own more strict regulations.
4.1.5. Republic of South Africa

Proton Therapy Institute: iThemba Therapy

Facility

The iThemba Therapy Facility has per-

formed both proton and neutron therapies. The

* Joint Commission Acceptance of Health Care Organization: California 17 Radiation Contro} Regulatlons
;** Department of State Health Service of Texas: Radiation Safety Requirements for Accelerators, Therapeutic Radiation

Machine and Simulators (Effective October 1, 2000)

s FAC-64E-5: Florida Administrative Codé: Rules of the State of Florida, Dept. of Health, Chapter 64E-5, Control of

Radiation Hazard Regulations
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fundamental viewpoint for radiation protection
and related values such as dose limits are
mainly based on the ICRP recommendations.
Attention has been paid to activation of shield-

ing materials by neutrons. However, there are

no special standards for radiation protection.
The regulations are the same as for linac de-
vices ete.

4.2. Estimation of exposure to radiation
workers from activated materials

4.2.1. Aim of the study

Charged particle radiotherapy facilities in -

Japan are equipped with an interlock systém
that hinders any persons (except the paﬁeﬁt)
from entering or staying in the irradiation room
during a therapeutic irradiation. The system is

intended to protect patient’s families.or fabﬂity'

Wbrke:s such as radiation oncologists, radiation
technologists, nurses, medical physicists and so
on, from being directly irradiated by the thera-
peutic beam. However, due to their relativistic
high energy, the therapeutic beams cause nu-
clear reactions when passing through matter
and various kinds of unstable (radioactive) iso-
topes are produced along the beam path. As a
consequence of the decay of the isotopes, some
induced radioactivity remains in the irradiation
room for a certain period after the irradiation.
Among radiation workers, radiation technolo-
gists are considered to suffer the highest level
of exposure from the induced radioactivity be-
cause they must enter the irradiation room to
execute necessary tasks immediately after the
end of the therapeutic irradiation.

In this study, the practical maximum doses
to be received by the radiation technologists
were assessed based on measurements of the
induced radioéctivity at several particle radio-
therapy facilities in Japan.

Review

4.2.2. Devices of interest

The induced radioactivity was measured for
the following therapy-related devices: a multi-
leaf collimator, a patient collimator and a pa-
tient compensator. The multi-leaf collimator
occupies the end of a series of stationary irra-
diation devices collectively called the irradia-
tion nozzle. The latter two devices are remov-
able and attached next to the multi-leaf colli-
mator for the therapeutic irradiation. The irra-
diation target in the patient’s body is posi-
tioned just downstream from the patient com-
pensator. .
4.2.2.1. Multi-leaf collimator

The multi-leaf collimator (MLC) is built
into the irradiation nozzle. The MLC consists
of a stack of many thin, layered metal plates.
The lateral position of each layer is independ-
ently adjustable via remote control according
to the situations of individual patients. The
outline of the irradiation field is defined as the
aperture bordered by the metal layers. Facili-
ties not equipped with the MLC substitute a
block collimator which can take the same role.
The block collimator has one or two pairs of
opposing metal blocks which allow rough
shaping of the irradiation field edge.
4.2.2.2. Patient collimator

The patient collimator is used to precisely
match the shape of the irradiation field with .
the planned shape. The collimator is made of a
metal block with an aperture that corresponds
to the shape of the target in the patient. The
patient collimator protects normal tissues sur-
rounding the target from unwanted dose expo-
sure. Brass is commonly preferred as the ma-
terial due to its easy machining property. A pa-
tient collimator is prepared for each port. After
the therapeutic irradiation, it is detached from
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the irradiation nozzle.
4.2.2.3. Patient compensator (bolus)

The patient compensator is used in order to
match the range end of the therapeutic beam in
the patient with the distal shape of the target.
The incident beam stops at a shallower point in
the body if the beam passes through a thicker
patient compensator before entering the body.
A patient collimator is also prepared for each
port and detached from the nozzle after the
therapeutic irradiation. Polyethylene is widely
used due to its similarity to human soft tissues
in terms of density. |
4.2.2.4. Tissue substitute

- In order to assess the radioactivity induced
in the patient body, a commercially available
_ tissue substitute, Tough Water Phantom was
used. The phantom was 300 mm thick and the
center of the phantom was positioned at the
isocenter in the h‘radiatibn room.

4.2.3. Measuring instrument

Ion chamber survey meters were used for
the measurements. This device allows meas-
urements of 1cm dose equivalent in the photon
field. Skin surface dose is also measurable in
the photon field and B-rays can be measured
by removing a build-up cap from the ion
chamber entrance window. All survey meters
used in this study were calibrated within one
year prior to measurements in a reference field
that has kept traceability to the Japanese na-
tional standard.

4.2.4. Experiments

Incident energies of the beam were chosen
from among each facility’s available energy set
to have approximately 250 mm range in water
for protons or 150 mm (and 250 mm, if avail-
able) for carbon ions. As a typical therapeutic
beam, the beam was broadened about 150 mm

178

in diameter in the lateral direction, and spread
out 60 mm in water in the axial direction. A
physical dose of 5 Gy was gi-ven to the center
of the spread-out Bragg peak (SOBP) in each
irradiation. The experimentdl conditions for
devices of each facility are specified below.
4.2.4.1. Multi-leaf collimator

A rectangular aperture of 50 mm width and
height was formed at the center of the irradia-
tion field by the MLC. The 1 cm dose equiva-
lent rate was measured every 30s at two posi-
tions: one was on, or as close as possible to the
downstream surface of the collimator, and the
other was 500 mm downstream from the colli-
mator surface to the effective center of the sur-
vey meter. The measurements were done by at-
taching or detaching the build-up cap in order
to separate the contribution from photons and
B-rays. Unless otherwise specified, the experi-
mental conditions were always the same in the
following cases.
4.2.4.2. Patient collimator

The same aperture as for the MLC, a rectan-
gular shape of 50 mm width and height, was
machined at the center of the metal block. Im-
mediately after the irradiation, the 1cm dose

equivalent rate was measured in sifu on the

" downstream surface of the collimator and 300

mm downstream from the collimator surface.
The collimator was removed and taken to a
place where the background dose is low, e.g.
the treatment room. In order to avoid the back-
ground contribution, the irradiated collimator
was successively detached from the irradiation
nozzle; then the lcm dose equivalent rates
were measured every 30s on the upstream sur-
face of the collimator and 300 mm upstream
from the surface. By doing these measure-
ments outside of the irradiation room, the
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background level was negligible and could be
avoided.
4.2.4.3.  Patient compensator

A rectangular unmachined block, made of

the same material as the patient compensator,

was used. The block thickness was equivalent
to 100mm of water in terms of the beam
range. Immediately after the irradiation, the
lcm dose equivalent dose was measured in
situ on the downstream surface of the block as
lﬁvell as 300mm downstream from the block
surface. Just as for the patient collimator, the
block was detached from the irradiation noz-
zle; then every 30s the lcm dose equivalent
rates on the upstream surface of the collimator
and 300 mm upstream from the surface were
measured outside of the irradiation 'room in
order to avoid the background contribution.
4.2.4.4. Tissue substitute ,

In the irradiation of the Tough Water Phan-
tom, the other previously mentioned devices
were retracted in order to produce the maxi-
mum radioactivity in the phantom. Then, the
edge of the irradiation field was shaped with
another patient collimator having a 100 mmX
100 mm rectangular aperture in order to simu-
late irradiation of a large size tumor.

Like the above cases, the 1cm dose equiva-
lent rates were measured in sifu on the down-
stream surface of the block as well as 300 mm
downstream from the block surface immedi-
ately after the irradiation. The phantom was
taken from the irradiation room; then every
30s the I cm dose equivalent rates on the up-
stream surface of the collimator and 300 mm
upstream from the surface were measured out-
side of the irradiation room in order to avoid
the background contribution.

Review

4.2.5. Data analysis

The time series change of the measured
1 cm dose equivalent rate was well fitted with
a summation of two exponential functions.

H=p e "Pr+p,e s 49

H: 1cm dose equivalent rate [4Sv/h]

t: elapsed time after the end of the irradia-

tion [h]
P1,ps.  fitting parameters related to inten-
sity [uSv/h]
Dy, ps:  fitting parameters related to decay
constant [h} '

Eq. (1) shows the decay of two radioisotopes
with different decay constants. The parameters
b, and p, correspond to the decay constant.

‘When a worker completes a task between f

and #, after the end of the irradiation, the dose
equivalent received by the worker is given by
the following integral.

) b
H= J. Hdt = J' (pie” "7 + pe™P)dt
4 4

=pipy(e P — i)
0 D N CRET ' )
4.2.6. Estimation of exposure dose

The dose equivalent to the radiation tech-
nologists was estimated. Here, the sequential
process starting with detaching the devices
from the nozzle is assumed to be execufed by
just one radiation technologist in order to esti-
mate the maximum dose. Table 1 summarizes
the processes considered.

At first, effective dose by photons from the
MLC received when detaching a patient-fixa-
tion device was derived as an integral of Eq,
(2) from ;=25 [s] to t,=55 [s] at 50 cm down-
stream from the MLC with the capped survey
meter. Similarly, those from the patient colli-
mator (denoted as the collimator) and the pa-

179



