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The Current Heavy Particle Medical

Accelerator Programs in Japan

Kiyomitsu Kawachi
National Institute of Radiological Sciences
9-1, Anagawa 4-chome, Chiba-shi 260, Japan

I. Introduction

The first clinical trial of proton radiotherapy in Japan started at
National Institute of Radiological Sciences (NIRS) in 1979. The proton
which is provided from the NIRS medical cyclotron, is an energy of 70 MeV,
and has been used for only superficial or short range tumor therapy. The
irradiation facility i1s very sophisticated system using a spot beam
scanning method.l)Recently, the cyclotron has been raised the energy up to
90 MeV and a vertical treatment line of protons has been completed in the
basement of the cyclotron building.

In 1983, Particle Radiation Medical Science Center (PARMS) of the
University of Tsukuba started to treat patients with 250 MeV proton beam.
The beam is provided from a booster synchrotron of High Energy Physics
Laboratory (KEK), and degraded from 500 MeV with. graphite rod absorber.

The Institute of Physical and Chemical Research (IPCR) has a plamn to
construct a heavy ion biomedical irradiation facility in the Ring
(Separate Sector) Cyclotron building. The facility will be completed in
1989 and will be used for proton and helium ion therapy. Osaka University
also propose a separate sector cyclotron and it will be used for medical
sciences as a part of the broad fields of interdiciplinary research.

Recentry, several hospitals have proposed to construct the dedicated
proton therapy facilities. The National Cancer Center of Japan, and the
PARMS of the University of Tsukuba have taken active parts in such
projects. At present time, there is a step to make a decision of the type
of accelerators.

Another program is a construction of the NIRS Heavy Particle Medical
Accelerator which is possible to provide Helium to Argon ions for therapy.
At present time, the fundamental design study of accelerator system and of
the building is carried out by several Japanese companies which have
potentials enough to make the accelerator design and construction.

II. Accelerator for Proton Therapy
The Science and Technology Agency of Japan (STA) entrusted the

investigation and study on the particle medical accelerator to the Japan
Radiological Society (JRS) during 1978 to 1979. The report (in Japanese)
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was submitted to the STA in 1980 and several conceptual designs of the
medically decicated particle accelerators have been described in it. The
point was also presented at the meeting of the US-Japan Cooperative Cancer
Research Seminar at Hawaii in 1980 by Prof. Fukumoto (KEK).

Some of these accelerators were a 230 MeV synchrocyclotron and a 300
MeV synchrotron for proton therapy. The outlines of both accelerators
which are designed by Prof. Fukumoto et.al. are described in the
following.4) The synchrocyclotron or FM cyclotron is an old fashion
accelerator, and none has built recently for physics research because of
the low beam intensity. However, the beam intensity from synchrocyclotron
is enough for the proton therapy. Therefore, it has been still operated
for biomedical purpose at the LBL as well as at Harvard University. The
main parameters of 230 MeV synchrocyclotron are listed in Table 1. In
this design, the required frequency modulation range is reduced by
adopting AVF magnets to the synchrocyclotron. The operation and
maintenance of the synchrocyclotron is easier than the other accelerators
in principle,. because of less technical complexity and simple-.control
system. However, the weight of the synchrocyclotron magnet attained to
800 tons in this design, it seemed very serious work to disassemble the
- magnets in case of repair.

Table 1. Main Parameters of a 230-MeV
Proton Synchrocyclotron for Medical Use

Beam

Magnet

RF System

Vacuum System

Energy

Beam Current

Dose Rate

Time Structure of Beam
Focusing

Pole Diameter

Average Magnetic Field
Magnet Weight

Main Coil Power
Magnetomotive Force
Number of Dee

Dee Voltage -

RF Frequency

RF Power

Pressure

Pump (0il diffusion)

230 MeV -

> 1 A

> 600 rad - &/min 3
10 us, 1.08 x 10” Hz
AVF, 3 sector

320 am

1.63 T

800 ton

369 kw 5

3.85 x 107 AT
Single

30 kv

23 - 30 MHz

62 kW -6

5 x 10 7 Torr
2,000 ¢/s

The 300 MeV synchrotron was designed based on the booster synchrotron
for the KEK 12 GeV synchrotron. The main parameters of the 300 MeV
synchrotron are listed in Table 2. The accelerator components were the
Cockcroft-Walton accelerator, Alvarez linac and synchrotron. If the
design study of this synchrotron would be repeated it again, the
Cockcroft-Walton accelerator would be replaced to the Radio Frequency



Quadrupole (RFQ) linac. In case of the medically dedicated synchrotron, a
slow extraction mode is necessary to ensure the precise and reliable
treatment, and the protons will be accelerated in 0.25 sec and extracted
in 0.4 sec. The energy of protons is easily changed by selection of the
extraction timing. It seems that these features are well suited for the
medical use. However, a distributed arvangement of small magnets such as
synchrotron requires larger space for the construction. Furthermore, it
is difficult to operate and maintain a multistage accelerator, such as
synchrotron, because of the technical complexities and delicate control
system.

Table 2. Main Parameters of a 300-MeV
Proton Synchrotron for Medical Use

Beam Energy 100 - 300 MeV
" Beam Current 50 nA
~ 'Timé Stiucture of beam :
Fast Extraction 50 nS, 1 Hz
Slow Extraction 0.4 s
Preinjector Cockcroft-Walton :
’ Voltage and Current 500 kv, Z mA
Ion Source Duoplasmatron
Vacuum 1 x 10-4 Torr
Injector Drift Tube Linac
Energy 10 MeV
Dimension Single Tank, 62 Drift tubes
10 m Length, 0.95 m Diameter
Focusing FDFD § FFDD
RF Frequency 200 MHz
Electric Power 350 kw_
Vacuum 1 x 10 © Torr
Main Accelerator Synchrotron
Average Diameter 10m
Focusing Combined Function, DFO
Repetition Rate 1 Hz
No, of Bending Magnets 8 A
Magnetic Field 0.17 - 1.0 T
No, of Correction Magnets 16
Total Magnet Weight 72 ton
Electric Power 200 kW
RF Accelerating Cavity 2 x 1/4 X Resonator
No, of Cavities 1
Frequency Range 1.617 - 6.031 MHz
Harmonic Number 1
Maximum Electric Field 0.6 kV/Turn
Electric Power 10 kW
Vacuum 1 x 10 ° Torr




An isocentric therapy system was also 1nvest1gated in these designing
studies.3) This system was designed to minimize the total space of the
system. The magnet system and cylindrical therapeutic room rotate
simultaneously like a "Ferris Wheel'. This figure is shown in Fig. 1.
The bed is always kept horizontally so that the patient does not move.
The total weight of the rotating mechanism is estimated to be about 55
tons. The beam optics have not been fully investigated.

Although each feature was described in the submitted report, the
final choice of the accelerator should be decided with taking account of
the allowable space for construction and the employable number of
accelerator specialists for operation, maintenance and developments in the
hospital.

The Ministry of Health and Walfare of Japan granted a subsidy of
cancer Ttesearch to a investigation and study group on the particle
diagnosis and therapy facilities (Chairman : Prof. Inada, the University
of Tsukuba) in 1981 and 1982. The group reported the vresults of the
investigations and studies on the neutron and proton therapy facilities.
In this report, it has been concluded that the AVF cyclotron was the best
facility for dedicated proton therapy accelerator, as a hospital based
facility. Because it has been very difficult to employ the required
number of accelerator specialists in the hospital, in order to maintain
the accelerator facility with proper reliability, safety and stability.
Furthermore, the AVF cyclotron can provide a practically continuous proton
beam which is very attractive for medical use.

The conceptual design of 250 MeV AVF cyclotron has been done by Prof.
Kondo (Osaka. University). The main parameters of this cyclotron are
listed in Table 3. A plan view and a side view of the conceptual design
are shown in Fig. 2. The design was made by considering the magnetic
field of TRIUMF. However, we decided to accelerate the protons to replace
H', because it was not so serious problem to use an electric deflector for
beam extraction. Because we need not so high beam intensity. Therefore,
the cyclotron could be designed with almost same magnetic field that was
achieved by the ordinary magnets (20 kG at hill), and also it was possible
to realize a small size cyclotron. Although the pole gap is narrow, it
"~ was possible to use the ordinary dee eledtrodes because of the small size
cyclotron.

In this fiscal year, the Ministry of Education granted a subsidy to a
study group on the medical proton therapy facility (Chairman: Prof.
Inada). A new decision will be done on the hospital based proton therapy
facilities in near future. From the results of this group, the advanced
design study of the: AVF cyclotron dedicated for proton therapy will be
also presented in this meeting by Dr. Takahashi (Sumitomo Heavy
Industries, Ltd.).



Table 3. Main Parameters of a 250 MeV
AVF Cyclotron for Proton Therapy

Beam Energy 250 MeV
Current 1 uA
Emittance 10 mm mrad
Magnet Extraction Radius 1850 mm
. Hill Gap 152 mm
Valley Gap 1000 mm
Magnetic Field (Hill) 19.6 kG

(Valley) 4 kG
Mean Magnetic Field :
at Extraction Radius 13.0 kG

Magnetomotive Force 5 x 105 AT
Main Coil Power 500 kW
Magnet Weight 750 tons
RF System Number of Dee : 2
... -... '.Dee Angle . 90° o
RF Frequency 15.8 MHz
RF Power 300 kw
Ion Source Internal Livingston-Jones Type
Extraction Electric Deflector

Magnetic Channel

ITI. Accelerator for Heavy Ion Therapy

Based on the progress of the accelerator technology and the
stimulative results of the LBL research works on heavy ions, the NIRS
proposed a construction of heavy ion accelerator. In 1984 and 1985 of
Japanese fiscal year, we made the _conceptual design study and
investigation of the accelerator systems.>)The user's requirements for the
NIRS heavy particle medical accelerators are sumerized in Table 4.

Table 4. User's Requirements

Particle Species 4He to 28Si, and 40Ar
Maximum Energy 600 MeV/u (for 285i)
Minimum Energy 100 MéV/gl(for 4He)
Intensity (dose rate) 5 Gy min LAt target volume
Field size 30 x 30 cm

Number of Treatment Room 4

These wuser's requirements have been modified with the various
experimental results and data of heavy ions, and the clinical experiences



of the NIRS particle therapy. The guaranteed values for the dose rate and
the field size are newly proposed as the reasonable values for ordinary
treatments.

The NIRS Medical Accelerator consists of ion sources, low energy beam
transport system, RFQ linac, Alvarez linac, medium energy beam transport
system, synchrotron, high energy beam transport system and irradiation
facilities. The schematic layout is shown in Fig. 3.

The ion sources are two Penning ion guage (PIG) ion sources and two
electron cyclotron resonance (ECR) ion sources. The PIG ion sources
should be placed same side towards a main low energy beam transport line.
Although the ECR ion source is now under remarkable development and is
expected as the ion source for the heavier particle beams in future. One
of two ECR ion sources may be replaced a duoplasmatron for He particle
acceleration.

. The low energy beam transport system is between the ion sources and
the RFQ linac, and is including very sophisticated beam analysing system.
The beam energy is between 6 to 10 keV/u for all ions. The charge to mass
ratios of those ions are assumed to be between 1/7 and 1/4. Electrostatic
quadrupole electrodes are used for beam focusing.

The preinjector is a Radio Frequency Quadrupole (RFQ) linac which
accelerates ions with the charge to mass ratio-larger than 1/7 from about
10 keV/u. It is widely recongnized that the RFQ 1linac is the most
suitable for a preinjector in the low velocity regions. Main parameters
of the RFQ linac are shown in Table 5 and conceptual drawing in Fig. 4. -

Table 5. Parameters of the RFQ Linac

Charge to Mass Ratio (q/A) 1/7 - 1/4
Normalized Emittance (eN) 0.6 v mm.mrad
Frequency (f) 100 MHz

Input Energy (Eipn) 10 keV/u
Output Energy (Eout) 800 keV/u
No.of Cells (Neey1) 293

Vane Length (L,ane) 731 am
Characteristic %ore Radius (1) 0.54 cm
Minimum Bore Radius (apig) 0.29 am
Maximm Modulation (max) 2.5

Focusing Strength (B, 3.8
Synchronous Phase (¢.) -90 ~ -30 degree
Intervane Voltage (Vsane) 81 kv

RF Peak Power (Bay1) 180 ki
Transmission Efficiency 0.92

The major injector consists of Alvarez cavities. Traditional design



in chosen to realize reliable operation of the injector system. For
simplicity and easiness of manufacture and tuning of high power RF
amplifier system, an operating frequency of 100 MHz is used through out
including the RFQ linac instead of the combination with the other 200 MHz.
This choice results in the large Alvarez tanks more than 2m in diameter.
The charge to mass ratio is not still changed from preinjector and the out
put energy is set to 6 MeV/u which is rather low but still acceptable to
the synchrotron. The summary of the Alvarez cavity parameters is listed
in Table 6 and whole Alvarez linac shown schematically in Fig, 5.

Table 6. Characteristics of the 100 MHz Alvarez Linac
No.1l Cavity No.2 Cavity

Synchronous Phase (Deg.) -30 -30

Particle Energy MeV/u 0.8-2.8 2.8-6.0
(v/c) (%) 4,14-7.74 7.74-11.3
(q/a) 1/7 ) 1/7

Average Axial Field =~ = (MV/m) 1.8 o 2.5

Effective Shunt Impedance (MQ/m) 35.7-39.4 44.6-45.1

Transit Time Factor © 0.823-0.835 0.871-0.885

Q-Factor 144000 143000

Total Length (m) 10.8 12.0

Acceleration Efficiency  (MV/m) 1.30 , 1.87

Cavity Diameter (m) 2.20 2,14

D.T. Diameter (cm) 16 16

D.T. Length (cm) 9.4-16.0 18.4-25.0

Bore Radius ~ (cm) ’ 1.0 1.5

g/L .251-.307 .212-.258

Cell Length (cm) 12.6-23.1 23.3-33.8

No. of Cells 61 42

Shunt Impedance MQ/m) 54.4 57.7

RF Power (kw) 720 1400

Quad. Sequence FFDD FDFD

Quad. Length : (cm) 7.6-13.9 11.7-16.9

Quad. Strength (kG/cm) 5.5-3.0 6.0-4.1

Ccos u 0.166 0.734

B max (m) 17.2 12.0

Acceptance (mm.mrad) 132 236

Normalized Emittance  (mm.mrad) 5.8 18.8

The medium energy beam transport system is between the exit of the
Alvarez linac and the entrance of the main accelerator. The system 1is
composed of seven sections. They are 1) charge exchange section, 2)
debuncher section, 3) momentum analysing section, 4) double achromatic
beam section, 6) beam switching section to double synchrotron rings, and
7) matching sections.

The main accelerator synchrotron consists of two rings, one is same
level of a ground plan and another is above the ring. The lower ring of
main accelerator has both of fast and slow extraction system and the upper



ring has only slow extraction system. Both rings are operated with 0.5
Hz, and the phase difference of a half period each other. The main
parameters of a synchrotron ring are listed in Table 7. The operational
mode of the synchrotron is shown in Fig. 7.

Meximm Field Gradient (Qp / QD)

RF Cavity

Harmonic Number
Frequency (Max / Min)

Table 7. Main Parameters of Each Ring of the NIRS Synchrotron
Parameter - Design Value

General
Maximum Energy 800 MeV/u
Injection Energy 6 MeV/u
Magnetic Rigidity (B o) 9.73 Tm

- Maximum Field (Bpax ) 1.44 T
Minimum Field (B 0.105 T
Bending Radius (nuy 6.75 m
Average Radius 21.0 m
Circumference 132 m
Lattice Structure - 1/2FBRD01/2F
Normal Cells 12
Super Periodicity 1z
Tunes (V,/V,) 3,25/3.25
Beta: Punctlgns max. ( g, nax ym%X 17.%m/16.7m
Beta Fimctopms, min. (B}%nﬂ~ mln) 3.01m/2.92m
Dispersion Function (71max T}m 3.36m/1.62m
Natural Chromaticity ( ey 5“ -4.00/-3.36
Transition Gamma. ( YT) 3.15
Repetition Rate 0.5 Hz

Magnets
Bendring Magnets (number/length) 24/1.77m
Quadrupol Magnets (number/length) 24/0.4m

6.74/5.95 (T/m)

4
1.03 MHz/7.66 MHz

As the advantage of double ring synchrotron, the following items are
expected in case of 0.5 Hz operation for each ring.
1) To keep the beam intensity almost as same as 1 Hz operation of 1 ring.
synchrotron. -
2) To achieve a higher duty factor.
3) To achieve a higher repetition rate.
4) To irradiate a. patient simultaneously with horizontal and vertical
beams.
5) To achieve simultaneous irradiations in the two Tooms.
6) To back up a trouble ring with another ring.
7) To keep stable and troubleless operation than 1 Hz ring.
By the modification of one ving to a storage ring in future, the following
items are also possible
8) To use as a direct current beam.
9) To use a radioactive beam for therapy.



The high energy beam transport system delivers the extracted beam
from the synchrotron to the treatment rooms or the experimental rooms. At
first, the slow extraction beam line from upper ring and the fast
extraction beam line from the lower ring are joinning in the same beam
line. This beam line joins the slow extraction beam line from the lower
ring with fast switching magnet which is able to switch within 500 msec
and to reach a stable field in the same time. The excitation current of
this magnet will be coincident with the synchrotron operating mode. There
are the regions which absorbs the difference of the vacuum between
synchrotron and beam transport system after the junction, and the
detectors of the beam characteristics. There is also a momentum analyzing
section before the beam delivering system to each room in order to ensure
the easier operation, reproducibility and reliability. The beam transport
lines, which are capable to deliver the beam of 800 MeV/u, are into one
treatment room for the horizontal irradiation and the general irradiation
room. Two treatment rooms have both horizontal and vertical beam lines.
The other two treatment rooms have only a horizontal beam line.

... Treatment delivery system consists of -a-field spreading system, range
modulating system, field shaping system, beam monitoring system and beam
positioning system. To get a large field beam, the beam spreading system
would be achieved with beam wobbling method which was developped at LBL at
first. As the range modulating system, we will use a rotating range
modulator. The field shaping system is a multileaf collimator wmit. The
beam monitoring system is consists of two ionization chamber for dose
monitoring and of a field profile monitor. To realize a precise heavy
particle therapy and irradiation, the sophisticated beam positioning
system and the patient immobilizing system are considered as a part of
total diagnosis and treatment system.

The constructlon time schedule of the NIRS medical accelerator is
shown in Fig. 7. Now, we are carrying out the fundamental design study.
In next fiscal year (1987), the detail design study will be done, and a
few technical components will be ordered to proper companies. The total
facility will be completed in 1991. After commissioning and carried out
some fundamental experiments, we will start the clinical trials from 1993.

Finally, Fig. 8 shows a cross-sectional bird's-eye view of the
conceptual layout after completed.
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Fig. 1. An isocentric proton therapy system.
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NIRS-H-63 pp32-44

REQUIRED SPECIFICATION FOR
THE NIRS HEAVY PARTICLE MEDICAL ACCELERATOR

Kiyomitsu Kawachi

National Institute of Radiological Sciences
9-1 Anagawa-4~chome, Chiba-shi, 260 Japan

Abstract

The user's requirements for the WNIRS Heavy Particle Medical
Accelerator were decided from considerations of the past clinical
experiences at the NIRS, a lot of results of the biological and clinical
research works at the LBL, the present accelerator technology and the
anticipated future machine time schedule.

The particle species are helium-4 to silicon-28 and argon-40.
Maximum.and minimum energies are 600 MeV/u and 100 MeV/u, respectively.
Beam intensities are given by dose rates of 5 Gy/min for helium to
carbon, 2 Gy/min for ne and 0.5 Gy/min for silicon and argon. The
field size is 15 % 15 cm” as guranteed value for each particle beam.

The accelerator control system should have a capability for rapid
switching of high energy beam to anyone of several irradiation rooms of
this facility in a short time.

I. Introduction

The purpose of this report is to reveal the specifications for the
NIRS heavy particle medical accelerator which are satisfactorily to meet
the user's requirements, and to furnish the basic data for accelerator
design.,

The report will be described briefly on the progress to reach the
present required specificationms, at first. In a research project team
on the application of particle beam, the NIRS medical cyclotron user's
group had conducted investigation and discussion on the next large scale
medical accelerator from 1975 to 1980. In those days, a proton
synchrocyclotron was mostly requested for the next medical accelerator
at first. However our requirements gradually changed to a heavy ion
synchrotron, because of the progress of the accelerator techmnology and

also of the stimulative results of the LBL research works. Then the
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NIRS user's group starded to investigated the heavy particle medical
accelerators and to arrange the accelerator requirements for an
appropriate cancer treatment system during 1981 to 1983. The re~
qﬁirements were rearranged as accelerator specifications by the planning
group of the heavy particle medical accelerator based on the ideas of
the user's working group. This‘required specification was approved by
the NIRS construction committee of heavy particle medical accelerator
and by the adviser committee for examination of the accelerator design
study which has been organized by several staff of the NIRS and the
experts of acceleratdr physics, medical physics and radiation therapy of
the outside institutions. The conceptual design study has been ordered
to four Japanese major companies which have a volition to join the

construction and have potentials enough to make the accelerator designs.
II. User's requirements

1. General requirements )

The medical accelerator generally requires the highest level of
stability, reliability and safety in the scale of clinical standerd.
Other requirements, such as easier maintenance and operation; maximum
flexibility and efficiency of operation, and minimum power consumption
and dperating cost, are also requested. It is necessary to take these
requirements into considerationh carefully for the design phylosophy of
this machine. Because these requirements are also important items for
_general accelerator performance, however the contents of those for
medical accelerators are slightly different from the others. For
instance, the safety is not only for workers and environment, buﬁ also
for patients. The latter safety is rather important than formers in
this field.

At present time, the accelerators, which completely satisfy the
above mentioned all features, are not existing in the world. However,
the considerable parts of the technology required to meet these
requirements and reliability principles are fortunately available at
heavy ion synchrotfon facilities now in operation. The other parts are
also possible to extrapolate from the present accelerator technology and

the experiences of other fields. To achieve the reliability principles,
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it is necessary to introduce the use of the proven technology and the
tested component and systems in the design as well as possible, and also
to adopt the overdesigning specifications for several accelerator
components so that the accelerator is not expected to operate at the

maximum design specificaitons for the specific medical applications.

2. Requirements for the therapy beams
2.1 Particle species

The required particle species were decided from the results of the
basic research works and clinical trials at LBL. The typical results of
the biological experiments using several cultured cells and the LET

ranges for several heavy particle beams are arranged in Fig. 1. RBE and

q B R R N R ELL RS RELL B RN AL OER which are the index of
9.5 | the biological effects are
0ER shown in this figure as a

function of LET. The LET

2.5 : 1 ranges of the wvarious
s RBE .
o 2r - particles are also shown
5 sk | under the graphs for the
o -
@ expected energy ranges of
i R .
them. When a particle has
0.5 - : 7 a higher energy, generally
) o dd [H“I i llli“} {] I‘HHE - EHH[ it has a lower LET value.
i 10 100 1000 10000

However, the LET value of
LET,_, (keV/u)

the particle increases

with slowingdown of the

energy, and shows the

G | e highest wvalue at just
—N e before the end of the
S T range.

He

Ag - shown in Fig. 1,

OER value begins to

decrease from 3.0 at LET
Fig., 1, Typical results of the biological
experiments on RBE and OER, and
the LET ranges for several heavy and it reaches to about
particle beams.

value of about 30 keV/um

1.2 for LET values greater

22



than 150 keV/ym. On the other hands, RBE value is increasing from 1.0
at low LET level of lesser than 10 keV/ym, to a maximum RBE value of
about 3.0 in the regions of 150 to 200 keV/um. The RBE values then
decreases rapidly at high LET,

From this figure, the most biologically or clinically desirable
particles exist in the range of atomic number from 2 (helium) to 18
(argon). Therefore, we decided to require it is necessary that the
machine is able to provide the particle species in this range, especial-
ly He, C, Ne, S1 and Ar should be involved at least. Radioactive beams

which are positron emitter are also available for diagnosis and/or

treatment planning.

2.2 Range of the Particles
The maximum range of the particles was decided from the results of
the past clinical experiences of radiotherapy at the NIRS. 1In this

investigations, the 20 cm range

200

is enough to cover the deep

100 seated tumor therapy for

Japanese patients. If it needs

mrrTTTg

20 em range with silicon beam in

tissue, as shown in Fig. 2, the

maximum accelerated {t needs

IN WATER (um)

about energy should be 600
MeV/u for silicon. For

RANGE

particles lighter than silicon,
such as helium, carbon and neon,

the 600 MeV/u capability may

provided a range in tissue

! I
100 200 300 400 500 600 700

INCIDENT ENERGY (HeV/amu)

considerably greater than 20 cm,
The minimum energy has been

decided from the treatment of a
Fig. 2. Range-energy relationship for

, A tumor in shallower region with
several heavy particles in water.

helium. The energy should be
lesser than 100 MeV/u even if energy degrader was used. This energy is
equivalent to the range of about 8 cm in tissue for helium and this

value is also considerably shorter than 8 cm for heavier particles.
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2.3 Dose rate

The requirement of the dose rate is 5 Gy/min for any particle
beams, so as to finish within one minute for a treatment of one
fraction. However, it seems rather difficult to realize this dose rata
at present time, especially for the heavier particles such as silicon
and argon particles. Therefore, the guaranteed values of the required
dose rate have been decided from the careful investigation of acceler-

ator technology and the compromise of clinical requirement, as shown in
Table 1.

Table 1. User's requirements for dose rate.

Field . 2 2
Particle Size (15x15cm™) (10x10cm™)
Species
He 2 Gy/min 5 Gy/min
C 2 Gy/min 5  Gy/min
Ne 1 Gy/min 2 Gy/min
Si 0.25 Gy/min 0.5 Gy/min
Ar 0.25 Gy/min 0.5 Gy/min

2.4 Field size

The original requirement of the maximum field size was 30 x 30 cm2
for all particle beams. To achieve this requirement, it needs a very
long straight beam line section at the treatment site for spreading the
narrow beam to the size of enough to cover the target wvolumes, but
seldom uses such a large field size. Therefore, the guaranteed value of
the field size has been also decided from the results of the survey of
the past clinical experiences of radiotherapy at the NIRS. It has been
found that a 15 x 15 cm2 field size is mnecessary for all required
particle species and for all ocasions at least within the beam flatness
of *2%. There was another requirement of the narrow beams of 5 mm
diameter or less, for the special irradiation. The guaranteed value for
this item has been decided 10 mm diameter or less at target site, and

would be used a proper size of collimator.
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3. Requirements for the irradiation room
3.1 Treatment room

The most efficient number of the treatment room is decided from the
analysis of the patient’'s flow during the treatment and the anticipated
patient load., It is assumed that one irradiation time of a patient is
one minute or less, but it is necessary for the setting up time of the
patient about 15 to 30 mwminutes. With considering these actual
conditions, four treatment rooms (A, B, C and D) are necessary for the
most efflcient use of heavy particle beams. Each room A and B has two
(horizontal and ver%ical) beam lines, and each room C and D has only a

horizontal beam line.

3.2 Experimental drvadiation room

Other irradiation rooms are alsc requested for experiments of
biology, physics, radiation diagnosis and radiocactive beam. These rooms
have only one horizontal beam line for each. TFurther, a general
irradiation room which has a large space and three horizontal beam lines
is requested for developments of new medical facilities or instruments
and for improvements of the accelerator components.

Above mentioned user's requirements are summarized in Table 2.

Table 2. User's Requirements,

Particle Species 4He to 2881, and 40Ar
Maximum energy . 600 MeV/u (for 2881}
Minimum energy 100 MeV/u (for 4He)

Intensity (dose rate) 5 Gy min“l at target volume
Field size 30 x 30 cmz

unmber of treatment rooms 4

III. Beam providing schedule

1. Mahcine time schedule
A typical example of machine time schedule after the commissioning

period or in the routine operation, is shown in Table 3. Since the main
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Table 3.

every two weeks,

Predicted machine time schedule for heavy particle beam.
Each Table (A) and (B) will be alternatively used in

[A]
Hon Tue Yed l Thu Fri Sat Sun
7:00
Beam adjustment and daily check
9:00 CLINICAL
Treatment STUDY
He (C) I He (C) [ He (O ] He (C)
12:00
H Beam change and adjustment, and monitor check
14:00 A J
| Treatment 0
N J |
T C (Ne) ‘ Ne (S1) | C (Ne) t Ne (SD) 0 N
17:00 £ | T
N 2 Reserve of time N
18:00 A T S
N T
C Experimental Study S U
E Accelerator Physics T i}
Hedical Physics U Y
Radiation Biology il
etc. Y
24200
700
[B]
Hon Tue Wed Thu Fri Sat Sun
7:00
Beam adjustment and daily check
9:00
Radiosurgery Treatment
He (C) He (C) ! He (O) ’ e (C) [ He (C)
12:00
Beam change and adjustment, and monitor check M M
14:00 A A
Treatment B |
N N
C (Ne) ‘ Ne (Si) j C (Ne) i Ne (S1) l C (Ne) T T
17:00 £ E
a Reserve of time N N
18:00 A A
N N
Experimental Study C C
Accelerator Physics £ £
Medical Physics
Radiation Biology .
etc.
24:00
7:00
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purpose of this machine is the treatment of patient by heavy particle
beams, the schedules of the day time are occupied by the treatment time.
Therefore, the rtoutine works of the fundamental research will be
performed during night. The cooperative research works will be
performed during a week end of every two weeks in this schedule. The

periodical maintenance is scheduled three days for every two weeks.

2. Patient's treatment scheduling

Furthermore, the predicted patient's treatment scheduling of a day
at the initial stage of the routine work, is shown in Table 4. For the
efficient use of the beam from the heavy particle medical accelerator,
the beam has to be switched from one treatment room to another as short
time as possible. An overall treatment time of one patient has been
estimated 20 minutes average including a setting~ﬁp time, beam switching
time and irradiating time, The requirement for the beam switching time
from one to another is within 5 minutes. In this schedule, the
accelerating particle species are changed once a day at least. We have
estimated that this time is about 1lhré45min, including the beam
adjuétment and the monitor checking. The energy of these particles will
be changed twice a day, that is once a day for each particle. Each time

is estimated aobut 25 minutes.
IV. Accelerator specifications

" The above mentioned user's requirements are translated into the

accelerator specification.

1. Beam intensity .

The extracted beam intensities were estimated from the requirements
of the dose rate. Table 5 shows guaranteed and aimed values of particle
fluence rate for the several particle species.” The aimed values are
rather over-estimated. Because, we are adopting the larger target
volume to the direction of thickness, and neglecting the consideration
of RBE values for high LET particle beams. Such design philosophy is,
however, sometimes very important to keep the machine reliability.

Further, the heavy particle beam intensity schedule has been obtained
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Table 4., Example of patients treatment scheduling.

Treatment
room (A) (B) : cy (D>
AM g —- a:00
{ 9 ;
5 6 ; 4
9 10 " 8
10 - 12
' . 10015
Change of Energy (25min)
......... 10240
13
Ii - 14 15
i7 16
18
19
21 20
. 22 . .
23
25 24
26 97
12 — 28
0:18
: Change of the Particle
PM 1 e and Beam Adjustment (lhrd3min)
Monitor Check
S — temmeesennssaeanasoan s aesaaneeeaee 2:00
- 30
a3 , 31 3
34 - -
35
37 36
38 39
3 e 40
............................................................................................ 3:15
Change of Energy (25min)
ottt £ 4 8 A5 88 SR AR OAE S AR TSRS SN NS TSRS S SRR LS A UL S Sa AT RNR AT PR RS S e e nar R R e e vase 3140
41
4 — 12 43
a5 44
4 47
49 i 48
50 51
52
................................................................ . cweeseossasosacns 4155
5 P—
A Reserve of time
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Table 5. Requirement fluence rate to be entracted from main accelerator.

Particle Species Guaranteed Value Aimed Value
He ' 2.2 x 1010 p/sec 2.2 x 1010 p/sec
C 3.7 x 109 p/sec 3.7 % 109 p/sec
Ne 6.4 x 10° p/sec 1.6 x 10° p/sec
Si 8.4 x 10’ p/sec 8.4 x 10° p/sec
Ar 5.0 x 10’ p/sec 5.0 x 108 p/sec

from those values with considering the appropriate beam transmission
efficiency, as shown in Table 6. These data will be also useful for the

design of each accelerator component.

2. Beam waveform

A main accelerator for this machine to meet the above mentioned
user's requirements.is probably a heavy ion synchrotron. This acceler-
ator 1s able to provide only the pulsed beam of a few hertz or less.
Therefore we need a beam with long pulse and flat top intensity for the
precise dose delivering control. The requirement of a beam duty factor
is more than 40% at the repetition rates of 1 Hz. It seems very
difficult to realize the higher repetition rate because of the technical
problems and the high running costs. If it was secured the enough dose
rate for any required particle species, it should not be persisted the
higher repetition rates.

On the other hand, it 1s also necessary to provide a short pulsed
beam for the high dose rate expériments. For these requirements, the
synchrotron has two beam extraction channels for fast and slow
extractions. Both beams should be delivered to each irradiation room

with same beam line.

3. Beam handling system
The high energy beam transport system requires the capability for
rapld switching of the beams to any one of several irradiation rooms of

this facility in a short time, as mentioned in the patient's treatment
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scheduling., Further, in order to guarantee the required large field of
the heavy particle beams, the beam wobbling method which has been
originaly developed at LBL should be certainly available in this
irradiation facility. Of cause, it will be made an effort to provide
the spot beam scanning method.

These flexibilities of the beam handling systems demand
sophisticated switching magnets and bending magnets under the control of

the most advanced computerized control system.

4, Control system

The operating control systems between accelerator including the
beam transport system and medical facilities should be separated. The
accelerator control requires to operate as few people as possible and to -
automatize as fully as possible from the start to the end of operation.
In order to achieve simple maintenance and operation, it is highly
expectéd to provide extremely sophisticated control system to ensure
precise fault diagnosis as well as possible. Further, this control
system requires the capability for rapid energy and ion species

switching of the beam to meet the patient's treatment scheduling.

V. Guide line for the conceptual design study

LOW ENERGY

BEAM TRANSPORT
ALVAREZ RFQ ION
LINAC LINAC SOURCES
a/A = 1/7, 6 MeV 5 | MeV 10 keV
' oAz 17 a/A & 177 PIG (or ECR)
CHARGE
STRIPPER
a/A = 0.5 100 ~ 600 MeV
IRRADIATION
SYNCHROTRON FACILITIES
MEDIUM ENERGY HIGH ENERGY
BEAM TRANSPORT : BEAM TRANSPORT

(debunching system)

Fig. 3. A schematic layout of the heavy particle medical accelerator.
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The above mentioned accelerator specifications have been adopted im
the conceptual design study of 1985, The NIRS design study working
group of the advisor committee, which has been organized by the experts
of accelerator physicist and engineer, have arranged a schematic layout
of the desirable heavy particle medical accelerator as a guideline for
this conceptual design study. The schematic layout is shown in Fig. 3.
The conceptual design reports were submitted to the NIRS by four
Japanese leading compaties which lane potentials enough to make the
aécelerator design and comstruction., The points of these reports are

presented in latter session.
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Heavy Particle Medical Accelerator at NIRS
Takashi Maruyama

Division of Physics, National Institute of Radiological Sciences,

9 — 1, Anagawa - 4 -chome, Chiba-Shi 260 JAPAN

The NIRS research group has achieved the clinical trials of fast neutron and
proton radiotherapy against malignant diseases, using a medical cyclotron acceler—
ator, since 1975,

The results of the clinical trials have shown that fast neutrons kill hypoxic
cells and that protons permit better localization of the dose profile at the cancer,
although the trials are not yet completed . As a consequence of these results,
the use of heavy particles such as He, Si and Ar ions for radiotherapy was pro-
posed, because the heavy particles could kill tumour cells which are radioresistant
due to hypozic levels or due to other specific biological factors, and because heavy
particles have the advantage over fast neutrons that they permit better localization
of the dose at the target volume.

This paper describes the concept of the most appropriate heavy particle acceler—
ator for the future clinical programme of radiotherapy at the National Institute
of Radiological Sciences (NIRS ). The accelerator system is capable of deliveringa
variety of particles, from protons to argon ions, with energies up to 600MeV/amu
and intensities of the order of 107 to 10° ions/sec. The injector system compri -
ses two penning ion gauge and two Electron Cyclotron Resonance (ECR) sources,
which produce particles with 8keV/amd ; a Radiofrequency Quadrupole (RFQ)
linac, which accelerates the particles to 600~-1000keV/amu ; and a pair of Arvarez
linacs, each followed by a stripper . At injection, the beam energy is 6 MeV/amu
and the particles are fully stripped. Acceleration to 600 MeV/amu is accomplished

in a strong - focusing synchrotron,
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BEATREZRATEN (B, KEWH) 3, BEEAYA /70 toY2REL, 1975F 11 »5
HEPETRIC L ZMABELERL, 51T 19794 10 B 5 70 MeV BFRIC & 2 DAKRREE
WLl CRETITHI00 ADBABEOERRETV, BREZFBOA T B, SHoiE
HEOETRELTBRREE A ORBELHT Tk, EPHEFHRIEDHRIKRE 0D, AMEAOR
BEOHENREERBETEL N, BABBOEIL D OEEMBICHERNEE AT 20 8ENH
%o BTF8IIENT Bragg peak 2FTADT, T I > THESHREEZNE, LdL,
EPYRVNEODOT, BEEBECOH LIS TV TELO, HIC, BABRBIEERERETS
@,ﬁﬁ%%wmwm%ﬁﬁﬂhﬁﬁmgibwoC@;ﬁﬁﬁﬁﬁ%ﬁ%;ﬁ%%m%ﬁﬁ%@
WBZHIAT, BEHNTROBABRE~OGRC 2 HEREOBENMMEEZ S L oT b0 &R
Ntce COXINELFECHY, BERFMEREEGD . [EXTFESARRER] ORFTEREE
BRE U, £, EETNESPOCHEEEESFOBRREEI >OTHN S,

2. BNFROBH

MmEshiHe, C, Ne, Si, Ar HEQEFHEBRTRETRC EICT B, 1974 EDD, %
E dLawrence Berkeley Laboratory (LBL) TBEVALACE LTH LN T 3 ER-FINEELS,
M SBEICRE SN TV 3,
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EHFREIREBOKIGHST, TOBHPIAVF-DREAETNTELI o, BHEPICK1
D& D75 Bragg peak AT AL LB I AMONT S, THAF~NEOYER, T2 F
WKHH LEED 2 RICHEAT 5, T, REBEIERTOHEBICHAL, BHF0 2 RICKILHAT 5,
AR TOREE T AVF - L OBRIT, R2it52500 5, BHBEFICHA TS 27
DI FNF—id, MEOEZX 0ecm 2BBT AT L%

ST IUE, BFH7D 200~800 MeV 2 55, l ,

Bragg peak 2 WA Lk, BT &R 4} P:‘SZ:;?}EV .
BAMBICRB U TREL L2 ENTE 3013,

BENTFROMATHD, LrL, BARDIKEEE 3

BT HDT, HEICHI > Tid Bragg peak $AEE L § Modified
KT 5 &I, 3RTHICHAMBICRE L TiRES z T (i dg'e”m"S\ .
RHTEBLIBHEBBBAOSNE, K3 @, 2z filter)

10X 10cm? ORHFCHEL 10em KHLDH B % T -
10X 10 X 10cm® OBRBOBAZEET I LEH =

ELT, X 10cm THE UIHBETE~ OB 0 16 o > )
DKPEBRBAHGER LTS, WEBRFOHESD Depth in Water

7itd, Ridge filter # moderator i€ & - T Bragg
X1 Bragg peak, 1#l& LTHFHD

peak ZHALKBOE -2 KHNTELDTH B, B Bragg peak & Ridge filter i€ &b
HTFRORKE LT 00 MeV /udNe € appgy ~ Peak EHIEBEOEEN,
EARLTOEY, COfrobH LM ERTFR
DOHRBAMIIFE TR0, CNidFiApeak D OEGHRVPBSICL > TRBBD, HBHEO
BICH K peak WO OEHBREHEICT 2 X 515 Ridge filter ZHAOERICL 3,

BARBRMEZBLOT THIEY 5/, BEMBSMNERZRECL S, X, e
& LET ( Linear Energy Transfer ) BMSROLEDIERICE, BESF VINVBEBELRHEEZ LT
BY, RABECI2EDHROEOCIBREDR(OER) LLTHLNTVWE, EHFHRIIZOD
Py 7o T, ERIKHICERSIUHEELEL, 797 c ITRER200m UTTH 2,
LpL, BENFROETIMEEEREAO SR, 5100 pmBEI TEBOERT, WHLHY
OEROBERR, 13T 20~30 umTHEDT, t 5y 7 o 37 ZHEDRILEIC L~ THER TN
ST EBbh b, LbL, flROhOAYENICRENEOHLRIEFTICNE, 10nm BEL
EZOND, LIth-T, BRFREZOIIICWNSUERPICKBO AV F—25 0L, BFE
BECEEL CHRCRENBEEE52 5 LICE5, BERTFREISLETEMERTHY, ELET
BATRIC S THRIBBEEHRI R E .

35



Relative Dose

Lawrence Berkeley Laboratory

Range-Energy Curves

e

Range in tissue (cm)
3

5 ] ! 1 | 1
200 400 600 800

Kinetic energy (MeV/amu)

K2 LBLOF-2IETIL, BHFROMEBEI A VF - DBHF,

1. % Co Hveig

Be (d, n) B EIGIC L % hkT 15
( EEF 50 MeV)

22 MV X &

A v 400 MeV /u

7 R 85 MeV

BT4% 160 MeV

I

o oo w

¥
i
TS S RN SR R Y

g i§
epth in Water (cm)

e

M3 SEBREGOKRTOHEESH
10 X 10em® OBHHF T, S 10em
THEHENLLTH B,
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3. BEHTFIMERICERSHh B3ME

BRFHROEZEMNBL, SrivF-XELEPFRO L S CEBREIC I 5 BABESPL
Witd, UL, HERFRESCI 22, CERMHITRCI2BRENIRBEENEORA
oI, VHELEIR Y o VBB R TRHFEMELTARICRE L, R oy CTH EiKk?
BHERERTEZBH~OEHLH 2, Mk, CTHOOEFERALIEL, HET 0, YHEPE
METCOERARLGTHONE, COXIRERTFROFMABRVAVCAUETERINTED, Th
CEBREIGIABHFIEROELMEREFR IO OIS, IEETFOEER *He 15 Y Ar
T, &b He, *C, ®Ne, ®SiBLUPAr 2805, YAr LOECHTOFRLY
T, AMEREICRBETHAD, M2IRLAEEIE, AMEEZBBEEBIE 281 T 30ecm O
AR RESSLETH b, COFHEMITIEL FvF —13, BKA 800MeV/iu Thd, Bhri
WF =3 *He T5cm ORBEHEZT, 100MeV/u THb, #SiARAKDILBL TOLEY
FERBHERLD, CONTUBAOERBLEBELEIONEDOTHE, HTFOEEBSKRE{NS
ETFF—HBTORBE A& 730, BHRICHEBABTTHEBLEINTO S AHEELEET
ORI GEESENT 3, BIELOMKREH 55, BEKIICAr s TETEAI L0, ET

Table 1 Accelerator and Medical Beam Delivery System Requirements

Guarantee Goal

Particle Species;*He-2%Si,"%Ar

Maximum energy: 20cm range?®Si(600MeV/amu)  2°Si(800 MeV/amu)
Minimum energy: 4cm range *He(100MeV/amu)

Beam Intensity: 2,2 x 10'° “He p/sec

3.7 x 10° '2C p/sec
1.6 x 10° 2°Ne p/sec
8,4 x 10° 2854 p/sec
5.0 x 10® *°Ar p/sec
Duty factor: 40 % or more
Reliability: 95 %
Repetition Rate:1 Hz, 400msec/pulse
Emittace: <2 x 10"°m radians

Momentum spread:Ap/p <2 x 107°
Beam Characteristics

Field size: 15 x 15 cm? 30 x 30 cm?

Dose uniformity:

Pencil beams: 10 mm¢ and less 5 mm¢ and less
Maximum range: 20cm

Dose rate; 2 Gy/min  “He 5 Gy/min at 10 x 10 cm®
at 15 x 15 cm® 2 Gy/min '23C for all particles

1 Gy/min *°Ne
0.25Gy/min  %8S§
0.256y/min  “%Ar
Beam Delivery Techniques
Passive: Scattering /occluding ring
Active : Wobbler Magnets Spot~scanning techniques
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FF =, TANTOMERTICOOT, 100~800 MeV/u g TUSEEZE & Lic, LivL, T 0B
REBIMESHEOBBLAEZEZL ZBEICERT » THEFRICHEZEBLINTHA D,

B AL, 281 ( 600 MeV /u ) 210 X 10cm? O TE X 20 cm DM AMEEIC 5 Gy
/min OBBETRHETHE LT, 84X 10° KF /sec BYRELLL, BE~OEHTHRIIIL,
ERNENOEFRIC DO TRD GNIBESIEICI » CIThN b, HEENIBRBEHEBCL-THE
BY, BPUHREREOSERSN D, BHFHROLDBERENZ v 2R TRNEBEETS 5,
WMARERNHEBRTH A, Yo ro vEFNEBLTIE, THERAETH S, LirL,
S OBBICE DT B7ch, MHAAOEEBELEBDCES 1He &L, 1790257 D 400m sec 2L
bl T—RUEREOHIEMBT 20D TETRIENL 510,

BEOBRBAY Y 2 — & ©— sMBTNICRBEES b7 2709, duty factor %240 % LIL
ELt, MZANK -~ 2OMRBTRHEDIY, T3 v 2 YAPEGBEOEMBDEE I OED
LOWEATN S,

BERTFR2HLE—~RETFOHEETOEBRTE, BH0B0E - 208BBERENTED,
TRTOBEOERFHICO>OT 10° (HF/sec ) LIFELTW A,

4, EFRABNTFRICERZINIEHE

BERNFHREBETERINIE-20FHERZ2CILHONE, BELURESHEETLIAED
BHEOERNFEEE 21T, 55]0 beam delivery HfiA R L 20 id73 5730, Harvard
OB FHERTHRE SN, LBLTHERAINTV R 2EHEEE, S5V 75~ 2%+ =v 7
B THRRBHELHRRT A ERATETHES S,

—%, BRORBEELTSOBRBICHEZREmMmORY Y v - L BEREN TV S, HEPEYYE
DERTH, ECBENOROE 2RO LUBEREINTED, BEE - L L34 BIA4HHE
BRBELENTN S,

5, BRFRNAREREEERER
ENFRICL2DBABETE, BREASENKETKTON3E2MERDEARICT ZHLEND B,
BHEB2~3SLINTHRT T 50, MBEDIZ20 ANEETHCLEH L, MEBLTYHERMITE

RAT3NEr0, BEEAZHARL, PIETREASKRT LALOTCBHOETRHENTEE LD
K- 202 ARBECTI, CTCTRADOREBETEL TS, HEECHAENTNS

ERAETHMESRD “ Co 7 BHEETE, B~y VERBEBLEPOICTEEDT, BEKC
MEEBEBLZR OO THENSTRTH 5, BERNFHRTE, B~y reEELTE«OHEL
SE—LZRNTHECLRRETH L, €T, ARHEDD B 2RIPKFLIVEFE—LICE
BWENTEHLIN, 102 BHEKEL-LERBENALETH, dZNCHBFRE—LEZEERTEHC

38



Licky, 1EBMIKKM3ANDEENRRANTE 5,
RABREFEZOELIC, D, EHWER, RIV-2FAZBIUBHERED 4 ELLE
Thd, BREOBARRTEALUHANBEE THECENERINTV S, LD, RED
BESEOEMCR L EBTFRING, MERRERBEZRRA—BET 2, BRETTLICTS
7HENSIIMT 2MIEET HHETH %0

BRFENABRERORIHESR

MR 59 EH S BN TFMRISEOEBZBIEL T, KEMHIK ENTRISARBEERRERE
B&l BEBEh, LhL, BEFCRNESHNFZOEMRZIREDATHEDT, HRAFER
FHRRER (KA EOD) BT AVF - HEEHEHR (G AHE D), BEHER( EHE
WD) RELCEMROBMEB TRERIRI TR, BN FHRVABREEORI =TS
TEEUl, BAISY, 60 FEICIMSBHBE - HREEEL, AEBNOBREBRET 258
OMEBRETET - 1co W61 FEEIL, EEBIUHRZEOEARTIHMTON TS, 61
#£3[6, THOWE, RERTENTRVABREERE T -7 v o 708 sh, KB O
LBL, bo¥ 4~ v, WBHOES 4 YHEEI U, &, B8, BHCEHARBECA —»
POEMRBETD, BRUHERBZOINI, COXIURELL, EARHOBSEET - T
x 7o,
ERAMESRORICH - T, BVEBREL LY, EROBEME, SoICER - S
P ORI EEHERT ILEND S, COEREBLIMEZELLTY Y7ot yEREINT,
yvyoba v RRSETOBIARTEMSINTED, LEOBENERSNEEY - £HED
BHK+2EL T3, 3T, LBL TRERRERNFHRIESRORITBTON TV 3, BEH
DERTHRBABREBOELHEIC LBL OFEMBBECINTNS,

6.1 FInER

E#RBINESOBE, T3 0RBELILETRITIC LI, ¥k, BFELELOLD,
BE, ERBTFEINTOIOR, REFICEET 3IHLAMEFRBHT, LE 123m, TE
160m, BX96mOBERTH %, CoLModhicmnELEs 8 >DORFEL L E L%,
B—FHECERT I, YVI/rtuoryOREIBLAMTRE - T B, I vF—
DORFEMEIR 3, SiA A4 Y T600MeV/uTHBH, RIW%EHTB00MeV /u #HRIHDOEFICLL
o 600 MeV/u THHOPBEHFEIIZ I8mEETH S, 800 MeV /u THE L TdFEHAIC
BEIEBEEZIONB,

6.2 A

vv/arnY~OAHBE LT, ERMESR( Linac) LAV TVS, ¥Y¥7 v}

2 VIEOEBRNCAHINCEFED KD EFZANVF - KMEL T EETHO, Al
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KRNV ZRICEOBEONFEH NS 2 ERMERHBES L. BT HD 10 MeV ERED
EEMEEE LTRT AN VEBEYETH 5,

L, Bxiav¥F-HBOESM#EEE L TRFQ ( Radio Frequency Quadrupole ) BN
HELHREIN, RFQ REMUIEBETH A, CNIRIDTANVEOTIEAHELLTC
NETELAOONTE LFEED Cockeroft -Walton #EEEESVF + QERBLETH
(i oto RFQH5DE— 412, Cockeroft-Walton (BLV b > @O I ANLF =T, T
NURIESILESREEE, v F L, TOBETANVEERNESORIVERTE 5 AE
b2

6.3 44 VR

BHELHEVONTOAERFA 4 YE2, Penning lon Gauge , P1GA F vHTH 5, C
D4 & YROFERI, TORESBTETERENE, KA LUVEROmFEZERTE, L1
HEMTHHLETH D, Ar WEBOTHERONFDA 4 Y& LT, Electron Cyclotron
Resonance , ECR A 2 YEMBH 2. D4 & VHid, SOWAEHMBLT IO ILEND 5,

BEROBRFRBARBREBICAVLN A~ &Nk, ECREXRPIG 412 Vil —
RFQ « TANVRERNER -V Y70 bo 0O BROBREMERTHY, LDEOIE
HERAEBB D, NTORNEHE LY AWELERFHELHARCRE UM 40X ) 2RI
53,

lon Sources '-iLow energy Beam Transport}* Radio Frequency Quadrapole
PIG or ECR RFQ-1inac
Stripper Arvarez-linac j Stripper & Arvarez-linac

Arvarez~}inacH Synchrotron HHigh Energy Beam Transport l

!VTreatment Delivery System{

M4 BERFINEHZOESERK

6.4 BERFRAES S B

vv/e e YTIEINAENTFRIERABRNSCES S b, HEGHRETIE, BEL
5 ET BBAMBE T ICHEGCHEROBEE RS LIRS0, BET <&@
BRORED SHESNHBBATTENCHHGERAT LI TOCLEBRRHEE S, #
RETEICHE - TIEBICRHZT S edicld, BERBELBESLONBERRLEEECRELLY
NS0, B, ERTFRERTHE, RBATORBIELANDHRLEREROFBL LT

40



50T, IMECBITZEBEONERDBIEFICEETH L, CONBRDIF, BERTFHRENEN
KB L XBRCTHBEREEZANT, ASKITHONE, -7, NEROREFNRBOIY,
REELZHFEL, £, UBRY, RELZECTIONLO, REROHETIE, BHE
ABED, BEOIMCIRBHATIAARBHZ 1MEd2) BEIK205%5ET 540, 11
FICAE 12 AOBEBELBRBET AL EIRLTVS, 2000HIKE, E—4 « 38— L OYEIC 5 4,
BHEIC 1 DRESSEINS. B, &%, 360° HFE»SHEKTOLNAZONEETH B, E
BRIAF v 7oN=-2 bo VORHE~y FREGRESTELXSCE>THE, BRNTFHRT
REERHBOCTHLODT, 40 B0P LS 2BCRKEBIVEBERNAD 2 A0
— b R— ERT B,

COLIIC, BRHFHRERTRIARED SIRRE, KEPOEEHEANLE— L « £~ O
HITPBABERINDE, T5I1C, BENTFROBELT A F - 2EREICUBL O LD
BRCBLETH L, BNRUBELICKHTEST 5, BREIBROCLICLD, TLEBICEHR
EEMABT LWL OFRICTRRETE LI,

B, FRIOB~ESF, F2 ~5K01 B 6BMTON, 456 B~ 7L -
EBRAMIEDO-Y V44 bETBFETHB, CORT Vo~V BIBE~&IERETHS BIE
BEhs, TRALBBBEREAA V7> Y ADKRARRBEBREI NS LIKEAD, HBEIE
%%, He, C, NeHFTTbhaH, OBICIEC, Ne, SINFBEELTHAINAT LK
H D, REHARZEFEMNASPLEEEYN, Ar UELORFESOENTFOMNALEL OGNS,
L L, BELUADOHRETEIE - LEEREBLLTHX,

BEARESBEABHSIECEBE - BEIN, BRICEARIWETAELE OO, #-T,
EFZVMAO L 0EEYHE, EFHE, £YFSOERMUMIRE, BEARHETT > Na<T
BTV, MRBRHBRMERL CHALZERL Y VP S FRESHUEHH I TRRELLDT
W60, MESBLIVEEXHERAETEIARBBOEHCER T AELEIC X 2 £k
BfTbNb, €Ok, HHEORKH 7 - A LEOREESERE NS, BEHLE—sICD0THE,
kDB OMEHRBREREEGATOS D, LRINOECBEFRMZEEE LT Ne L&D
RAMEZLNTVA, ®Neld, Yv7 o bo yThE&hi: ® Ne #Be WHEIGTERE
N5, "Ne HFTAKMEREZ I/ LAMKICEY tny CTETHRZHTAC &KLY,
FLOBHEORISIHZI NG, BUHMLE - 2A0F AR ETRE - L DEREREEETS
DICHBHECBHENBEL LS, —7F, BERNFRICLZ2H TR, AMKETHEE L IBOKH
IANE-OREREEGILTH LD, KO XHBEWMERENCR > BHBHHF TS

o PHMREDOLDCHERRAESLETH S, CNOOFAHELETT 500, BNFH
BARBEBEABRICRROLICS DORHBERET 5,

a. RERHE: A, B, C, DD4=E
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AZ BEEELUKEL -4 8-}

BE: BESLUKEE—-LE~}

CE: KkEr—orf-1t

DE: KkFr—-—bf-1|
b, EMRBHE: KPFr-2#£-F 1K
c. MEREHE: KFEL—-LHE-F3XK
d, BEE-sFHE: KFE-L®~P1K
e. PEMIERE ! KFE—-2aRf-11K

MR BN BARR T, MERRKE EREE L 20« ICHET 5 HRAMAEN 5,
EREERMETE, BISHEARIRT D INEREROMEECENEORC&ZNRICL, B
i, BERELTCERBREOEETACRRE I 2HT0, #-T, mRBORMIT, EikEH
B LR TEITORELEHT 2, MEROTRORFEEZKT 2, MEEAEDAIL
CTNETIEBEHBEORBEORMLTE ALY AT 2, Mo LHic, BFEATRERE
KHHEENFHRERMAT L0, TALhOBFLIORHET I2ENFOEEPL T A 0F - DR
B, BARTE AR YERMICKET LETAER ST, COoBVRREMICERTTEINCER
TRERECHBTE2LOREBEINENETH S, 351, ENTROEBHRSIAVF -0
MWEBAE AL —-XCT, PERC-LE2BHEBELOJAHEN, U-bBRB T4 ¥D L4 U
BEICHERICTDEA bhhidE 5w,

ERYTFENABRERETOERBERORE
ERTFRPUABBEBIAA VEL LYY I 0 b o vy ETOIMERR, BEH - KFr—LH- |

ZERBLEBEARAEZEST N TORMEBIUKFEL - 28574 YRIZHT 2B vV ICRE
Th5, Mo RENTFRUVARBREESIUVRAZEOEEHAREZTRY,

a.

b.

BHFNES EBEEEOPELLITICEN S,

A4 7R

AEDAFVE, $HUHBPICR2ELECRE2EARET S, &4 4 VREICHILL
BREEBL, A4 VELPOORFTANF T 6keV /u DIET, WERNERKIT 1/7 2EE
T 5,

BIiLF - —slER
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Measurement / / N 0 H N P P
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E 168 o
Ty ~Ts P HREBHEE, D : 2ZWiEEE
P : AARsE, B : £EYRHE
RI : by —-afIAE H:KFEE—-2sBHa-2
ErhriarF¥F-BHEsE, V:iEEE-oRBHa—-=x
SS:vvysatuvi, BT ! b —AW%ER

M5 BERFRUBABREXESIVURHEZOREEFNER(T) , EEr-2% (L)
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1) 2hEho4 4 VEKERF 4 Y28%Y, TOBERTA YRRBEBE - 22WBLXU7
FIAF-ERY B, '

2) AEDA A VBEENBALLE, ThTho4 2 vELOEONILE-4%, R4 v F v/
EUACYEADHTES RFQERMEBEASTE LT BT b
5,

3) RFQESMEREO-y F v/ BIUY Yo bo YASICKLELSEMOOE — a0
REDL B, BB - sBWBRELLUF 2 v —%HT B,

RFQ B ERMNAER

1) RFQ~NOAH T AV F ~E 8~ 10keV /4T, HE T R F ~ 600 ~ 1000 keV /u 0k
ER-P

2) BBERTANVEERMEREEL 100 MHz &7 5,

3) BT 2272 A% 0.6 r mm °»mrad &£ %,

B 4R R 23R

D) NUF e 2BEBL, BETRE -V FEENRVFL, TN VEERIERED<
FUIERD,

2) NvFe=4, TuT 4 e ABIUE-LBEE2EREBET b,

3) AV/EERE2mBELILT, Q%7 ke PERUCLEOBBERET LI OIRT 5,
T oS VEIEG @S

1) RFQEZIMERERAM L7600~ 1000keV /u ORF%, 2EOT v/ LEBRNERT
6 MeV /u KIET 5,

2) B 100 MHz &9 3,

WEERER ;
1) 7 44NV ATHELEMEBL T A VHEHSEMEROMH TECEET 5,
2) TaANEERLTRRTCEIHBRBEETERET 2,

I ouE - - AHER

1) NFOEBHEOENBDEMA B/, FAVF v —2HKET 5,

2) Tk, TN LVHERMEETEMeY /u BEFTINEIYACLEEL, H10mD &
BAR—-2EAELTE,

3) REBEREGTACLEDEAFE=442RET L&, P rrF-—v—2FRE(
5DFE ) ~OHMEREHRT S,

4) vvinroYiDwy FUrSERBCT AEELHBELRET 5,
vrvguaubrars

1) WEWNEBL1/204F VIEHLTOBEARZANVF ~FEHMEZ 800 MeV /u &7 5, B
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OB ULE— s8N (759 b e by ?7) 400m sec IET, BOELUEAEK L Hz
TovrsaltavOEREERRT 2,
2) vvsa e YNOENFOAHI A NVF~%6MeV/u &7 5,

BORHB LY - LOBERROLDIC, 20 HEEOSZERERAHET Y. Chicfkr v
b LIy B VRADOYMARHNIGELT, Yoo ve ) YIOBRKILT IS S v R%E,
wDEHICT B,

30 # mm ° mrad ( FKEHH)

37z mm - mrad( BEHH)

ABHTFOEHEDIE, ap/p=+3x107% &35, HOBOBLE-20848E, £
BEREASC - L2 —FICRD T C EICL B/ A0 F — v — LR OB AL B
Bk, A7 =N X - THET I v 2 VRT3,

3) FT 4 AEEIIREES MR c REEEELT S5, RAERAP TOEREFA~N -4 Fa vik
MmpAy 2 Tmme U, AHHEEHEBEOBIE 0mml EET 5,
4) AHRSHBEEERT O CICMESRSHBAIK, ©-20MEB, BE, NRSOLIHBELH
BT 5,

1. BXanvF -« E-sfixRk
1) BOROBLEBIVECROBLE ~ARKIERT I -2 @B RET 5, BERR2=y
Mb, £V a - fbd 5 E3IC, T3y 8 YAMEBBLO L — AR DAY BHROEHH
DERITET 7u~F 9y 0 %RET 5,
2) BEEBRBEMNETOE — 4, ¥E5mmPA, BPLATOLLDEF £ 25mml A
&9 %,
3) ERHEANOE-LDRODTIR 5 FLINICGRERTH>C L ET 5,

i. BER
D BREBEAEEL, 2BCEEHE - KFO2RBH2 -2EHRT, 10 2BRKFOHOD 1
I-RET B, KEREZDO 1D, KPRE0ecmUTOERFHICOOT, BEH 3cm
GUTONBHEBREBET 2, o5 2 -3, MENcmLUTOEEFHICO>OT, B
HEF2cm P LI TORBICHN S,
2) HEHRFEBICBAKERN 2 - 22K 5,
3) B¥ - NERYESHAERZICIKERN 7 — 2% 3 KRBT 5. BHFIL 10cmg 2
HEL, 2BRNFIRDOTB00MeV /u ORFAFIATES L 5T 5,
4) PWEREZICIKERS 2 -2 1 K%%Y, He BLU CHTFICDOT50 em LT ORE
IKRELTHBT %,
5) MeMLEe —2FIMER, MAROBREEK, BROLBVEBDTZ10, BIrvE— -
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E - L@EROTHMCHRT 5, MAHELE - & LT, 600 MeV/u ® P Ne%Be # —#

vy MCHTREE, 0° FRICHHT 2 "Ne 258 L THAT %,

6) i ¥F—-REEICIE, Arvaretz BEMERHOD 6 MeV /u DKEL —b 3z~ %

BET B,

k. 2ARHER

D) BHFESARESEELRAHET 2DERED 2 VY E 2 — 210k - THEMICQIET

By 27 ARRBRT 5,

@ hRsiER EER, ©- AMEROEE - B{E
REGIER: BREROER « #1F
EHR £AER, ZaTE, &, &5
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Particle Beam Dosimetry with Ionization Chamber

Takeshi Hiraoka
Physics Division, The National Institute of Radiological

Sciences, 9-1, Anagawa-4-chome, Chiba-shi 260 Japan

Particle beams have been regarded as more attractive
radiations for use in radiotherapy. Dosimetry with
ionization chambers for the beams can be considered as one
of the most useful methods for absolute dose determination
because it has characteristics of being reliable, easy to
handle with good repeatability, good accuracy and high
resolution. One possible problem of the methcd may be a
lack of precise physical parameters such as W-value,
stopping power and kerma factor. This paper will describe
particle beam dosimetry with an ionization chamber method

and will discuss some accompanying problems.
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Digital Imaging of Dose Distributions by Magnetic Resonance

Takeshi Hiraoka", Nobuo Fukuda®, Hiroo Ikehira®, Kazuo Hoshinob,

Kazuhumi Nakazawa®, Yukio Tateno® and Katsuhiro Kawashima®
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Research Code No. : 209.2

Key Words : Dose distribution, Digital image, MRI, Gel
phantom, Fricke dosimetry

A method determining the spatial dose distribution in a tissue-equivalent phantom using the nuclear
magnetic resonance imaging was proposed by Gore et al. In this communication, we report on our idea of
imaging method and the experimental results of dose distributions in a real phantom. A cross-linked
dextran gel (SEPHADEX-G200) is adopted as fixation agent of Fricke solution. A linear relation was
found between the proton NMR longitudinal relaxation rate in the irradiated gel phantom and the ab-
sorbed dose up to 30 Gy. Diffusion of the solvent in the gel phantom was found to be small within six
hours after irradiation. Our results can be widely applied for radiation treatment planning, especially for
the application on the complex irradiation condition in an inhomogeneous media.
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Fig. 1 The relaxation rates plotted as a function
of absorbed dose for Fricke solution (dotted line)
and the gel phantom (solid line).

Fig. 2 An NMR T, dependent image in a diagonal
plane parallel to the incident 15MeV electron
beams in the gel phantom.

Fig. 3 An NMR image in a plane perpendicular to
the beam axis at a depth of lem for 15MeV
electrons.

Fig. 4 An NMR image in a plane parallel to the
incident 15MeV electron beams in the gel
phantom which have contained lung (left) and
bone (right) equivalent substitutes.
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Dose Distributions in Boundary Region of Thorax Inhomogeneity
for Fast Neutron Beam from NIRS Cyclotron
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KATSUHIRO KAWASHIMA®2 KAZUO HOSHINO*?2 AND TAKESHI HIRAQKA*?
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Anagawa d-chome, Chiba-shi 260, Japan
%2 Division of Physics, National Institute of Radiological Sciences
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Research Code NO: 203.2

Key Words: Thorax dose calculation, Tissue inhomogeneity correction, Fast neutron,
Power law TAR method

The validity was examined in applyving the power law tissue-air ratio (TAR) and
the isodose shift methods to the dose calculation in thorax tissue inhomogenity
containing the boundary region for fast neutron beam. The neutron beam is produced
by bombarding a thick beryllium target with 30 MeV deuterons. Lung phantom was
made of granulated tissue equivalent plastic, which resulted in density of 0.30
g/cm3. Depth dose distributions for neutron beam were measured in thorax phantom
by an air-filled cylindrical ionization chamber with TE plastic wall. The power
law TAR method considering TAR of zero depth at the boundary was compared with the
measured data and a good result was obtained that the calculated dose was within
3 % against the measured.
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Fundamental Experimentation of Radiation Damage

to Spinal Cords in Infantile Mice

Mayumi Iwaxawa, Hideyo TakauasHi, Masahiko MAIE,

Naomi OunuMa, Takao ETOH and Yutaka Kurivama
Department of Pediatric Surgery, School of Medicine, University of Chiba

Kohichi Awpor and Sachiko KoIKE

Division of Clinical Research, National Institute of Radiological Science
(B4 FBFI60%E 6 A17H)

E B

Baw, PRENEBEERESOEENERO—FBRL LT, FPBAVEYTRIV» &L, TEEED
Twa, LOMPBHEFEZTFICHL T, BEREESFEECCHHCLNEL, LrbRENhRTods R
&%D%%Q%?6+%&&ﬁ&ﬁiﬁ¥%%6.%@.&&n,%%V¢X%%w,%@E%%Iﬂhﬁ%
WGy zT°HRFIcCIEANBHEL, CoFHE, FHoRMELc shEemaAk. Tibb, 506y bk
BEFcr, FERE2HBEL, 209Gy PlETr, BMBREARME VI BEXBES . X, 226y LLTFTr
BERERZONAL o, DEARB <~y AOXUBMBEHA L LET s L, B~y A TR, LiERETLY
B cEE A HRT 2 LB L, X UMNEHRPBEHEBETCS - TR, ToRBHRERR, +9nEE.
BETHD L ERTRBEEINE,

Summary

In the multi-modal therapy, normal tissue damage is the limiting factor in the radiotherapy of cancer.
Intraoperative irradiation resolves this problem by shielding critical organs,

In the treatment of pediatric malignancies located in the abdomen, however, the spinal cord is inevi-
tably irradiated, We here investigated and report effects of radiation damage to spinal cord of infantile
mice,

Materials and methods : Four week-old C3H{/He male mice, weighing 21~24g, were used throughout
experiments, Lumbar cord of spine (L1~L5) was irradiated with single fraction of X ray machine (20
mA, 25cm FSD, 322rad/min). Changes of neurological status after irradiation were scored by observing
movements of mice, The scoring method has been employed by Goffinet, et al,

Results : In the first place, we investigated the relationship between radiation dose and body weight
gaining, Irradiation with large doses perturbed growth of infantile mice.
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The latent period between radiation and onset of paralysis in infantile mice was shorter than that in
adult mice. In addition severe damage of spinal cord was observed in infantile mice by 30~50Gy. By
the same dosage, mild damage was reported in adult mice. With 22 Gy, however, radiation did not result

apparent damage.

1t is suggested that careful attention should be paid to radiation of spinal cord in young children.

SRBIRE - R, MR, W TR

Key words : Intraoperative radiotherapy, Radiation damage, Spinal cord, Infantile mice, Paralysis

ANRTEYERB BT B R, BN PIEn
#EabbhTwas, Biker, BRI OK
1L, GESEY G &, Neuroblastoma Stage I,
WV & & #EFF O3 588 i SRR FUE O FELA
FHERTWE, BATo DX 5 il fToest+ A
B0 —8 L UCEBHE TSR RY, BT
BN B CE AR BRI E S T b E
Er, Flch—FEE LTHERED TN, ZOfidk
BT O Chic o COLRBEEVFHEE A B &
DEL, LOSSINETH B, FORZCRT
BariniER T 5 LEND B, BER. B, FHEY
D GHERR O E R s By, AP
LB B~ AR 5T s D 20408 ~10:18) iz 4
EFEWDCHTH L0 LA ER BRI, SEE 41X
W C3HI/He #t~ v A%{EH L, BHEANO FH,
FHOBME LW TR INL, BTOMENED
NI TRET 5.

2. H &

RIE 21~24g © 4384, C3H{/He M~ v A0 Bk
L1-6 %, EEXEHEEELE, BH4LHE 250kvp,
20mA, FSD 25cm, Field 20X20mm, fE®R 357
rad/min WCOMERE Uie, HIEBARE 28T, Eito
SRS Bl = v AL EASL & L. pentobarbital
(50mg/kg) MEBAHEIC L5 2T 20X20mm O
EBOROHIEX Smm DHO T th b ¥
T2UED~ v ADEHERY, BETHRNCAS I 5L
fo. TRisIRS PR R & T B IEHEATESIC A o T\ B
E B MHERT B, AURBTIXHEEYREY L
fo. 1ERHHEEY 15Gy 6 T0Gy ¥Co 78, +
e, 156Gy, 22Gy, 29Gy, 36 Gy, 43Gy, 50Gy,
70Gy wibld, £¥7~8ILT, BHE2ERMICbID
BELlc, B~ AR 1BECHEEL, UTOHEE

O E R L.
D BEOHREL LT #EED
2) WHIRIGE LT ABGEBkEE

3) TOWELE LT BRI
HEGEBEEBI L T, A. J. van der Kogel ©

21% 6%

1261

73

Score [ 4 Pkt e A
RAEDL -
S I ‘
ST
a
. ORI M \“wﬂff
¢ i i o ad
N
3 b oo S
N
o | m oo ﬂ;§;;:::§§§

Fig.1 XHRBHHEO < v AHEEHEH o
FReE R
(A.J. van der Kogel)

FEMAH#E LT Fig. 1 © X 57 Score CHI Ui,
Score 1 vI#(THE, SMI~R%R %D F iR EE, Score 2
REERE - To) B, MR MR AR TIvhE
DT LE S MBR 5 ), Score 3 1% fr I,
Score 4 ZEW, BMEELHS MEREYR LicBe
ThhH.

3. & #

D AFBRBRUGEEY (Fig.2, 3)

FRAMEH R COTHEF B I, HI0RTH -
72, 185Gy LIk 70Gy 2 CoMT, IRISHERN T £
SR AROER,S L BRI, FECES RS 100 A
e L 600 HORCRD bl Lk, [BELFHkE
Bl FOMAHERET XA Tl e Bbh
B, B2, 70Gy B G, BEH0R B ¥ eikdE
BB EISER UL 5eiiim Ui, 1008 LRI,
FEHIZED b <feh, 150 BLMETRRT LA



62 E=ll|

M xRDR. T0Gy BT, SRR R?OF X
DARMCHEL, LrdbtoBERERTH .

2) BEGEEEE (Fig 4

RADERTH 2 XiFBHFROBBCEIEE L L
7o, MERECE LR YR DL, 156Gy #, 22Gy

15Gy B

22Gy ¥

259Gy T

36Cy

43Gy B

500y T s

X AR

I

70Gy T¥

|

100 200 300 400 500 600 H
Fig.2 X@BH#Eo<y A&FHE

g
40y

30+

Wt 74

BECILE S i, 29 Gy BET# 200 A%, 36Gy
TR 190 B4, 43Gy BE-CH 150 B #1C Score 2 ¥
TOREENRLLNRS b, FEXET2RCEE-> T
W, B0 Gy BRIC W THEHY 180 H ¥ Score 3 ¥ T,
70 Gy BH395 B BRI EIBBEEE % & 1y Score 4 % T
DEEXE Li. 0O X5 EEHRE ¥ coBEITE
EAAbR, SERBINCGEG UTRCHE L, Score 2
CBHLT 29Gy B & 70Gy BT 5L#3/HOH
KAEBELTWA, ®IT Score 2 OMBEHEO RN%Y 2
Licw v ADZBCRIT BREPE 2 B LICHREL
Fig.5 Th s, EHIGE~v 2% bbyichivbho
HRETHD, BRI~ A% L by 7o Gerati HD
BEBERLTVS, <y AT, 336Gy LT
1009, 29Gy BETILTS%DFRERE Th 5%, 22Gy
22, 15 Gy BETIL Score 2 3B e » 7o, # 30Gy
FER IR LT % dose-response curve ¥R L7,
Gerati iIC X B~ v AOERER L L, EREC
B LTWADNbnd, XT50%D <7 AN Score 2
WETHOWET AEE Y EDS0 L LT Fig.5 ©
dose-responce curve bR B E 27Gy THY, TN
T = AW Score 2 DFERN TR ESEY EDO
E L, XFATo~ v AR Score 2 BT AR E
% ED 100 &% &, EDO0-100 13 22~36 Gy Th - T
FlgER Score 3 LIE¥B L=V A% H bk, Figb
o7 ¢ EDO0-100 13, 43~50 Gy L7z b, EDB50 3 47 Gy
T T,

3) FEENTR

BH Loy ARDE, FHEENCENYT -1 %
FOEEREE Score 4 B Licw v AOHHE, FHOE

Bl d5ug Splatins
15Gy i

150 200 11

Fig.3 X#RH#O~v AGEED

(PR gt BT
1262

74



SRR R IR o SR AR 63

Y

wm & 100+ P
g e p

15Gy| 22| 29 36 43 50 |70

Score 1 — | — |196B | 185 | 140 | 156 | 71

2y — | — 1203 189 | 154 | 162 | 77

3 —_— = — — — 177 | 91
41 — | — | — — — — 195
Fig. 4 XEIRHSHBEOLTIEISEICE L2 B 504
Y
100+
0 4
T 200 300 40 500 600 70 Gy
504 Pig.6 X4 Score 3 Plhefilic=y A

D eI

I3
J Gerati 500 5%
7 o -
/ N A

0 20 30 400 500 80 70 Gy

Fig.5 X #lagHe

% Score 2 LAL#hLiz<y A
> ¥ A UL

fbhdn & (BE 1), IEHEM O FFREPIC IS I8 R 65 89
Telk b HHIBE O ALEE A AT R 3 h 5.
N, TFl & D A EHO RN A LicHilalin g
B hEESE R LT B, HEBRERDOTRER VW E
R EoRKbOReExE L5, X, FAEOHA
PIEMBOLAETT BRA R L, 08, BHIF/MCH
ST FOEAR (FH2) KTy, BREENCIE
LR ER R L TR D, HREMC RN Y R %
JEDFERR LTS, X, BEAICR IR % 2 I
B SR OAIR TR R, PO REYR L. o
FUR IR R BI 4 5 MR AR A & 7 o TSR E 0 Ry
ZEAHSDEELLNRD.
KEEMEFET, e L 15Gy B (BH3) o
TUARLDE, BEALELDIRL, MBS LD
feh Tk b, 22U LD ieh -, X, TR
fLAsteds - fe.

21% 6%




64 ||

id:iES

=5

4. # H

BB E RO B RO — R & L
TR BN R HC A T B A © & A b IR A e
NICHELE 2 TR Y, TOFETTEBIE B RS
EHAT LB a 0 BB eRY, ROEEBE Y
LR SIBNRE I s s 2 T B, O R3,
Neuroblastoma, Wilms tumor %, L7 i 30 B8 4
NS D Stage T, Vic KO®TEY EE LTH# 2
TeB5, OO EBEED Y v iR, K
BlR, TORERNR. IREBES, FPESRR DAL 5
CEAE L O FAETHD, FHIC X 5 R
2T, (CEFELHALLE LTY, itk BEES
MR E LT, M EEC E CERLT RO E
FEBTHLLTHD. CORFMOGIESE LTSS
RES—ETHD, TholAESHBHRAT bR
B, TLC, bk, Thirbbhke LT, #
*%%%ﬁiybé.%@ﬂﬁmmwa%&?%%&m
FBRACESTES, 20 EFESoRBYRE M Tl
%, 3. {LEFELEOHEI BT TE S, 4. FHFO
AR EER SR LT LBEERO K2 BT
LT BY, THERBHET S, 2350, i T—EkE
BABHORFORBMERLIETCE &L T B,

L L, ZOX 5B OF SR LT, ik
ZTENE HHAYRHERCA STTD, FROEEL
TBH LY THHER Y, B, FHcEEEHs
HEFNUGEFRCERE LA, LB, B, FHok
WA A B T 2 MBI EL S E 0 Th D,
BINBRAT B L Dliie ., FoTEEISE~ Y A

wAv, T, RO 1 BRHOREMC o RE R
.

KREWE LU, MAES 1 EMO 484~ v 2%
FAuvic, 8T, BRORBECKERERLEOMEOR
Bite PRBVTE, 7o lECRVTY, £HLR
BFEEL, b TOFRILEE, ~7 AR TLENE
YETLHEVDRTY 89, OSSR E

1264

76

74

B BHCLHABENM BT MBI, =
B Guinea pig %IV Ac/E# 11 H O WAHEITN HE o
EVCBHHREIE L R LTS H 50, ok, WA
CEET 2B TH B AL RS, B,
KEDERCFHT B~ o ADWD L & LEMER DA X

D, BEHRID L OERAPICE D Z LA SR, 4B
DYy AR BL L Lic, Mo i, life span X
DIRET B L = YR BB, BT
e E L, MEBOFHBHDOER LT » TV 53
BOHRTLHLEOWER S CARTEATTLOLS S
P, HELOIETR D X 57 iEtir s iy, ke
BEDOER F L L UTH R kL B i

POT, BHEMRANC X RSO MO kL LT, X
CRBRHOKM, FEMELRG. ZOBREED
JRA &7 2 BB EF R A B0, BHL, ROME
HiTHh, MATBEEOWHASH b, MEESENE~N
, TOERTEOROGHEH LD & Lich,

ST, HREOWTTHBY, FTHETHToWT
AHb L, CRETDRAEDOSEIREIN BT 5 ¢
CHEEDERNL/INE LTY b, oA, #EEeo
R INERECE UCoETINRE D BB A
foo ZAUL WEET T B — kIS o L o4y
TR E LCHREL SRR, CoRER, B
HEB ORI RIS X BB F i E 2 b A
525 BEERREES B,

W, EBOERMTHAEEEREECE LT, ¥
fR LTk, van der Kogel &0FMoME, B, 49
BT 5 BEOTRED 1O Goflinet DM ED
%28, Gerati ©F LET #OWESD 25655, Fh
CXAuE, B v A s\ T, Score 3 o ¥R I
55 Gy BERCTHI 200 B, 70Gy T 100 HTFRLTD
PR CREIO B <, Score 2 1%, 830Gy T 200 H
~14g, 60~70Gy T70~100 BEEL LT3, X,
BEFRAEHE L EF0~60%TH-70E LTS, Fh
LHLT, SEOERE, $E <y AT, BRENE
Wesno L, X BEEENEC LS, Figs 6,7
TRLICE Wi~ 7 & L b radiosensitive G % =
AR LI

EEREOREREE 2 BH, Y~ v AR OTE,

ay

7
EIOHR LD, 1EEE 222Gy LIF&iess, v ric
HTULD DO, LEHCH B, Whitel® 42, v o

B AFHEREHIEREL 7 » roThyiBse, 7
F7kXh Fig7T WRTITEL T o b e e F0EER,
55D 40Gy He ro 200Gy, 7., 0 200Gy He
D 185Gy THBHELT B, RILT » b LI~
ARLBT DL, WEER%S LD, Thbyils
LTCHRTAE, vOALKTS 206y 1%, ¢ bPRK
WTLESE 168Gy &ich, ZOMEMERBEL W
2 L5, TOEITR Waral®, Kogel™10 a4 g,

B #% &



NRATR RS O XBARE 65

) —~
o ~>
ézm) . o 10000 3

®, [~}
= 4,000 0 g° 0 o
£ ,§?f el 6000 3
& vy ° H
—i 2,000 ? a ° 4,000 &
g S
5 U N S 2,000 E
:::5 2 4 710 20 3040 K

Number of fractions
o FEFEM & b 51T B myelopathy (+) D%
° z ” (=) »
A& myelopathy in 50% rats, van der Kogel
v ” Ann White

Fig.T v b ~OEBRBHRHEBREO/NE

HEUEROSYHREHBEY RDHPERRYERLEL, 0
Kb BbUWTe PRATOF — 2 ¥ BH L b DR
GRS 1,476 ret L LR E—HK LT 5.
Ao, FEXRFEPRABRT T » N REREE D
1ERBECRE LCEIEED 156Gy Th b, T h
EL—F LTk b, BRI DRESEREBR TS
HihREOBEL 10~15Gy MBHLEL T W5, &
BICRERNBRFC OV TARD &, STRERD SR T
%59, 30~40 Gy BAHC T EMT0ZEL s L O
Bifie, ThivBHEERMC T RO RE, B
{1, CVCTIREBDETEN IS Z B & DR L ITRE
DRERETLY, B SETITEEOEIT LS i

T,
5. &% B

R EE ER RS O BEN RO —2 L LT,
FRIBHAERI L E L, = v ARG TN Y N4
o, EORER, HFE~VALTL, BEBEEL Lo
WEOEBIEER, B~ vALLL, IV EBEcIvE
BECHBET 5 EAHBEL, NEfTbRHOKTTS
Too T, —EERENL 156Gy ITR3T~&Th 5 & &
abhle. ¥, B LERARED, FHOERC X
AiEEOREY follow ALNETHB L Ebhi.

X ik

D) Bf—HE s NRAERE, ~BTHRR, HR, 1984,
pp. 75~150,

21% 6%

2) Barnes, C.D,: Effect of ionizing radiation on
inhibition in the spinal cord, Radiation Research,
32 : 347~354, 1967.

3) Finklestein, J.Z.: Murine neuroblastoma, Can-
cer Chemotherapy Reports, 59 : 975~983, 1975.

4) Gerati, J.P.:RBE for late spinal cord injury
following multiple fractions of Neutrons, Radia-
tion Research, 74 : 382~386, 1978,

5) Gerati, J. P. : The relative biological effectiveness
of fast neutrons for the spinal cord injury, Ra-
diation Research, 59 : 496~503, 1974.

6) Goffinet, D.R.: The combined effects of hyper-
thermia and ionizing radiation on the adult mouse
spinal cord, Radiation Research, 72 :238~245,
1977,

7) Hornsey, S.: Residual injury in the spinal cord
after treatment with X-rays or neutrons, British
J. Radiology, 55:516~519, 1982, -

8) Hubbard, B.M. : Changes in the neuroglial cell
populations of the rat spinal cord after local X-
irradiation, British J. Radiology, 52 : 816~821,
1979.

9) Kogel, A.]J.: Radiation tolerance of the rat spi-
nal cord, Radiology, 122 :505~509, 1977,

10) Kogel, A.]J.: Radiation-induced nerve root degen-
eration and hypertrophic neuropathy in the
lumbosacral spinal cord of rats, Acta Neuropath.,
39 : 139~145, 1977,

11) Kowles, J. F.: The radiosensitivity of the guinea-
pig spinal cord to X-rays, Int. J. Radiat. Biol,
44 : 433~442, 1983,

12) A B ERBS L e FAOME V7 by o
=y Af, FR, 1980, pp.35~51,

13) HAEZ : Hrh RN & ho s iR 3 545
FIRS ORI OWTC, FEOBE, 10 @ 532~542,
1964.

14) FEIBZEHE /N ETRE N B T A ek st
FREE, R/MRREE 160 41~47, 1980.

15) Wara, W.M. : Radiation tolerance of the spinal
cord, Cancer, 35:1558~1562, 1975,

16) White, A.: Radiation damage to the rat spinal
cord, British J. Radiology, 51 :515~523, 1978.

1265

77



3432

HAUSRA

m o AT

LiE A2
RRE #—73

C3H= 7 AHMENE(NFSa)izxi$ 5

OK-432D /iR 5 & AT R DU i 5
——TCDso & {EFIMR——

RN
BE

BE OKA4RZOBEFEE L HHBOFRRIC>WT, SERMENMEL, 2 oEHEED C3H < v =,
BRMEARE (NFSa) # vy, OK-4320EE#ERH], 50% Tumor Control Dose (TCDso), [REE6HE®D

fEH O L BRI >V TR L

OK-4322 B 2 HATL V), BHHATHARZ CIclEE L, EMESHNc oW RN 208 BoEEEHT
BT 2, BREMBCHL, FEOELRDZOE, OK-420BHEREEHOLThHoT, 0K-4320
HE4KE, BERHE BEES L L, TCDsw HiowTHF L, OK-432: BEPEHB T, 64.3Gy, s
BEREE T, 83.5Gy T, OK-4326fF#T, $920Gy @ TCDs B OESFBENED bhiz, - OfHED

RERCEHOBEHREHD L, BHMEOELARENE B LI,

TEEAE O BIICIR N Y R EROE

HERD, chEeETEMSETRELLL DS, EEMEY, BELOETY v RICEER T,

[ DA 3 b

OK-4320> BFTiE 51, BEEN4AKE ©, B
HEHCBEETEZLICEY, BREBOMBEDR
PRI LR, TCREE LS, SEN,
QK-4320 B EREHIC 2T, & bICEEMICKRE
L, OK-4320ZFHE5E, ZEREFRHHCBY
%, 50% Tumor Control Dose (TCDso) % &
BMREE & HOBRRT L e,

1T, OK-432FF 5t c, LM
HEHHREORD bhi iR 6 HEOBE BT
EHSEGoRNEM o THET 5,

HHB&LUHFE
< 17 A%, SPF (specific pathogen free) THH

*OTIERFESN - B
2 RAIRE R A BTSERT
S HRAEHRBE - R

78

(3 L {2 13(12) : 3432-3435, 1986.

T &7 C3H/HeNrsf = v 20 8 ~12# 0 b
DEF A, EEE, C3H M~y xicBRREL
ToHERE (NFSa) o ESEIsifs Huvviz,

B, HEEETEEL T~
T RAETFCBEL, EEN2com ORATIHEL
WL, -~ 2T, 0.2% YTV LERE
@ Dulbecco ¥Eiz T204HRL, 200&D R F
virzaAvaki@l, B—HEREREERL
7o

OK-4321%, 100 KE #A£HEiAHEK 1 ml IKF
fEL, BER40u LT, =42y Y YA
VT EEHA~EE L,

HE#E, WCs, r BEAY, vVRERVT
% —N0.05mglg DEBEAESIC X 5FRTIC,
JEEFEREA 7 £0.5mm D HE CHREE HEIT L,

BEZERTEIL, student’s t test vy, TCDso
i, ety MEFICTERD I,



#13% %128 WEF614E12H

B 8

1. OK 43200l S
OK-4320> 358 % 4KE r L, BHHER
40Gy & L, 1X10%2 > NFSa Mfafstfitt 7 A%
o RE B AT Lc, OK-4321%, sto 2 BB,
1 BT WBEES, BHo 1A%, 2HEK, 3H
#%, SH#%, 7THBCREIREL, BHEZ0A%
OEEERICoWT, BRI L (E1), 20

WEE, REEARoO Control # L DML HEEEZR

wieoix, OK-432% BHERKICESE LicHo b
¢, FRETBAMEED1702:+268mm® oL, 1143+
243mm® T, P<0.01TH ok, OK-432i2 i3,
ERREROH B Z LRI,

2. TCDs/1208

OK-4320#% 5 & % 4 KE, #E5RH & BEER
L L, TCDs e THEE L (1), Bz
I, 1200 & L7z,

B BB TCDs fHiF, 83.5Gy, OK-432
BEFREMRER TR, 64.3Gy Th o, 920Gy
» TCDso Hﬁﬁ@Eﬁ%@Jﬁ%y) Hhiz,

3. IREEMFRR & BER

OK-4320 {5 & BB O AZIRIC> v
T, BRI IR, SRR RN
IHELZHY, SEHI, RLDROBDLIK
REEE 6 H B ol L BB I VW TR L
OK-432, 2KE o /pTS & B 45Gy B
%6 HROMRMSE (BE1, £) T3, FHLE
MR oZSE, ERG s L bic, B ED
ik, WY RROBENED B, ThE
BEG (BE1, A) TiBE, TTRLEER
MEH, LTRLEY VAREEELETRT, B
DEENRT VA, Z ofEEM, HEkREAeD
ETHRINT 5 &, BHEEACSH D - LTRBER
7o

£ ®

BRM % Alv 5 ERBRTR, —RICHEERECE
WEESHG RTINS, ¥k b, BRM B
T, FIEENEI B CEL N~ b ThD, EEDL
1, BxT, REREOE:, oM RIRiT:

OEER T, BRM 0 15Th s OK-432%

°

79

3433

i+ 1 OK-43200 G0 EFFHHAIC BT T
<y R, 486 Lo, SD &3,
standard deviation #7R%,

Day of Administration Day 20

of OK-432 Tumor Volume=SD (mm3)
Control 17024268
-2 1825177
-1 1481:+385
0 (fR4) 1114:£243*
+1 1775239
+2 1558 +213
+3 1913:-162
+5 1675428
+7 17724438

* Significant Difference from Control Group :
P<0.01
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Summary
(Jpn J Cancer Chemother 13(12) : 3432-3435,
December, 1986.)

COMBINED EFFECT OF TOPICAL ADMINISTRA-
TION OF OK-432 wITH RADIATION ON C3H MOUSE
FIBROSARCOMA (NFSa)

—TCDso AND THE MECHANISM OF ACTION—

Minoru Mukai*!, Kohichi Ando*?, Sachiko Koi-
ke*2, Kohichi Nagao*® and Kaichi Isono*!

*1 Surgery I, Chiba University, ** National In-
stitute of Radiological Science, *¥ Dept. of Pathol-
ogy, Ichihara Hospital, Teikyo University
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Optimal timing of topical administration of OK-432
and TCDse were studied using weakly immunogenic
and radioresistant C3H mouse fibrosarcoma (INFSa).
The mechanism of action of this combined therapy
was examined histologically and electron microscopi-
cally.

Topical administration of OK-432 was performed
from 2 days before irradiation to 7 days after irradia-
tion and tumor volumes on the 20th day after irra-
diation were compared with a control group given
radiation alone.
only in the group which was given OK~432 just after
irradiation.

The TCDso of the combined therapy of radiation
with topical administration of OK-432, 4 KE which
was given just after irradiation was 64.5Gy and that
of radiation alone was 83.5Gy. Combined therapy
shifted the TCDso curve about 20Gy to the left.

Histological examination of the tumor on the 6th
day after combined therapy showed marked degen-
eration and necrosis of tumor
infiltration of lymphocytes.

These lymphocytes were electron microscopically
seen sorrounding not only damaged cells, but also ap-
parently active tumor cells. We postulate the latter
cells had a tendency to be degenerative.

This phenomenon suggests that lymphocytes re-
cognize as foreign these tumor cells which are ap-
parently active but some what damaged by radiation.

Significant difference was observed

cells with marked

Combined therapy, OK-432, TCDso
(5Z {1 1986.6.2.

Key words:
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Studies on radiation-induced chromosome aberrations
in mouse spermatocytes

IT. Dose—response relationships of chromosome aberrations induced
at zygotene stage in mouse primary spermatocytes following fast
neutron- and “Co y-irradiations
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Summary

The chromosome aberrations induced at zygotene stage in mouse spermatocytes following exposures to
fast neutrons and % Co y-rays were examined at diakinesis-metaphase 1. The dose—response relationships
were well fitted to linear equation for deletion-type aberrations and to linear-quadratic equation for
exchange-type aberrations in ®°Co y-irradiation group. In fast neutron-irradiation group, the dose-re-
sponse relationships were well fitted to linear equations for deletion- and exchange-type aberrations. The
rate of deletion-type aberrations was remarkably high for fast neutrons, about 6 times higher than that
after ®°Co vy-irradiation. The main types of chromosome aberrations observed were iso-chromatid breaks
or fragments and chromatid exchanges in both irradiation groups as well as X-irradiation. These results
indicate that there is a possibility that two double-strand breaks are induced simultaneously at iso-locus
position in sister chromatids by a single track of radiations. Production of such single-track-induced two
double-strand breaks in iso-chromatids may be very frequently expressed as iso-chromatid-type deletions
in the high LET fast neutron-irradiation group. On the contrary, in the low LET %°Co y- or X-irradiation
group, the above-mentioned mechanism may not be so effective for contribution to chromosome
aberration induction in mouse spermatocytes. This mechanism was discussed in detail.

Ever since the early work of Wennstrom (1971), mouse primary spermatocytes have been reported
a number of studies on radiation- or chemical (Tsuchida and Uchida, 1975; Adler, 1976, 1977,
mutagen-induced chromosome aberrations in 1982; Walker, 1977, Generoso, 1977). However,

there are contradictory findings among their stud-
Correspondence: Dr. Y. Matsuda, Division of Genetics, Na- ¥ES anfj m_CChanlsmS 9f Chrf)mosome aberration
tional Institute of Radiological Sciences, Anagawa 4-9-1, Chiba induction in mammalian primary spermatocytes
260 (Japan). seem to be very complicated, a lot of issues re-

0027-5107 /87 /$03.50 © 1987 Elsevier Science Publishers B.V. (Biomedical Division)
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maining to be resolved. In our previous work
(Matsuda and Tobari, 1987), we examined chro-
mosome aberrations induced at 4 different stages
(leptotene, zygotene, mid-pachytene and di-
plotene) in mouse primary spermatocytes follow-
ing X-ray irradiation, and showed that the radio-
sensitivity tended to increase gradually with the
stage descending at synaptic and post-synaptic
stages, diplotene being the most sensitive. The
dose-response relationships were well fitted to
linear equations for deletion-type aberrations and
to linear-quadratic equations for exchange-type
aberrations at zygotene-diplotene stages. One of
the remarkable results in this experiment is that
the types of chromosome aberrations were very
different between pre-synaptic stage (leptotene)
and synaptic or post-synaptic stages (zygotene-di-
plotene), indicating that zygotene is a very im-
portant stage to analyze mechanism of chro-
mosome-aberration induction in mammalian
primary spermatocytes. The other noticeable re-
sult is that iso-chromatid gaps and breaks or frag-
ments were frequently observed in all primary
spermatocytes though DNA replication had al-
ready undergone. Some mechanisms were pro-
posed to interpret these phenomena in our previ-
ous report (Matsuda and Tobari, 1987).

In the present study, to clarify one of the
complicated mechanisms of chromosome-aberra-
tion induction in mammalian primary spermato-
cytes, we examined chromosome aberrations at
diakinesis-metaphase I of mouse spermatocytes
following high LET fast neutron- and low LET
80 Co y-irradiations at zygotene stage. The results
seem to clearly indicate that there is a possibility
that two double-strand breaks are simultaneously
induced by radiations, especially frequent by high
LET radiations, at an iso-locus position in sister
chromatids to form an iso-chromatid break or
fragment without rejoining.

Materials and methods

9-12-week-old (C57BL/6J X C3H/He)F, male
mice were used throughout this experiment. Mice
were lightly anaesthetized and turned on their
backs, then given gonadal irradiation with whole-
body. Fast neutron beams were generated by
bombarding a 4 mm-thick beryllium target with
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30 MeV deuterons from the isochronous cyclotron
at National Institute of Radiological Sciences. Do-
ses were measured by ER and G tissue equivalent
ionization chamber and were expressed as a total
dose of neutrons and y-rays. y-Ray contamination
was estimated to be less than 4% in the beam. The
dose rate was 0.25-0.26 Gy/min. Irradiation was
made to testes of mice tightly covered with a
5-mm thick acrylic plate to attain build up accu-
rately. Total exposure levels were 0.2, 0.4, 0.6, 0.8
and 1.0 Gy. For ®Co y-irradiation 0.5, 1.0, 2.0
and 3.0 Gy exposures were given at an intensity of
0.30 Gy/min.

Chromosome preparations were made 9 days
after irradiation to examine chromosome aberra-
tions induced at zygotene stage, following Imai et
al. (1981) and Matsuda and Tobari (1987). A
hundred spermatocytes at diakinesis-metaphase I
were scored from each testis. Autosomal and X-Y
chromosome univalents were also examined.

Results

Table 1 shows the frequencies and distribution
of chromosome aberrations observed at
diakinesis-metaphase 1 of spermatocytes irradia-
ted with fast neutrons and ®Co y-rays at zygo-
tene. The types of chromosome aberrations
induced by y-rays were mainly iso-chromatid
breaks or fragments and chromatid exchanges.
The dose—response relationships for chromosome
aberrations, which are divided in two categories;
deletion-type aberrations (gaps and breaks or
fragments) and exchange-type aberrations, are
given in Figs. 1 and 2. Aberrations which ap-
peared as unstained constricted regions and could
not be distinguished from breaks were classified as
gaps in the present study, and the frequency of
such aberrations was very low. Therefore, the
frequency of deletion-type aberrations were
calculated including low frequency of gaps. The
equations for dose-response relationships were
determined by variance analysis of goodness-of-fit
to a linear model or a linear-quadratic model for
each aberration-type. The data for deletion-type
aberrations were found well to fit the linear equa-
tions in both irradiation groups as follows;

Y= —230-10"2+5.01-1071D ( p <0.001)
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Fig. 1. Dose-response relationships for deletion- and ex-
change-type aberrations at diakinesis-metaphase I in primary
spermatocytes following fast neutron-irradiation at zygotene
stage. The dose-response relationships fitted well to lincar
equations for both aberration types. Vertical lines indicate 95%
confidence limits.

for fast neutrons, and
= —0.76-10"2+0.86-107'D ( p < 0.001)
for °Co vy-rays, where Y is the yield of chro-

mosome aberrations per cell and D the dose in
Gy. The regression coefficient, i.e. the slope of the

TABLE 2

B 059 % o0s
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$0Co r-ray exposures (Gy)

Fig. 2. Dose-response relationships for deletion- and ex-
change-type aberrations at diakinesis-metaphase I in primary
spermatocytes following Co y-irradiation at zygotene stage.
The dose-response relationships fitted well to linear equation
for deletion-type aberrations and to linear-quadratic equation
for exchange-type aberrations. Vertical lines indicate 95% con-
fidence limits.

linear curve, in the fast neutron irradiation group
was about 6 times higher than that in the °Co
v-irradiation group. The types of chromosome
aberrations were mainly iso-chromatid types,
chromatid-types being hardly observed. k

The dose—response relationship of exchange-
type aberrations was well fitted to the linear equa-

CONFIGURATIONS OF EXCHANGE-TYPE ABERRATIONS IN SPERMATOCYTES AFTER FAST NEUTRON-, ®Co -

AND X-IRRADIATIONS AT ZYGOTENE STAGE

Radiations Exposure Number of  Total Inter-autosomes Between autosomes

dose cells number of and sex chromosomes

d berrati

G score ADEITAtons . Bivalents 3 Bivalents 4 Bivalents  Auto-X  AutoY
Fast neutrons 0.2 1000 14 14 0 0 [¢] 0

0.4 1000 36 28 1 0 7 0

0.6 600 32 25 0 0 5 2

0.8 600 45 43 0 0 2 0

1.0 600 64 47 3 0 10 4
9 Co y-rays 0.5 800 12 9 0 0 2 1

1.0 800 36 31 0 0 4 1

2.0 600 116 101 5 0 6 4

3.0 600 235 202 23 1 8 1P
X-Rays * 0.5 600 14 14 0 0 0 0

1.0 600 31 27 0 0 2 2

20 600 92 84 7 0 0 1

3.0 600 189 173 5 2 7 2

* Data from Matsuda and Tobari (1987).
b Exchange between Y chromosome and 2 bivalent.
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tion in the fast neutron-irradiation group;
Y=-0.50-10"2+1.05-10"'D ( p < 0.001)

In contrast to deletions, the slope of the linear
curve for exchange-type aberrations with fast neu-
trons was about 5 times lower than that for dele-
tions. On the other hand, the data for °Co y-
irradiation gave a good fit to the linear-quadratic
equation

=-028-10"2+1.69-10-2D
+3.85-1072D2 (p < 0.025)

Among the total exchange-type aberrations, there
were a few that could not be distinguished from
iso-chromatid type.

Table 2 shows exchange-type aberration config-
urations and their distribution. The frequency of
exchanges between autosomes and sex chromo-
somes in the fast neutron-irradiation group tended
to be higher than those in the low LET °Co v-
and X-irradiation groups. Univalent frequencies
of X-Y chromosomes and of autosomes did not
differ from the control.

Discussion

This experiment is the first attempt to analyze
chromosome aberrations induced by fast neutron-
irradiation in primary spermatocytes, though a lot
of experiments have been performed to investigate
the effect of fast neutrons on human lymphocytes
(Scott et al., 1969; Sasaki, 1971; Biola et al., 1974;
Bauchinger et al, 1975; Lloyd et al, 1976;
Muramatsu and Maruyama, 1977; Barjaktarovi¢
and Savage, 1980). The results of cytological anal-
ysis at diakinesis-metaphase I in spermatocytes
following fast neutron-irradiation at zygotene stage
are as follows; Firstly, the dose—response relation-
ships for chromosome aberrations were well fitted
to linear equations for both deletion- and ex-
change-type aberrations. This is in contrast to the
linear fit for deletions and linear-quadratic for
exchange aberrations induced by low LET X- and
0Co y-irradiations (Matsuda and Tobari, 1987).
Secondly, the frequency of deletion-type aberra-
tions was much higher than that for exchanges.
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Exchange-type aberrations require two lesions
for their formation, and these may be produced by
a single ion-track or by the interaction of two
separate tracks. Deletion-types require mainly one
lesion and may also be produced by a single
ion-track. The feature of deletion-type aberrations
(including gaps) induced in mouse primary sper-
matocytes is that most of the aberrations are
composed of iso-chromatid types though DNA
replication has already undergone. This result in-
dicates that most of the deletions in primary
spermatocytes are formed by two lesions. In our
previous paper (Matsuda and Tobari, 1987), we
proposed two mechanisms to interpret this phe-
nomenon, (1) single track-induction mechanism
and (2) two separate tracks-induction mechanism.
The first mechanism means that an iso-chromatid
deletion may be formed by two double-strand
breaks simultaneously induced at an iso-locus
position in sister chromatids by a single track. In
the second mechanism, two double-strand breaks
which are separately induced at a close position
between sister chromatids by two separate tracks
may cause an ostensible iso-chromatid deletion
which is hardly discriminated from the single
track-induced iso-chromatid deletion because of
fuzziness of meiotic chromosome configuration.
The tight and close sister-chromatid association in
meiotic chromosomes in primary spermatocytes
seems to be related to these mechanisms (Imai and
Moriwaki, 1982; Matsuda et al,, 1983). Conse-
quently two types, ie., the single track-induced
iso-chromatid deletion and ostensible iso-chro-
matid deletion, may be included in one visible
iso-chromatid deletion. It is assumed that the single
track-induced double-strand breaks are hard to
rejoin with breaks induced in other chromatids.
On the other hand, double-strand breaks which
are induced in each single chromatid or induced at
different position in sister chromatids by two sep-
arate tracks seem to be liable to rejoin, not to be
open breaks, because few chromatid-type dele-
tions are observed.

It is well known that the Linear Energy Transfer
(LET) of radiation has a significant effect on the
production of exchange-type aberrations: with the
low LET radiations, two breaks which are re-
quired for the formation of an exchange aberra-
tion are produced predominantly by the two inde-
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pendent tracks (two-hit), while they are mostly
single-track events (one-hit) in case of high LET
radiations. Therefore, with increase of the LET of
radiation, there is an increase in the ‘one-hit’ or
linear dose component of the yield, while the
‘two-hit’ or square dose component decreases
(Sasaki, 1971; Lloyd et al., 1976; Barjaktarovic,
1980). In the case of primary spermatocytes, the
dose~response relationship for exchange-type
aberrations induced by fast neutrons were well
fitted to a linear model, but the frequency of
deletion-type aberrations (predominantly iso-chro-
matid types) was very much higher than that of
exchange-type aberrations in contrast with X- and
¢ Co y-rays. These phenomena can be interpreted
as follows. The frequency of two double-strand
breaks induced simultaneously at iso-locus or close
positions between sister chromatids is much higher
in primary spermatocytes exposed to high LET
fast neutrons than in those exposed to low LET X-
or ®°Co y-rays. Therefore, the frequency of dele-
tion-type aberrations seems to be high in the fast
neutron-irradiation group. But, the ratio of ex-
change caused by single-track events to iso-chro-
matid deletions in high LET fast neutrons is lower
than the ratio of two-track event-induced ex-
changes to iso-chromatid deletions in low LET X-
or ®*Co y-rays. Therefore, as for the exchange-type
aberrations mostly produced by single-track
events, fB-coefficient decreases in fast neutrons
and the yield of exchanges increases linearly with
dose of fast neutrons, while the aberrations pro-
duced by two-track events in X- or ®°Co y-fays
show linear-quadratic relation.

Although numerous experiments on radiation-
induced chromosome aberrations have already
been performed in somatic cells, there are few
reports on germ cells, especially in primary sper-
matocytes. Such difficulties as the techniques of
chromosome preparation or culturing cells in vitro,
complicated cell cycle and its long duration time
etc. could be the reasons for the limitation of
cytological studies of spermatocytes. We have al-
ready shown that there are some unique features
in radiation-induced chromosome aberrations in
primary spermatocytes, different from those in
somatic cells. However, the mechanisms are very
complicated, and a lot of problems remain to be
resolved. The data obtained in the present work

may provide useful information for clarifying some
mechanisms of chromosome aberration induction
in primary spermatocytes.
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Nonsurgical treatment
RADIATION THERAPY FOR CARCINOMA OF THE ESOPHAGUS
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*Chiba University Medical School, Chiba-shi, Japan

**pichi Cancer Center, Nagoya-shi, Japan

***Tsukuba University Medical School, Ibaragi-ken, Japan

INTRODUCTION

Radiation therapy has made a steady progress in local control of
tumors following the introduction of high energy x-ray, gamma ray
and high energy electron accelerators, Nevertheless, radiation
therapy has not achieved a marked progress in the treatment of
carcinoma of the esophagus. The reasons might be explained by the
fact that local recurrence developed in a high incidence following
irradiation.

The efforts in order to improve the results of radiation therapy

for carcinoma of the esophagus are discussed.

Treatment with radiation alone:

Radical radiation therapy:

The patients had either advanced disease or high risk for surgery
have been preferentially referred té radiation therapy. The results
of radiation therapy performed at various radiotherapy departments
show that 5 year survival rates of the patients who received radical
radiation therapy were 3,6% to 13.7% and that only 59 patients could
survive over 5 years. Although the number of the patients survived
over 5 years were too small to made a definite conclusion, the
clinical data of the 59 patients were analyzed to estimate the role
of radiation therapy for esophageal cancer.

With regard to tumor response, it was shown that the tumors
classified as either tumofous (TU) or superficial type (SU) on the
x-ray films seemed to be more radiosensitive than those of spiral
(sP) and serrated types (SE) and that funnelled type (FU) found to
be radioresistant. Nevertheless, there were no significant
difference between the tumor types and prognosis of the patients
(Table 1).
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TABLE I

DISTRIBUTION OF X-RAY FINDINGS OF ESOPHAGEAL CANCER FOR THE PATIENTS
SURVIVED OVER 5 YEARS FOLLOWING RADIATION THERAPY

No
Patients SU TU SE sSP FU
47 4 6 10 16 11
SU: Superficial TU: Tumorous SE: Serrated
SP: Spiral FU: Funnelled

On the other hand, there was a significant correlation between
extension of the tumors and prognosis of the patients. When the
lesions were under 5.0cm long, 22 of 48 patients (45.8%) were
surviving at 5 years. Another nineteen patients (39.6%) who had
the lesions with 5 - 8cm long were surviving with almost the same
incidence for the patients suffering from the lesions under S5cm
long. When the lesions extended beyond 8cm long, the patients
could scarcely survive over 5 years (Table 2).

TABLE 2

DISTRIBUTION OF TUMOR LENGTHS OF ESOPHAGEAL CANCER FOR THE PATIENTS
SURVIVED OVER 5 YEARS FOLLOWING RADIATION THERAPY

No Length of Lesion
Patients
0 - 5.0 5.1 - 8.0 8.1 -
48 22 19 7
45.8% 39.6% 14.6%

The doses reguired to achieve cure of carcinoma of the esophagus
found to be 65 = 75 Gy in 6 - 7 weeks. Minimum requirement of the
doses to achieve cure of the tumors is expressed by the formula;

Dose = 0.575 ° days + 27.9.
Clinical trials with photon beams:

Clinical studies show that there was a relationship between x-ray
findings of. tumors and the response to radiations. On the other
hand, it was suggested that when ulcers were seen in the x-ray
examination before irradiation, recurrence developed in higher
incidence than the cases without ulcer.

The results also indicate that, when the tumors classified as

80



V. Treatment—nonsurgical treatment 81

either superficial or mainly tumorous finding and had the lesions
under 7cm long, radiation therapy could contribute markedly to
manage carcinoma of the esophagus with a high confidence.

Brachytherapy is being used for a boost therapy in the treatment
of carcinoma of the esophagus with an additional dose of 10 - 20 Gy
to the target volume.

Results of clinical trials performed at the National Sapporo
Hospital show that 5 year survival rate for 61 patients who
received the boost irradiation was 24.7%, which was better than
the rate of 7.7% obtained for the patients treated without
brachytherapy.

Preoperative irradiation:

Preoperative irradiation has been used in the treatment of
carcinoma of the esophagus for making sure the resection of the
tumor.

The results of the treatment performed at Chiba University show
that, when the surgical specimens revealed histologically marked
effect (Ef 3), 5 year survival rate was 44.4%, whereas, the rates
were 21.3% and 15.3% for the series with specimens characterized
by either moderate effect (Ef 2) or no and slight effect (Ef 1),
respectively (Fig. 1).

Preoperative irradiation will be used preferentially for manage-
ment of carcinoma of the esophagus as far as locally advanced
cancers are being referred.

Post-operative irradiation has been prescribed for the patients,
who had either residual tumor or high risk for metastases in the
regional lymph nodes.

Clinical trials with particle radiations:

Fast neutrons are characterized by high linear energy transfer
(LET) . With charged particles, contribution of the excellent dose
distributions are being examined on the tumor control.

The experiences performed at NIRS show that, when fast neutrons
were used, local control of esophageal cancer achieved in 15 of
34 patients (44.1%), whereas, in the treatment with photon beams,
23 of 81 patients (29.6%) were evaluated as the local control.
When the proton beams are used, target volume will be enclosed
difinitely in the treatment field with reduced exposure doses to
the surrounding normal tissues.
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Clinical trials with particle radiations will be progressed to
use heavy ions where the effects of improvement of

dose localiza-

tion and high LET are expected for tumor control.
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Fig. 1. Crude survival rates of the patients suffering from
carcinoma of the esophagus treated with preoperative irradiation
evaluated according to histological effect (Chiba University)

Conclusion:

1.

Radiation therapy has to be used in the treatment of carcinoma

of the esophagus, especially for the tumors diagnosed in the
early stage.

2. Dose localization has to be further improved in order to
sterilize cancer cells and to minimize toxicity for the normal
tissues. Charged particles will contribute further to rescue
the patients with carcinoma of the esophagus.
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Proton Beam Irradiation for Ocular Melanoma (Second Report).
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Seventy MeV Proton beam irradiation (beam range:38mm in the water)was applied
for the treatment of 6 patients of ocular melanoms between October 1985 and July
1986 at National Institute of Radiological Sciences(NIRS). The Proton beam has
more localized and uniform dose. distributions than the electron beams,leading -to
increased delivery of the dose to tumors with out excess exposure to sdjacent
normal tissues.Since the accurate treatment plam{ing was necessary for the Proton
beam therapy, various studies concerned with the diagnosis of tumor v‘l.‘ocalization
using X-CT,MRI or ultrasonography and with the methods for fixation of the body
or target using holder or plastic shell were performed‘. The diagnosis of ocular
melanoma was established in the all cases through cfi’nical examinations such as
indirect ophthalmoscopy, fundus photography, fluorescein angiography, ultrasonogra-—
phy and 8o on. S

The narrow horizontal Proton beam(10~24mm diameier)was straightly irradisted to
the tumor, through the several thicked bolus, avoiding an exposure to the lens.
The dose of 30~60Gy,3~5fractions / 3~5weeks(TDF90~150)was prescribed.
Although the follow up studies in order to estimate the tumor response and the
complications are not enough to long to evaluate the results, we believe that
Proton beam irradiation is considered to be an excellent therapy for the manage-—
ment of ocular melanomas alternative to enucleation of affected eye.

Key words : Proton beam irradiation, treatment, ocular melanoma.
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Construction and Clinical Application of Bolus for NIRS

Proton Beam Radiotherapy.
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Proton beam radiotherapy at the NIRS was started in Oct, 1979,

beam with 70 MeV is 38mm in water.

The range of proton

One of the best advantage for proton beam has the

possibility to avoid to dose to critical organ perfectly and to be fitted spreadout prateau

peak to target ‘thickness,

In this study of construction method for bolus water and

aqueous gel were considered to be used as new bolus miaterial in clinical application of

proton beam radiotherapy.

These boluses were adopted as the best, because they were transparent,

elastic, to be closed contact to patient skin surface and convenient to clinical set up,

The method to apply water and aqueous gel for bolus were studied,
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Stationary Positron Emission Tomography and Its
Image Reconstruction

E. TANAKA, N. NOHARA, T. TOMITANI, M. YAMAMOTO. ano H. MURAYAMA

Abstract—Feasibility of stationary positron emission tomography
(PET) using discrete detectors has been investigated by simulation
studies, To enable full utilization of detector resolution, a ‘‘bank ar-
ray’’ of detectors is proposed and an EM algerithm is adopted for im-
age reconstruction. The bank array consists of an odd number of de-
tector banks arranged on a circular ring with a gap equal to one half
the detector width. The EM algorithm [11] is used with some modifi-
cations for reducing the quantity of computation, improving the con-
vergence speed, and suppressing statistical noise, so as to meet the
present purpose.

Simulation studies involving several phantoms show that the sta-
tionary PET with the new detector array provides image quality which
is good enough for clinical applications. For fast dynamic studies with
tow spatial resolution, the convolution-backprojection method is effi-
cient, but for high-resolution static imaging, resolution enhancement
by an iterative method is required. Problems arising in the corrections
for attenuation of photons and detector sensitivity, etc., are also dis-
cussed.

A totally stationary PET avoids the mechanical problems associated
with accurate movement of heavy assemblies and is particularly ad-
vantageous in gated cardiac imaging or in fast dynamic studies. Elim-
ination of a scan along the detector plane allows a quick scan in the
axial direction to achieve three-dimensional imaging with a small num-
ber of detector rings.

I. INTRODUCTION

OSITRON emission tomography (PET) is now be-

coming an important tool in diagnostic nuclear medi-
cine. In most PET devices, circular arrays of small BGO
(bismuth germanate) scintillation crystals are widely used
for the detection of annihilation photons by virtue of the
high detection efficiency. The spatial resolution of the
PET depends on the width of the crystals and the sam-
pling interval. The PET which uses circular arrays of dis-
crete detectors requires mechanical scanning motion of
detectors along the detector plane for the full utilization
of spatial resolution of the detector system. The scanning
motion has been an obstacle in fast dynamic studies or
gate imaging.

The need for scanning in a conventional PET arises
from the following reasons [1]. In a circular ring PET
having closely packed detector crystals, the spatial reso-
lution of a coincidence pair of two opposing detectors is
about w/2 in the central region of the ring where w is the
crystal width or the detector spacing. Image reconstruc-
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tion has usually been performed by the convelution-back-
projection (CBP) method, which requires a set of projec-
tion data for a sufficient number of views with an
equiangular interval. It is known that. in the CBP method.
the lateral sampling interval of the projections must be
smaller than half the resolution width to be obtained in
the final image. This implies that the lateral sampling in-
terval should be smaller than w/4 for full utilization of the
detector resolution. The effective sampling interval ob-
tained with a stationary circular ring PET is w/2, [2]
which is larger than the required value by a factor of about
2.

To meet the above sampling requirement, several scan-
ning schemes have been proposed and implemented in ex-
perimental systems. They are wobbling motion [3]. **pos-
itology’” method {4], [5], dichotomic sampling [6]. etc.
Although the wobbling scheme is cne of the most com-
monly used methods, it should be noted that the sam-
plings obtained through this method are usuaﬁyk neither
uniform nor equally spaced. In the positology method.
rapid rotational motion is employed with a nonuniformly
spaced circular detector array, and the desired sampling
can be achieved. However, all of these methods require
accurate movement of heavy detector assemblies.

Some stationary PET systems have been reported. De-
renzo et al. have constructed a 280-crystal PET system
using 9.5 mm wide BGO crystals [7]. The average spatial
resolution in the central region of the field of view is about
10 mm FWHM, which is nearly equal to the crystal width,
To attain fine sampling in projections, Burnham er /. have
constructed a pseudocontinuous ring detector {8]. The de-
tector ring consists of a packed array of sufliciently nar-
row BGO crystals viewed by a smaller number of photo-
multiplier tubes, and the position signal is extracted by
the Anger camera principle. Muehllehner er al. have pro-
posed a hexagonal bar positron camera comprising six po-
sition-sensitive Nal(T1) detectors {9]. It requires addi-
tional software which corrects for imperfections associ-
ated with the continuous position-sensitive detectors and
for the gaps between the detectors.

The aim of this paper is to examine the feasibility of a
stationary PET system using discrete detectors which en-
ables full utilization of the intrinsic detector resolution.
The fundamental concept is that the above sampling re-
quirement for the data collection may not be a necessary
condition if we use a more sophisticated algorithm instead
of the CBP method in the image reconstruction. The es-
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— 1

1 — & maps of stationary PETs having 240 detectors. The projec-

tion bin width is a quarter of the detector spacing, and the ungular step
is 7#/240. The angular range shown is /7.5, (a) Uniform array. (b) Bank

array (16 detectors X 15 banks).

sential requirement for data collection is to sample the
whole image plane with a desired interval in various an-
gular directions but not to sample all the projections com-
pletely. <In a circular detector array with uniform spac-
ings, however, the coincidence data do not sample the
image plane adequately. The distances from the ring cen-
ter to the lines of coincidence have discrete values, the
increment of which is w/2. This results in nonuniform
spatial resolution in the stationary mode, particularly near
the ring center. In this paper, a new detector array will be
proposed, and the image forming performance with the
use of an iterative reconstruction technique based on EM
algorithm will be discussed.

1. DETECTOR ARRANGEMENT AND DaTa SAMPLING

First consider a closely packed circular array of detec-
tors. Let the crystal width or the center-to-center spacing
of the detectors be w. Neglecting multiple interaction of
photons between the detectors, the detector resolution in
the coincidence mode is about w/2 in full-width at half
maximum (FWHM) in the central region of the detector
ring. The resolution generally degrades as distance in-
creases from the center due to slant angle incidence of
photons to the detectors.

As a typical example. we consider a PET device for
brain study comprising 240 BGO crystals in a ring. The
crystal size is assumed to be 5 (width) x 10 (height) x
30 (depth) mm, and the crystals are arranged with a cen-
ter-to-center spacing of & mm. The diameter of the detec-
tor ring is 45.8 cm. A simulation study showed that the
spatial resolution of the coincidence detector pair is ex-
pected to be about 2.5 mm (FWHM) at the center of the
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ring, but it will reduce to about 3.5 mm at 5 cm from the
center, and to about 4.5 mm at 10 cm. Our main objective
is to reproduce the detector resolution in the reconstructed
images without moving the detector system. The problem
is more serious in the high-resolution area near the center
than in the outer area. The following studies are made in
the reconstruction area of about 9 cm in diameter around
the center.

Sampling characteristics of a PET can be represented
by a *'r — 6 map,”" in which 7 represents sampling points
in a projection at view angle 8. Fig. 1(a) shows the t — §
map of a uniform circular array of 240 detectors. The bin
width is w/4. The square dots indicate sampled points.
Note that /-patterns are staggered in turn as @ increases.
The sampling interval in each projection is equal to w. If
we combine the pairs of two consecutive projections ne-
glecting the small difference of view angles, the sampling
interval will reduce to w/2, which is still larger than the
desired value, w/4, for the CBP method. Derenzo er al.
17] have studied the imaging performance of the uniform
detector array and showed that the spatial resolution is not
uniform over the field of view. This is due to the fact that
coincidence beams do not adequately sample the pixels in
various directions. This is more clearly demonstrated in
Fig. 2(a). which shows coincidence lines passing through
the quadrant of the region of interest. In this figure, the
number of detectors is reduced to 72 to avoid complica-
tion of the pattern.

To improve the sampling performance, we propose a
“bank array'’ of detectors. in which the detectors are di-
vided into odd number (N,) banks, each bank consisting
of a uniform array of a certain number (N,) of detectors
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Fig. 2. Coincidence line patterns of stationary PET's having 72 detectors. The area shown is a quadrant. from X. Y = O to R,/
4 where R, is the detector ring radius. The bottom left corner corresponds to the detector ring center. (a) Uniform array. (b)

Bank array (8 detectors X 9 banks).
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Fig. 3. Ilustration of the bank array of detectors. Each detector bank con-
sists of a uniform array of N, detectors. The number N, of the detector
banks should be odd, and the gap between the banks is half the detector

spacing in the bank. The figure shows an example with N, = 8 and N,

as shown in Fig. 3. The gap between two adjacent banks
is w/2 where w is the center-to-center spacing of the de-
tectors in the bank.

The 1 — 6 map of the bank array PET is shown in Fig.
1(b), where we assume N, = 15 and N, = 16 (total 240
detectors). In the bank array, the angle of coincidence
lines of detector pairs deviate from those of the uniform
array. The maximum deviation is about 7/(2N, N,;), which
is quite small as long as the total number of detectors is
large. The deviation is neglected here, and the t ~ 6 map
in Fig. 1(b) is represented in an angular interval of
w/(NyN,) assuming that the projection data are collected
in the same angular interval. For the above example of
240 detectors, the maximum error is 0.375°, which causes
a spatial error of 0.33 mm at 5 cm from the ring center.
This error is negligibly small compared to the detector
resolution (about 3.5 mm FWHM) at the location. The

t — § map appears repeatedly in an angular cycle of 2N,.
Fig. 1(b) shows one cycle of the pattern.

A coincidence line pattern of a bank array PET having
Ny = 9 and N; = 8 (total 72 detectors) is shown in Fig.
2(b). The figure was obtained by connecting detector cen-
ters by straight lines. It is seen that the image plane is
sampled in an interval of w/4 in various directions, and
that the average sampling interval in the image plane is
roughly halved compared to the uniform array. The bank
configuration of detectors will also be convenient for con-
struction and maintenance of the system because each
bank of detectors can be enclosed in a light shielding case.

II1. IMAGE RECONSTRUCTION ALGORITHMS
A. Convolution-Backprojection (CBP) Mcthod

Since the projection data for each view are not fully
sampled, the conventional CBP method is not suitable for
high-resolution reconstruction, but it is still useful for fast
reconstruction of dynamic images when high-resolution
reconstruction is not suitable due to poor counting statis-
tics. The CBP method is also useful for obtaining an ini-
tial image of the following iterative resolution enhance-
ment as described later.

The CBP method used here is as follows. Projection
data are collected with a bin width of w/4. The number
of views is equal to the total number of detectors, where
the small angular error caused by the gap between banks
is ignored. Pairs of two consecutive projections are com-
bined to produce a new set of projections ignoring a small
difference in the view angles. In this step. the total num-
ber of the projections is halved. The average sampling
interval of the combined projections is about w/2, then
about half of the projection bins are empty. The empty
bins are filled by linear interpolation. Convolution is per-
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Fig. 4. Nlustration of pixel » and bin d in a projection (right) and detection
probubility pf. x) (feft). x is the central distance between the pixel and
the bin on the projection. 8 is the view angle.

formed using the Shepp-Logan filter [10] smoothed with
al:2:1 filter.

B. EM Algorithm and Hybrid Method

The EM (expectation maximization) algorithm pro-
posed by Shepp and Vardi and others is an iterative re-
construction technique for finding a maximum likelithood
estimate {11}-[13}. This algorithm does not need full
sampling of projection data, and is considered to be suit-
able for the stationary PET system. In addition, the al-
gorithm involves nonnegativity constraints: that is, recon-
structed images do not have any negative density, and
signal-to-noise ratio at a cold area is improved compared
to the CBP method [14].

Letiing s(b) be the image density in a pixel b, the it-
eration process of the EM algorithm is expressed by

$™BY = sMNB) - Clb) (hH
where C(b) is a correction factor to be multiplied to an
old image. The correction factor C(b) is obtained by

I s n(d)
Chy = — 2o ——plb. d 2j
() PbYy & m(d) 0. d) 2
mld) = 2 s"Nb") Cpb d) (3)
b
Ph) = 2ip(h. d) {4)
@

where d is a projection bin, 11 (d) is the number of detected
events in bin ¢, and m(d) is the forward projection on bin
d calculated by (3} from an old image. The function p (b,
d) is the probability that emission in pixel b is detected
in bin d, and P(b) is the total probability that the emission
in pixel b is detected.

The probability p(b. d) is obtained as follows. Assum-
ing the emission density is uniform in each square pixel,
plb, d) is calculated as the overlapping area between the
pixel b and a rectangular strip passing through bin ¢ as
shown in Fig. 4. The width of the strip is equal to the bin
width w/d. Values of p(b, d) can be expressed as a func-
tion of the view angle & and the central distance x between
the pixel and the bin in the projection as p(f, x). The
values of p (0, x) are calculated once for a given detector
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array, and are stored in a computer as a table. The cor-
rection matrix P(b), defined by (4), depends on the detec-
tor array but not on measured data, and hence it can be
precalculated and stored in a computer memory.

In applying the EM algorithm for the present purpose,
some modifications have been made. In the EM algo-
rithm, statistical noise tends to increase with iteration
cycles beyond the noise level usually observed in the CBP
method and finally produces so called *‘patch noise."” This
is considered mainly due to the excess enhancement of
high-frequency component of the noise {14]. To suppress
the noise, nine-point two-dimensional smoothing is ap-
plied to the matrix C(b) before multiplying it to the old
image in each iteration. The filter function is 1:2:1 for
X and Y directions, respectively. The filter has the similar
frequency response as that of the detector response, and
hence high-frequency noise is suppressed without spoil-
ing the detector resolution.

In addition, (1) is replaced by the following equation to
increase the speed of convergence:

-k
Sb) = sy - T {NT/,Z: Smd(b,)} )

where & (> 1) is a speedup factor, Ny the total number of
events of the observed projections. and the bar over C(b)
indicates the smoothing operation described above. The
term in brackets is introduced to prevent DC oscillation.
With this modification. the convergence speed is im-
proved in proportion to the k-value, but low-frequency
oscillation may occur when the k-value is large. The max-
imum allowable value of & without oscillation depends
upon the image pattern. In the simulation studies de-
scribed later, the adequate k-value was about 3.5 for
broadly distributed images and about 2 for localized im-
ages.

To save the number of iterations, we may initiate the
iteration from a low-resolution CBP image. We name this
“hybrid method.” Since the initial image of the EM al-
gorithm must be nonnegative, the CBP image is treated
by a nonlinear operation expressed by

So T8

(s, = x,)?
(5 < 50)

where s, and s, are the pixel values before and afier the
operation, respectively, and s, is a threshold value. The
threshold value is rather arbitrary, but one tenth of the
maximum pixel density will be appropriate. The distor-
tion produced by this operation occurs mainly in low spa-
tial frequencies for which the iterative correction is effi-
cient.

(6)
=3

exp [(sifs) = 1L

IV. SmMuLATION STUDIES

Computer simulation studies have been performed on
various mathematical phantoms. The physical model is as
follows. Two detector arrays are considered; one is a uni-
form circular array of 240 detector units and the other is
a bank array consisting of 15 banks of 16 detectors in
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X=0

X =+0.5

X =41 pixel

Fig. 5. Images of 15 point sources on the X-axis reconstructed by the EM algorithm (20 iterations with k = 2). The source
spacing is 3 pixels. The upper three images are obtained with the uniform array and the lower images are with the bank array.

The central source is located at X = 0, 0.5 or 1 pixel.

cBP

EM

SCAN

Fig. 6. Images of 21 point sources embedded on a uniform disk source obtained by the CBP method (upper) and the EM
algorithm (lower). The spacing of the point sources is 8 pixels. The left is obtained with the full scan mode, the middle is
with the uniform array, and the right is with the bank array. The number of EM iterations is 8 with k = 3.

each. The center-to-center spacing of the two adjacent de-
tectors is w = 6 mm and the crystal width is 5 mm. The
detector ring diameter is 458 mm in the uniform array and
is 473 mm for the bank array. The detector response in
the coincidence mode is assumed to be constant along the
coincidence line and has a response function expressed by
a triangle having a full width equal to the crystal width,
5 mm. Pixel size is 1.5 by 1.5 mm. The image matrix is
62 X 62, which corresponds to 9.3 X 9.3 cm. Attenua-
tion and scattering of photons are ignored. For compari-
son, a scanning PET having 240 detectors is also consid-
ered, where full projection data are obtained with uniform
sampling densities by an ideal scanning. Some of the re-
sults are as follows. .

Fig. 5 shows the images of 15 point sources lined on
the X axis obtained with the EM algorithm. The spacing
of the point sources is 3 pixels (4.5 mm), and the central
source is placed at X = 0, 0.5 or | pixel. The upper three
images are obtained with the uniform array and the lower
images are with the bank array. The iteration was started
from a flat image with k = 2, and the iteration cycle was

20. Note that all the sources are well resolved with a uni-
form sensitivity in the bank array but some sources are
missed in the uniform array. The spatial resolution
(FWHM) in the bank array is about two pixels, or half
the detector width.

Fig. 6 shows the comparison of the CBP method and
the EM algorithm for various sampling modes. The phan-
tom is 21 point sources embedded on a uniform disk
source of 7.5 c¢cm in diameter. The spacing of the point
sources on a square grid is 8 pixels (12 mm), and the
central source is located at X = 1 pixel. The lower images
are obtained with the EM algorithm with k = 3 and 8
iterations. It is shown that the uniformity of spatial reso-
lution of the bank array (right figures) is better than that
of the uniform array (middle figures), and that the disk
source is reconstructed more uniformly with the EM al-
gorithm than with the CBP method. The average spatial
resolution of the bank array with the EM algorithm is
about two pixels, which is nearly equal to that of the scan
mode image.

Fig. 7 demonstrates images obtained with the CBP
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Fig."]. lmagcs obtained by lhc CBP method (upper) and by the hybrid method (lower) from noisy projections. The total number
of events is 200 000. The phantom is shown in Fig. 8. The number of EM iterations is 4 with & = 3.

method and the hybrid method from noisy data. The phan-
tom is shown in Fig. 8. The total number of events is
assumed to be 200 000. The number of iterations is 4 with
k = 3. The CBP image of the scan mode was obtained
with Shepp-Logan filter smoothed twice by 1:2:1 filter
to suppress the noise, while the stationary CBP images
were with that smoothed once because a certain smooth-
ing effect is already involved in the interpolation step of
the projections. Note that no apparent difference is ob-
served among the three modes, but the spatial resolution
is improved by the use of the EM algorithm, while the
statistical noise at a low density region is lowered by vir-
tue of the nonnegativity constraints involved in the EM
algorithm. Another study on the noise magnitude using a
disk phantom also showed that there is no noticeable dif-
ference among the three modes.

From the above simulation studies, we may conclude
the following.

1) With the stationary mode, the point spread function
is not uniform in the field of view, but the nonuniformity
is much improved in the bank array compared to the uni-
form array.

2) The bank array with the CBP method provides a spa-
tial resolution of 3-4 pixels (0.75-1.00 of detector spac-
ing) in FWHM, which is worse than that of the scan mode
(see Fig. 6). This is due to the smoothing effect of inter-
polation of projections involved in the stationary mode.
The bank array resolution is rather equivalent to that of
the scan mode image obtained with the Shepp-Logan fil-
ter smoothed twice by a 1:2:1 filter.

3) Spatial resolution attained with the EM algorithm
depends on the source pattern and on the number of iter-
ations, and it is difficult to define quantitatively, but it is
sufficiently high for clinical practice. The average spatial
resolution for point sources is about half detector width,
which is comparable to the intrinsic detector resolution in
coincidence mode.

4) The required number of iteration also depends on
the source pattern but several iterations seem to be suffi-
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Fig. 8. Muthematical phantom used in the simulation shown in Fig. 7. The
values without parentheses are diameters in terms of pixel aumber and
the values in parentheses are relative emission densities.

cient when the iteration is initiated from a CBP image
with the speedup technique presented in this work.

5) Nonnegativity constraints involved in the EM al-
gorithm effectively improve the signal-to-noise ratio at a
low density area. This will be particularly important in a
physiologic study where the functional information is ob-
tained by a ratio of two images because the statistical ac-
curacy of the ratio image is seriously affected by the ac-
curacy of the denominator image at the cold area.

V. CORRECTIONS FOR ATTENUATION AND SCATTERING
OF PHOTONS AND FOR DETECTOR SENSITIVITY IN EM
ALGORITHM

First we shall consider the correction for attenuation of
photons in objects and nonuniformity of detector sensitiv-
ity. The escape probability of a photon pair and the de-
tector sensitivity are considered to be constant along each
coincidence beam. The probability p*(b, d) that emission
in bin b is detected in bin d is then expressed by

pHb,d) = pb, d) - eld) (O]
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where e(d) includes the two effects. Using (7) in (1)-(4),
we have

newpy _ S2Ub) 52 n(d)
O =T Ty 0D ®
m*(d) = ;}s°w(b')- pxb’, d) - e(d)

= m(d) * e(d) )
PHb) = 2 p¥b, d) = Lp(b, d) - e(d). (10)

Using (7) and (9) in (8), we have

sy <« n(d)
PE(b) @ m(d)

™Mby = pb, d). an
Equation (11) indicates that the iteration can be performed
with an object independent p (b, d) while P¥(b) must be
determined for every measurement because it is object de-
pendent.

A simpler method is to correct observed data before im-
age reconstruction as widely used in the CBP method. The
iteration formula is written as

s9b) < n(d)le(d)
Pb) 4 m(d)

Note that we can use an object independent P(b) table in
this case. Equation (12) is apparently different from (11),
and therefore it does not pursue the maximum likelihood
estimate, instead it may yield a noisier image unless e(d)
is fairly uniform. However, in most practical situations,
the increase of noise will not be appreciable and would be
permissible for the sake of the computational simplicity.

Next, we shall consider the correction for scattered co-
incidence events. A simple correction method is to sub-
tract a broadly distributed scatter component from the
projection data. The scatter component may be estimated
from data at the outside of the object region together with
an empirical distribution function, or by a more sophis-
ticated method. Such correction, however, may produce
negative values in the corrected projections due to the sta-
tistical fluctuation of the data or due to overestimation of
the scatter component. While, in the EM algorithm, the
projections must be nonnegative, and hence a certain non-
negativity processing will be required. Contribution of
accidental coincidence events will also be removed in a
similar manner.

§"Mb) = pb, d). (12)

VI.

A new detector array suitable for a stationary PET is
proposed and the image forming performance has been
investigated. The uniformity of the spatial resolution over
the field of view is much improved by the use of the pro-
posed bank array instead of the uniform detector array.
For fast dynamic studies where a large number of low-
resolution images are required, the CBP method is effi-
cient, but for high-resolution static imaging, an iterative
method such as the EM algorithm is useful. The hybrid
method, which consists of the CBP method and the EM
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algorithm with a suitable speeding up technique, provides
reasonable images with several iterations.

Simulation studies show that the stationary PET with
the bank array provides image quality which is good
enough for clinical applications. The spatial resolution
obtained for point sources is about half the detector width,
which is comparable to the intrinsic resolution of coinci-
dence detector pairs. A totally stationary PET avoids the
mechanical problems associated with accurate movement
of heavy assemblies and is particularly advantageous in
gated cardiac imaging or in fast dynamic studies. Elimi-
nation of mechanical scan along the detector plane allows
quick scan in the axial direction to achieve three-dimen-
sional imaging with a small number of detector rings. The
number of measured coincidence data is smaller than in
the conventional scanning system, at least by a factor of
4, and accordingly the electronic system for data collec-
tion is simpler and the memory size is smaller. From the
same reason, transmission data for photon attenuation
correction can be obtained in much shorter time for a given
statistical accuracy.

A major disadvantage of the use of EM algorithm is the
longer computation time. The present study has been per-
formed for a relatively small imaging area, 62 X 62, due
to the limited capacity of the microcomputer used. In
practice, however, a larger image matrix, at least 128 X
128 for the brain, will be required for high-resolution PET
studies. In such applications, the EM algorithm will need
a much larger number of iterations than the present study.
Further study on the improvement of reconstruction al-
gorithm will be needed.
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Abstract

A new body edge detection algorithm is presented
for attenuation compensation based on calculation in
emission computed tomography. Based on the dif-
ferential geometry, the edge contour on the image
plane can be calculated directly from the edge detec—
ted on the projection data. A new algorithm is; (1)
detect edge contour on projection data, (2) smooth
noisy contour by retaining lower order Fourier coeffi-
cients and (3) transform it to the edge contour on the
image. Manipulation of two dimensional array is only
needed in step (1) and the rest can be done by mani-
pulation of one dimensional array. Robustness of
the algorithm was tested on the threshold level and
number of Fourier coefficients. The algorithm was
applied to positron emission computed tomography. It
can be applied to single photon emission computed
tomography as well.

Introduction

In emission computed tomography, measured projec-
tion data are modulated by attenuation inside the
body. In single photon emission computed tomography,
attenuation factor depends on the position of emis-
sion. If we postulate that linear attenuation coef-
ficient is constant throughout the cross section, then
the image compensated for attenuation can be obtained
by convolution-backprojection algorithm with exponen-
tial weight or filtered backprojection algorithm{1-2],

In positron emission computed tomography, at-
tenuation compensation by transmission measurement
with an external source is widely adopted. In prac-
tice, it so happens that time of transmission measure-
ment is forced to cut short and the statistics is not
sufficient enough, which degrades the image quality.
Also displacement of patients between transmission and
emission measurements results in quantitative error.
In either case, transmission data have to be abandoned
and compensation by calculation may be preferred,

Accurate detection of body edge contour is essen~
tial to the attenuation compensation by calculation,
A simple edge detection method is to detect the edge
contour out of the reconstructed image roughly compen~
sated for by the transmission data of a phantom of
larger diameter [3). It needs extra image recon-
struction process, An alternative approach is to
detect the edge from a sinogram, which determines tan-
gents of the body, to backproject tangential lines
with the weight zero inside and one outside, and to
detect the contour from an inner envelop of the back-
projected image[7]., It eliminates extra image
reconstruction process. The third method is to cal-
culate edge points approximately from the intersec-
tions of the border lines found on the sinogram with
the lines originated from the object centroid [4,5].
Strictly speaking, it only holds for circular objects.

* This work was supported in part by a Grant-in-Aid
for the Cancer Research from the Ministry of Health
and Welfare (60-39) and a Grant-in-Aid for Cancer Re-
search from the Ministry of Education, the Japanese
Government.

This article presents a new edge detection algo-
rithm with which the edge contour can be calculated
directly from the edge information found on the sino-
gram, It is based on differential geometry and facil-
itates the calculation of the edge of an object of ar-
bitrary shape, provided the outer contour is convex.

Contour Detection Alporithm

Relationship between a Tangential Line of an Object

and a Point of Contact

Assume that the edge contour of an object is
convex, then an edge point on the sinogram determines
a tangent of the object edge. In Fig. 1, a point, P,
on the edge of a projection determines a tangential
line £ which contacts with an object at a point Q. A
tangential line with a projection angle, 9, with a
lateral distance, t, is

y -~ tsin 8 = ~ cot & {x - t cos @), (1)

and a tangential line with a projection angle, 8',
with a lateral distance t' is

1

y - t' sin 8' = - cot 8' (x - t' cos 8'). 2
A cross point of the two lines is

t' sin 8 - t sin 6"

== sin(8'-6) ’
t' cos 6 - t cos B8’ (3)
y= sin(8'-8) i
P
Y

Fig. 1. Principle of the edge detection algorithm from
sinogram edge. Relationship between a tangential
line and a point of contact is shown.

0018-9499/87/0200-0309501.00 © 1987 IEEE
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On the extreme §'+ 8, the cross point converges to a
point of contact whose coordinates are;

x =t cos 6 ~ t sin g,

y =t sin 8 + é cos 8. (4)

In vector notation, this can be expressed as r=t+t,
where t denotes a vector perpendicular to the projec-
tion 1ine, &, and { denotes its f-derivative. Note
that € is perpendicular to t. Eq.(4) indicates that
a point of contact can be cdlculated from a series of
edge points t(6) on the sinogram and its B-derivative.
Note that eq.(4) itself holds for concave objects. If
one could find an edge contour on sinograms with an
elaborate edge finding algorithm out of a concave
object, eq.(4) would facilitate the calculation of the
body contour.

Edge Detection on a Sinogram

Many edge detection algorithms have been reported
such as (1) simple thresholding, (2) use of maximum
slope {51, (3) local pattern matching. The amount of
noise present in the projection data avoids direct use
of method (2) and appropriate smoothing is needed. The
methods (3) work well even in the presence of noise,
yet they are time-consuming. The method (1) was
adopted for simplicity. Threshold level is determined
in the following way. Since in most emission computed
tomography, active region distributes around the cen-
ter of the field of view, "mean image intensity" may
be determined by taking the average of the image in-
tensity along the central line{s) on the sinogram and
the threshold is determined by some fraction of it.
the factor should be determined by experience.

The edge contour determined by the above algorithm
is noisy. The edge contour can be smoothed by retain-
ing lower order Fourier coefficients. Likewise, t(8)
can be smoothed.  The applicability of the algorithm
of eq.(4) depends mostly on the noise persistency of
t{8) calculation, which will be examined later. The
edge contour determined by simple thresholding of the
sinogram and its smoothed contour are schematically
shown in Fig. 2a and 2b, respectively.  An example of
the synthesized contour along with vectors, t and t
are shown in Fig. 2c. - ~

-R 0 —t R -R gt R
0 o]

Fig. 2a Fig. 2b

Fig. 2. a) An example of
the edge contour found
on a sinogram by simple
thresholding.

b) A smoothed contour.
c) A synthesized contour
and vectors { and ¢ for
32 directions.

Fig. 2c
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Implementation of the Algorithm to
Positron Emission Tomography

Projection data measured with a high resolution
positron tomograph for animal studies were used as
sample data. The resolutions of the device in FWHM
are 2.2mm at center, 3.3mm (tangential direction) and
3.6mm (radial direction) at a point 60 mm from the
center {9]. Lateral sampling pitch is 1 mm and num-
ber of angular sampling is 128 for 7 radians, The
tomogram chosen is a head section of a rabbit cut at
eye level, injected with *!C labeled Ro-15/1788, a
receptor ligand. The object shape is singular and
statistics is poor. It is considered as the severest
example in view of both object shape and statistics.
Contour length defined below is a good measure of
smoothness of the synthesized contour.

N
L= §ofti - ul s (s
i=1 ~ -
where N and t; denote number of angular sampling

(twice the nlimber of projections) and a position vec-
tor of the i-th point on the contour, respectively.

Test of Number of Fourier Coefficients and threshold

level.

L is plotted in Fig. 3a as a function of number of
Fourier coefficients, Np.  The length is stable when
N¢ is between 9 and 27. It was seen from the synthe-
sized contour that sharp edge cannot be reproduced,
if Ny is less than 9. If Nf is greater than 27, the
syntﬁesized contour is nolnger a single closed loop
due to noise.

Therefore, the approriate Ny is be-
tween 9 and 27,
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Fig. 3. a) Length of a contour as a function of num-

ber of Fourier coefficients and b) that as a function
of threshold in fraction of mean sinogram intensity.



The length of the curve is plotted as a function
of threshold level in terms of % of the mean sinogram
intensity in Fig. 3b. The appropriate threshold level
may be around 20% determined from the turning point of
the curve.

The detected edge contour superimposed on the
sinogram and the synthesized edge contour superim-

posed on the reconstructed image are shown in Fig.4.

Test on Other Examples

The algorithm was tested on a sinogram of the head
of a rabbit injected with the same pharmaceuticals cut
at the center of the brain. The result is shown in
Fig. 5. In this case, the shape of the object is
less singular than the sample data in Fig. 4, yet its
lower corners are still sharp. The edge contour
tracks clearly the activity distribution and the algo-
rithm works well. The test results on a human head
section is shown in Fig.6 [10]. Its shape is almost
elliptic, and the edge can be reproduced clearly with
7 Fourier coefficients.

Compensation of Skull Effect in Brain Imaging

In applying the algorithm to brain studies, skull
matters, whose linear attenuation coefficient for 511
KeV gamma ray (0.171 cm ) is substaTtially higher
than that of brain tissue (0.094 cm™*){8]. Deviation
from the assumption of constant attenuation can be
corrected for by calculating a factor exp(Audy), where
Au is the difference of two linear attenuation coeffi-
cients and By is the intercept of a projection line
with skull. Ay may be given as a constant or as a
function of 6, determined from anatomy. Let us es-
timate the error associated with it. The shape of
the skull may be approximated by an ellipse. Note
that a projection of an ellipse is also an ellipse
regardless of the direction and 8y does not depend
much on the shape of the skull, therefore, 8y can be
approximated by the difference between outer and inner
ellipses. The ratios of the correction factor with
the estimated skull thickness, d, to that of true cor-
rection factor as a function of lateral distance are
plotted in Fig. 7, in which axes and d are assumed as
75, 85 and 8 mm, respectively. From the figure, if d
is in error by -2 mm, the error is 3% at the
center and +10% at a point 3 mm inside the skull. If
d is in error by +2 mm, the errors are -3% at the cen~
ter and -10% at a point 7 mm inside the skull. The
error near the skull is more pronounced, when d is
overestimated.

The Effect of Scattering

The tomogram of a human head section corrected
attenuation by means of transmission data is shown
the left side of Fig. 8 and that by the proposed
method is shown on the right side of Fig. 8. The
fect of skull was taken into account assuming its
thickness as 8 mm. Correction for scattered com-
ponent by means of unfolding method in frequency space
similar to that in reference [12] was adopted in the
latter case but was not in the former case. Correc~
tion for scattered component in emission data has been
reported [11-15] but little have been reported on that
in transmission data. Let us consider the effect of
scattering on the attenuation compensation by trans-
mission data. Usually, emission data, E(p,¢) are
corrected by measured transmission factor, T(p,¢).

E(p,0)  EolPi® , 5.(P,9)
T(p, & = T(6,8 + 5.(P,0)

(6)

P and ¢ denote lateral distance and projection angle,
respectively. E/ and T, denote true emission data

Fig. 4. Detected projection edge superimposed on a
sinogram (left) and the synthesized contour superim-
Sample is

posed on the reconstructed image (right).
a rabbit's head cut at eye level.

€ ;
Fig. 5. Detected projection edge (left) and the syn-
thesized contour (right) of a rabbit's head injected
with Ro-15/1788 cut at the center of the brain.

Fig, 6. Detected projection edge (left) and _synthe-
sized contour of a human head injected with NH3
(right).

estimated/ ftrue

£

Distance from Center (cm)

Fig. 7. Test of the error in estimating skull thick-
ness (see text). The curves from top to bottom cor-
respond to d values from 16 mm to O mm in 2 mm step.
True skull thickness is assumed as 8 mm.
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.

Fig. 8. Reconstructed image of head section compen-
sated for attenuation by transmission data (left) and
that compensatd by calculation (right)

and true transmission factor, respectively. Se and
S, denote scattered components in emission data and
transmission factor, respectively. Se can be approxi-
mated by convolution of space invariant kernel, K_(p)
with Ej(p;9) , i.e., Se(p,w)xEo(p,¢)*Ke(p). Similar-
ly, if $.(p,¢) can be approximated by convolution,
Selp,0)=T4(9,0)%%; (0, then

E(p,6) Eo(P»®)*[6(p) + K (p)]
T(P,0) = T (p.0)*[8(p) + K (p)]

(6"

It is highly likely that K§(0> in the denominator
compensates, at least partially, for K,(p) in the
numerator, While, in the case of attenuation com—
pensation by calculation, scattered component in emis-
sion data directly reflects on the reconstructed
image. Therefore, scatter correction is indispen-
sable to the attenuation compensation by calculation.
Further investigation is needed on the effect of scat-
tering in transmission data.

Conclusions.

An algorithm which reproduces the edge of an ob-
ject directly from the edge found on a sinogram was
presented. Its dependency on the threshold level and
number of Fourier coefficients were tested. The al-
gorithm can reproduce the edge of an object from the
data of poor statistics and/or singular object shape.

A method to compensate for skull effect was
proposed. It compensates most of the effect of skull
attenuation and the error introduced by misestimation
of skull thickness may be tolerable in practical
situations.

In attenuation compensation by calculation, the
effect of scattering is more pronounced compared to
that with transmission measurement, hence its subtrac-
tion is indispensable. Another problem is the exclu-
sion of the attenuation by the supporting materials
such as head rest, bed etc.

The proposed algorithm can be applied to single
photon emission tomography without substantial
modification.
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SINGLE PHOTON EMISSION COMPUTED TOMOGRAPHY WITH INCREASED SAMPLING DENSITY
AT CENTRAL REGION OF FIELD-OF-VIEW

Norimasa Nohara, Hideo Murayama and Eiichi Tanaka

Abstract

Single photon emission computed tomography
(SPECT) systems are proposed which provide images with
improved signal-to-noise ratio. The systems consist of
gamma cameras equipped with collimators which view an
object to be imaged with an increased sampling density
in the vicinity of the center of a field-of-view. The
detection systems produce weighted projection data.
Evaluation was made with respect to noise characteris-
tics in images resulting from such systems. Simulation
studies showed that dual and quadruple camera systems
equipped with a combination of fan beam collimators
result in noise reduction of about 37% at the center of
image and uniform noise over an image area, compared
with systems equipped with parallel hole collimators.
This suggests that the proposed systems have a pos-
sibility of improvement on quantitation of SPECT.

Introduction

Image quality in single photon emission com-
puted tomography (SPECT) is limited by the fundamental
performance of the system, i.e., sensitivity and image
resolution. Since large field-of-view gamma cameras
are nowadays commercially available, there are several
approaches to improve the sensitivity with camera-based
systems. These are the use of multiple cameras which
are equipped with fan or cone beam collimators [1-5].
The resolution improvement has been achieved by narrow-
ing the gap between detector and patient, such as the
use of nonecircular detector orbit, slant-hole col-
limator or cut-off gamma camera [6-8].

For improvement on quantitation of SPECT
images, in recent years sophisticated reconstruction
algorithms have been developed taking account of at-
tenuation correction of gamma photons in the object,
such as a weighted backprojection (WBP) method and a
radial post correction (RPC) method which provide high
quantitative images with small image distortion and
good noise characteristics [9,10). The SPECT images,
however, are in general of poor statistics due to the
limitation of the number of photon counts, especially
in the vicinity of the object center due to strong at-
tenuation of photons in the body.

To improve such image quality, a new concept
of SPECT systems is proposed. One of such systems may
be composed of detectors equipped with collimators
which are specially designed to have a sampling density
varying gradually with the distance from the center of
a field-of-view. Such sampling characteristics can be
embodied by a single multihole collimator. Another ap-
proach is the combination of more than two fan beam
collimators whose focal lengths are different from one
another. The purpose of the present paper is to
propose SPECT systems having a higher sampling density
in the vicinity of the center of the field-of-view to
improve statistics in the central region of the
reconstructed image. Results of simulation are
presented with dual and quadruple camera systems having
an increased sampling density at the central region of
the field-of-view by using combinations of fan-beam
collimators.

Division of physics
National Institute of Radiological Sciences
9-1, Anagawa-4~chome, Chiba-shi 260, Japan

Noise Characteristics

Consider a source object having a constant
attenuation coefficient p, in a stationary coordinate
system (X,Y) and a rotated coordinate systems (x,y)
with the common origin OR(O,O) in thé object, as shown
in Fig.1. Let Pg(x) be a projection measured at angle
8,and let u(x) be a weighting function which is inde-
pendent of the view angle 6. The projections observed
are weighted by the weighting function u{x) which is
determined through a collimator system used. The u{x)
is normalized by the following equation,

Xm
fﬂxg(x)dx = 2%, (1)

u(x) ¥ 0 for -X, < x < X_. (2)

The projection data exist within the region (=X X))
on the x-coordinate. Equation {1) verifies that the
mean sensitivity is constent in the region (—Xmv Xm).
The projection data should be corrected by the weight-
ing function prior to backprojection for reconstruc-
tion. The corrected projection is given by

(3)

Reconstruction by the RPC method has four
processes as follows; normalization of corrected
projection data, modified convolution, backprojection
and computation of correction matrix. Image density -
I(X,Y) et a point Q(X,Y) in an image reconstructed is
given by

2%
I(X,Y) = §
8=0

Pec(x) = Py(x)/u(x).

(Pec(x)exp[vL]F(x))“g(x)/H(uR), (4)

RN

\‘
axy) Or

Fig.1.Schematic of a fixed coordinate system (X,Y) and
a rotated coordinate system (x,y) with the recon-
struction origin Og. The observed projection P
(x) is corrected by the weighting function u(x)
prior to backprojection.

0018-9499/87/0200-0359301.00 © 1987 IEEE
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Fig.2.Geometry of the fan-beam collimator and its
weighting function u(x) in projection.

where L is the y-coordinate of contour of the object,
F(x) and g(x) the correction function and the convolu-
tion filter function, respectively, and H(MR) the cor-
rection matrix which is determined by & distance R from
the origin of reconstruction O+ The symbol * denotes
the operation of convelution, TFor the object of % disk
source with the radius R_ = 15 cm and ¥= 0.15 cn™', the
vaelue of ¥R is less than 2.5, then the constants Cq to
Cg used in %he functions F(x), g(x) and H(¥R) are as
follows,

C
1
G,
which are given in ref.[10].
Root mean square noise ¢(X,Y) of image den-
sity I(X,Y) at point Q(X,Y) is given by [11,12]
2n
906, Y) = ] (Pg(x)exp(2uL)F2(x)/u?(x))
§=0
20012 . ()

0.21

0.34, Cy = 0.76, Cs3 o )

0.19, €5 =0.27, G

In the derivation of the above equation, it is assumed
that the projections P,(x) are independent of one
another and they obey Poisson statistics.

Weighting Function

4 parallel hole collimator uniformly samples
an object in a fileld-of-view in the transverse plane.
A fan-beam collimator also provides uniform sampling
with increased sensitivity, compared with the parallel
hole collimator. Let D be the field-of-view of the
parallel hole collimator and let V be that of the fan
beam collimator which is easily determined from
geometry shown in Fig.2. The V is given by the radius
of a circle inscribed by two lines passing through the
focal point P from the outermost holes of the
collimator. T is the distance from the axis of rota-
tion Og to the lines through the outermost holes,

measured to be parallel to the collimator face. At the
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Weighting function, u(x)

20 -0 0 10 20
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Fig.3.Schematic of a quadruple camera SPECT system con-
sisting of four cameras each equipped with a dif-
ferent fan beam collimator (left) and its weight-
ing function resulting from 360° rotation of the
four cameras (right),

Table 1. Parameters used in the quadruple camera SPECT
system shown in Fig.4.

Collimator Flenm) T{cm) Vicm) o
CW ] 20.0 20.0 1.0
02 50 10.0 9.49 2.0
Cq 35 6.67 6.09 3.0
04 30 5.00 447 4.0

center of field-of-view, magnification of sensitivity
of the fan beam collimator is given by

m = (F+A+C)/(F-B) (7)

where F is the focal length from the collimator face to
the focal point P, A4 the thickness of collimator, € the
distance from the collimatorrear face to the detection
plane in a gamma camera and B the distance from the
collimator face to the axis of rotation, We obtain an
increased sampling density by a factor of m, at the
sacrifice of the field-of-view, as long as we take the
collimator having the same number and size of holes.

If a SPECT system consists of multiple
cameras each equipped with a fan beam collimator whose
focal length is different from one another, and if the
detector heads are rotated 360° at an equal distance
from the rotation axis, a combination of these col-
limators produces a distribution of sampling density
varying with the radial distance from the center of
rotation. Data points produced by holes of the fan
beam collimators are arranged to corresponding data
points in a parallel beam array and contribute to form
sampling density in the course of revolution of the
detectors. Thus the field-of-view is limited to a
region (—V~,Vi). The magnification ny of sensitivity
for the i-th dollimator is given by ed.(7) at the axis
of rotation and slightly increases with the distance
from the center. For simplicity, however, we take m,
as a constanit and the region as (-T *Ti) in the follow-
ing studies. The T; is connected %o m; by
T; = D/2my, (8)

where D is the field-of-view of the parallel hole
collimator. Some of fan beam collimetors partially
view an object with high sensitivity. Therefore, the
weighting function is given by

N
alx) = A m(x) /N, -1,< x <1y (%)
i



-Phantom 30cm®
RPC method = .
5x105 counts

C

Pig.4.Reconstructed images for a disk source.
A is an image without statistical noise.
B is an image obtained with four cameras
equipped with identical parallel hole
collimators. C is an image obtained with cameras
equipped with a combination of four fan-beam
collimators. D and E are noise images of B and
c, rgspectively, in double scale. Total counts is
5x10”.  Phantom is a 30 cm dia unif?rm digk with
attenuation coefficient of 0.15 em™ .

where N is the number of fan beam collimators used in a
SPECT sytem.

Simulation

Two SPECT systems are simulated with mathe-
matical phantoms. In reconstruction, sampling interval
in projection is equal to the size of a pixel (0.625cm)
and the number of projections is 64 views at a 5.625°
interval. Noise estimation in the reconstructed images
was made by eq.(6) and two-dimensional noise images
were constructed. All volumetric views of the images
in this paper are given within a circle of 64 pixels in
diameter and smoothed by a weighted-9~-point matrix.

Quadruple Camera System

Schematic drawings of a SPECT system consist-~
ing of four gamma cameras each equipped with a fan beanm
collimator and its weighting function are shown in
Fig.3. The collimators Gy to C, have the focal lengths
Fy to F,, respectively, which are different from one
another. The cameras rotate around a common axis of
rotation at an equal distance. The assumption is that
the collimators have the same spatial resolution and
geometrical efficiency in the reconstructed plane as
those of the parallel hole collimator. Geometrical
parameters used for each collimator are A = 9 em, B =
20 em, C =1 cm and D = 45 em. The weighting function
u(x) is given by

361

Phantom: 30cmo
Cold spot 10cm®
RPC method
5x105 counts

C ) T )

Fig.5.Reconstructed images for an annular source.
A is an image without statistical noise.
B is an image obtained with four cameras
equipped with identical parallel hole
collimators. C is an image obtained with cameras
equipped with a combination of four fan beam .
collimators. D and E are noise images of B and C,
respectively, in double scale. Total counts is
5x105. Phantom is a 30 cm dia uniform disk with
a 10 cm dia 20% cold spot at_the center. Attenua-
tion coefficient is 0.15 em™',

i
\er

Si 52 53

Fig.6.Dual camera gystems each equipped with (S1) both
parallel hole collimators, (82) both fan beam
collimators of focal length F1 and (S3) a com~
bination of different fan beam collimators of fo-
cal lengths F1 and F2.
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Phantom 20cmo
RPC method
2x10% counts

(x2)

Fig.7.Reconstructed images for a disk source.
A is an image without statistical noise.
B, C and D are images obtained with the
system 81, 52 and S3, respectively, shown
in Fig.6. E, F and G are noise images of
B, C and D, respectigely, in double scale.
Total counts is 2x10”7. The phantom is & 20 cm
dia unif?rm disk with attenuation coefficient of
0.15 em™ .

2.5 for Ixt € T4

u{x) =¢ 1.5 for T, <ixig T
0.75 for Ty <pug T (10)
0.25 for T <ix1< T)

Parameters for the system are given in Table 1. The
function has the maximum weight of 2.5 at the central
region and decreases stepwise to 0.25 at the
peripheral, as shown in Fig.3.

Noise characteristicswere evaluated for &
circular uniform source of 30 cm in diameter and an
annular source of 30 cm in diameter with a 20% cold
spot of 10 cm in diameter at the center. Simylation
was performed with the total coun%s of 5 x 10° and at-
tenuation coefficient of 0.15 cm™ . All images shown
in Fig.4 were reconstructed by the RPC method. Image B
was obtained by & system equipped with four identical
parallel hole collimators and image C by a system
equipped with a combination of four fan bean
collimators. Noise images D and E are corresponding to
the images B and C, respectively, in double scale. We
can observe improved noise characteristics in image E.
Peak counts per pixel at the center of noise image is
reduced to 63.2 % of that with the parallel hole col-
limator system. Simulation for the annular source gave
the similar results to those for the disk source, as
seen from Fig.5. The quadruple camera system resulted
in uniform noise over the image area.
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Phantom 20cmo@
Cold spot 7cmo@
RPC method
2x105 counts

D o G ' (x2)

Fig.8.Reconstructed images for an annular source.
A is an image without statistical noise.
B, C and D are images obtained with the system
81, S2 and 33, respectively, shown in Fig.6. E,
F and G are noise images of B,C and D, respec-
tively, in double scale. Total counts is 2x10°,
The phantom is & 20 cm dia uniform disk with a 7
cm dia 20% cold spot at_the center. Attenuation
coefficient is 0.15 e,

Dual Camera System

A BPECT system consisting of two opposing
cameras was considered. Comparison was made among
three types of systems as shown in Fig.6. The first
systems 81 has two identical parallel hole collimators.
The second system S2 is equipped with two identical fan
beam collimators C1 having & focal length Fi. The
third system S3 is equipped with two different fan beam
collimators C1 and C2 whose focal lengths are F1 and
F2, respectively., For all the systems, the detector
separation between the collimator faces is 30 cm.
Geometrical parameters used are R = 20 em, 4 = § cm, B
=15¢cm, C =1 cm D =40 cm, Fy = 60 cm and Fp = 25
cm. Other parameters used for simulation are given in
Table 2. The system S3 has a higher sampling density
of m o= 5.056 at the center of field-of-view, com-
pare& with m = 2 for the system 81 equipped with two
identical parallel hole collimators. Simulation was
made for a 20 cm dia. disk phantom and for a 20 cm dia.
disk phantom with a 7 cm dia. 20% cold spot at center.
The resultg are shown in Figs.7 and 8. Total counts
is 2 x 107 for each image. The rms noise at the image
center with the system S1 is reduced to 80.6 % with the
system S2 and to 62.9 % with the system S3. Simulation
for the annular source gave the similar results to
those for the disk source, as seen from Fig.8.



Table 2. Parameters used in the dual camera SPECT
system S3 shown in Fig.6.

Collimator

F(em) T(em) V(em) m
01 60 12.86 12.36 1.56
Cy 25 5.71 4.96 3.50
Conclusions

The SPECT systems which are equipped with
different fan beam collimators obviously offers images
with reduced noise. The noise reduction is about 37 %
at the image center, compared with the parallel hole
collimators, and about 20 % compared with identical fan
beam collimators. Through the simulation we may con-
clude that there is some possibility of improvement on
quantitation of SPECT.
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HIGH RESOLUTION POSITRON COMPUTED TOMOGRAPHY
FOR ANIMAL STUDIES

Tanaka, E., Nohara, N.,
Tomitani, T., Yamamoto, M.,
Murayama, H., Yamasaki, T.,

National Institute of Radiological Sciences,
Anagawa, Chiba, Japan

I. INTRODUCTION

The potential of positron computed tomography (PCT) in
biomedical imaging has been recognized for many years. The
PCT is based on a mnoble detection principle, namely the
coincidence detection of annihilation photons is wused to
localize a radionuclide along a line connecting two points
of detection, and a tomographic image is reconstructed by a
computer. The spatial resolution is usually limited by the
finite size {(width) of scintillation crystals used as the
photon detectors, and most of the existing PCT devices have
a resolution ranging from 6 to 12 mm in full-width at
half-maximum (FWHM). To attain a high resolution as well as
a high sensitivity it is essential to use a large number of
narrow crystals in the form of a tightly packed array on a
circular (or hexagonal) ring. For this application, bismuth
germanate (BGO) crystal is the most suitable scintillator
owing to its high stopping power for annihilation
photons (1).

A practical difficulty in realizing a high resolution
device 1s how to extract the signals from the BGO crystals,
because of the lack of small photomultiplier tubes that
allow one-to-one direct coupling to the narrow crystals

Tﬁis work was supported in part by a Grant-in-Aid from
the Ministry of Education, Japan.

Copyright © 1986 by The Takeda Science Foundation
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closely packed on single- or multi-slice detector ring(s).
To overcome this difficulty, we have developed a ''twin-BGO
detector unit" consisting of two BGO crystals, a 'gridded
photomultiplier tube'', and a crystal identification
circuit (2). Using 64 twin-BGO units, we have developed a
single slice PCT device having a field of view of 12.8 cm in
diameter for animal studies. The device is used to the
development of new radiopharmaceuticals and to the basic
study on high resolution positron imaging.

Even if a detector system has a perfect resolution, the
practical resolution is limited by two physical phenomena.
One is that positrons travel a finite distance in object
medium before annihilation, and the other dis that the
annihilation photons do not fly off at exactly 180° from one
another. The angular fluctuation is about 0.5° in FWHM (3),
and this causes a blurring in the PCT images in proportion
to the diameter of the detector ring. In our animal PCT,
which has a detector diameter of 26.5 cm, the blurring is
about 0.6 mm in FWHM at the center of the field of view.

The effect of the finite positron range 1s more
important for our device when a high energy positron emitter
is used. Then, the degree of the blurring has been
evaluated and a simple correction procedure has been
investigated with computer simulations.

IT. TWIN-BGO DETECTOR UNITS

A  bismuth germanate scintillation crystal has a
relatively low scintillation yield (10-15% of NaI(Tl)), a
long scintillation decay time (about 300 ns), and a high
refractive index (n=2.15). These properties have made it
difficult to realize high resolution detector units for the
PCT with the existing crystal coding techniques, such as the
use of light guides, the use of read-out principle of Anger
cameras, etc. The twin-BGO 'detector unit consists of two
rectangular BGO crystals, each having 4 mm width, 10 mm
height, and 20 mm depth, coupled to a rectangular
photomultiplier tube of 13 x 13 x 70 mm in size (R2080,
Hamamatsu Photonics K.K.) (FIGURE 1). Each crystal dis
sandwiched by tungsten septa of 1 mm thick to reduce the
blurring effect due to slant impinging of photons. The
photomultiplier tube has a grid inside, which can control
the transport of photoelectrons from the half area of the
photocathode to the first dynode of the tube (4).

The principle of operation is as follows (2). In the
quiescent state, the potential of the grid is kept at about
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FIGURE 1. Configuration of the twin-BGO detector and

the pulse waveforms. :

FIGURE 2. A  photograph of the animal
tomograph.
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+5 volts with respect to the photocathode and the whole area
of the photocathode is active. When either of the crystals
is fired by an annihilation photon, a negative rectangular
pulse is applied to the grid with a suitable time delay
(about 200 ns). During the pulse, the grid potential is set
at -12 volts, which is sufficient to inhibit the transport
of the photoelectrons from the grid side half area of the
photocathode. Thus, the tail of the pulse from the grid
side crystal is cut off at about 200 ns from the leading
edge, but the pulse from the other crystal is not affected.
The fired crystal is identified by a simple pulse shape
discrimination circuit.

Timing signals for coincidence are obtained by a leading
edge discriminator, and energy signals are obtained by
sampling the integrated signals at about 200 ns from the
timing signals. The typical energy resolution is about 307
in FWHM and the coincidence timing resolution between two
units is about 5.8 ns in FWHM and 12 ns in FWTM.

III. HIGH RESOLUTION PCT FOR ANIMAL STUDIES

The prototype animal PCT is a single slice device aiming
at a spatial resolution of about 3 mm. The outlook and the
cross—-section are shown in FIGUREs. 2 and 3, respectively.
The detector gantry is 76 cm square by 18 cm. The opening
for objects has a diameter of 13.5 cm, which will allow the
imaging of the brain of cats or monkeys or the whole body of
smaller animals. Sixty-four twin~-BGO detector units are
arranged on a ring. The dinner diameter is 26.5 cm. The
units are packed relatively closely, but the crystal packing
ratio is 0.6 due to the use of 2 mm thick tungsten septa
between the crystals. The septa are inserted to reduce
multiple interaction of photons between adjacent crystals
and to improve the resolution at the off-center position in
the field of view. The thickness of the septa was
determined by a trade-off between resolution and efficieney.
The slice shield is 5.7 cm deep and has a gap of 5 mm at its
inner and 12 mm at its outer end, which gives about 85%
higher sensitivity compared with a parallel slice shield
having the same gap of 5 mm.

The twin-BGO detectors are arranged at non-uniform
spacings and the whole detector ring rotates 360° back and
forth at a speed of one rotation per minute (at maximum).
The detector arrangement was determined by a computer in
such a way that a wuniform sampling is obtained in
projections (5,6). The detector redundancy, which is the

121



High Resolution Positron Computed Tomography for Animal Studies

Ball

bearing —.__

Angle

encoder
N

Events/sec per uCi/axial cm

10"

103

104

109

107!

I!IIIIIII

Photomultiplier

tube
BGO crystal
e
|
‘' e
E E
E E
o
2 &
N
,,,,,,,,,, v
=
N
N
N
N
No
L Nt
Ns
L i L :

Phantom radius (cm)

FIGURE 3. Cross—section
of the animal positron
tomograph.

FIGURE 4. Calculated
performance of the animal

positron tomograph. NO:
Single event rate. N : True
coincidence rate. N

. S
Scattered coincidence rate’

39



40 E. Tanaka et al.
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FIGURE 5. Spatial resolution at various distance from
the center. Dotted curves are experimental resolution
obtained with a 2 mm diam. Ga-68 line source. Solid curves
are the system resolution estimated from the above data by
correcting the source diameter.

number of crystal pairs contributing to a projection bin, is
about 20 in average for 0.5 mm binning. Projection data are
accumulated in 128 bins for 128 angular views. The width of
the projection bin can be selected at 0.5 or 1 mm depending
on the size of the object.

The counting performance of the device was evaluated by
analytical formulas (7). FIGURE 4 shows the count rates of
single  events, true coincidence events, and scattered
coincidence events for a cylindrical water phantom having
various diameters. The detection sensitivity is estimated
to be 1.1 keps/uCi/ml for a cylindrical water phantom of 10
cm in diameter. For example, it takes about 3.5 minutes to
collect one mega-counts with a 10 cm diasmeter by 30 cm long
water phantom containing 10 mCi.

The device has been completed only recently and at
present, some of the twin-BGO detectors are not in the best
condition, but this has created no serious trouble owing to
the high detector redundancy of the system. Results of some
preliminary tests are as follows. FIGURE 5 shows the
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spatial resolution at various distances from the center of
the field of view. The dotted curves are obtained with a
Ga-68 line source filled in a stainless steel capsule having
an inner diameter of 2 and a wall thickness of 1 mm. The
solid curves are the system resolution estimated by
correcting the source diameter of 2 mm from the above data.
FIGURE 6 is a photograph of the Ga-68 line source placed at
various distances from the center. These measurement was
performed in air.

FIGURE 7 shows the images of the brain of a rat injected
with 1.5 mCi of a receptor mapping agent, Rol5-1788 labeled
with C~11. The size of the head is roughly 30 by 20 mm.
The counting time was about 2.2 minutes each. These images
clearly show the distribution of the agent in the brain.
The results suggest the usefulness of the device for animal
studies.

IV. CORRECTION FOR BLURRING DUE TO FINITE POSITRON RANGE

The blurring effect due to the finite positron range
increases with the maximum energy of positrons (see TABLE
I). Since the blurring function in projections is sharply
pointed as shown later (FIGURE 8), it is possible to correct
the blurring at a cost of statistical noise. The correction
can be performed in the reconstruction process by modifying
the convolution filter of a filtered backprojection
algorithm. The modified convolution filter, or "correction
filter" g(i) is given by

g(1) * b(1) = g (1) * s(i) &)

where b(i) is the blurring function in projections, g (i) a
conventional convolution filter, s(i) a corrected  point
spread function, and the asterisk denotes a convolution
operation. We assume that s(i) 1s expressed by a Gaussian
function, and that g (i) is the Shepp-Logan filter. The
correction filter g(g) can be determined by an diterative
method from known b(i) and s(i). The correction, however,
generally results in the increase in statistical noise of
the dimage reconstructed. The factor of amplification for
root mean square (rms) noise is given by

F = ( E g?(1)/ y {go(i) ® 5(1)}2)1/2 (2)
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Field of
view

FIGURE 6. Images of a Ga-68 source (2 mm diam.) placed
at various positions. The left-most spot corresponds to the
center of the field of view. The spacing of spots is 10 mm.

FIGURE 7. Transaxial images of the brain of a rat
injected with 1.5 mCi of C-11 labelled Ro 15-1788. Counting
time is about 2.2 minutes per each image.

(A) Left: Just after injection, Right: 2.5 minutes after
injection.

(B) Time-lapse images obtained with 2.5 minute interval
(From upper left to right).

(C) Multi-slice images taken at 3 mm separation along
body axis (Upper left to right of the images correspond to
front to back of the head).
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TABLE I. Maximum Energy and Maximum Range in Water of
Positron Emitters.

Nuclide  Maximum energy Maximum range
(MeV) (mm)

F-18 0.635 2.42

Cu-64 0.656 2.55

Cc-11 0.959 4,18

N-13 1.197 5.40

0-15 1.723 8.19

Ga-68 1.898 9.32

Rb-82 3.148 16.3

TABLE II. Factors of Noise Amplification Due to the
Correction for Finite Positron Range.

Nuclide c-11 Ga-68 Rb-82

Source Thin Thick Thin Thick Thin Thick

1.0 2.06 2.11 6.09 7.96 - -
s(1) 1.5 1.65 1.69 4.70 6.09 - -
FWHM 2.0 1.41 1.44 3.68 4.66 4.04 8,65

(mm) 3.0 1.17 1.20 2.41 2.91 3.48 7.12
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c-1 Ga-68 Rb-82

THIN SOURCE

L. L (-

] .

FIGURE 8. Blurring functions in projections due to
finite positron range. The half parts of the functions are
shown with 1 mm bin width.

(A) Thin source on the mid-plane of a 4 mm slice.

(B) Sufficiently thick source compared to the slice
width.

@
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FIGURE 9. Profiles of images obtained with and without
correction for positron range. The source 1is a 3 cm
diameter circular disc having a low activity area of 1 cm in
diameter at its center. ‘

(A) Solid curves are un-corrected images of the thin
source and dotted curves are those of the thick source.

(B) Solid curves are properly corrected images, and
dotted curves are the thick source images corrected with the
thin source correction filter,
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Derenzo has reported the radial spread function of
positrons in a two dimensional projection for three typical
nuclides, C-11, Ga-68, and Rb-82 (8). Using these data, the
blurring function b(i) was calculated and F-Values were
evaluated for various s(i) functions, assuming two extreme
source geometries: (a) a sufficiently thin source placed in
the mid-plane of a 4 mm wide tomographic slice; and (b) a
sufficiently thick source compared to the slice width. The
blurring functions and the F-values are shown in FIGURE 8
and TABLE 1II, respectively. Note that, to keep the same
signal-to-noise ratio after the correction, the total number
of counts should be increased by the square of the F-value.

The effect of the deblurring correction was confirmed by
computer simulations assuming a circular disc phantom having
a circular void at its center. The phantom diameter is 5,
and the void diameter 1 cm. The activity at the void is a
half that of the peripheral area. The FWHM of the corrected
response s(i) was assumed to be 1 mm for C-11 and Ga-68 and
2 mm for Rb-82. The results are shown in FIGURE 9. The
upper row (A) shows the profiles of the blurred images for
the thin (solid curves) and thick (dotted curves) sources.
The lower row (B) shows the profiles of the corrected
images, din which the solid curves represent properly
corrected images with respective correction filter, and the
dotted curves represent the thick source images corrected by
the correction filter for the thin source. It is shown that
the effect of the mismatching of the correction filter is
negligible except for Rb-82. This implies that the proposed
deblurring procedure can be performed without taking dinto
account the source thickness as long as the maximum energy
of positrons is not higher than about 2 MeV,.

V. CONCLUSION

A high resolution PCT has been developed using 64
twin-BGO detector units. The field of view is 128 mm in
diameter. The spatial resolution is 2.2 mm at the center
and is about 3 mm in most of the field of view. The device
is considered to be useful for animal studies with existing
radio-pharmaceuticals and for developing new pharmaceuti-
cals. The device 1is a single slice machine, but the
twin-BGO units can be used to build multi-slice devices for
animal or human studies.,

The blurring effect due to angular fluctuation of
annihilation photons is negligible for the present animal
PCT, but the finite positron range may yield appreciable
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blurring in the imaging of medium or high energy positron
emitters such as Ga-68, 0-15, Rb-82, etc. A  simple
procedure for correcting the range effect has been proposed,
and the factor of amplification for statistical noise has
been evaluated. Simulation studies show that the deblurring
correction is adequately performed at a cost of staistical
noise for most of the commonly used positron emitters except
Rb-82.
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Fig. 1 Sampling along axial direction with scannography. Three detector rings of
POSITOLOGICA-II are shown by the rectangles 1, 2 and 3. These figures show
relationships among the detector positions, distances of bed translation and
sampling positions. The figures show relative movement of the detectors although
the bed moves in reality. The present method has four modes of bed translation
with sampling pitches of 2) 6 mm, b) 12 mm, ¢) 18 mm and d) 36 mm.
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Table 1 Specification of scannography

1,320 mm
6,12, 18, 36 mm

Range of bed translation
Pitch of bed translation (P)
Data collection time per
position (T)

Speed of bed translation
Accuracy of bed position
Field of view (maximum)
Number of projection angle

Multiples of 2 sec
5 mum/sec

+0.5 mm

504 % 1,392 mm?

(maximum) 128
Angular sampling interval 180/128 (=1.40) deg
Pixel size 6% 6 mm?
Decay correction Available
Attenuation correction Available

(with transmission data)

S8 2% v v, Fie l oX5 eFKiRE: B
LENBECHEZEYVIEL, 6§ ORULT—& &%t
BT 3 zRARATWL T ETELNRS. Btz
i, tx0xzo3kRIL~Y MY w7 AR L,
O=—BLNWIFEHD2RFT~ Iy 7 A tX2 &
BHOTHD, CoFB6mmBPig, t&zd
Y Y SERS R B, 2 HRICHIERE
BILT, zHROEY L - F4 X2t FRLR
Lo6mmicEAZE TS,

Table 1 1X, ZOFRic X B2E&HAF v Ok
BERLEbLOTHE, RmT L5 i, &K
504 % 1,392 mm OWE#e % Bk 128 i % CRIERC
HTE s, ¥REHMEANTHILT, BEHE
BTO T LN CE D, Rk, SMEREEZENT
transmission F— & 2 5 6 UDFHM L TRT &,
EREFAL TERTORINIC L 3 7 OB S
HEC% 5. transmission ¥—# & } & IT trans-
mission H{E{EB T & b T& %, emission F—
2 OREME D & o5 — 7 IERRE (T LRI
BHBY S0 1 EEREICET S 2sec 2REL L,
ZOEEROESERICESS,

L. EREFHED 5%

EHRIC L BEFAF v OMREEZR5 ),
EARRRICR T B RE, ERSEER X UELE
ARE OIS (EREBFER R, EReT -2 IRE
KERESh T aRE0EE) 2EMLEL. Bz

133

1027

FLOoWTRYYFU—varh AT IEBHE
LHE LT, ®7, AKX 5 transmission &
emission OEHZ T /2.

1. YuFL—vavhrs

B WYY FU—Ya Vb AT, EYE
W5 o2 7~y FE GCA40I-5 BITH Y, =V
A—FER A F—H (Ga-6TH) Db & A
Wiz, UA Y EwiE 5llkeV & i L, 20%
DIBICHE L.

2. TRTRICHT BB

E& 36 em, BES Lem o9 Mo R
ZR821z Ga-68 JKIANK 200-600 pCi 2%z Lic b
O, AFRXBIOVVYFL—varvhATILE
DERRI L7,

AFRI BN TR, HRHEY v 7 oERERLE
TV FAORLE-ETHLORLTT v b
LEAKFEEE, BEFofiimoRks R & 500
mm, FHERE TOF — ZINERN T & 30 sec
KERELTHER2 ok, Y7V viory s
¥ P=6,12, 18,36 mm LI{LEE, ThEThi
SWTHRIEZT- T2,

RS R L LT, BT (0=07) OEfE
FERL, EETT 7y b a2F 2SOl OER
(ROI) 3L, ROL FoEEEBIHE L.
ZOMEER£F — ¥ INSERH OB LRHEER 2 15,
i 7y FAROWEEETERL, ZOERK
W BBER Ry, OB, ERVROBROM
I LY, AT 0RERYCy FRERFIL
TEART B2, P=12 mm, 18 mm, 36 mm OfE
ENRLERN 2,3, 6 TRLEDRKE L L. %
DI HETORET — ZITHTHRELRD 2.
bk, BRI & e R EUE & IR
L7 7w b ARORETRTAZ LiL YV H.

VVF =Yg B ATIRTIE, TODHIT
~y FoBL7 7> b a2 R FRBEESREELT
o7, FERME 2mnTh Y, Tyl
HASHEEETOBEMIN20em TH o .
BloH A FiCIEES e FHEUE & BRI R L
HEREYE, ST 7y b ATORHETRL
BEERD I,



1028

3. ZERSEREE
FHFREBNTEREW B LHA* v 2
foERE, MEcEtTsloi, vy 7w
7B R o B R TR (LSF) i b < T4
Tirwiew, ST 28PN X v BT 3.
TiX, FETHENLCBROBERLEEOHA®
ERERIZONTHIE L 7z, £/, FEFR @
FED) &, ThEEMARFER (tHR) oxhZEh
FEIEL 2.
EErE (z J50) OE

WEME L THEL2mm, £ 23cm © Ge-
68 — Ga-68 #EIE (10 uCi) & B v 7=, = 0 EE
DHFLE VT OEERLS—ETEE5ICL,
KB t B LSBT 2k BRIz B iz, ik
FEHBMERD FFELE2 ) S ohibEL £
THIBERHED ZAKE, 1mm =53 CRREN
BEEEL Y v I OFERESRERE R BMEL K
Oz, ToLE, ZEEETHE2I I ToRLE
BROMEBA—RLTWEEEL20R3. BED
BEOHME I oBR Y 7Y v S E B X
SIERAREEY BEOHA ORI,

¥ E ¥

> >
— e

a

2T 7z, z

23 # 8 & (1986)

ONBERY 7Y T EOFMER B ST L.

WO EMBHEOE 13 100 mm, SREMLET
DF — FIWEBREIE T=55min & L, +> 7V v
DLy Fix P=6, 12, 18, 36 mm L3R (L & &,
ZTRERR DN TEFOEEOEHMETT- 72,
PR L b AT ROEGREER L, B
FEZIFA VTV FRITHHLE. Bl LE
PHEI VBRIRCEAZFAORES RO 7 e 7 ¢
—~NERD LSF L L. ind, /A A0EEs
PR TBRD, 354 EMELE.

b, fREh L EALFE (R ORlE
aFEICHREEZ A P —FLEAEEEE 2
FEicH Lo LT 72 G0 BE). ZofiEek
ORIFEE P=6 mm, T=5min TfT - 7z.
i b i FRmoEfy ERL, ERELT
ATV FRTBH L., el LeiELY
tHREO T e T 4=k TO z BEIr W TR
W, HbHHER FWHM) o/hEnb o dRED
BEDLSF L L, BLFEEREROKEVWLOER

134

BEoBE0ERE Lk,

C. YrFr—varnAsikailE
alRIUBEZZ=Z 2D AT~y FodMzk
TFieBEREEZIT - 7. PIEHEMIE 40min TH
YV, 77 bbb ATREE TOERB N
20em Thotz, FHERE L L CEFEEZ T4
YA bH U, T ULEEY D&
TRICEADFBEOBEMFDO 7 v 7 4 =NV ERD
ISF L Liz. BB, /AZX0RELIYRLT
7o, 1054 v EEL 7z,

4. BHEHREROES
FHFAROLEAF ¥ TR, KROBECF —
F ORERIC D SRECHMMS 1Y, o7 —
FINERIT bRV, TOROFREMNETH
F-FWEBAT 2ET5: F—F WE L
bhis W OFE I EETE RV L ICERT
5. FLT, REOHEKICERT A& FRRD B
BT oew, R TseT - I
EEMOFE (D h 2 G EHEMOEE & MER)
WL o ORGSETIE W TRIEL 2.
SR L e ¥y F 13 P=6, 12, 18, 36 mm
ThY, FEEMET L 0T — 7 ILEREE I T=
2,4,6,12,24, 50 sec & L7z, P=18, 36 mm 2\
TEREEODTOLTIO>WTHIER2{To /2. P=
6, 12mm iz > T, T=2sec DEHFNLF—#
I W b i W EZEHL, fho Tico
WTRIOEZDECHE L. £ ToHeIk>
WTHETFRORE O K &3 R=1,000mm & L
o, EHEABIRZ AT T I, BER TR
FOR & N B B LR TR 020 & 215
FaRkoi, £/, TREUIMNERZRL, 2
F—FINERM L L, AR OSIE 2 21
B oL LTk

5. AFEORE

ZAFFIC X v Ao transmission 335 X U emis-
sion HHEOBE LTV, ERCAEOREAF +
VEBERELRB I L EEPD. EREIVWTR
LEFERTI VT AT THSB,

transmission E{& O #BHSEMH 1, R=1,000 mm,
P=120mm & U7, FHURER%Z b &, oiHR



POSITOLOGICA-II % Fv /e &8 2% v v HR O L T OHREFH 1029

6=0°), ERIRL (=30, LEAIH (6=90°) »
it % fERR L7z, emission Eiffic o\ Ti3, N-13
NHs KB EFRES LEFEORY e CT
EWAT LI BEFICH L, BlEHnTELFRIcL 5
% 15 - 7. N-13 NHz o #5812 20 mCi ©
b, BEIWERLITGPE 9T o 7. Bk
43 R=1,000 mm, P=10 sec T - 7z. EFHlEE
REb L, ARSI (0=-—30%, FitzH M 0=
0%, EAEFHR (0=90°) oML Ef L . HE
FIEIXAT - 723, WEENTO r RO RMHE
Lo,

v. &% =X

1. FIRBREICHT 2 EE

Table 2 iz II. 2 TR _7=Fkic X D RlE L &
EFRABLIOVrFL—varh A5 0REYT
T RTE, SRGREHE TR L BE (PROW)
LT — FIERM TR LUCBRE R0 o
ZOMRLTHE B, i, () IOESEIERSH
OEEOH L VRDIZETHY, ( )NOHERS
BLLTROEDEET I T 2ETH 5.

-

Table 2 Sensitivity of scannography and scintillation
camera. The numbers in parentheses cor-
respond to sensitivity per projection, while
ones out of them to sensitivity for total
projections

Sensitivity
Pitch
for Total Scan for Data Collection
Time Time
6 mm 0.104 (10.5) cps/uCi 0.142 (14.3)
12 0.103 (10.2) 0.148 (14.8)
18 0.093 ( 9.5) 0.142 (14.4)
36 0.077 ( 7.9) 0.143 (14.6)
Scintillation
camera 243 —

Table 3 Measured FWHM, FWTM and the maxi-
mum value of LSF for the best and worst
sampling conditions

Best Worst
Pitch -
FWHM FWTM FWHM FwTM Maximum
6mm 13mm 23 14 24.5 0.86
12 13 23 24 34 0.61
18 18 33 31 50 0.32
36 36 64 e —— —

0.86

Distance (mm)

a

Distance (m)
b

Fig. 2 Line spread functions (LSFs) along axial direction with sampling pitch (P)=6 mm
(a: best and b: worst sampling conditions). The numbers show, from the top,
relative peak heights, full widths at half maximum (FWHMs) and full widths at
tenth maximum (FWTMs). FWHMs and FWTMs are shown in mm.
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Distance (mm)

a

Distance (an)

b

Fig. 3 LSF along a direction perpendicular to the central axis of body (a: best and b:
worst sampling condition). The numbers show the same quantities as in Fig. 2.

i L L
150 -100 -50

50 100 150

Distance (an)

Fig. 4 LSF of single photon (511 keV) detection with a scintillation camera. The number
shows FWHM (in mm). The LSF is too broad to measure FWTM,
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Data Collection Time (sec/position) data collection time to total scan time. Effec-
Fig. 5 Relationships between data collection time per tive scan fractions decrease rapidly as total
position and total scan time. scan time decreases.

-

Fig. 7 Transmission scannograms of normal volunteer with P=12 mm and T=120 sec.
The numbers on the top show the projection angles. 0°, 30° and 90° correspond to
anterior-posterior, left-anterior-oblique and left-right directions, respectively.
These images are used to correct attenuations of radiation within the body.
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Fig. 8 Emission scannograms of a normal volunteer with P=18 mm and T=10sec
after intravenous injection of N-13 NH3 water solution. The numbers on the top
show the projection angles. —30°, 0° and 90° correspond to right-anterior-oblique,
anterior-posterior and left-right direczions,\ respectively. High accumulations
of N-13 activities are observed in the head, heart, liver and urinary bladder.
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best worst

‘ 0.75
15
a b

Fig. 10 Theoretical estimation of LSFs along axial
direction with P=6 mm (a: best and b: worst
sampling condition). The numbers show
FWHMSs (in mm) and relative peak height of
the worst to the best sampling condition. This
figure corresponds to Fig. 2.

Table 4 Estimated FWHM, FWTM and the maxi-
mum value of LSF for the best and worst
sampling conditions

Best Worst
Pifch :
. , Maximum
FWHM FWTM FWHM FWTM value

6mm 12mm 22 15 23 0.75
12 © 12 22 24 34 0.50
18 18 32 36 50 0.25
36 36 65 —_ — —

fig. 11 Theoretical estimation of LSFs along a direc-
tion perpendicular to the central axis. The
numbers show the same quantities as in Fig.
10. This figure corresponds to Fig. 3.
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Summary

Development and Performance Evaluation of Whole Body Emission
Scannography with POSITOLOGICA-II

Masahiro ENDO¥*, Toru MATsuMoTo¥, Takeshi A, IiNUMA¥,
Hitoshi SmmnoTO*, Toshio Yamasakt®, Yukio TATENO¥,
Akira Ocusar** and Miyakai KuMaMmoTo**

* Division of Clinical Research, National Institute of Radiological Sciences
** Hitachi Medical Corporation

Whole body scannography for positron-emitting
nuclides was developed using combination of a
scanning mechanism and bed translation of
POSITOLOGICA-II, a whole body positron emis-
sion tomograph with multi-ring detectors. The
present method has four modes of bed translation
with sampling pitches of 6, 12, 18, 36 mm. Sensi-
tivity for a plane source and spatial resolution of
the present method were measured and compared
with the results obtained by single photon
(511 keV) detection with a scintillation camera.
The sensitivity was 0.077-0.104 cps/uCi per projec-
tion, depending on sampling pitches, for the present
method and 24.3 c¢ps/pCi for the scintillation
camera. The full widths at half maximum of line
spread function were 9.5 mm (transverse) and
13 mm (axial) for the best sampling condition of
the present method and 104 mm for the scintilla-
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tion camera. The spatial resolution of the present
method agreed fairly well with theoretical estima-
tion. Scannorgrams of a normal volunteer were
taken by the present method after intravenous
injection of N-13 ammonia solution, In spite of
a very low sensitivity, the scannograms clearly
showed accumulations of N-13 activities with an
appropriate resolution. It was concluded that the
present method can give a distribution and slow
dynamics of positron-emitting nuclides in vivo
with a much higher spatial resolution than the
scintillation camera and it may be useful for
analyzing behaviours of new positron-emitting
radiopharmaceuticals in man.

Key words: Whole body emission scanno-
graphy, Positron emission tomography, Perform-
ance evaluation.
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Organ Distribution and Metabolism of
[*N]Nicotinamide in Mice
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The organ distribution and the metabolic fate of PNfamide-?Nnicotinamide (("NJNAM) were studied
in order to evaluate its potential as a radiotracer. After administration, ["N]NAM is transported, mainly
by simple diffusion, into the brain and heart, where part of the tracer is metabolized into hydrophilic
componads ({*NJNAD etc.) and trapped. A very high radioactivity is accumulated in the small intestine,
probably due to bile duct excretion of the tracer and its metabolites. [PN]NAM was found to be a useful
tracer for the study of the utilization of the vitamin, nicotinamide.

Introduction

Among nutrients, sugars, amino acids, and fatty
acids have been labeled with positron-emitting nu-
clides and used as tracers in nuclear medical studies.
However, only little has been reported on labeling
vitamins (Machulla and Dutschka, 1978). Since vita-
mins play a very important role in organisms, we
expected positron-labeled vitamins to be potential
tracers for the visualization of their biodistribution in
humans and animals in vivo.

Our laboratory has been engaged in synthesis and
evaluation of *N-tracers (Irie et al., 1985; Tominaga
et al., 1985), and have already reported the efficient
BN.labeling of the amide group of a vitamin, nico-
tinamide (["NJNAM, Tominaga et al., 1987a). In
order to evaulate the utility of ["NJNAM as a tracer,
we have now studied its biodistribution and metabo-
lism in detail,

Materials and Methods
Materials

The injectable solution of [*NJNAM was prepared
according to a method we published previously
(Tominaga et al., 1987a). The specific activity of the
tracer was more than 100 Ci/mmol and the radio-
chemical purity in excess to 95%. The solution
contained a small amount of nicotinic acid (less than
10 ug/mL). [M*CINAM was purchased from New
England Nuclear, Boston, Mass. and other chemicals

* All correspondence should be addressed to the National
Institute of Radiological Sciences (2).

and solvents were from Wako Pure Chemical
Industries Ltd (Tokyo, Japan).

Methods

1. Organ distribution of [PNINAM

(a) Control mice. Aqueous solutions of [PN]NAM
(0.2 mL, about 30 pCi) were injected into tail veins of
male C3H mice (12-15 weeks, about 33 g). After
given time intervals the animals were killed, the
organs removed, weighed and their radioactivities
determined in a well-scintillation counter (the small
intestine with its content). The results are expressed
in terms of %dose/g organ. In a study of the
loading effects of NAM-derivatives, various doses
of NAM, nicotinic acid (NAC, 10 mg/kg) or nicotin-
amide adenine dinucleotide (NAD, 10 mg/kg) were

“coinjected with the tracer.

(b) Mice fed on glucose only. For a week male C3H
mice (12 weeks, about 33 g) were fed on a 20%
aqueous solution of glucose. The body weight of the
mice decreased to about 28 g. The organ distribution
of the radioactivity after i.v. administration of
[*NINAM (0.09 mg/kg) in these mice was studied as
described above.

2. Organ distribution of [*CINAM

Experiments for aqueous solutions of [“CJNAM
(0.2mL, 1.3 uCi, 0.03 umol) were carried out as
described above (a), except that the weighed organs
were incinerated in a Packard 306 sample oxidizer
and the radioactivity in each sample was counted
in a liquid scintillation counter. The results are
expressed in terms of %dose/g organ.
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3. Metabolism of [CINAM

Aqueous solutions of ["C]NAM together with or
without unlabeled NAM derivatives (0.2 mL, 11 uCi,
Table 3 shows the doses of NAM derivatives) were
injected into tail veins of male C3H mice (12 weeks,
about 33 g). After given time intervals the animals
were killed, the organs removed and homogenized in
2mL of 70% ethanol. The homogenate was heated
to about 70°C for 3min to extract the metabolites
(Imai and Suzuki, 1970), and centrifuged (300 rpm,
10min). The supernatant was concentrated in a
stream of nitrogen and together with carrier NAM,
applied on a strip of Toyo No. 51 filter paper. The
strip (18 cm) was developed with water-saturated
n-butanol, a system in which all metabolites of
[“CINAM show smaller R, values than [“C]NAM.
[MCINAM-nucleotides ([“CJNAD etc), the main
metabolites, remain at the origin (Collins and
Chaykin, 1972). The strip was cut into pieces of
AR;=0.056 (1 cm wide), each fraction immersed in
Aquasol, and the radioactivity measured in a liquid
scintillation counter. Almost all the radioactivity was
found at the R, value of NAM (R, = 0.75) and at the
origin (Fig. 4).

4. Metabolism of [UNINAM

Experiments for aqueous solutions of [“NJNAM
together with unlabeled NAM (0.2mL, about
500 pCi, Table 3 shows the doses of NAM) were
carried out as described above (Section 3). The
respective tissue extract was applied together with
carrier NAM on a thin-layer chromatograpy (TLC)
plate (silica gel). The plate (9cm) was developed
with acetone, a solution in which the R, value for

["NJNAM is about 0.7-0.8, while [PNJNAM-

nucleotides ([“NJNAD etc.) and PN-amino acids
remain at the origin (R, = 0). The silica was scraped
off the plate in fractions of AR =0.11 (I cmn wide)
and the radioactivity measured in a well-scintillation
counter. Almost all the radioactivity was found at the
R; value of NAM (R;=0.7-0.8) and at the origin
(R, =0, Fig. 4).

Results and Discussion

NAM is a water-soluble vitamin and a precursor of
NAD(P) which plays an important role in various
enzymatic reactions e.g. in glycolysis and the
tricarboxylic acid cycle. Shortage of MAM causes
pellagra, which is observed as disorders of the skin
(dermatitis), the digestive tract (diarrhea), and the
central nervous system (dementia). As NAM and its
derivatives mediate various important physiological
functions, we expected positron-labeled NAM to
be a useful radiotracer for in vive studies of the
utilization of the vitamin in humans.

In order to clarify the type of information obtain-
able by [*'NJNAM, we have investigated the follow-
ing two points: (1) transport and the metabolism of
the tracer in mice; (2) potential utility as a tracer used

TosHIYOsHI TOMINAGA ef al.

in combination with ["CINAM. Though the present
study has been carried out using mice, the main
results should also be valid in humans.

1. The transport and the metabolism of [PNINAM

Table 1 shows the organ distribution of [PNJNAM.
Since this tracer shows especially interesting behav-
iour in brain, heart, and small intestine, these organs
are selected as target organs.

(@) Brain. In the period up to 5min after the
administration of [PNJNAM, only little metabolic
product is formed in the brain (Table 3). Accordingly,
from the timecourse (Table 1) of the radioactivity
during this period, the transport of the vitamin to the
brain can be studied.

As shown in Fig. 1, there is no dose-dependent
change in the brain uptake between 1 and 5min.
Though Spector et al. (1979 a,b) reported the exis-
tence of an active transport system in the brain of
rabbits and rats, this process is thus shown to be
mediated mainly by simple diffusion.

After the transport phase (1-5 min) the metabolites
appear in the brain. The percentage of the radio-
activity due to metabolites increases with time and
decreases with loading of NAM (Table 3). This
indicates that the metabolic process is mediated by
saturable enzymatic reactions. The metabolites of
[PNINAM, which remain at the origin of the TLC
plate (Fig. 4) consist of ["NJNAM-nucleotides (such
as [PNJNAD), and possibly *N-amino acids derived
from “NH, (deamination is one of metabolic reac-
tions of NAM),

Due to the low lipophilicity of the metabolites,
they are trapped by the blood-brain barrier (BBB,
Tables | and 3), while the unmetabolized tracer
passes the BBB by simple diffusion. We expect the

Teble 1. Organ distribution of [PNJNAM in mice*; percent
dose/gram organ

Time after injection (i.v.) (min)

Organ i 5 15 30

Blood 503£0.17 2814023 1764011 1.134+0.50
Brain 1.654£0.05 2354022 2514008 2.54+0.19
Heart 7134037 6.04£0.60 659+070 645+1.24
8. Intes. 7.19+0.57 8.1841.95 12.77+1.21 13.534+3.64
Lung 7.69+021  6.17+£1.00 6111053 743+1.10
Kidney  6.71+£040 8.10+0.73 10.74+1.61 10.75+0.34
Liver 4.59£040 4.53+021 5631048 539+092
Muscle 3304083 387+071 2574007 2284037

*Male C3H mice (12 weeks about 30-33 g), average + 1 SD.

Table 2. drgan distribution of [“C]INAM?*; percent dose/gram organ

Time after injection (i.v.) (min)

Organ 1 5 15 30

Blood 4.39+0.27 254+049 1354022 0.85+0.03
Brain 1464025 226+0.10 2.57+0.14 2.07+0.05
Heart 6.10+£0.63 6.08+0.86 6.69+045 638+0.18
S. Intes. 516+1.36 8144113 9194146 1044+ 1.77
Lung 5614046 5844082 6.65+0.57 5.41+0.49
Kidney  5.87+047 8.73+£2.35 10.17+£0.94 9.63 +0.03
Liver 4094016 504+£1.03 5254067 52440.14
Muscle  4.164+0.11  321+0.50 2314035 2634029

® Male C3H mice (12 weeks, about 33 g), average + 1 SD.
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Table 3. Metabol

ism of [°NJ- and [“CJNAM®*

Unmetabolized NAM (%)

Time
(min) Tracer Dose (mg/kg) Blood Brain Heart S. Intes.
5 [BNINAM  NAM (0.09) 95 76 86 7
15 [PNINAM  NAM (0.09) 86 53 73 54
30 [PNJNAM  NAM (0.09) 66 30 48 46
5 [“CINAM  NAM (1) >95 90 90 78
15 [MCINAM  NAM (1) 92 75 87 75
30 [“CINAM  NAM (1) 64 63 75 61
30 [BN]NAM  NAM (1) 62 50 73 8
30 [“CINAM  NAM (3) 9 63 84 66
30 [“CINAM  NAM (10) >95 90 >95 83
30 [“CINAM  NAC (10), NAM (1) 78 50 80 64
30 [“CINAM  NAM (10), NAM (1) 80 65 88 75

* Male C3H mice (12 weeks, about 33 g) were used.

metabolism of NAM in the brain can be analyzed by
[*NJNAM utilizing this difference, i.e. the radio-
activity remaining in the brain after the adminis-
tration of the tracer may indicate the metabolic rate
of NAM in the brain. Moreover, a dose—effect experi-
ment should provide quantitative information on
the kinetic parameters (K, and V,, values of the
catabolizing enzymes) of this process.

The fate of ["'N]NAM in the human brain should
be similar to that in mice brain, and the in wivo
metabolism of NAM in human brain might be ana-

Iyzed utilizing the metabolic trapping. Since NAM
derivatives are endogenous and almost non-toxic for
humans (as much as 1.5 g/day of NAM was adminis-
tered p.o. for the treatment of depression (Chouinard
et al., 1977)), a dose~effect experiment can be carried
out also on humans.

The brain uptake of [PNJNAM is accelerated in
nutritionally deficient mice (Fig. 3). In niacin-
deficient animals, total niacin (NAC or NAM-
containing vitamers except NAD) and NAD levels
are reported to be much better maintained in the
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Fig. 1. Dose—effect on the organ distribution of [PNJNAM. Radioactivities in each organ after i.v,
administration of the tracer are expressed as percentage dose/gram organ. Values are averages £ 1 SD of
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metabolites after i.v. administration of [*NJNAM. B: paper

chromatogram of the metabolites after i.v. administration of
[“CINAM.

brain tHan in the liver (Garcia-Bunuel et al., 1962).
This fact may be partly attributed to the acceleration
of the vitamin uptake as shown in Fig. 3.

(b) Hear:. The transport to and the metabolism of
the tracer in this organ are found to be basically
similar to those in the brain, The faster uptake as
compared to that to the brain (Table 1) is attributed
to easier simple diffusion of the tracer because of
the lack of such tight junctions at capillaries as
those found at BBB. The metabolites ((PNJNAD etc.)
are trapped because they are utilized in the tissue
(Table 3).

Loading of a large dose of NAM as well as that of
NAD hinders the metabolic trapping of [PNJNAM
(Figs 1 and 2, Table 3). NAM causes a saturation of
the catabolizing enzymes whereas the effect of NAD
can be attributed to an end-product inhibition of the
enzyme system.

In the field of cardiac nuclear medicine, almost no
attention has been paid to the utilization of vitamins,
although it is an important aspect of the heart
physiology. [PINJNAM will be of great use for meta-
bolic studies of NAM in the human heart.

{(¢) Small intestine. The highest accumulation of the
radioactivity is observed in this organ (Table 1), high
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enough to use {*NJNAM as an imaging agent for this
organ. .

In spite of the rapidly decreasing blood radio-
activity level, the radioactivity level in this organ
increases continuously for 30min after adminis-
tration (Fig. 1). This phenomenon is due to the
redistribution of radioactive compounds occurring
after the first phase of the transfer from the blood.

Some compounds are known to be excreted from
the bile duct into the intestine after passing and being
metabolized in the liver. The constant increase in the
radioactivity level in the small intestine can be attrib-
uted to the bile duct excretion of the tracer and its
metabolites. The loading with NAM or derivatives
(NAD, NAC) may hinder the metabolism in the liver
and reduces the excretion (Table 3, Figs 1 and 2).

2. Comparison of the distribution of [PNINAM with
that of " CINAM

The labeling of the carbonyl carbon atom of NAM
with 'C has already been reported (Machulla and
Dutschka, 1978). If the timecourses of the radio-
activity levels in each organ after the administration
of 1'C- and PN-tracers were different, the metabolism
of the tracer could be analyzed from that difference,
as has been demonstrated for PN- and "C-f-phen-
ethylamine (Tominaga, 1987b). However, the organ
distribution of the radioactivity of ["NJNAM and its
metabolites is not significantly different from that
of [MCINAM (labeled at the same position as
[MCINAM, Table 1, 2 and 3).

In conclusion, [PNJNAM has been found to be a
potential tracer for in vivo studies of the utilization of
NAM in humans.

Acknowledgement—The authors are grateful to Mr K.
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Evaluation of *’N-Amines as Tracers
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The organ distribution and the metabolic fate of the *N-amines PN-f-phenethylamine, “N-n-octylamine,
and PN-3,4-dimethoxyphenethylamine, were studied in detail. After administration *N-amines were
rapidly transferred to tissues and oxidized by MAO. PN-ammonia formed thereby was converted into
amino acids (mainly glutamine by glutamine synthetase) and trapped. “N-amines were found to be
potential metabolic trapping tracers for the study of disposition and metabolism of amines.

Introduction

The positron-tracer technique, which uses tracers
labeled with positron-emitting-nuclides ('C, "N, "F)
and positron emission tomography (PET), are useful
methods for the external measurement of the rates of
transport, metabolism and excretion of various sub-
stances in humans and animals. So is, for example,
BE-2-deoxygelucose widely used to study glucose
utilization in brain and heart (Reivich er al, 1979).

Amines regulate various physiological functions as
neuromodulators, neurotransmitters, and drugs, etc.
B-Phenethylamine (PEA), for example, an endo-
genous amine that resembles amphetamine both
structurally and pharmacologically, plays an im-
portant role as a neuromodulator in the central
nervous system (Fisher, 1975). Amines such as oc-
tylamine (OA) and norepinephrine have especially
high affinities for organs such as the lung and the
heart (Fowler et al., 1976; Ansari, 1974). Thus, we
expect positron-labeled amines to be of great poten-
tial as tracers for various aims.

We have already reported the preparation and
preliminarily, the organ distribution of "M-amines
(Tominaga et al., 1986). PN-amines are expected to
be useful metabolic trapping tracers. After adminis-
tration they are rapidly transferred to tissues and
oxidized by monoamine oxidase (MAQ) into
N-ammonia, which is then converted into amino
acids and trapped. In the present study we clarified
the detailed mechanism of the metabolic trapping of

# All correspondence should be addressed to the National

Institute of Radiological Sciences.

Abbreviations used: DMOPEA, 3 4-dimethoxyphenethyl-
amine, MAQO, monoamine oxidase, MSO, pL-methionine
sulfoximine, OA, n-octylamine, PAA, phenylacetic acid,
PEA, f-phenethylamine, PGL, pargyline.

- (CgH,—CH,—“CH,—NH,,

B“N.amines and evaluated their potential as tracers
for the study of distribution and metabolism of
amines.

Materials and Methods

Materials

Pargyline hydrochloride and pr-methionine sulf-
oximine were obtained from Sigma Chemicals, and
3,4-dimethoxyphenylacetyl chloride from Aldrich
Chemical Company. B-Ethyl-1-*C-phenethylamine
“C-PEA)  hydro-
chloride was purchased from New England Nuclear,
Boston, Mass., and other chemicals and solvents
from Wako Pure Chemical Industrics Ltd (Tokyo,
Japan).

Methods

1. Preparation of “N-PEA, “N—octylamine (PN-
OA), and “N-3,4-dimethoxyphenethylamine (PN~
DMOPEA)

BN.amines were synthesized according to a
method we published previously (Tominaga et al.,
1986), briefly: the “N-amides were synthesized from
the respective acid chlorides and PN-ammonia, and
reduced with LiAlH, yielding the corresponding
BN-amines. The products were isolated by extraction
and their radiochemical purities more than 90%.

2. Organ distribution of *N-ammonia and "N -amines

Aqueous solutions of “N-ammonia or the
PN-amine hydrochloride (prepared in a non-carrier-
added state, 0.2 mL, about 30 uCi per mouse) were
injected into tail veins of male C3H mice (9-12 weeks,
about 30 g). About given time intervals, the animals
were killed, the organs removed, weighed and their
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radioactivity determined in a well-scintillation coun-
ter. The results are expressed in terms of %dose/g
organ. In the study of the effect of MAO or glutamate
synthetase inhibition, pargyline hydrochloride (PGL,
100 mg/kg, i.p.) or pL-methionine sulfoximine (MSQ,
180 mg/kg, i.p.) was administered 1 or 3 h before the
injection of the tracer, respectively.

3. Organ distribution of “C-PEA

Aqueous solutions of “C-PEA hydrochloride
(0.2mL, about 1 uCi) were injected into tail veins of
male C3H mice (9-10 weeks, about 30 g). After given
time intervals, the animals were killed, the organs
removed, weighed, incinerated in a Packard 306
sample oxidizer and the radioactivity in each sample
was determined in a liquid scintillation counter. The
results are expressed in terms of % dose/g organ.

4. Analysis of radioactive metabolites in the brain and
the heart after i.v. administration of “C—PEA

(@) In control mice. Aqueous solutions of “C-PEA

hydrochloride (0.3 mL, 5 uCi) were injected into tail

veins of male C3H mice (15 weeks, about 35 g). One
minute after the administration, the animals were
killed, the brain and the heart removed and homoge-

nized in Iml of isotonic saline solution. This ho-
mogenate was acidified with conc. HCl and the
radioactive metabolites were extracted with | mL of
water-saturated ethyl acetate. The extraction
efficiency as determined by comparison of the radio-
activity in the extract and that in the homogenate
(determined by the combustion method described
above) was more than 95%. The extract was concen-
trated and analyzed using thin-layer chromatography
(TEC, silica gel, chloroform:ethyl acetate 9:1).

(b) In MAO-inkibited mice. Aqueous solutions of
MC-PEA hydrochloride (0.3 mL, 20 uCi) were injec-
ted into tail veins of male C3H mice (15 weeks, about
35 g) pretreated with PGL (dose described above).
One and 30 min after the administration, the animals
were killed, the organs removed and homogenized in
I mL of isotonic saline solution. This homogenate
was acidified with conc. HCl and centrifuged
(3000 rpm, 10min). The supernatant (extraction
efficiency over 80%) was basified with 10 N NaOH
and applied on a TLC plate together with cold PEA,

phenhylethanolamine and p-tyramine, as carriers.

The plate was developed two-dimensionally, first with
aceione:water:30% ammonia 15:4:1, second with
n-amyl alcohol:water:40% methyl amine 8:1:1.
Spots of the expected metabolites (detected by u.v.
lamp) were scraped off, suspended in Aquasol and the
radioactivity was measured in a liquid scintillation
counter.

5. Analysis of radioactive metabolites after i.v. admin-
istration of YN~PEA and N-ammonia

Agqueous solutions of *N-ammonia and N-PEA
hydrochloride (100 uCi, 0.3 mL) were injected into

TosuryosH! TOMINAGA ef al.,

the tail veins of either conirol mice or MSO-
pretreated (dose described above) mice. Three
minutes after the administration, the animals were
killed, the organs removed and homogenized in 2 mL
of isotonic saline solution. To a 500 xL vortion of
this nomogenate, 50 4L of 1 N ammonia (as a car-
rier) and 500 uL of saturated K,CO; solution were
added, the mixture was concentrated (about
25 mmHg) on a steam bath (45°C) for 1 min and the
remaining radioactivity measured (count A). To an-
other 500 pL portion, 500 zL of 1N HCl was added
and the radioactivity measured (count B). The radio-
activity due to compounds volatile under alkaline
conditions (i.e. N-ammonia) was estimated from
the ratio of count A to count B. In order to confirm
the volatility of ®N-ammonia under these conditions,
PN-ammonia (1001 Ci) in 20 uL of water was added
to the homogenate of each organ and count A and B

was measured and compared in a similar manner as
before.

Results

The organ distributions of '“N-ammonia,
BN-PEA and “N-OA in mice are summarized in Fig.
1. The three compounds showed similar timecourses
for the radioactivity in various organs, though the
initial uptake were different. In the brain and the
heart, the radioactivity was retained for at least
30 min, whereas it was excreted rapidly from the lung,
In the liver the radioactivity had a maximal value
after 15 min.

The introduction of two methoxy groups into the
benzene ring of “N-PEA significantly reduced the
uptake in the heart, the lung, and especially in the
brian (Table 1). The lipophilicity therefore greatly
affects the uptake.

The carrier PEA (10 mg/kg) significantly decreased
the heart uptake of PN-PEA, but had no influence on
the uptakes in other organs (Table 1).

The biodistributions of ®N- and “C-PEA were
compared (Fig. 2). Unlike the radioactivity from
N-PEA, the radicactivity after administration of
HUC-PEA was rapidly eliminated from each organ.

“C-PEA was rapidly converied into “C-phenyl-
acetic acid (C-PAA) in the brain as well as in the
heart (Fig. 3). “N-ammonia, a metabolite of
BN-PEA, was shown to undergo further reaction
into non-volatile compounds (probably amino acids)
(Table 2). The effect of MSO [glutamate synthetase
inhibitor (Copper er al., 1979)] shows the par-
ticipation of glutamine synthetase in this process.

Figure 4 illustrates the effect of enzyme inhibitors
(PGL and MSO) on the timecourse of the radio-
activity in each organ after administration of
BN~PEA. Under PGL-pretreatment, no metabolites
(“C-tyramine or “C-phenylethanolamine) were
formed in the heart and the brain. The effect of the
inhibitors varied considerably for different organs.
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Fig. 1. Organ distribution of "N-PEA, PN-OA, and "N-ammonia. Radioactivities in each organ after
i.v. administration of the tracers are expressed as percentage dose per gram organ. Values are averages
of three mice for each point.

Discussion

Figure 5 shows the complete metabolic scheme for
BN-amines revealed in this study. Processes num-
bered in the figure are discussed below.

1. Uptake of "*N-amine

Both endogenous and exogenous amines are
known to be transferred to organs by active transport

(saturable process) as well as by simple diffusion
(unsaturable process) (Anderson et al, 1974
Bogdanski and Brodie, 1969; Iwasawa et al., 1973;
Pardridge and Connor, 1973). Judging from the
lower wuptake of a less lipophilic tracer,
BN-DMOPEA, the latter process should play the
major role in the uptake of “N-amines. Only in the
heart uptake, a significant dose-saturation is ob-
served. This can be attributed to the saturation of the

Table 1. Organ distribution of “N-PEA with or without carrier and PN-DMOPEA

in

mice®

% Dose/g organ

Time after injection (i.v.) (min)
5 15

Organ Tracer 1

Blood A 2.95 £ 0.11 1.834:0.12 143 +0.16 1.3540.13
B 2.16£0.14 1.92 £ 0.08 1.39 £ 0.11 1.514:0.18
Cc 1.60+0.18 1.67 4£0.30 1.48 £ 0.10 —

Brain A 3.78 £:0.32 3924033 3.86 4 0.57 401 +0.10
B 4.40 4 0.38 4.97 £ 0.47 5.21£0.26 5.40 £ 0.51
C 0.72 £0.01 1.07£0.15 1.29 +£0.04 —

Heart A 12754142 12744142 11544174 9.26 4: 0.46
B 6.68 4 0.60 6.34 4: 0.50 7.95 +0.45 7.07 4 0.65
C 6.54 £ 1.49 543 f£2.21 4.29£0.71 —

Lung A 11.23 £ 0.85 6.16 +0.57 3.38 4: 0.69 270 £0.51
B 8.33 £ 061 5824043 3.58 £ 0.03 2.78 £ 041
C 518 4 1.90 5214019 2.80 4:0.57 —

Liver A 2.88 £0.45 5.904£0.30 6.48 + 0.39 5.24 +0.37
B 3214025 4.90-+0.10 6.29 £ 0.28 4.96 4 0.32
C 5.08 £0.55 6.50 1+ 0.51 6.38 £ 0.48 —

A: non-carrier-added PN-PEA, B: carrier (10mg/kg) added PN-PEA, C:

PN-DMOPEA. ~—~not determined.

*Male C3H mice (12 weeks, about 30g), average £ 1 8D
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Fig. 2. Comparison of organ distributions of “N- and

“C-PEA. Radioactivities in each organ after i.v. adminis-

tration of the tracers are expressed as percentage dose per

gram organ. Values are presented as average + SD of three
mice for each point.

active  transport system as reported for
HC-norepinephrine (Ansari, 1974), or that of meta-
bolic process (process 2).

The lung uptake of "N-amines is very high. This
organ has a special affinity for amines (Bogdanski
and Brodie, 1969). The even enhanced affinity of
BN-0A, a labeled amine with a long carbon chain,
makes it a candidate for a lung imaging tracer.

The timecourse of the radioactivity in the liver after
injection of “N-amines differs from that in other
organs, but it is similar to that in the liver after
administration of “N-ammonia. It seems that this
organ takes up the “N-ammonia derived from
YN-amines, from the blood.

TosHryosHl TOMINAGA ef al.

2. Deamination of “N-amine by MAO

The rate of this process depends on reactivity of the
substrate tracer towards MAQO. PEA and OA are
good substrates for MAO (Peers ef al., 1980; Fowler
et al., 1976). The optimum property of the tracer may
differ with the purpose for which it is used. For
example, in order to image a perfusion process in an
organ, a “N-amine rapidly deaminated would be
useful, and one with a moderate deamination rate
may be useful for the detection of a small change in
MAQ activity. Thus, various aspects of amine dispo-
sition and metabolism can be studied by utilizing
PN-amines with appropriate reactivities towards
MAO.

Deamination by MAQO is essential for
BN-metabolic trapping in the heart (Fig. 4): the
unmetabolized "N-PEA is excreted whereas the me-
tabolite "N-ammonia is trapped (“N-OA can be
used instead of PN-PEA). Taking advantage of this
fact, a tracer for in vivo estimation of the heart MAO
activity can be designed in analogy to
HC.N,N-dimethylphenethylamine (Inoue et dl.,
1985). Since the radicactivity is trapped in proportion
to the amount of PN-ammonia produced by MAO,
the heart radioactivity may correlate with the heart
MAOQ activity.

In this process, *C-amine (*'C-amine) is converted
to the "C-acid (MC-acid) via C-aldehyde
("C-aldehyde), and “N-amine to "“N-ammonia.
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Fig. 3. TLC of the radioactive metabolite 1 min after i.v.

administration of “C-PEA. The development was carried

out from left to right, by the procedures described in the
text.

Table 2. Ratio of non-volatile metabolites 3 min after i.v. administration of
"N-PEA and “N-ammonia in mice

Non-volatile metabolites (%)*

Tracer Pretreatment Brain Heart Lung
BNH, None 91 104 94
M8EO 75 48 41
UN-PEA Mone 89 96 97
MBSO 81 48 71
Blank (PNH)t o 25 25 22

* Ratio of count A to count B (see text), mean of two determinations.
+1°WNH, was added to cold homogenate and treated similarly.
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Fig. 4. Effect of PGL or MSO pretreatment on the organ

distribution of "N-PEA. Radioactivities in each organ after

i.v. administration of the tracer in control, PGL-pretreated,

and MSO-pretreated mice are expressed as percentage dose

per gram organ. Values are averages of three mice for each
point.

The labeled acid is excreted or further metabolized
(process 4), and the ®N-ammonia is trapped (process
5). Therefore, the timecourses of the radioactivity
after the administration of BN~ or “C-PEA, re-
spectively, are different (Fig. 2). This fact indicates
the possibility of analyzing the in vivo metabolism of
amines using N- and ''C-amines in combination.

Besides the flavoprotein MAO, copper-containing
amine oxidases exist in mammalian tissues (Blashko,
1974; Lewinshohn ez al., 1978). The amines used in
this study are oxidized mainly by MAO. But, ben-
zylamine, for example, is reported to be oxidized
predominantly by a copper-containing amine oxidase
(benzylamine oxidase) in the aorta. Thus, some tracer
amines may be oxidized mainly by amine oxidases
other than MAO.

3. Binding of “N-amines in tissues
In the brain of PGL-pretreated mice, >N-PEA is

non spec. bnd.

et
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retained without being converted into metabolites.
This retention is probably caused by the binding of
the amine in the tissue. Winchell et al. (1980) reported
that '**I-N.isopropyl p-iodoamphetamine is retained
in the brain after administration, and attributed it to
its interaction with high-capacity, relatively non-
specific, widely distributed central nervous system
amine binding sites.

4. The fate of acids generated from amines

In process 2, MAO produces an aldehyde, which is
rapidly oxidized to an acid. Some of the acids pro-
duced will undergo further metabolism such as
B-oxidation, others will be excreted as such.

Soon after the administration of “C-PEA, it is
converted into “C-PAA (Fig. 3) which undergoes no
further metabolism within the time span of our
experiment (Mosnaim et al., 1984). This compound is
very rapidly excreted from the brain (Fig. 2) and this
process is known to be mediated by an active trans-
port system at the choroid plexus (Mosnaim ez al.,
1984). Thus, it may be possible to visualize this
process in the human brain using “C-PAA. Since
PAA itself hardly crosses the blood-brain barrier
(BBB), the tracer must be administered in the form
of its prodrug '"C-PEA. The significance of this
tracer would be great, because no tool to study such
a transport system in vive exists as of now.

UC-fatty acids formed after injection of
HC.amines, such as "C~QA, undergoes f-oxidation
to give 'CO, (Gallagher et al., 1977).

5. Conversion of *NH, into amino acids

The metabolic fate of *N-ammonia has been well
studied (Cooper et al., 1979; Rauch et al., 1985;
Schelbert et al., 1981). ¥N-ammonia is converted
very rapidly (the biological half life of *N—ammonia
in the rat brain is reported to be few seconds) by
several enzymes (mainly glutamine synthetase) into
BN-amino acids (mainly *N-glutamine) and trapped
in the tissue. ’N-ammonia produced by MAO from
BN-PEA, as well as that intravenously injected, was
found to be converted into non-volatile metabolites
in the tissues by a modified method of Lockwood et
al. (1979) (Table 2).

When glutamine synthetase is inhibited by MSO,
the conversion of ®N-ammonia into amino acids is
hindered (Table 2) and no metabolic trapping in the

®

RCH,="2NH, ——Z—= RCOOH + "*NHz—=—""N-Gln.etc.
MAO

’ lB-oxidation

@| co, ®

Cell
Membrane i
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\

|

:

| {
!

!

Fig. 5. Mechanism of the metabolic trapping of *N-amines.
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heart can be observed after injection of “N-PEA
(Fig. 4). Furthermore, MSO-pretreatment also sup-
presses the metabolic conversion (Table 2) and the
subsequent trapping of “N-ammonia in the heart
(data not shown). On the other hand, in the brain, a
dose of MSO as used in our experiment only mod-
erately decreases the metabolic conversion of
BN-ammonia (Cooper et al., 1979). Therefore, in the
brain, little effect of the inhibitor on the radiocactivity
level is observed.

6. Trapping in the form of “N-amino acids

The fate of P“N-amino acids synthesized from
PN-ammonia depends on the organ in which they are
formed. In the brain and the heart, they are utilized
and trapped, whereas in the lung, they are excreted
rapidly.

In conclusion, it has been shown that “N-amines
are potentially useful as radiotracers for the measure-
ment of the MAQO activity and for imaging heart,
lung and the brain. Especially, the observation that
the radioactivity is metabolically trapped in the heart
opens a possibility of determining myocardial MAQ
activity.

Acknowledgement—The authors are grateful to Mr K.
Tamate for the preparation of "N-ammonia.
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Visualization of Specific Binding Sites
of Benzodiazepine in Human Brain

Hitoshi Shinotoh, Toshiro Yamasaki, Osamu Inoue, Takashi Itoh,
Kazutoshi Suzuki, Kenji Hashimoto, Yukio Tateno, and Hiroo Ikehira

Division of Clinical Research, National Institute of Radiological Sciences, CHIBA, Japan

Using "'C-labeled Ro15-1788 and positron emission tomography, studies of benzodiazepine
binding sites in the human brain were performed on four normal volunteers. Rapid and high
accumulation of 1'C activity was observed in the brain after i.v. injection of [''C]Ro15-1788,
the maximum of which was within 12 min. Initial distribution of "'C activity in the brain was
similar to the distribution of the normal cerebral blood flow. Ten minutes after injection,
however, a high uptake of ''C activity was observed in the cerebral cortex and moderate
uptake was seen in the cerebellar cortex, the basal ganglia, and the thalamus. The
accumulation of ''C activity was low in the brain stem. This distribution of 'C activity was
approximately parallel to the known distribution of benzodiazepine receptors. Saturation
experiments were performed on four volunteers with oral administration of 0.3-1.8 mg/kg of
cold Ro15-1788 prior to injection. Initial distribution of *C activity following injection peaked
within 2 min and then the accumulation of 'C activity decreased rapidly and remarkably
throughout the brain. The results indicated that [*C] Ro15-1788 associates and dissociates
to specific and nonspecific binding sites rapidly and has a high ratio of specific receptor
binding to nonspecific binding in vivo. Carbon-11 Ro15-1788 is a suitable radioligand for the

study of benzodiazepine receptors in vive in humans.

J Nucl Med 27:1593-1599, 1986

Benzodiazepines are extensively prescribed for the
treatment of insomnia, anxiety, convulsive disorders,
and some kinds of spasticity. Their therapeutic effects
are triggered by an interaction with specific benzodiaze-
pine receptor, which have been demonstrated by radi-
oligand technique (/-3). Acute and reversible changes
of benzodiazepine receptors in the brain have been
observed after acute stress and seizures in animal ex-
periments (4-8). Alteration of benzodiazepine recep-
tors have been reported in Huntington’s disease (9-12)
and Alzheimer’s disease in human brain (/3).

It should, therefore, be useful to measure benzodi-
azepine receptors in vivo in humans for the study of
clinical pharmacology of benzodiazepines and also for
elucidating the pathophysiological mechanism of some
neuropsychiatric disorders, such as epilepsy, anxiety
neurosis, Huntington’s disease, and Alzheimer’s dis-
ease.

Ro15-1788 (Flumazepil) is a benzodiazepine receptor
antagonist and has a high affinity for the central type
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benzodiazepine receptor, irrespective of benzodiazepine
subtype (14-16).

The synthesis and the kinetic studies of carbon-11-
("'C) labeled Ro15-1788 in baboons and the human
brain have been reported by Maziére et al. (17-20).

In this report, we describe the kinetics of [''CJRo15-
1788 in four volunteers and also those following pre-
treatment with cold Ro15-1788.

SUBJECTS

Four healthy men with age ranging from 25 to 53 yr
took part in the study. The subjects gave informed
written consent to participate in the investigation. No
abnormalities were found either by physical examina-
tion or laboratory findings in any of the subjects. They
did not take any medication within | mo of enrollment
in the study.

MATERIALS AND METHODS
Carbon-11 Rol15-1788 was produced with a high

specific activity of methylation of Rol15-5528 (nor-
Ro15-1788) with ""CH,l. All the procedures other than
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evaporation and filtration at the final stage were carried
out with specifically designed equipment connected to
a central control system (27). Radiochemical purity
was >99%. The specific activity varied from 450 to
3,180 Ci/mmol at the end of synthesis.

Positron emission tomographic (PET) scanning was
performed with a whole-body PET scanner” which has
a three detector ring and can obtain five slices simulta-
neously with a center to center separation of 18 mm
(22). The spatial resolution is 9.2 mm full width at half
maximum (FWHM) in the center of the field-of-view
and slice (axial) thickness is ~10 mm FWHM for cross
stices and 13 mm FWHM for direct slices.

Subjects were asked to lie on the scanner bed with
eves closed but the ears were not occluded. The head
was positioned with the aid of a laser line so that the
center of the lowest slice corresponded to 10 mm above
the subject’s canthomeatal line. After the head was in
place, a transmission scan was performed with a ring
source of activity containing germanium-68-gallium-
68 for attenuation correction. Intravenous needles were
inserted in the arm for isotope injection and blood
sampling.

Ceontrol Experiment

Serial emission scans (scan length 1 min) were per-
formed for 20~30 min following an i.v. bolus injection
of ['"CIR015-1788. The amount of injected radioactiv-
ity varied 4.9 to 9.5 mCi and the specific activity was
between 230 and 1,460 mCi at the time of injection
(Table 1).

Simultaneous venous blood samples were obtained
serially. and the total radicactivity of | ml of blood was
measured at the well counter. Two milliliters of meth-
vlene chloride were then added to | ml of the blood
and the radioactivity of the extracted fraction of the
blood was measured. Extraction efficiency determined
by comparison with a standard was >95%.

At 20 min following injection, 20 ml of blood were
sampled in two volunteers. 20 ml of methylene chloride
were added into it, and a fraction of the blood extracted
with methylene chloride was obtained, Thin layer chro-
matographic analyses were performed on silica gel with

TABLE 1
Subjects and Injected Dose of [''CJR015-1788
CO'?.VOI Saturation experiment
experiment
Injected Coid Roi5 Injected
Dose of (0.0) dose of
["CJRo15 P-O- [CIRot5
Subject Age/Sex (mCi) (ug) (mg) (mg/kg) (MCH) (ug)
1 49/M 9.5 126 20 0.3 3.0 64
2 50/M 50 3.0 30 0.5 6.1 0.7
3 53/M 6.1 1.9 50 1.1 8.1 1.9
4 25/M 4.9 1 150 1.8 4.9 6.7
1594  Shinotoh, Yamasalki, Inoue et al
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methylene chloride:methanol (9:1) and hexane: ben-
zene: dioxane:ammonium hydroxide (70:50:45:3) as
solvent.

Saturation Experiment

The saturation experiments were performed on the
same day in Subject 1, and on another day within 1 mo
after the control experiment in Subjects 2, 3, and 4.
Subjects 1, 2, and 3 took 20, 30, and 50 mg, respectively,
of cold Ro15-1788 crally 30 min prior to injection of
["C]R015-1788. Subject 4 took 150 mg of cold Rol5-
1788 divided into three at 45, 30, and 15 min prior to
injection for maintaining the high blood level of Rol5-
1788 concentration in the blood during the experiment.
Serial emission scans were performed and venous blood
samples were obtained in the same way as in the control
experiments. The amount of injected radioactivity var-
ied from 3.0 to 6.1 mCi in the saturation experiments.

Data Analysis

Regions of interest were in the frontal cortex. the
temporal cortex, the medial occipital cortex, the basal
ganglia (which includes the caudate, the putamen and
the pallidum), the thalamus, the cerebellum, the brain
stem, and the white matter (Fig. 1). The brain radicac-
tivity was corrected for V'C decay, and time-activity
curves of ''C activity in each of the brain regions were
obtained. Partial volume effects were not corrected in
these studies. Using a standard germanium-68-gallium-
68 solution, a calibration factor was obtained, and the
regional brain and the blood radioactivity were ex-
pressed as a percentage of the injected dose per ml of
tissue (%dose/ml).

RESULTS

Initially, high uptake of ''C activity was observed in
the cerebral gray matter and the cerebellum. The radio-
activity in the cerebral cortex then increased gradually
and reached a maximum at 7-12 min following the
injection, whereas the radioactivity in the basal ganglia,
the thalamus, the cerebellum, the brain stem and the
white matter reached a maximum at 2-7 min following
injection and then decreased gradually, A high uptake
of "'C activity, therefore, was observed in the cerebral
cortex, moderate uptake was observed in the basal
ganglia, the thalamus, and the cerebellum, and low
uptake was observed in the white matter and the brain
stem after 10 min following injection (Figs. 2 and 4A,
Table 2).

The radioactivity in the first sample of the blood,
which was aspirated | min following injection, varied
in each study. The peak of the radioactivity in the blood
was probably missed. The radicactivity in the total
blood after 5 min following injection remained stable
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CML+10

FIGURE 1

CML+46

CML+82

Regions of interest were in frontal cortex, temporal cortex, medial occipital cortex, basal ganglia, brain stem, and white
matter. ROls in cerebrum were in left hemisphere. Basal ganglia included caudate, putamen, and pallidum

to the end of the experiment or a transient and slight
increase of the radioactivity at 5-10 min following
injection was observed. The radioactivity of the ex-
tracted fraction decreased gradually, so the difference
between the radioactivity in the total blood and the
extracted fraction gradually increased.

The result of thin layer chromatographic ana1y51s
showed that >99% of the radioactivity in the extracted
fraction of the blood was that of unmetabolized [''C]
Rol15-1788.

FIGURE 2

PET images of 25-yr-old, male vol-
unteer (Subject 4) following i.v. injec-
tion of 4.9 mCi of {""CJR015-1788.
Initially (0-5 min following injection),
high uptake of "'C activity was ob-
served in cerebral gray matter and
cerebellum. Distribution of "'C activ-
ity in brain changed with time, and at
later time of study (26-30 min follow-
ing injection), high accumulation of
"'C activity was observed in cerebral
cortex and moderate uptake was
seen in subcortical gray matter and
cerebelium. Accumulation was low in
brain stem and white matter. These
images were cross-scaled

Volume 27 « Number 10 ¢ October 1986

In the saturation experiments, the radioactivity in
each of the brain regions including cerebral cortex
reached a maximum within 2 min and decreased rap-
idly throughout the brain (Figs. 2 and 4B, Table 2). The
radioactivity (%dose/ml) in the frontal cortex in the
saturation experiments reduced to 48%, 22%, 31%, and
23% of those in the control experiments at 20 miin
following injection in four volunteers, respectively, (Fig.
5), whereas the blood activity kinetics were not signifi-
cantly different between the two experiments.

Contrel Experiment -
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FIGURE 3

Serial PET images of Subject 4 in
saturation experiment. Center of
slice corresponded to 46 mm above
canthomeatal line. Initially (0-5 min),
high uptake of "'C activity was ob-
served in cerebral cortex and sub-
cortical gray matter, but thereafter
radiocactivity decreased rapidly and
remarkably throughout brain
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FIGURE 4

A: Time-activity curves in Subject 4 in control experiment. Radioactivity in frontal cortex (@—®), medial occipital cortex
(l8—), basal ganglia (A—24), cerebellum (&—a4), total blood (-0} extracted fraction of blood with methylen chloride
(O—0O) was expressed as percentage of injected dose per mi of tissue. B: Time-activity curves in Subject 4 in saturation
experiment. Radioactivity in each brain regions reached maximum within 2 min following injection and then decreased
rapidly. No regional difference of radioactivity was observed
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Ratio of radioactivity in each brain
regions between control experi-
ments and saturation experiments at
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20 min following injection. Reduction 0 20 40 60 80 100 1209,
rate was highest in cerebral cortex, |
which has highest density of benzo-  Frontal forte? ’
diazepine receptors. Subjects 1, 2, TE"‘,p‘?ral Co"t ex !
3, and 4 took 20, 30, 50, and 150 g;g‘aﬁ“gaf‘l’{a“ ;
mg, respectively, of cold Ro15-1788 7~ =9 ,
prior to injection in saturation exper-  cerepelium , /// / ‘,
iments. Reduction rates did not in-  grain stem T i

crease in dose dependent mode of
pretreatment, possibly because of
difference in subjects

White matter

DISCUSSION

Initial distribution of ''C activity was similar to the
distribution of the normal cerebral blood flow (23).
After 10 min following injection, however, ''C activity
became high in the cerebral cortex, moderate in the
subcortical gray matter and the cerebellum, and low in
the brain stem. This distribution of ''C activity was
approximately parallel to the known distribution of

Volume 27 e Number 10 = October 1986
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benzodiazepine receptors in the human brain in vitro
study (3,15). These kinetics of [''C]Ro15-1788 in the
brain agreed with the result of the previous report (20).

The blood analysis showed that injected [''C]Rol5-
1788 was metabolized rapidly to water soluble metab-
olites in the peripheral tissue during experiments. The
transient increase of the total radioactivity in the blood
may reflect the release of metabolized radioligand from
the peripheral organs into the blood.
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TABLE 2
Biodistribution of ''C Activity Following Injection of [''C]JR015-1788

Time after injection

2 min 10 min 20 min

Brain region Control Saturation’ Control Saturation’ Control Saturation
Frontal cortex 6712 60+186 8.4x1.0 3.0x1.0 78+£13 25+ 13
Temporal cortex 7013 6.4+14 89x15 32x1.1 83x16 24+09
Occipital cortex 76x14 6.8x1.4 9010 34 =11 80x14 24+08
Basal ganglia 7.0+15 6.1+186 6.5+13 29+1.0 52x12 1.8+ 06
Thalamus 63+12 6.0x1.4 6.0+ 1.4 2818 4.8+ 1.1 20+08
Cerebellum 6407 59x08 5713 2.8x08 49x07 20x08
Brain stem 37 x1.1 33x07 22+06 21+086 19+06 1.8+05
White matter 44+08 42+09 4211 26+09 3.6 +1.86 21+08
Blood {total) 83+86.0 6.8 x6.4 37x186 39x12 35+1.4 33+141
Blood (extracted) 8071 6.2+6.0 2007 21+£10 1.4+03 1.6+06

“Mean % dose/ml X 1072 (xs.d.) for four subjects or three subjects’ at each time.

However, [''C]JR015-1788 does not seem to be me-
tabolized in the brain. Inoue et al. investigated the
stability of [PH]R015-1788 in the mouse brain (8). Male
C3H mice were injected through the tail vein with 5
uCi of [*H]JRo15-1788, and killed 30 min following
injection. Radioactive materials in the brain homoge-
nate were then extracted with methylene chloride, and
thin layer chromatographic analysis of radioactive ma-
terials was performed. The results showed that almost
all the radioactivity was that of unmetabolized [*H]
Ro015-1788. The result indicates that Ro15-1788 is not
metabolized in the brain and the water soluble metab-
olites of Ro15-1788 in the blood do not pass through
the blood-brain barrier.

Ro15-1788 has no major pharmacologic effect on its
own when up to 1,000 mg is taken orally (16). It is,
therefore, safe to perform the saturation experiment
with this drug in humans.

In the saturation experiments, the kinetics of [''C]
Ro15-1788 in the brain were considerably different
from those in the control experiments, and the radio-
activity in the brain at the later time of the study was
reduced significantly. The maximum reduction of the
radicactivity was observed in the cerebral cortex, which
has the highest density of benzodiazepine receptors in
the brain (Fig. 5). The results indicate that [''C]Ro15-
1788 has a high ratio of specific binding to nonspecific
binding in vivo.

While whether a larger amount of cold Ro15-1788
reduces the brain uptake of ""C-Ro15-1788 further re-
mains to be investigated, marked reduction of the ra-
dioactivity in our studies reaching to 22% in the satu-
ration experiments suggests that most of benzodiaze-
pine receptors in the brain had been occupied by pre-
treatment of cold Ro15-1788. The radioactivity in each
of the brain regions in the saturation experiments can
then be regarded as that of nonspecifically bound and
free radioligand, and the difference of two time-activity
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curves in each of the brain regions between the two
experiments represents the radioactivity of specifically
bound radioligand. The specific binding of [''C}Ro153-
1788 reached a maximum at ~12-20 min following
injection and declined slightly thereafter (Fig. 6). The
decline of the specific binding reflected the decline of
the unmetabolized [''C]JRo15-1788 concentration in

the blood.

10

—3

%Dose/ml x 10

FIGURE 6
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Difference of radioactivity in frontal cortex and cerebellum
between two experiments in Subject 4. Difference reflects
specific binding of [''C]Ro15-1788 in brain
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These kinetics indicate that [''CJRo15-1788 associ-
ates and dissociates to specific and nonspecific binding
sites rapidly and has a high ratio of specific binding to
nonspecific binding in vivo in the human brain. These
characteristics are advantageous for quantitative analy-
sis of receptor binding by PET (24,25).

Carbon-11 Rol15-1788 is a suitable radioligand for
the study of the benzodiazepine receptor in humans in
an atraumatic method by PET.

FOOTNOTES

* Positologica 11, Hitachi Medical Corporation, Kashiwa,
Chiba, Japan.
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Abstract. Fast dynamic studies with positron computed to-
mography (PCT) of the heart have been relatively few be-
cause of the technical limitations of prevalently used PCT
devices. In the present study, we used a high-sensitivity,
whole-body multislice PCT device (POSITOLOGICA-II)
and performed serial 6-s PCT scans after the intravenous
bolus injection of !*N-ammonia in 15 cardiac patients and
5 normal subjects. On the first image (0-6s), °N activity
was primarily in the right atrium and ventricle. On the
third image (12-18s), it was primarily in the left atrium
and ventricle. These blood-pool images permit evaluation
of size and configuration of ventricles and atria in cardiac
patients and normal subjects. Clearance of **N activity in
the blood pools and lungs occurred primarily during the
st min. Thereafter, the myocardial images were delineated.
In patients with heart failure, delayed clearance of the tracer
from the blood pools and lungs was observed. The results
indicate that initial passage of the tracer through the heart
can be observed with the use of fast dynamic PCT.

Key words: Cardiac positron CT - Fast dynamic study —
PN-ammonia

Dynamic studies with positron computed tomography
(PCT) permit the in vivo and noninvasive investigation of
physiologic processes as a function of time. ** Fast dynamic
study ™ was defined as dynamic studies requiring a temporal
resolution of less than 1 min (Ter-Pogossian 1981). In the
heart, PCT has already been used in fast dynamic studies
(Ter-Pogossian et al. 1980; Yoshida et al. 1984; Shah et al.
1985; Tamaki et al. 1985). However, this approach has been
limited by the technical limitations of most existing PCT
devices.

In the present study, we performed serial 6-s PCT scans
(fast dynamic studies) in cardiac patients and normal sub-
jects after the intravenous bolus injection of **N-ammonia
using a high-sensitivity, whole-body multislice PCT device
“POSITOLOGICA-II” (Tanaka et al. 1982) and evaluated
the clinical utility of this technique.

Offprint requests to: Katsuya Yoshida, M.D., The Third Depart-
ment of Internal Medicine, Chiba University School of Medicine,
1-8-1 Inohana Chiba-shi, Chiba 280, Japan
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Materials and methods

Patients

We studied four patients with myocardial infarction. six
with hypertrophic cardiomyopathy, five with dilated car-
diomyopathy, and five normal subjects as a control group.
Three of the normal subjects were male and one was female.
without evidence of cardiovascular diseases. The age range
of the normal subjects was 24 to 59 (mean 44.8) years.

Four patients experienced transmural myocardial in-
farction documented by a history of precordial chest pain.
evolution of new Q waves, and characteristic enzymatic
changes. All patients had anterior infarction. The time in-
terval between the onset of infarction and study ranged
from 7 to 15 weeks. All were male. Their ages ranged from
44 to 63 (mean 53.5) years.

Six patients suffered from hypertrophic cardiomyopathy
manifested by the typical clinical symptoms and characteris-
tic echocardiographic findings with asymmetric septal hy-
pertrophy. Two of the six had echocardiographic evidence
of left ventricular outflow obstruction. Five were male and
one was female. Their ages ranged from 31 to 58 (mean
41.0) years.

Five patients with dilated cardiomyopathy had the signs
and symptoms of left ventricular failure in the absence of
primary valvular or ischaemic heart disease. All were male.
Their ages ranged from 29 to 69 (mean 48.6) years. Written
informed consent was obtained from all subjects.

Radiochemicals and tomographic procedures

Nitrogen-13 was produced in the Mational Institute of Ra-
diological Sciences medical cyclotron by the bombardment
of pure water with proton beams producing the
10 (p,a)!*N reaction. The product was reduced to ammo-
nia and collected in physiological saline. Radiochemical pu-
rity was greater than 99.5% of !*N-ammonia.

Tomography was performed with a recently developed
PCT device (POSITOLOGICA-II), which permitted serial
acquisition of data in 6-s intervals and provided five tran-
saxial sections simultaneously. Midpoints of the sections
are separated by 18 mm. Sensitivities for 20-cm diameter
phantom are 22.5 and 33.6 kcps/uCi per ml for in-plane
and cross-plane, respectively. The spatial resolution for re-
constructed image was 9.2 mm FWHM at the centre (Tana-
ka et al. 1982).
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Initially, the data for correction of detection efficiency
and the transmission data for tissue attenuation correction
of emission data were collected by a Ge-68/Ga-68 source
built in to POSITOLOGICA-IL.

Subsequently, '*N-ammonia (4-14 mCi) was injected
intravenously as a bolus from the antecubital vein. Serial
PCT imaging was started at the time of tracer injection.
An initial set of twenty 6-s images were acquired, followed
by six 30-s images, resulting in a total acquisition time of
5min. All reconstructions were performed without gating
of the cardiac cycle so that the data collection interval could
be as brief as posible. Counts were obtained per slice (60,000
to 320,000) in the early 6-s scan and 220,000 to 650,000
counts were collected per slice in the late 30-s scan. Each
tomographic image was displayed as 128 x 128 pixels. The
scale used for display and photography encompasses the
activity range of the blood pool on the early images (0-30 s)
and myocardium on the late images.
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Fig. 1. Serial PCT images obtained after bolus
venous injection of **N-ammonia at the
midventricular level in a normal subject. RA=
right atrium; RV and LV=right and left
ventricles; DA = descending aorta; ant=
anterior; lar =lateral wall of the left ventricle;
septum =interventricular septum

Fig. 2. Serial PCT images in a 63-year-old
patient with anterior myocardial infarction. The
left ventricular ancurysm is well visualized on
the blood pool images (arrows)

Results

Normals (Fig. 1)

The 6-s sampling time permits visualization of the initial
passage of the tracer through the heart. >N activity was
present primarily in the blood pools on the first-to-third
images (0-18 s). At the mid-ventricular level (Fig. 1a), the
right atrium and ventricle were visualized on the first image,
and the left ventricle was visualized on the third image.
The descending aorta was visualized adjacent to the verte-
bral column on the third and the fourth image. Clearance
of '*N activity in the blood pools and lungs occurred pri-
marily during the first 1 min. Thereafter, the myocardial
image was delincated. Normal subjects exibited homoge-
nous accumulation of **N activity within the left ventricular
myocardium. The right ventricular myocardium was not
visualized because of its lesser blood flow and thinner con-
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Fig. 3a. Serial PCT images in a 35-year-old patient
with hypertrophic obstructive cardiomyopathy. The
narrow cavity of the left ventricle is observed on
the third to the fourth image (arrows). The
myocardial images demonstrate asymmetric septal
hypertrophy and the right ventricular myocardium
is well visualized

Fig. 3. b Time-activity curves of the arterial input
function and the myocardial tissue in the same case
as Fig. 3a. The regions of interest were placed on
the images in areas correspounding to the
hypertrophied myocardium and the left atrium
(LA)

b o 30 50 30
time(sec)

figuration. None of five subjects had recognizable abnor-
malities in the images.

Myocardial infarction (Fig. 2)

All four patients with anterior myocardial infarction had
clearly identifiable regions of diminished accumulation of
P3N activity on the myocardial images. The endocardial
baorder of the zone of diminished accumulation is recogniz-
able on the basis of the left ventricular blood pool images.
In one of the four patients, the left ventricular aneurysm
was observed on the blood pool images. The right ventricu-
lar myocardium was visualized in two of the four patients
in contrast to the normal subjects.

Hypertrophic cardiomyopathy (Fig. 3)

In two patients with hypertrophic obstructive cardiomyo-
pathy, the narrow cavity of the left ventricle was observed
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in the blood pool images. Myocardial images in all six pa-
tients with hypertrophic cardiomyopathy demonstrated dis-
proportionate septal thickening. Because of the right ven-
tricular hypertrophy, the right ventricular myocardium was
considerable and readily visualized in all patients in contrast
to the normal subjects (Fig. 3a).

Time-activity curves of the arterial input function and
the myocardial tissue were obtained by assigning regions
of interest over the left atrium and the hypertrophied myo-
cardium (Fig. 3b). Arterial *N activity was highest in the
third frame (12~18 s) and rapidly declined thereafter. Myo-
cardial '*N activity increased rapidly from the first to the
sixth frame (0-36 s), thereafter, myocardial **N activity in-
creased less rapidly.

Dilated cardiomyopathy (Fig. 4)

Dilatation of the left ventricular cavity was observed in
the blood pool images of all five patients with dilated car-



diomyopathy. In one of the five patients, the delayed visual-
ization of the left ventricle was clearly demonstrated. Clear-
ance of '*N activity from the blood pool and lungs in all
patients was delayed relative to that in normal subjects.
Subsequently, the myocardial images were delineated after
2 min. These observations are consistent with congestive
heart failure. Myocardial images in all five patients demon-
strated a dilated left ventricle. The right ventricular myocar-
dium was visualized in four of the five patients in contrast
to the normal subjects.

Discussion

Results of the present study indicate that myocardial uptake
of intravenously administered !'*N-ammonia can be as-
sessed by serial PCT images in man. Previous PCT studies
using this tracer have focused primarily on static images
(Gould et al. 1979; Schelbert et al. 1982) because dynamic
studies have been limited by the technical limitations of
PCT devices. Recent studies with dynamic PCT allowed
assessment of **N-ammonia kinetics in the heart and lung
(Yoshida et al. 1984; Shah et al. 1985; Tamaki et al. 1985).
However, clearance of the tracer from blood is nearly com-
plete within 30s, so that 30 s (Yoshida etal. 1984), 15s
(Tamaki et al. 1985) and 1 min (Shah et al. 1985) temporal
resolution was unable to measure arterial input function
accurately.

The PCT device used in this study has original system
concepts, rapid electron circuits and high-quality BGO de-
tectors (Tanaka et al. 1982). These advantages have made
it possible to obtain serial 6-s PCT images and visualization
of the initial passage of the tracer through the heart. None
of the dynamic studies published to date have used a tempo-
ral resolution of less than 10 s. The first image (0—6 s) shows
right atrial and ventricular blood pool. The third image
(12-18 s) shows left atrial and ventricular blood pool. These
blood pool images permit evaluation of size and configura-
tion of ventricles and atria in cardiac patients and normal
subjects. In patients with heart failure, clearance of 3N
activity from the blood pools and lungs was delayed relative
to that in patients without heart failure.

In patients with hypertrophic cardiomyopathy, time-ac-
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Fig. 4. Serial PCT images in a 69-year-old patient
with dilated cardiomyopathy. The delayed
visualization of the left ventricle is clearly
demonstrated. Clearance of *N activity from
blood pool and lungs are delayed and the
myocardium is delincated after 2 min

tivity curves of the arterial input function and the myocar-
dial tissue were determined. Myocardial '*N activity was
obtained by assigning a region of interest to the hypertro-
phied myocardium that had less effect on activity cross-
contamination from the blood pool. A temporal relation-
ship between arterial input function and myocardial tracer
concentrations was demonstrated. However, quantitative
data acquisition and analysis were limited because of activi-
ty cross-contamination and partial volume effect (Hoffman
et al. 1979; Henze et al. 1983).

The present results demonstrate that the initial passage
of the tracer through the heart can be observed with the
use of fast dynamic PCT. The potential of *N-ammonia
as an indicator of regional myocardial blood flow has been
indicated in earlier studies (Schelbert et al. 1981; Shah et al.
1985). Further studies are required to determine whether
regional myocardial blood flow can be measured in man
with this technique.
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Fig. 1 Serial positron CT images at the midventricular
level in a 35-year-old patient with hypertrophic
cardiomyopathy. The narrow cavity of the left
ventricle is observed on the third to the fourth
images. The myocardial images demonstrate
asymmetric septal hypertrophy.

RA and LA=right and left atrial; RVand LV
=right and left ventricles; DA=descending
aorta; ant=anterior; lat==lateral wall of the
left ventricle; septum=interventricular septum

Fig. 2 The right panels display schematic representa-
tions of the myocardial wall thickness at three
contiguous levels. The wall thickness was
measured by contrast enhanced X-ray CT
images (left panels) at the same level of the
positron CT images (middle panels).
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Fig. 3 The upper right panel displays the third (12~
18 sec) image at the level of the left atrium in
the same case as in Fig. 1. The regions of intrest
were placed on the image in areas correspond-
ing to the ventricular septum and left atrium.
The myocardial and atrial time-activity curves
were obtained from these region of interest, In
this case, regional myocardial blood flow was
calculated by the first to the seventh frames.
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Fig. 4 Examples of the regional myocardial blood

flow patterns in the same case as in Fig. 1.
Regional myocardial blood flow (ml/min/
100 gm) was calculated at three contiguous
levels.
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Summary

Measurement of Regional Myocardial Blood Flow with 13N-Ammonia
and Fast Dynamic Positron CT in Patients with
Hypertrophic Cardiomyopathy

Katsuya YosHiDA¥, Masahiro ENDO*¥*, Toshiharu HiMr*, Masaki SHUKUYA¥,
Yoshiaki MasuDpa*, Yoshiaki INnaGak1*, Hitoshi SHINOTO**, Nobuo FUKUDA**,
Toshiro Yamasaki**, Takeshi IINUMA** and Yukio TATENO**

¥Third Department of Internal Medicine, Chiba University School of Medicine
*¥ Division of Clinical Research, National Institute of Radiological Sciences

Quantitative noninvasive measurement of re-
gional myocardial blood flow is necessary to
facilitate detection and evaluation of cardiac
pathophisiology, In the present study, we per-
formed fast dynamic positron CT using 13N-
ammonia and examined this possibility in 4
patients with hypertrophic cardiomyopathy. 13N-
ammonia (5.6-13.0 mCi) was injected intravénously
as a bolus from the antecubital vein. Serial 6-
second imaging for 2 minutes was initiated at the
time of tracer injection, )

Myocardial 18N activity was determined by
assighing regions of interest (ROI) over the myo-
cardium that had more than 25 mm wall thickness
measured by contrast enhanced X-ray CT. In these
ROIs, corrections for partial volume effects and
spillover of radioactivity from blood were not
needed. An arterial input function was determined

171

noninvasively by assigning a ROl over the left
atrium. Arterial 13N activity was highest in the
second to the third frames (12-24 sec). It rapidly
declined thereafter. Myocardial 13N activity rapidly
increased, reached a plateau in the sixth to the
eighth frames (30-48 sec). Regional myocardial
blood flow was calculated from the myocardial
18N activity in this frame and integral of the
arterial 13N activity to this frame, Regional myo-
cardial blood flow calculated by this technique was
64.6--15.9 m//min/100 gm.

Our preliminary work indicate that in patients
with hypertrophic cardiomyopathy, regional myo-
cardial blood flow can be quantified noninvasively
with 13N-ammonia and fast dynamic positron CT.

Key words: Regional myocardial blood flow,
13N-ammonia, Positron CT, Fast dynamic study,
Hypertrophic cardiomyopathy.
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