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Calibration and stability of dose monitor system
for fast neutron radiotherapy

Kazuo HOSHINO, Katsuhiro KAWASHIMA, Takeshi HIRAOKA,
Kazumasa KUMAGAI#*

Department of Physics
* Hospital
National Institute of Radiological Sciences

The NIRS Cyclotron has been used for the clinical trials of fast
neutron radiotherapy since November 1975. Dose monitoring to pa-
tients was made using a current integrator of deuteron beam current
on a beryllium target and a pair of ionization chambers.

The ilonization chambers consist of two individually sealed (air
filled) parallel plate transmission chambers, and are located on
the neutron beam central axis between the target assembly and
the collimator system. The deuteron beam current and ionization
currents are integrated with respective degital current integra-
tors. The present monitor system has been used since May 1980.
The monitor system 1s daily calibrated by measuring the total dose
(neutron dose and gamma dose) deliver to a tissue using a field
dosimeter located at 5g/ci deep in tissue eqguivalent plastic
(TEP) phantom of 20 X 20 X 20'c® . A field size at the field dosi-
meter position is 11.4 X 11.4c*® at the distance of 200cm from
the target. The field dosimeter is a cylindrical TEP-air ionization
chamber which has a volume of about 0.6 ml and has been calibrated
in air against a reference dosimeter at a mixed (neutron and gamma)
field.

The total absorbed doses per monitor count (refered as monitor
calibration value) at a depth of 0.5ecm in tissue were calculated
from daily calibrations for each monitors.

Between May 1980 and July 1983, ten machine time periods for radio-
therapy have been passed. The mean values of monitor calibration
values during the each period were obtained. In addition, the
overall mean values and their coefficient of variations, CV, for the
whole periods were calculated from each mean values. The CV of the

1
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overall mean over about three years has been observed less than

1.1%.

This paper presents some of the results as to the monitor calibra-

tion and discusses the stability of the dose monitor
cumulative uncertainly in dose delivered to a

Key words
radiotherapy,
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Fig. 1

Shematic diagram of the dose monitor system
for fast neutron radiotherapy and the set up
for monitor calibration.
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Fig.2 The example of the variation of the total absorbed dose per monitor
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wicilj =5 —DRWEHZLBE TS5, 5 -7
vy PERE=Y -3, BEEREEENSRTER
WODT, BTl LD, E—LDRFEy b
A X5 =y FOFIHSICEESN DL, FE
DBEHEIC L B4 v = OB
ROEIC L ZHEROESIS . —F, B
T =i, BEBRZOLOERZOT, A& &
BYDENEAL S, i, £— oBHEMKAKELE
BLA0, —Ehi Lol X3, BB/
Hond (E—ap—RpiLcdEa&l, Vey
FLTHOSHRMETA2DT, BBRICIERNED) .
KEDBERBICE, £~ L0 REYELZD
T, biibnld, sigxrFEe=s -+ LTHERAL
T3,

b — Al%

74— VFEEITELT, AE-130DN%
fEH L CLIRD Nofili%, Table 2 48, AllEIC
R o CORITHE, REREETD 350 MRIEEH
Neb/RLTHBe No DEFHEE CVI 1. 157
rad /reading , 0.9% &0, EHL+HLUE
BIEARL TS, 1, ZoOMN DE{bIdIFL
AL, FEBOBEENLEBRD SNV,
BEHLEHREREE I3, =4 —KIE
KEDLETD, BADBRICEBT 3L HEE
Thbo Figdlit®=4 —KIEIKBS 2HHEDEK
N, BdEd AT E RS, T kv
ARYDES I, FRE EOSTTE, SRR
BoWE D, Mk EOMELEBARAIRTH B,
FigdZ b =9 ) 7 DlEH»oENE, FR



38

IR AT, 2

Period n Target current 132B Ion.chamber
No Date (DT) m Ccv (DT) m v
1 May 19 - Jul 26,'80 30 0.728¢  0.9% *1.019 1.0%
2 Oct 1 - Dec 20,'80 34 0.7506 1.2 *1.020 1.1
3 Jan 29 - Apr 24,'81 36 0,759 0.6 1,026 0.8
4 May 18 - Jul 25,'81 31 0.752g 0.6 1.036 0.8
5 Sep 17 - Nov 28,'81 32 0.7487 1.2 1,045 0.5
6 Feb 19 - Apr 28,'82 29 0.743z 0.5 1.036 0.4
7 May 17 - Jul 28,'82 31 0.7447 0,9 1.047 0.4
8 Oct 26 - Dec 24,'82 26 0.7507 0.8 1.057 0.6
9 Jan 27 - Apr 27,'83 38 0.751¢ = 0.8 1.054 0.4
10 May 25 - Jul 30,'83 26 0.7480 0.5 1.058 0.3
Overall mean | 313 0.747¢ 1.1 1.045 1.1
Table 1 The mean value of total absorbed dose per monitor count,

0.80 |—

[rad/count]

.C.

5 0.75 |—

(D1 )rm, and coefficient of variation, CV, during the
each period.
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Fig. 3 The plots of (D1 ) rms

132B as a function of the machine time period.
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MBI BZDT, REITEDOHMARL 7o
KRBT, BEEIC L CEBERRETS () T, #
RIEBFGR RS () THAK. BT I28E
BRI BHAR (BHSA0oER) MIE

Date Np c
Apr 13,'77 1.145 1.108
Jan 29,'77 1.148
May 23,'78 1.154
Nov 11,'78 1.165
Feb 7,'79 1.165
May 14,'79 1.172
Oct 1,'79 1.165
Jan 31,'80 1.159
May 19,'80 1.169
Jan 29,'81 1.139
May 19,'81 1.148 1.109
Sep 11,'81 1.152
Feb 19,'82 1.143
Oct 26,'82 1.160
Nov 18,'82 1.109
Jan 19,'83 1.161
Overall mean| 1.157%0.9%

‘Table 2

The absorbed dose conversion factor in
mixed field, N,, and photon calibration
factor, N¢, for the field dosimeter.

HECE D 50D T, REXTFHTRESNS,
ARIENFIH BT RN E I ( BRI ) T
KRESfTW3, JAPMEEGES ( 19834
98 JASP BEFERBE L& ) KX BRET
BESND, FigdD 13 OBEM (5 1EE)
ERL TS REENLTFIHE, 1976 FLIK,
4EFTON BB ELLK T, ThZFNRERF
B—HnA5NTHEY T, NIRSIEMKE
B, MDAH-TAMVECEM. D. Anderson Ho-

spital & Texas A& M University Variable

Energy Cyclotron Facility #&F -4 CKED,
U Wid University of Wahington ( 2KE ),

I M SIZRFERZERZEMIF, SK I Memo-
rial Sloan-Kettering Cancer Center (ZK[E) ,
MG HiZMassachusettes General Hospital
(#E), BIPM ldBureau International
des Poides & Mesures (EBEEHE, {AE)
CH % Christie Hospital (3&E) , CCCH#
ETEEMSAY Y —fE, CLdRIERZL
TETLRERHTH 5.

B 1BRETEZ 5N A RHEEE (uncertainty )
i3, RERETTO NPAEOHRENELEETS
ER2%E1BY

B2 BB, MEEREIC K 3PETRES Y
v HRES (LR, BICRESERD ) FyA b
)&, KBEBTD) 7 7 b v ARG ORIET
HoHo FIFKOVTHE, FTICRE LY 1,
%EIE SCD : 200cm, A 114 x11l4en &
LT, Bl EoZEhTHRE L oo AR
BEd 2 E A B, 197644 B, MDAH
—TAMVEC, UW, IMSO&mMEETY 7k,
198044 A SKI o&mx{ T 2heh%lE
oo M, KBS T OODTFigd IR
LT, RETIThbO T F 4 b
AR 2EBMLTO B,

HEOBRBTOREEE I, ICRULVK~ 1269
. EBHEELROZRY 5L UORIEROBRES
bERMLTNT I BERM-~Tco CORESE,
FicWil, -k, HikgeZ EORHEEREIC
L5,

BIRMER) 77 VY RREFIICL S, 74—
W RRESDORIETHY , BABRBEEZ 7 4 — v F



40 B AT, 2
INTERNATIONAL
BIPM STANDARD FO; PHOTON
| | CFRANCED
B | XA S
REFERANCE PHOTON FIELD V2 ) - !
[JAPM~-SUB-STD DOSIMETER] IN AIR S E T L N B S N P L NATICNAL
STANDARD
PHOTON CALIBRATION CTAPAND cusa) o FOR PHOTON
CALL IONIZATION CHAMBERSY> IN AIR H
; n
;‘éi‘: NIRS ||| NIRS |i| NIRS INTERNATIONAL
MIXED FIELD DOSIMETRY — Tamvect- | SKT -pi L BIPM |- CH DOSTHETRY
CPAIRED CHAMBER3 IN AIR,IN PHANTOM [ | uw __§' MGH -~ - CCCH INTERCGHFARISON
MIXED FIELD CALIBRATION s | * cl
CREFERANCE DOSIMETER) IN AIR ETL
1
NIRS NIRS | INTERNATIONAL
MDAH- NEUTRON
MIXED FIELD DOSIMETRY TAMVEC SKI | postmeTRy
[REFERANCE DOSIMETER] 1IN AIR uw INTERCOMPARISON
MIXED FIELD CALIBRATION S
(FI1ELD DOSIMETER) 1IN AIR
MIXED FIELD DOSIMATRY
(FIELD DOSIMETER]I IN PHANTOM
4 MONITOR CALIBRATION
C(MONITOR SYSTEM)

Fig. 4 Schema for calibration procedure of the dose monitor system and its
traceablity to the primary standard dose laboratry.

WEIICLE, =5 - RETHB, ZNBITD
W, TN,

B3, BABBTHROIICEL A REEER,
Table 2, 1 28FILLT, #hFh 1 BEEL
RE -7

PEABET D E, =9 —RKIEBEDERHEE
BR7.5%E105, COBERIBAEERLILBIR
B A ) (B2BE) KX ShT0T,
=Y —RIERICE U REEERBHTNE o
T EBn 5. MPEFRIGEDES, IBERKEED
FHEEER, Bxrrv¥—x, 7 BOBFHICH
NT, TOLHIRKEND, CdhlETFE v
AP YVOBERELTTEIEDEE RV, B
NOEHBEBEKIKEICH B C L, EREE S
TBUTHRsh T207T, BEEEATIR, 25

~NOREREAE, BHER TS T EMFET
HBo MEAGICE=Y —RIEXITH, Thbh
DXL, TOEMICHS T b, ARFOBR
iR s 7o

w

EpEFREERGEEE =9 — Y X F LADKIE
HieEAMESL, BEREcE=s —RIEZERL
7o

19805 AL 198347 BEORET ¥
WESE, e - YA FLOREEICOD
THRELEER, -4y VERE=9 —, Zl
FEHEE=sy —fic, TORELTEHBT -7
=4 —KRIEEOLPEEREOE T FEIME L
L1%Th-1o 1 HIEAICBRETNE, KER



BB AT, 2

41

BEEINsL301E 3,
FRIEHRICHRE AL, 4 70 b ovOdEiing
HELZEELRVRRO, 54 rEBREREE
=g —ETHRBEICKEER L, LA, B
SLiIC K B8y 2 75 v NIRRT E, ©— 4
BROLHPHWNICEESATITFE L,
FHEORR, == —KRIEER, BEX
( precision ) iItBWTEN, EE X (accuracy)
CBOTRSFHLEDG o1 HIBRBE~D
WEBRSOHBEENRIFEEC EERL, AP
DEEZZER LB CEAHTEEDTH %,
F70, BREQWE, »—<, HILEELED R E
EEOREIEC EICER L, @bk R AR RE
DEDBRAEZTRT SDTH %,
MAKZBICHS, KIROBEEE 2 Tl
7o, MEEFHERS R Hodiit s REL e -4
BRI hE I, Y4 70 b0 VEEROEK
IR BB L $ 7
A X DR E 1 XA AT E s AR BIBFFL
(1) TEMES OB FRIGEOARIBIZ ) B
FSTHEEMRBRFERSICBOTHE L

X

D R R, JIBHEL, BB - ER
H4 70 b o vEBEFROBERE. HARE
&gk, 37 1 369~376, 1977,

2) BE—H, NEKL, PR RiEh  KEHR
FA4 70 boyhs OEPHETR OB RS,
HARBE &R, 37 @ 249~255, 1977.

3 kK, NSBL, Bz ohiEF
WA YE ORIE. BAREKRSE, 36
1420 ~424, 1976.

4) Rossi, H. H. and Failla, G. : Tissue

Equivalent lonization Chambmbers.

Nucleonics, Vol. 14, No. 2 ! 32~37,
19586.

5) Shonka, F. R., Rose, J. E. and Failla,

G. ! Proceeding of the Second Interna-

tional Confernce on Peaceful Use of

Atomic Energy, Vol. 21, 184, Geneva,
1958
6) Kawashima, K., Hoshino, K., Hiracka ,

T., et al : The Second Neutron Dosimetry
Intercomparison Between Japan USA ,
HEKRYEESEE, 1 031~40, 1981,

7 BE—E, BB, EE O KiEh  Co-60
H Y <ERBEEEELR ) . BHARERS
%, 44 1186, 1984

8) TAEA Technical Reports Series No.
185 : Calibration of Dose Meters Used -

19709.
9) ICRU Report 26 :

in Radiotherapy,

- Neutron Dosimetry

ICRU,
Washington,D. C., 1977, PP. 17~21.

100 BE—u, BB, , FE BHids ks
PRRE O HREEIE (NIRS-SKI )(#).
HARBEH&EE, 41 @ 382, 1981

11) TCRU Leport 27 . An

for Biology and Medicine,

International
Nentron Dosimetry Intercomparison,
I CRU, Washington, D. C., 1978.

12) ] B, NEkh, BE—#E, 1 KESD
WA O R LR, HARERSEE,
37 949~955, 1977.



Nuclear Instruments and Methods in Physics Research A240 (1985) 439-444 439

North-Holland, Amsterdam

IRRADIATION FACILITY AND PHYSICAL CHARACTERISTICS OF A 18.5 MeV /n ALPHA BEAM

FOR CELL KILLING EXPERIMENTS

Tatsuaki KANAI, Kiyomitsu KAWACHI and Hideo MATSUZAWA
National Institute of Radiological Sciences, 9-1, Anagawa 4 -chone, Chiba-shi, Chiba 260, Japan

Received 20 November 1984 and in revised from 13 May 1985

A simple irradiation facility for biological experiments using a 18.5 MeV /n alpha beam has been developed. This compact
irradiation facility provides a sufficiently uniform irradiation field. Physical characteristics of the alpha beam, such as a dose
distribution and LET (linear energy transfer), were measured in this field. The results were consistent with theoretically calculated

results.

1. Introduction

Radiation therapy of cancer with heavy ions is prom-
ising due to favourable dose localization and special
LET (linear energy transfer) characteristics [1]. Accord-
ing to cell inactivation experiments with charged par-
ticles of various LET, the RBE (relative biological ef-
fectiveness) has a maximum value at around 100
keV/um [2]. Furthermore, the value of OER (oxygen
enhancement ratio) decreases from about 3 to 1 as LET
increases from about 10 keV /um to about 100 keV /pm
[2]. Although the general features of the biological ef-
fects of heavy ion radiation are well understood, a
quantitative estimation of the biological effects of the
therapeutic heavy ion beam is difficult because of a lack
of biological data. It will be necessary to develop a
mathematical expression of the biological effects.

To irradiate the target volume in radiation therapy
with charged particles, it is usually necessary to spread
the beam in depth, depending on the size of the target
volume. In order to make the spread Bragg peak on a
tumor, depth~dose distributions of monoenergetic heavy
ion beams which pass through various thicknesses of
absorbers are superimposed in heavy ion radiation ther-
apy. According to the dual radiation action theory,
there is no difference in radiation effects between the
monoenergetic and the mixed beam irradiations when
the dose averaged LETs of the above radiations are the
same [3]. On the other hand, cell inactivation cross
sections will be different for the above two radiations
according to the theory of Goodhead et al. [4]. As far as
the biological effect of mixed beam irradiations is con-
cerned, these theories should be confirmed experimen-
tally. Therefore, systematic experiments are required- to
check the above theories.

For the study of the cell inactivation efficiency of the
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above mixed beam irradiation, experiments using alpha
beams of around 20 MeV /n are suitable. LET values of
10-70 keV /pm can be easily obtained by changing the
absorber thickness. Furthermore, the alpha beam
scarcely generates fragmented nuclei when it passes
through the absorbers. Thus, the cell inactivation ex-
periments can be performed with a beam which has a
single and narrow peak in its LET spectrum.

In cell inactivation experiments with charged par-
ticles, a uniform and stable radiation field is required.
This paper describes a compact irradiation facility con-
structed for the biological experiments and the physical
properties of the beam obtained. The dose and LET
distributions of the alpha beam passing through various
thicknesses of aluminum absorber were measured by a
parallel plate ionization chamber and a proportional
counter. The results of the measurements and the theo-
retical calculation have been compared.

2. Irradiation facility

The alpha particles were accelerated to an energy of
18.5 MeV per nucleon by the NIRS (National Institute
of Radiological Sciences, Japan) cyclotron [5]. A flat
and uniform irradiation field of at least 3 cm diameter is
usually required for cell inactivation experiments. A
double scatterer method [6,7] with a ring-shaped beam
stopper was applied for the beam broadening (fig. 1). A
brass collimator, a first aluminum scatterer, a ring-
shaped beam stopper and a second aluminum scatterer
were placed in the evacuated beam pipe. In the double
scatterer method, the Gaussian intensity distribution of
the beam scattered by the first scatterer is flattened by
the ring-shaped beam stopper and the second scatterer.
The inner diameter of the ring is determined by its outer
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Fig. 1. Schematic diagram of the irradiation facility.

diameter and the standard deviation of the Gaussian
intensity distribution [7].

The mean scattering angles in various thicknesses of
aluminum were experimentally investigated for desig-
ning the irradiation facility. X-ray films, placed at the
exit window of the monitor chamber, were exposed
changing the thickness of the first aluminum scatterer,

.15 T T T
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8 ! |

I
2 52 100 158 20
ALUMINUM SCATTERER THICKHESS (UM)

Fig. 2. Mean deflecting angle of 18.5 MeV /n alpha particle
passing through aluminum scatterer.
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Fig. 3. Beam intensity profile of 18.5 MeV/n alpha particle
obtained by the double scatterer and ring-shaped beam stopper.
The solid curve shows the experimental result and the dots the
simulated result.

The mean deflecting angle, which is the angle at which
the measured distribution falls to 1/e of its value at
zero angle, has been obtained from the blackness of the
X-ray film. The results are shown in fig. 2. The solid
curve in fig. 2 shows the calculated results of the scatter-
ing angle using Moliére’s method [8,9] and open circles
show the experimental results. As shown in fig. 2, the
Moliere theory can exactly predict the scattering angle
at this alpha particle energy.

The inner and outer diameters of the ring-shaped
beam stoper were 5.5 and 16.6 mm, respectively from
the simulation [7]. Flight paths from the first and sec-
ond scatterers to the irradiated site were 263.9 and 103.4
cm, respectively. The thicknesses of the first and second
scatterer were 80.1 and 162.0 pum, respectively. The
main parameters of this facility are summarized in table
1.

The solid curve in fig. 3 shows the intensity distribu-
tion measured by an X-ray film. The dots in fig. 3 show
the simulated results for the geometry shown in table 1.
As shown in fig. 3, a satisfactory uniformity was ob-
tained over the irradiation field of 3.6 cm diameter.

In this method, the field uniformity was directly

Table 1
Summarized parameters of the irradiation facility

Dimension Distance from
first scatterer
fem]

Collimator 1.0 mm -0.5
diameter -
First scatterer 80.1 pm Al 0.
thickness
Second scatterer 162.0 pm Al 160.5
thickness
Ring beam stopper 160.5
inner diameter 5.5 mm
outer diameter 16.6 mm

Irradiation site 263.9
field diameter 36.0 mm

11
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Fig. 4. Beam intensity profile when the beam center was 2 mm
off the geometrical beam axis. The solid curve shows the
experimental result and the dots the simulated result which is
the same as in fig. 3.

affected by a small variation of the beam direction.
Therefore, the extracted beam from the cyclotron was
fixed by several slits which were placed in the beam
transport system, in order to avoid a fluctuation of the
beam direction during the experiments. Furthermore,
the beam direction should be aligned as precisely as
possible to the center of the ring beam stopper. The
solid curve in fig. 4 shows an example of the intensity
distribution for the case of a misaligned beam. In this
case, the beam center was 2 mm off the geometrical
beam central axis at the irradiation site. The dots in fig.
4 show the same as those in fig. 3. In this case, the
lowest intensity level in the radiation field of 3.6 cm
diameter dropped to 90% of the simulated value.

A parallel plate ionization chamber was placed for
monitoring the intensity of the accelerated alpha par-
ticles (fig. 5). The beam monitor was flushed by nitro-
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Fig. 5. Section through the vacuum window to the irradiation
site.
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gen gas during the experiments. 2.5 pm aluminum
metallized polyester sheets are used for the ion collect-
ing and high voltage electrodes. The total thickness of
the polyester sheets in the monitor chamber is 15 um,
1000 V was applied to the high voltage electrode. The
recombination effect was negligible at this voltage from
a measurement of the saturation curve of the ionization
chamber.

3. Beam quality measurements

An aluminum absorber was used for changing the
beam quality of the alpha beam. It was placed down-
stream of the ionization chamber monitor (fig. 5). The
absorber changer consists of two large wheels and seven
aluminum absorbers which can be attached on each
wheel. Forty-nine absorber thicknesses can be easily
selected by a combination of the absorbers on each
wheel.

3.1. Dose distribution

The dose distribution of the alpha beam passing
through the aluminum absorbers was measured by
another parallel plate ionization chamber. The gap be-
tween the high voltage and signal electrodes of this
ionization chamber is 5 mm. A guard ring of 1 c¢m
diameter was used for shaping the electric field in the
ionization chamber. The entrance window of the cham-
ber was 2.5 pm aluminum metallized polyester film.
1000 V was applied to the high voltage electrode. The
chamber was flushed by nitrogen gas during the experi-
ment. The varnation of the stopping power ratio of
nitrogen gas to water is negligible in these alpha particle
energy ranges. Therefore, the dose delivered to water by
the alpha particles can be deduced by this nitrogen gas
filled chamber.

When the incident charged particles generate a
negligible amount of fragmented nuclei, the dose de-
livered to water by the alpha particles which pass
through the aluminum absorber is calculated as follows:

D(x)=[1(x)F(E, x)S(E)dE, (1)

where x is the thickness of the aluminum absorber,
D(x) the dose delivered to water, /(x) the flux of the
incident alpha particles at x, F(£, x) the energy distri-
bution of alpha particles passing through the aluminum
absorber, and S(E) the mass stopping power of the
alpha particle in water. The stopping power is calcu-
lated using the program developed by Steard and Wal-
lace [10]. The energy straggling F{E. x) is calculated
numerically based on a theory of Payne [11].

Fig. 6 shows the results of the dose distribution for
the broadened alpha beam. Open circles in fig. 6 are the
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Fig. 6. Dose distribution of 18.5 MeV /n alpha beam which
passes through various thicknesses of aluminum absorber. Open
circles denote the experimental results obtained by the ioniza-
tion chamber, closed triangles those by the proportional coun-
ter. The solid curve is the theoretical result.

experimental results which are normalized to the value
at zero aluminum absorber thickness. The solid curve is
the dose distribution calculated for the 18.5 MeV/n
alpha beam which passes through the various thick-
nesses of aluminum absorber. The aluminum absorber
thickness for the calculated dose distribution was ad-
justed so that the absorber thickness corresponding to
the Bragg peak coincides with that of the experimental
result. As shown in fig. 6, the experimental results agree
well with the calculated ones.

3.2, LET measurement

In order to determine the beam quality of the alpha
beam passing through various thicknesses of aluminum
absorber, a proportional counter was used. The counter
takes the form of a gold-coated tungsten wire anode
sandwiched between parallel plate cathodes. The gap
between the wire and the cathodes of the counter is 5
mm. 2.5 pm aluminized polyester film was used for the
entrance window of the proportional counter. Tissue
equivalent gas (C;Hy 54.6% CO, 40.14%, N, 5.26% in
weight) was passed through the counter during the
measurements. The broadened alpha beam was col-
limated to 1 cm diameter by a brass collimator which
was mounted on the proportional counter.

3.3. Calibration procedure

Energy absorption spectra in water are required for
the biological experiments. The calculated mean LETs
of the alpha particles in water at various aluminum
absorber thicknesses were used for the calibration of the
output of the counter. Fig. 7 shows the result of the
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Fig. 7. Calibration of the pulse height of the proportional

counter. The solid line represents the calibrated relation be-
tween the channel number and the linear energy transfer to
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water.

calibration of the proportional counter. The centroid of
the channel number of the spectrum obtained was taken
as the abscissa in fig. 7. The calculated average energy
transfer to water was put on the vertical axis. The circles
in fig. 7 were the obtained data and the straight line is
the least-squares fit of the data, in which the upper four
points are excluded. Fig. 8 shows the LET spectra
obtained when the alpha particles pass through 1.376
mm aluminum absorber. As shown in fig. 8, the output
of the counter was limited, because the counter has a
finite thickness. The maximum value of the output
corresponds to the alpha particle energy which has the
range of the counter thickness. The energy loss of
charged particles in a counter which has a finite thick-
ness is greater than that in an infinitesimal thickness of
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Fig. 8. LET distribution of alpha particles passing through
1.376 mm aluminum absorber. An arrow denotes the maximum
energy loss in the counter.
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material. This is the reason why the upper four points
deviate from the linear line. Excluding the upper four
points in fig. 7, the effect of finite size counter can be
neglected.

3.4. LET spectra

Fig. 9 shows the spectra obtained which were
calibrated by the above method. Tte LET spectra from
the left to the right in the figure correspond to those of
the alpha beam passing through 0, 1.254 and 1.355 mm
aluminum absorber, respectively. The left spectrum has
the lowest average LET and the right the highest in the
spectra which can be applied to biological experiments.
The shapes of most of the spectra were Gaussian, but
the spectra which are near the Bragg peak have a long
tail to the high LET side. This is due to a rapid
variation of the stopping power. The track and dose
averaged LET can be calculated as follows;

(tem), - 1 ED @)
_ Tn,(LET)]
(LET)y = m, (3)

where (LET), is LET of the ith channel and »; the
event number of the ith channel. Table 2 shows the
track and dose averaged LET and the thickness of the
aluminum absorber. Column 3 of table 2 indicates the
fwhm (full width at half maximum) in the obtained LET
spectra. Spectra which have a higher average LET than
those in fig. 9 or table 2, such as those shown in fig. 8,
should not be applied to biological experiments because
the average LET could not be determined due to the
finite thickness of the proportional counter.

The sum of the energy absorbed in the detector

RELATIVE FREQUENCY OF EVENTS

. L . 1

2 58 100 150 200
LET  (KEV/R)

Fig. 9. Typical LET distributions which can be applicable to
biological experiments.
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Table 2
Thickness of the aluminum absorber, track and dose averaged
LET and fwhm of the obtained LET distribution

Al thickness (LET), (LET)4 Fwhm
[mm] [keV/pm] [keV/um] [keV /pm]
0. 12.93 14.16 10.55-14.07
0.399 15.15 16.29 12.85-16.30
0.701 18.01 19.26 15.58-19.22
0.994 23.36 24.63 20.76-24.58
1.083 26.36 27.49 23.71-27.69
1.195 32.49 33.68 29.42-34.09
1.226 35.25 36.57 31.90-36.80
1.245 37.27 38.48 33.74-39.25
1.254 38.31 39.53 34.63-40.42
1.264 39.55 40.79 35.63-41.73
1.275 41.39 42.60 37.28-43.71
1.285 42.98 44.27 38.50-45.57
1.296 44.51 45.74 39.74-47 .41
1.326 53.33 54.74 46.15-57.60
1.346 63.69 66.18 52.26-68.80
1.355 71.55 75.58 55.57-76.85

multiplied by the number of counts represents the total
energy absorbed in the counter during the irradiation.
The dose during the experiments measured by the pro-
portional counter can be calculated as follows:

D=1(x)-(LET), (4)

The Bragg curve can be obtained from the LET
spectra if the fluence of the incident alpha particles is
known. Triangles in fig. 6 show the dose calculated from
the obtained LET spectra. The value of the flux /(x) in
eq. (1) was used in this calculation. The results of the
dose distribution obtained from the LET spectra agree
very well with those obtained from the ionization cham-
ber.

The thickness of the sensitive volume of the counter
is 1 em. This corresponds to a water thickness of 18 um.
The maximum energy loss in the counter is 2.96 MeV
from a range—energy table. On the other hand, 160
(+£5) keV/pum was the maximum LET in the LET
spectrum (denoted by an arrow in fig. 8). Therefore. the
measured maximum energy loss in the counter was 2.88
(£0.09) MeV (maximum LET multiplied by water
equivalent thickness of the counter; 160 keV /um x 18
wm). These results coincide with each other very well.

4. Discussion

A uniform irradiation field of about 3.6 cm diameter
was obtained using the double scatterers and the ring-
shaped beam stopper. The total thickness of the
aluminum scatterers was 0.242 mm. In order to obtain a
size of the flat radiation field of 3.6 cm diameter by a
single scatterer, 1.09 mm thickness of aluminum is
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necessary for a flight path of 264 cm. If the single
scatterer method is applied in this system, the dynamic
range of the LET will be reduced seriously. On the other
hand, a long flight path of over 7 m is necessary by the
single scatterer method when a 0.242 mm thickness of
aluminum is used for the scatterer. The double scatterer
method should be applied to achieve as small an energy
reduction as possible, if a compact irradiation facility is
required.

The alpha beams of our irradiation facility are not
monoenergetic. The widths of the LET spectra increase
with the thickness of the aluminum absorber as shown
in fig. 9. The width of the broadest LET spectrum
obtained was 20 keV /um for the dose averaged LET of
76 keV/um. This width is still considerably narrower
than for radiations of neutrons or photons. Fragmented
nuclei should generate a small peak at a lower LET of
the main peak in LET spectra and should form a long
tail beyond the Bragg peak in a dose distribution.
However, these phenomena could not be observed in
our experiments, as shown in fig. 9 and 6.

5. Conclusions

It is concluded that the alpha beam irradiation facil-
ity described provides a useful and uniform irradiation
field. The measured LET spectra agree well with the
results of the calculation. This facility offers adequate
conditions for the planned biological experiments.
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Heavy-ion beams used in biomedical studies suffer a substantial amount of nuclear reactions
(fragmentation) as they traverse matter. Since it has been demonstrated that dose and linear
energy transfer (LET) are not a sufficient description of a beam for the purpose of understanding
its biological effects, it is necessary to be able to separate the components of a complex beam so
that their individual effects can be analyzed. A simple and small assembly consisting of a thin
silicon LET detector, in time coincidence with a thick germanium residual energy detector has
been used in measurements of the components of Ne-20 and Si-28 high-energy ion beams. The
detector system can be placed at any experimental area without difficulty and it can carry out a
beam analysis in a few minutes, making it very appropriate for fast on-line measurements and
verification of beam characteristics. LET values measured by the silicon detector agree well with
results of the Bethe stopping-power calculations, and the dose measured for the beam components
can be used to obtain Bragg curves that are in good agreement with those obtained by ionization
chamber measurements on the same beams. The numbers and LET distribution of primaries and
fragments at different positions of the Bragg curves, as well as fractional dose contributed by the
different components are determined directly from the experimental data. Particle velocity
distributions can be obtained for the higher Z fragments. Limitations and advantages of the

On-line characterization of heavy-ion beams with semiconductor detectors

simple measurement technique are discussed.

1. INTRODUCTION

Heavy ions are being used in a variety of basic and applied
biomedical studies, including cell, tissue and organ radiobio-
logy, cancer diagnosis (radiography), and therapy at the
Lawrence Berkeley Laboratory. In the majority of cases, the
pure heavy-ion beams delivered by the Bevalac accelerator
do not have the characteristics of penetration depth, cross-
sectional width, or Bragg peak width that are desired for a
specific application. Metal foils, rotating or fixed ridge
filters, and/or variable depth absorbers are then interposed
between the beam delivery port and the subject of irradia-
tion, generating a substantial number of fragment nuclei in
the beam.

Fragmentation events are quite common for the particles
and energies of interest in biomedical applications. Four
types of fragmentation events are shown in Fig. 1, which are
photomicrographs of tracks in photographic emulsion: {a} a
pure projectile fragmentation in which two heavy fragments
(dense tracks) and two protons were produced (these are very
rare events), (b} a pure projectile fragmentation in which
multiple light fragments are generated {this type of event is
more common), and (c) projectile fragmentation with target
breakup. A 2 GeV/nucleon argon particle strikes a small
nucleus and both break up. This is an excellent example of
transverse momentum transfer in a collision, with the pro-
jectile fragments undergoing a drastic collective deflection.
The scale bar corresponds to 50 zm. Finally, Fig. 1{d) shows
the catastrophic destruction of projectile and target nuclei.
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This is most probably a central collision between a silver or
iodine atom and an incident high-energy argon particle. The
scale bar corresponds to 100 gm.' This kind of event would
be very rarein soft tissues. In water, events of the second type
and those in which one nucleus fragments into one particle
which is still heavy and a number of light fragments are the
most common reactions, as our measurements show below.

Although we obtain reliable information routinely about
the dose delivered to a subject under all the irradiation con-
ditions encountered, there is no experimental detailed
knowledge of which particles generate the delivered dose
and the contribution by each type of fragment. Chatterjee ef
al*have described the general characteristics of the complex
beams that can be used for biomedical applications based on
information obtained from cosmic-ray data. Studies by Bla-
kely et al.® make use of calculated data for complex beams in
order to understand the inactivation of human kidney cells
in vitro by heavy-ion beams. These studies show that dose
and linear energy transfer (LET) alone are not sufficient de-
scriptions of a beam for the purpose of understanding its
biological effects. It is, therefore, necessary to be able to sep-
arate the components of a beam and its fragments so that the
possibly different biological effects of each component can
be accounted for.

Because the process of nuclear fragmentation becomes
considerably more complex as the atomic number of the ion
increases, it is not possible to calculate theoretically all the
involved parameters. Although simplified theoretical calcu-
lations have been reported® which explain the shapes of mea-
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FiG. 1. Heavy-ion fragmentation effects. Four kinds of projectile and target
fragmentation events: (a) and (b) are pure projectile fragmentation cases in
which the beam particle breaks up into lighter particles; cases (c} and {(d}
show events in which a target nucleus also breaks up.

sured Bragg curves in an approximate manner, the need for
measurements of particle fragmentation is evident.

The analysis of particle tracks in photographic emulsion is
an accurate way to study fragmentation. Jain showed in
1959° how heavy ions from cosmic radiation and their frag-
ments could be identified in terms of the results of their inter-
action with the emulsion material. The technique has since
been refined considerably,®’ and that author is now carrying
out the analysis of Bevalac heavy-ion beams similar to the
ones whose characteristics will be reported here.® Plastic de-
tectors can also be used for the characterization of heavy-ion
beams in terms of LET and measurement of particle
numbers versus depth of penetration,®'" although the meth-
od does not allow a distinction between particles of different
atomic charge if they have similar LET.

Characterization measurements of Bevalac beams with
plastic detectors have recently been completed by Benton,'?
with results in the LET distributions in good agreement with
the ones reported here. Although the emulsion method can
give complete information about beam structure, it may take
several days to process enough events to characterize one set
of beam conditions. The more limited information obtaina-
ble from plastics can be made available to a beam user within
several hours.
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An extensive program exists at the Lawrence Berkeley
Laboratory to provide detailed and accurate information on
the fundamental nuclear processes occurring in the ion
beams of biomedical interest,'>'* using time-of-flight meth-
ods and multidetector telescopes. The measurements carried
out in that project require a dedicated beam line and a long
processing time. We feel that a practical measurement meth-
od that can be used routinely in support of a biomedical
research program should involve processing times of a few
minutes and provide a biologist or a physician with reasona-
bly accurate information about particle composition and
dose contributed by each different nucleus in any of the large
number of experimental configurations that can be set up.
The information does not need to separate different isotopes
of a same element, for example, but is should be reliable and
reproducible.

During investigations of the possible use of solid-state de-
tectors for heavy-ion radiography and tomography,'* it be-
came evident that detector configurations similar to the ones
that were useful for those tasks were also applicable to beam
quality analysis and could fulfill the requirements of speed
indicated above. Fundamentally, a thin solid-state detector
(a few hundred micrometers of silicon), which can be consid-
ered to behave like a dense small ionization chamber, mea-
sures the LET of traversing particles. A second thick detec-
tor (several centimeters of germanium) can then be used to
measure the residual energy of particles. Knowledge of those
two parameters can result in the identification of a particle’s
atomic charge. Although the process is not as precise as that
of more complex detector arrangements, it appears possible
to sacrifice some accuracy in favor of simplicity and ease of
obtaining useful information. This paper will describe the
detector and electronics configuration used for beam charac-
terization experiments, discuss the methods of data analysis,
and show the results of measurements with Ne-20 and Si-28
ion beams. A critical review of the data presented indicates
both the advantages and disadvantages of the technique.

1. DETECTOR CHARACTERISTICS AND
CONFIGURATION

Solid-state detectors exhibit three distinct characteristics
which make them suitable for the purpose on hand: linearity,
stability, and ease of calibration. The charge generated by
ionizing radiation in the depletion region of a solid-state de-
tector is obtained from the expression

0 =E([V)x1.6X 107" (C)/efeV), {1

where E is the energy deposited in the depletion region, and €
is the average ionization energy needed to create one elec-
tron-hole pair. The value of € for silicon detectors at room
temperature is 3.65 eV, and that of germanium at 77 K is
2.98 eV. These values depend principally on the band-gap
potential of the semiconductor material, which changes only
by a few parts in 10* per °C of temperature change. The near
constancy of € with changes in temperature accounts for the
stability of solid-state detectors.

The value of ¢ is not totally independent of the rate of
energy loss of the ionizing radiation in the detector material.
For dense ionization tracks, as in the case of alpha particles,
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the effective values of € are somewhat increased from the
values given, due to recombination in the dense electron-
hole plasma of the tracks. No definitive measurements of the
dependence of € with atomic charge Z and particle velocity
have been carried out to date with heavy ions at the energies
of interest for biomedical work. From work carried out for
ions from neon to gold between energies of 5 to 160 MeV,
stopping fully in a silicon surface barrier detector, ¢ it is clear
that a “pulse-height defect” exists in those detectors. For
Z = 14, for example, the effect can be described by an in-
crease in € of 0.6%; we do not expect the magnitude of such
variations to be important for our purposes until we measure
ions much heavier than silicon. ‘

The basic calibration procedure for solid-state detectors is
simple in principle. If a voltage step of magnitude V,,, is fed
through a calibration capacitor C_,, to the input of a charge
integrating amplifier, the charge delivered is

Q=Cy X Vears (2)

provided that C,,, is much smaller than the input capaci-
tance of the integrating amplifier. It is, therefore, possible to
simulate particles that would deposit a given energy Eintoa
depletion region of a detector by equating Egs. (1) and (2),
solving for ¥, and delivering a voltage step of the correct
magnitude to the C,, of the preamplifier circuits. In prac-
tice, a number of small cumulative errors in the procedure
require that a reference source of ionizing radiation be used
to establish an absolute calibration for a detector system.

We use the primary beam particles at the “plateau” region
of their Bragg curve for that purpose. From their range, mea-
sured by ionization chambers and a variable water column
absorber, we can calculate the energy and the rate of energy
loss expected using standard methods. We can then establish
a practical calibration for a particular beam. We consistently
find differences between the “basic” and practical calibra-
tions of less than 109%. We also need to change the calibra-
tion factors for a given beam at different ranges (different
water absorber lengths) by a few percent in order for the
calculated rates of energy loss for primary particles and the
measured ones to coincide. A detailed analysis of those ef-
fects is beyond the scope of the present work.

Figure 2 shows schematically a typical measurement set-
up in one of the Bevatron experimental areas. A 0.44-cm
water-equivalent plastic scintillator is located near the beam
port to count all the beam particles delivered during a mea-
surement. We call this detector the upstream counter (UC).
After the beam modifying equipment, the detector system is
placed with the silicon detector at the position where the
beam quality needs to be established. The inset of Fig. 2
shows some details of the windows and detector configura-
tion. The germanium detector is operated in vacuum, at lig-
uid-nitrogen temperature, while the silicon detector is in air,
just outside the cryostat.

Figure 3 shows schematically the basic configuration of
detectors and preamplifiers used in the experiments, The
dE /dx (LET) detector consists of a 300-um (approximately
586-um water equivalent) thick silicon p—n junction of 0.75-
cm diameter surrounded by a silicon guard ring on the same
wafer of 2.2-cm outer diameter. The center region is the ac-
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FiG. 2. Schematic drawing of the experimental setup used in the measure-
ments reported in this paper. The inset describes the detector system, with
the windows for light and vacuum tightness. The germanium detector is
kept in a cryostat, at liquid-nitrogen temperature (77 K).

tive detector whose charge is collected by the d /dx pream-
plifier, and after suitable pulse processing is digitized and
stored as an LET value. The guard ring fulfills two functions:
It defines the active central region with high accuracy, and it
provides signals that can be used to veto a detected particle
event if two or more particles would arrive at the germanium
residual energy detector too close in time to be unambi-
guously separated by the pulses processing electronics.

The average energy deposited in the thickness of the LET
detector can be calculated by the standard Bethe stopping-
power formula'”:

—dE /dx = (472* ¢*/mc* B?)
XNZ {In[2mc* B*/1(1 — B?)] — B*

+ correction terms]}, 3)
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F1G. 3, Schematic description of the silicon-germanium detector system for
beam characterization. A thin silicon dE /dx detector measures LET and is
followed by a thick germanium detector which measures residual energy.
The two parameters can identify the atomic number of a particle in most
cases. An anticoincidence guard ring in the silicon detector defines the ac-
tive region and prevents pileup of signals in the germanium detector.
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where z = the charge of the incident particle, NZ = the
number of electrons per unit volume in the medium, 3 = the
velocity of the incident particle in units of the velocity of
light ¢, I = the mean excitation potential of the medium, and
e = the electronic charge. The Bethe formula is generally
understood to be correct to within 2% or 3%. This sets the
limit of accuracy in our LET calibration procedure.

The energy deposited by a charged particle in a thin detec-
tor follows a probability distribution given by the well-
known Vavilov distribution.'® In addition, electronic noise
in the detector system, a spread in particle incidence angles,
range straggling in absorbers, and the presence of fragments
with the same atomic number Z as the primary particles (but
with deficiency of one or more neutrons), can broaden the
measured primary spectrum. In the measurements reported
here, the electronic noise contribution is negligible and the
other effects will dominate the width of the observed spectra.

Figures 4(a), 4(b), and 4(c) show LET spectra obtained by
the silicon detector for a Ne-20 beam with a residual range of
32.3 cm in water after passing through a thin Pb upstream
scatterer (0.08 cm), several foils in the beam line for monitor-
ing equipment, 1.25-cm-thick plastic walls of the variable
water column (WC) and 0, 13.61, and 31.9 cm of water ab-
sorber, respectively. The primary peaks appear prominently
at the right of the figures.

Figure 4(a) shows some particles with lower LET than the
primaries. They have been generated by fragmentation in the
various absorbers indicated above. In Fig. 4{b), distinct
peaks caused principally by fragmentation in the water ab-
sorber are observable. Peaks corresponding to fragments
down to Z =5 are separable. For Z =4 and below, the
peaks have coalesced in this simple histogram. The Vavilov
distribution has a high-energy tail that is most prominent
when the detector is relatively thin. For the present case with
heavy ions, a 300-um silicon detector in the plateau region of
the Bragg curve is not too thin (parameter « = 2.5)'® and the
distribution is nearly Gaussian, as in Figs. 4(a) and 4(b). The
calculated full width at half maximum (FWHM) of the Vavi-
lov distribution for the case of Fig. 4(b) is 3.35 keV/um of
water, which is essentially the FWHM of the measured peak.

As the width of the water absorber is increased, the shape
of the Vavilov distribution for the primary LET peak should
become more Gaussian-like than that of Fig. 4(b), but for
monoenergetic particles, the calculated FWHM of the dis-
tribution should remain nearly equal to that case. The ex-
perimental results [Fig. 4(c)] show a primary peak that
broadens considerably as the Bragg peak is approached, in-
dicating the dominance of the range straggling effects, the
presence of Ne-19 fragments, and possibly a wider spread in
incidence angle of the particles. The theoretical FWHM of
the corresponding Vavilov distribution for a monoenergetic
beam is indicated in the figure. Because of the large number
of low-LET particles near the Bragg peak, the low-LET cut-
off for Fig. 4(c) was set high (12.5 keV/um water) in order to
allow the display of the primary peak in a reasonable vertical
scale.

The residual energy detector consists of two prisms of ul-
trahigh purity germanium forming p—» junctions of 1.5 1.5
cm cross section, and a total length of 5.5 cm (18.7 cm water
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F1G. 4. LET distributions for a 670 Ne-20 beam after passing through 0.08-
cm Pb scatterer far upstream, several thin foils, and 1.25-cm plastic (water
column walls). {a) Water column = 0 cm. Some fragments are apparent in
addition to the main LET peak from the primaries. (b) WC = 13.6t cm.
Fragments from F to B are separated. Lighter fragments appear mixed in
one single low-LET peak. The primary peak, at 30.3 keV/um, is found to
follow the Landau-Vavilov distribution with the correct FWHM. (c)
WC =319 cm (residual range = 0.4 cm). The primary peak has been
broadened considerably by range straggling and the presence of Ne-19 (long
tail). The Vavilov value for FWHM of a monoenergetic beam is shown in the
figure.

equivalent). The signals from both detectors are added at the
preamplifier input, and the processed signal is proportional
to the residual energy of a particle if it stops fully in the
detector, or to the integral of the individual particle Bragg
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curve between the entrance and exit surfaces of the detector
for those particles that do not stop in the germanium detec-
tors. The proportionality between residual energy of a Ne-20
and the signal from a germanium detector has been demon-
strated.'*

Fragmentation of particles can occur in the detectors,
with effects that are most important in the germanium detec-
tor. The lateral dimensions of the germanium detector were
made twice the diameter of the central region of the dE /dx
detector in an attempt to catch as many of the fragments
generated in the germanium detector as possible. Also, the
beam composition near the Bragg peak may contain parti-
cles that travel at substantial angles with respect to the origi-
nal beam direction. The larger germanium detector dimen-
sions are intended to help identify those particles. For that
same reason, the distance between the silicon and the germa-
nium detectors has been kept as small as possible, approxi-
mately 0.5 cm.

11l. ELECTRONICS AND SYSTEM
CHARACTERISTICS

ThesignalsfromthedE /dxand E detectorsareintegrated
by charge-sensitive amplifiers and further processed by
pseudo-Gaussian shaping amplifiers. An event is recorded
whenever a particle arrives at the central region of the dE /dx
detector and is not preceded or followed too closely by an-
other particle in the same region or in the guard region of the
same detector, thus avoiding an erroneous result due to pi-
leup in the silicon and/or the germanium detector channels.
The two regions of the silicon detector are also used together
to count all the particles that deposit energy above a certain
threshold. We call that function of the silicon detector the
downstream counter (DC).

A calculation of the energy that a single fast proton would
leave in the LET detector, and that of a heavy ion near the
Bragg peak, indicates that the dynamic range of the mea-
surement attempted is of the order of 1:2000. The operation
of readily available event discriminator circuits at dynamic
ranges larger than approximately 1:200 has not been possi-
ble. For that reason, the measurements reported in this pa-
per have been carried out with event discriminators set at the
relatively high LET values of approximately 1.0 keV/um of
water. The effect of the discriminator settings is to neglect
very low LET particles in the analysis. They appear to have a
strong contribution to the number of particles found at re-
gions near and past the Bragg peak, but only represents a
small contribution to the dose. Discriminator circuits are
now under development at the Lawrence Berkeley Labora-
tory which will allow us to correct in great part the above
deficiency.

The pileup rejection circuit considers any events occur-
ring within 300 ns as a single event. The width of this time
interval is determined by the characteristics of amplifiers
needed to implement large dynamic range event discrimina-
tions, as discussed above. Experiments are carried out at
particle fluences sufficiently low (10* particles per cm® per
beam pulse lasting approximately 0.6 s) to make it highly
unlikely that two primary particles will deposit energy in the

Medical Physics, Vol. 11, No. §, May/Jun 1984

20

270

central region of the silicon detector within such a short
time. When a primary particle fragments in an absorber pri-
or to arriving at the detector, however, all the fragments that
move forward in a tight cone may strike the detector within
that time interval and will, therefore, be recorded as one
event. If the fragmentation consists of one high-Z particle
and one or several low-Z particles, the resulting detected
event will be, in all appearances, one with the single high-Z
particle because LET is proportional to Z . The existence of
the low-Z particles then results in some broadening of the
obtained spectra. The sum of the LET values of all the parti-
cles in a cluster is recorded, although their individual contri-
bution cannot be established. In order to avoid this ambigu-
ity, subnanosecond measurement capabilities are required as
in Ref. 14 which uses time-of-flight methods. Our require-
ment for simplicity and portability precludes the use of such
techniques.

Particle events that pass the timing tests described above
are accepted, digitized, and stored in a 33-megaword disk
through a CAMAC interface on a PDP 11/34 computer.
Pulse processing time for the signals is approximately 2 us
for the detector electronics, 80 us for digitizing, and approxi-
mately 35 us for read and storage operations. A maximum
acquisition rate of approximately 32 000 words per second
was demonstrated for the computer data acquisition system,
grouping six words per event. The relatively slow speed of
the digitizing operation is a reasonable match for the read,
transfer, and storage characteristics of the computer and
disk system.

During data acquisition, or off line at a later time, the data
stream is analyzed by the PDP 11/34 computer with the
assistance of a fast array processor. A two-dimensional
histogram of dE /dx versus E is generated with data that
meet a certain number of criteria, e.g., minimum and/or
maximum energy in any of the variables, data that belong to
a specific beam pulse of the Bevalac. The processor com-
pletes the tests and histograms of 20 000 events in a few se-
conds. The histogram is displayed in a 128X 128 color or
black/white video display. Analysis programs then take
over the task of identifying the particles corresponding to
each element of atomic number Z in the two-dimensional
histogram and to carry out desired calculations.

IV, TWO-DIMENSIONAL DATA ANALYSIS

The technique of particle identification from the time-
coincident dE /dx and E signals was used with heavy-ion
beams of biomedical interest at the Lawrence Berkeley Lab-
oratory by Maccabee'? and Maccabee and Ritter.® Gould-
ing and Harvey?' reviewed the field of particle identification,
and contributed important algorithms and circuits to the art.
Schimmerling and Curtis®® made time-of-flight measure-
ments with 3.5-GeV nitrogen ions. Schimmerling e al.'*
used an identification algorithm developed by Greiner®
based on a least-squares method. There is, in addition, a
large number of examples in the literature of the use of dE /
dx versus E and time-of-flight information for particle iden-
tification.

In the interest of data analysis speed, we have rejected
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particle-by-particle analysis methods, and have concentrat-
ed our effort in analysis methods that could work globally on
a two-dimensional histogram of all the data acquired using
only dE /dx versus E information.

The most valuable option we have found is based on a
calculation of the loci of dE /dx versus E for the different
particles that can be found as a result of an experiment from
first principles, from the detector calibration parameters,
and the known thickness of the detectors. With very minor
corrections to the calibration parameters, we invariably find
that the detected particles cluster around the calculated loci.

Figure 5(a) shows a two-dimensional histogram of dE /dx
(or LET) versus £ for a Ne-20 beam with a residual range of
1.4 cm after passing through a water column of 31.9 cm.

(b)

F16. 5. (a) Two-dimensional histogram of LET (ordinate) vs residual energy
(abcissa) for a 670 MeV/n (Bevatron extraction energy) Ne-20 beam, after
passing through a 0.08-cm Pb scattering foil far upstream, and a 31.9-cm
water absorber. The lighter locus at the top left corresponds to the surviving
primaries, with each gray line corresponding to fragments of decreasing
atomic number by 1. At bottom left one can observe numerous light frag-
ments. Brighter pixels correspond to higher number of particles of the cor-
responding LET and residual energy. (b) Theoretical loci corresponding to
the various values of Z calculated form first principles and the detector
calibration parameters superimposed on experimental results. Only minor
adjustments (a few percent) are needed to secure the fit between theory and
experiment. The theoretical loci are used in assigning pixels in the histo-
gram to specific values of Z for analysis.
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Figure 5(b) shows the calculated loci overlaying the experi-
mental results. Fragments that appear at the high-£ side
(right) in a particular locus are those that are generated in the
upstream side of the absorber, while those appearing
towards the low-E side have been generated nearer the detec-
tor. The analysis procedure assigns every cell of the two-
dimensional histogram to a particular value of Z depending
on its distance to the individual calculated loci. In this man-
ner the components of a beam can be rapidly separated auto-
matically, and individual two-dimensional histograms cor-
responding to each value of Z can be obtained for further
analysis.

Fragmentation of particles with high residual energy in
the long germanium detector presents only minor difficulties
in the analysis, since the particles leave their correct value of
LET in the silicon detector and their identification is not
complicated by the curved loci of the low residual energy
particles. Figure 6 shows a two-dimensional histogram for
the same Ne-20 beam as in Fig. 5, but with a total of approxi-
mately 1.5-cm water-equivalent absorber only. Particles
along the horizontal line are the result of fragmentation in
the germanium detector, but are unambiguously identified
as primary neon.

Particles of identical Z, but different 4 cannot be separat-
ed in our measurement. The statistical fluctuations in the
energy deposited by the particles in the detectors {Vavilov
distribution) are of sufficient magnitude to make that fine
distinction impossible.

The water-equivalent length of the germanium detector is
not sufficient to stop all the particles in many cases. The loci
of dE /dx versus E then do not consist of simple curves, but
they exhibit folding into the locus of a neighboring Z, as in
the case of 'Fig. 5 for Z =6 and below. When this effect
occurs, it is not possible to assign particles to the different
values of Z unambiguously. For that reason, the data pre-
sented in this paper for low-Z particles are usually presented
in groups. This is a necessary limitation of the simplicity of

LET

—aE(MeV)

Fi16. 6. Two-dimensional histogram with superimposed theoretical loci
(points or lines) for the same 670 Ne-20 beam of Fig. 3, but with 1.5-cm
water absorber, The bright large spot corresponds to unfragmented primar-
ies not stopping in the thick germanium detector. The “tail” to the left is due
to fragmentation in the germanium detector.
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the detector system. It could be corrected, in part, by making
a longer germanium detector.

V. MEASUREMENT OF INDIVIDUAL PARTICLE LET

The first measurements of average LET (tract average) to
be reported here correspond to Ne-20 and 8i-28 beams of 670
MeV/nucleon nominal energy (Bevalac extraction energy),
in standard irradiation setups. The Bragg curves measured
for the central 1-cm-diam region of the beams by ionization
chambers are shown by solid lines in Figs. 7{a) and 7(b). The
thickness of the upstream Pb scatterers was 0.32 and 0.27
cm, respectively. The depths of the water column for which
measurements are reported appear as solid circles in the
same figures.

Average LET for individual values of Z has been calculat-
ed from projections onto the vertical axis of two-dimensional
spectra like those of Fig. 5 and 6 in which the individual
components have previously been separated. The quantity
measured directly is energy deposited in the silicon detector,

RELATIVE DOSE
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{a) DEPTH IN WATER {cm}

RELATIVE DOSE

{b) DEPTH IN WATER (cm)

F1G.7.{a) Bragg curves fora 670 Ne-20 beam, after passing through 0.32-cm
Pb scatterer far upstream. The solid line corresponds to values obtained by
ionization chambers. The solid dots () correspond to the points obtained
from the data reported in this paper. Curves labeled 5 to 9 correspond to
cumulative dose distributions for fragments from the lowest Z detected to
the given Z. Thus, curve 9 corresponds to dose contribution by all frag-
ments. (b) Bragg curves for 2 670 8i-28 beam, after passing through 0.27-cm
Pb scatterer far upstream. The eight measurement points are indicated.
Z = 13 curve corresponds to dose delivered by all fragments.
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which is converted to stopping power by dividing by the
detector thickness. The stopping power in water is obtained
from that in silicon by dividing by 1.95, a factor that remains
essentially constant at all the energies of interest. The fitting
of the experimental results in two dimensions at different
water column absorber settings by the theoretical particle
loci for component separation has sometimes required small
adjustments {typically 2% to 5%) in the calibration factors
of the detector electronics, as indicated above.

Figures 8(a) and 8(b) show the calculated values of average
LET in water for the primary particles Ne-20 and Si-28 (solid
lines) obtained from Eq. (1). The experimental track averages
for the same primaries at different water absorber settings
used are also shown. The agreement implies that within the
small corrections that we sometimes apply to the calibration
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F1G. 8. (a) Measured track averaged LET for particles of different Z for the
670 Ne-20 beam. Particles with Z = 1 through 5 have been given as a single
curve due to difficulty in separation of the various Z components. The
electronics system did not respond to individual fast protons. The solid line
corresponds to the LET calculated from the Bethe stopping-power formula.
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Measured track average LET for particles in a 670 $i-28 beam. Particles
with Z = 1109 have been grouped into one single line. See text for estima-
tion of errors.
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factors, the measurements agree with theory.

Figure 8(a) also shows the measured track average LET
for individual fragments with atomic numbers 6 to 9. LET
values for fragments with values of Z<S5 have been grouped
into one single curve because the individual components are
difficult to separate. Figure 8(b) shows similar results for the
Si-28 measurements. Average LET for fragments with Z<9
have been presented in a one curve. The values of primary
track average LET shown in Figs. 8(a) and 8(b) near the
Bragg peak are not necessarily the maxima that individual
particles can have. The maximum detectable LET corre-
sponds to that of a particle that is just stopped by the silicon
detector. The values plotted correspond to averages over
wide distributions of LET [Fig. 5(a)], in which those with
maximum LET are only some of the components.

An estimate of the statistical errors in the measurement of
average LET has been done in a simplified manner by noting
that the individual particle LET spectra at different points of
the Bragg curve is roughly Gaussian, with the largest depar-
tures at points near the Bragg peak. For a sampled Gaussian
distribution in which the number of counts in each sample
bin is Poisson distributed (our case), determination of the
centroid by the simple method of finding the first moment
and dividing by the number of particles yields a standard
error which is proportional to the standard deviation of the
Gaussian shape divided by the square root of the total num-
ber of counts in the Gaussian. The proportionality constant
is dependent on the actual shape, but can be expected to be
near unity.?*

With the number of particles accepted at each point of the
experiments (10 000 or 20 000), we find that the largest stan-
dard errors in the values plotted for individual values of Z in
Figs. 8(a) and 8(b) are approximately 1 keV/um, which cor-
respond to the case of the very broad distribution in LET of
Z = 13 particles (Al) in the Si-28 beam near the Bragg peak.
This corresponds to less than 1% standard error in that par-
ticular case. At most other points the statistical errors are
substantially smaller. For that reason, no error bars have
been included in Figs. 8(a) and 8(b); forcing the average pri-
mary LET to fit the results of Eq. (1) can result in errors of
+ 2% or 3% at any point in the graphs.

Vi. MEASUREMENT OF BEAM COMPOSITION

The determination of the numbers of particles of each in-
dividual atomic number existing in a complex beam has been
approached in two steps: {1) finding the probability that a
primary particle being delivered by the accelerator will ar-
rive at the LET detector in any form (as an unfragmented
primary, as a single secondary, or as a cluster of secondaries),
and (2) finding an unbiased probability distribution that a
detected particle will consist of an ion of atomic number Z
(which could be accompanied by lighter ions, as discussed
above).”

The first probability, which we call transmission T is ob-
tained by dividing the number of counts in the downstream
counter by the number of counts in the upstream counter.
When normalized by the ratio obtained at zero water absorb-
er, the values of 7" for a given beam delivery configuration are
an indication of the appearance or disappearance of particles
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in the area covered by the LET detector as the amount of
absorber is increased. The DC functions at high speed, unde-
terred by the digitizing time of ADCs or computer storage
delays.

The second probability is obtained from the dE /dx versus
E histograms. Since the data-acquisition system requires the
same amount of time to process an event, regardless of the
magnitude of any parameters, the two-dimensional histo-
gramis unbiased, i.e., the probability of an event being recog-
nized by the computer system for digitization is independent
of the magnitude of the parameters of the previous event or
of itself. After a two-dimensional histogram has been ac-
quired and the different components separated by the analy-
sis process described above, a division by the total number of
events recorded yields the desired probability distribution
pZ).

The product T X p(Z ) is then the probability P(Z ) that a
primary ion being delivered by the accelerator arrives at the
LET detector as an ion of atomic number Z or as an ion
cluster with one of them having a high atomic number Z, the
rest being of low atomic number. Again, we cannot distin-
guish between the two cases.

Special care has to be taken in measurements of 7 with a
guard ring silicon detector. If one were to use only the center
region of the detector as DC, large signals in the guard region
will result in a small signal fed to the center region through
the capacitance between the two regions. That signal will
trigger the counter, resulting in erroneous values of T' {too
high) at regions near the Bragg peak (where signals from
primaries are large). We use the two regions of the silicon
detector together to avoid the problem. Also, the discrimina-
tor settings for the DC have to be low enough so that, as we
approach the Bragg peak, the observed large number of light
fragments is properly recorded by the DC. Otherwise, too
low values of T are obtained. With the approximately 1 keV/
pm setting of the discriminator, we have been able to mea-
sure T and p(z) sufficiently well to reconstruct the Bragg
curves for neon and silicon beams with reasonable accuracy.
T remains close to unity until the vicinity of the Bragg peak,
where it starts dropping. Figures 7(a) and 7(b) show with
solid circles the Bragg curve points reconstructed from our
data. Qur experimental data are normalized to the ion
chamber results at the O-cm water absorber point. We are
probably missing a substantial number of low-LET particles,
because of the relatively high threshold of 1 keV/um used in
the electronics as the reconstructed points past the Bragg
peak are somewhat low.

Figures 9(a) and 9(b) show the probabilities P(Z) that a
primary delivered by the Bevatron reaches the LET detector
as a particle of atomic number Z. P{Z} for the primaries is
less than unity at O-cm absorber because of the presence of
upstream lead absorber, water column windows, and ion
chambers in the beam line. The data presented for each value
of Z, including the primary particles, include the isotope
with one neutron less than the stable isotope of the same Z.
The primaries exhibit a mean free path of 19.83 c¢m for the
Ne and 15.50 cm for silicon. It is interesting to compare this
value with other experimental and theoretical results. Lind-
strom et al.>* measured absorption cross sections o for C-12,
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F1G. 9. (a) Particle flux P{Z ) measured for the Ne-670 beam. It corresponds
to the probability that a primary delivered upstream of any absorbers
reaches the detector system with a particular value of Z. A heavy fragment
may be accompanied by some lighter particles that cannot be separated by
the detector system. Note that at zero water depth, the beam has traversed a
lead absorber, two or three ionization chambers, several metal windows,
and approximately 1.25 cm of plastic for the walls of the variable water
column. For that reason, P{10) at zero water is not unity. (b) The same s true
for the 670 Si-28 beam; see text for estimation of errors.

0O-16, and Ar-40 beams at near 2 GeV/n for a number of
targets between H and U. They found that o can be ex-
pressed as

0,277.’%(‘451/3 +AT”3'—b2), (4)
with errors less than 10% for all the particles studied, where
Ay 5 are the atomic numbers of the beams and target parti-
cales, b is an overlap parameter which depends on the parti-
cles, and 7, = 1.29X 10~ % cm. The cross sections obtained
from Eq. (4) are in excellent agreement with the theoretical
calculations of Townsend et al.”® at 2 GeV. For the range of
energies of our measurements, the theory predicts a decrease
in cross sections of approximately 20% for a Ne-20 beam
and 10% for A-27 (close to Si-28). With those corrections,
the predicted mean free paths for our beams are 18.55 and
14,35 cm, respectively, which are reasonably close to our
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measurements. The differences could be due to the inclusion
of Ne-19 and S8i-27 fragments with the primary particles.

Individual values of P(Z) are also shown in Fig. 9(a) for
values of Z from 6 to 9. The separation of particles below
Z =6 cannot be carried out with accuracy. We present,
therefore, one curve indicating P (Z ) for atomic numbers of 3
and below. The large number of particles in that curve is due
principally to the lightest measurable fragments.

Figure 9(b) shows corresponding results of P{Z) for the
silicon primary beam. Individual curves for Z = 10to 13 are
shown, as well as one curve for Z<9. The low-energy thresh-
old of the measurement was not low enough to detect indi-
vidual protons.

The calculation of statistical errors in the particle
numbers follows in a straightforward manner from consider-
ations relative to Monte Carlo methods.”” A measured prob-
ability P (Z ) that a primary particle ends up with a particular
value of Z will be correct to + ¢ with 95% confidence when

e=2/J[N/P(l —-P}}, (5)
where N = total number of primary particles measured, and
Pisapproximated by M /N; M being the number of primaries
found to have fragmented to the given Z. Error bars corre-
sponding to 95% confidence in the values of Figs. 9(a) and
9(b) would extend to approximately 4 10% of the plotted
results for all individual secondary curves, to approximately

=+ 5% for primaries and to approximately + 1% for the
low-Z groups.

VIl. FRACTION OF DOSE DUE TO FRAGMENTS

The two-dimensional histograms of dE /dx versus E ob-
tained at different points in the Bragg curve of a heavy-ion
beam contain all the information needed to calculate a num-
ber of parameters of interest to radiobiologists and thera-
pists. The simplest cases correspond to calculations of track
and dose average LETs of the complete beam, of individual
components, or of groups of components.

Track average LET for a group of particles with values of
Z from Z, to Z, is calculated from

z (S, N, XLET,);
LET, = e T
2 (En Nn )Zk

Zy=2;
where NV, is the number of particles in one bin for the LET
histogram of particles Z,, LET, is the LET of that bin, and
the summation over # is over all the bins in the histogram.
The dose average LET is obtained from

LET. — < [Z. N X(LET, ]z,
=z (2, N,XLET,);,

Z=z

As an example of a whole beam LET and dose distribution,
Fig. 10{a) shows the LET distribution for the 670 MeV/nu-
cleon Si-28 beam at a residual range of 1 cm. The large num-
ber of very low LET particles results in a graph in which the
primaries and high-Z secondaries appear very depressed..
Figure 10(b) shows the corresponding dose histogram (num-
ber of particles in a channel X its LET, i.e., the first moment}.
The contribution of the primaries is now quite prominent. -
The integral of the dose distribution is also shown. Approxi-

) (6)
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FiG. 10. {a) LET distribution for the 670 8i-28 beam at a residual range of 1
cm. Notice the large number of light fragments in the beam. (b) Dose distri-
bution for the same Si-28 beam at 1-cm residual range, obtained by multi-
plying the number of particles in a particular bin of the LET distribution by
the LET and normalizing. An integral of the dose distribution is also shown,
indicating approximately 64% of the dose is delivered by primaries with
LET greater than 140 keV/um.

mately 64% of the dose is delivered by the primary particles
at that point in the Bragg curve.

The cumulative dose contribution by particles up to and
including a certain value of Z is shown in Figs. 7(a) and 7(b).
The curve for Z = 9 in the case of Ne-20 and that for Z = 13
in Si-28 correspond to the fraction of dose delivered by all
measured fragments. The shape of the fragment dose contri-
bution agrees reasonably well with the calculations of Ly-
man,* as well as the observation that at the Bragg peak posi-
tion, the fraction of dose due to secondaries is 40% to 45% of
the total dose. (Lyman’s calculations were for a 557 MeV/
nucleon Ne-20 beam, which is approximately equivalent to
our 670-MeV extraction energy beam.)

Finally, Figs. 11(a) and 11(b) show track and dose average
LETs for the complete beams of Ne-20 and Si-28 described
in this paper. The values of track averaged LET, obtained
from the two-dimensional histograms alone, follow very clo-
sely the Bragg curves of Figs. 7, which is expected with val-
ues of T near unity. The estimates of errors in Fig. 11, shown
only for the dose averaged LETs at 95% confidence level,
have been obtained principally from the statistical errors in
the numbers of primaries. The value of dose average LET for
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FI16. 11, {a) Track and dose-averaged LETs as a function of depth in water
for the 670 Ne-20 beam, and (b) for the 670 $i-28 beam.

Ne-20 at the 0-cm water absorber setting can be compared to
the result of Zaider er al.*® for a 557 MeV/n Ne-20 beam
with energy modulation by a 10-cm spiral ridge filter with an
approximate range of 20 cm obtained by microdosimetric
methods. At 0-cm water absorber, their dose average LET is
approximately 30 keV/um, with our result being close to 25
keV/um.

Earlier work by Luxton et al.? for a Ne-20 beam with a
range of approximately 8 cm modulated by a 4-cm filter (also
obtained by microdosimetric methods) yields a value of ap-
proximately 40 keV/um at 0-cm water absorber after correc-
tions. Both results are fairly consistent with those of Fig.
11(a), particularly if consideration is given to the fact that
filter modulation will increase the dose average LET for
beams of equal range.

It should also be pointed out that the low-energy thresh-
old of approximately 1 keV/um used for the measurements
reported may introduce substantial distortion in all the data
presented for the low-LET, low-Z particles, although the
effects on overall beam parameters is expected to be small.
Our estimates for number of low-Z particles for the Ne-20
beam at zero absorber appear low by a factor of 2 when
compared to the results given in Ref. 28. This point will be
studied further.
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Viil. VELOCITY DISTRIBUTIONS

One of the ideas that shows promise in understanding and
predicting the inactivation of cells by high-LET radiation® is
based on the assumption that particle track structure is one
of the important characteristics defining the behavior of a
beam. Three variables for each component of a beam are
then required to describe it: fluence, particle velocity, and
charge.

Fluence and charge can be obtained for a beam analyzed
by the methods described above. Particle velocity is not mea-
sured directly by our detector assembly, but an approximate
value of velocity can be calculated for particles that stop in
the germanium detector. If we assume that the mass number
A of a fragment characterized by a particular atomic number
Z is only the one for the stable isotope, we can rescale the
individual histograms for each value of Z obtained from the
two-dimensional histogram of dE /dx versus E (total kinetic
energy) by making individual plots of dE /dx versus E' (in
MeV/nucleon)and then adding them. In the new histogram,
particles in a vertical column have the same velocity, which
can be calculated from
[L+(E'/931)]7 — 1

[1+(E/93)]>

Figure 12(a) shows a two-dimensional histogram obtained
from the 670 MeV /n Ne-20 beam described above, at a resid-
ual range of 0.9 cm. The primary particles and secondaries
down to Z = 6 appear to stop fully in the germanium detec-
tor, although there is some question about the Z = 6 case. A
rescaling for particles between Z = 6 and 10is shown in Fig.
12(b). The abcissa is now presented in MeV/nucleon. There
are no fragments that are slower than the surviving primary
particles, as one would expect if fragmentation events create
secondaries with the same velocity as the primary at the
point of collision. .

Figure 13(a) shows the distribution of primary particles as
afunction of energy in MeV/nucleon. Figure 13(b) shows the
corresponding distribution for Z = 9. Note the sharp cutoff
at the low-energy end, coinciding with the low-energy cutoff
of the primaries. Figure 13(c) shows the distribution Z = 8,
with a shape that is characteristic of intermediate values of
Z; Figure 13(d) shows the distribution for Z = 6. The sharp
cutoff at the higher energy end is caused by the finite length
of the germanium detector. Carbon particles generated far
upstream do not stop in the detector. The missing part of the
spectrum is actually folded up about the high-energy cutoff,

Itisinteresting to note that the lowest value of Z for which
velocity can be calculated depends only on initial energy and
depth of the water absorber. For 670 MeV/n, near the Bragg
peak, Z = 6 is the limit, both for a Ne-20 and a Si-28 beam.
Clearly as we lower the atomic number of the fragment, the
first ion that will not stop fully in the residual energy detec-
tor will be an ion generated far upstream in the absorber,
regardless of how many nucleons the primary ion had to
loose in order to generate it.

B*= {8)

IX. CONCLUSION
The development of the simple two-detector system de-

scribed in this paper opens the possibility of measuring ra-
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FiG. 12. {a) Two-dimensional histogram of LET vs residual energy for a 670
Ne-20 beam after passing through 0.08-cm Pb scatterer, at a residual range
of 0.8 cm. {b) Two-dimensional histogram of LET vs residual energy in
MeV/nucleon replotted from Fig. 12{a) from the separated components for
Z = 610 10. Particles corresponding to the same residual energy in the new
histogram have the same velocity. There are no fragments slower than the
primary peak, as expected from the assumption that all fragments are gener-
ated with the same velocity of the parent particle at the point of fragmenta-
tion.

pidly and with useful accuracy a number of beam parameters
which are of importance to radiobiologists and therapists.
The LET measurements, particle identification, dose calcu-
lations, and the determination of velocity distributions will
be useful in studies of radiobiological efficiency and oxygen
enhancement ratio of heavy-ion beams, supplementing pre-
vious theoretical calculations, and assisting in improving
them, and in the assessment of the validity of various models
for cell inactivation and mutation. The measurement tech-
nique will also be useful in absolute and comparative mea-
surements of beam quality with new beam delivery systems
at the Bevatron intended to minimize effects of fragmenta-
tion and beam nonuniformity, and for establishing the con-
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sistency of beam characteristics in day-to-day radiation ther-
apy. Measurements of fragmentation in different kinds of
tissues can also be undertaken. The detector system still
needs more development before it can be used routinely: It
will be important to increase the dynamic range of the event
discriminators so that fragments lighter than the ones ob-
served at present can be measured. We should be testing new
circuits for that purpose in the near future.
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INCREASED RADIOSENSITIVITY OF A RECURRENT MURINE FIBROSARCOMA

FOLLOWING RADIOTHERAPY
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The radiosensitivity of a recurrent tumor following local radiotherapy was investi-
gated in order to determine whether or not the cell(s) surviving radiotherapy are
radioresistant. A tumor which recurred in a C3Hf/HeMsNrs male mouse 200 days
after local irradiation of a transplanted syngeneic fibrosarcoma was examined. The
recurrent tumor showed the same biclogical properties, such as karyotype, histolog-
ical features, and ability to produce colony stimulation factor, as the original tumor.
On the other hand, the tumor control dose and the D value of the recurrent tumor
were much smaller than those of the original tumor. Moreover, the recurrent tumor
grew more slowly than the original tumor. It was concluded that initial radiotherapy

might have changed the intrinsic radiosensitivity of the original tumor cells.

Key words:
type analysis

Failure in cancer cure may result from un-
controlled local disease as well as distant me-
tastasis. Local failure following irradiation
might be due to hypoxic tumor cells which
are protected from irradiation within the tu-
mors. However, tumor cell heterogeneity
within an individual tumor appears to play
a significant role in treatment failure in re-
sponse to a chemotherapeutic agent.5!?
Recently it has been reported that tumor
cells consist of a variety of subpopulations
which differ in radiosensitivity.” This may
indicate that a recurrence may arise from
cells in a radioresistant subpopulation which
is able to survive radiotherapy. We have in-
vestigated the radiosensitivity and biological
character of a recurrent tumor that developed
after radiotherapy of a C3Hf/Kam mouse
fibrosarcoma.

MATERIALS AND METHODS

Animal-Tumor Systems  The 17th genera-
tion isotransplant of a fibrosarcoma, NFSa, which
arose spontancously in a C3H/Kam female mouse?
was used for the irradiation experiment. Namely,
a single cell suspension was prepared as described
previously,? and injected into the right hind legs
of C3H/HeMsNrsfICR male mice. The leg tu-
mors received 5 daily mixed doses of 30 MeV
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Fibrosarcoma — Colony stimulating factor — TCD;, — Lung colony — Karyo-

d-Be fast neutrons and %°Co y-rays, when the
tumors reached an average diameter of 7 mm.%
Each tumor received a total dose of 82 Gy (66 Gy
of 8°Co y-rays plus 16 Gy of neutrons) in 5 daily
doses (or in 5 doses each separated by 24 hr). This
dose was expected to reduce the number of tumor
cells to less than 2 (unpublished data). A tumor
recurred in the irradiated site 200 days after irra-
diation, and was designated as R1260. The rc-
current tumor was transplanted into syngeneic
mice and either st or 4th generation isotransplants
served for assays. Radiation-transformed 10 T1/2
cells were produced in our Institute and have
been grown in Eagle’s basal medium supplemented
with 109, fetal calf serum.’® Twelve type III
clones were used. An inoculum of 107 cells were
injected subcutaneously into 4-weck-old C3H/
HeMsNrsfICR female mice.
Irradiations %Co y-rays were obtained from a
therapeutic unit which had a dose rate of .1.00
Gy/min at an FSD of 50 cm. Tumors were irra-
diated under hypoxic conditions or in air when
they reached a diameter of 74-0.5 mm (mean and
range). The hypoxic condition was obtained by
sacrificing the tumor-bearing mice 15 min before
irradiation. Irradiation was also done while the
animals were breathing air without disturbing
the blood circulation into the tumors.
Assays

i) Lung colony assay: Cell survival was deter-
mined by lung colony assay. Animals received
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whole-body irradiation with %Co 7-rays, and
tumors were removed immediately thereafter.
Single cell suspensions were prepared and an
appropriate number of tumor cells was injected
intravenously (iv) into syngeneic male mice which
had been pretreated by subcutaneous administra-
tion of 150 mg/kg cyclophosphamide.®) Eleven
days after iv transplantation, animals were sacri-
ficed by cervical dislocation, and the lungs were
removed and fixed with Bouin’s solution. Tumor
colonies formed on the surface of each lobe were
counted macroscopically and cell survival was
determined. Each dose group consisted of 5 mice
and a total of 150 mice was used for the determina-
tion of cell survival curves. A multi-target model
was fitted to obtain D, (irradiation dose required
to reduce the surviving fraction by a factor of 1/e
in the exponential portion of the survival curve)
and the extrapolation number (n).

ii) TCDy, (the radiation dose by which 509, of
irradiated tumors could be controlled) assay:
Leg tumors 7 mm in diameter were irradiated with
80Co y-rays, and the tumor control rates were
determined at 120 days after irradiation. Each dose
point consisted of 8 to 10 mice, and a total of 76
mice was used for an assay. The results were pro-
cessed by probit analysis to calculate a 509, tu-
mor control dose together with the 959, confi-
dence limit.

iit) TD,, (tumor cell dose at which 509, of
challenged sites develop tumors) assay: Several
tumor cell dilutions were prepared and injected
subcutaneously (sc). Four injections were made
in each mouse, and a total of 144 sites was used
for an assay. The results were processed in the
same manner as in TCD;, assay.

iv) Tumor volume measurement: Three diam-
eters of each tumor, a, b, and ¢ were measured at
least twice a week with calipers. Tumor volume
was calculated as £abc.V

v) Colony stimulating factor (CSF) assay: CSF
activity was determined by an in vitro bone marrow
culture method,' e.g., a urine specimen of tu-
mor-bearing mice (12-15 mm tumor) was collected
and dialyzed against a large excess of 0.05%
polyethylene glycol. The concentration of protein
was determined by the method of Bradford® with
egg albumin as the standard. Precipitates were
removed by centrifugation (9000 rpm, 10 min).
A small portion of dialyzed urine sample (50-100
#1) was added to culture medium containing 10°
C3H/HeMsNrsfICR mouse femoral bone marrow
cells in semi-solid agar and incubated at 37° for
7 days. The number of macrophage-granulocyte
colonies was counted and CSF activity was ex-
pressed as unit/mg protein. One unit represents
the activity producing one colony.

vi) Chromosome analysis:  Tumor cells were
prepared by trypsinization and incubated over-

100

volume (mm?3)

Tumor

30

night with colchicine. Mitotic cells were then
exposed to hypotonic conditions. For the recurrent
tumor, the slides were stained with 2% aqueous
Giemsa solution for 8-10 min. For the original
tumor cells, quinacrine staining was conducted.
Chromosome analysis was done by one of the au-
thors (I.H.) who had no knowledge of the animal
group involved.

REsuLTs

We first investigated the tumor growth of
the Ist generation R1260 tumor and com-
pared it with that of the original tumor after
transplantation of various numbers of tumor
cells (Fig.1). The volume doubling time for
the R1260 tumor was longer than that for
the NFSa tumor; e.g., the volume doubling
time from 1000 mm?® to 2000 mm?® of the
R1260 tumor was 8.5 days after transplan-
tation of 10* cells, while that of the original
NFSa was only 4.0 days. The time required
for tumors to reach 1000 mm? after trans-
plantation was also longer for R1260 than for
NFSa,i.e., 38 and 18 days, respectively.

The TDy, of the first generation of R1260
tumor cells was compared with that of the

4
10 . T 7 3 T T 1
L the primary 1st generation 7
- tumor of a recurrence 2 -
P
3 S e
- - ) -
.“B‘

- .,sp o
10%h 4
102} E

" . 2 . :
10 20 30 40 50 60
Days after transplantation
Fig. 1. Growth curves of the original NFSa

and the R1260 tumors. Single cell suspensions
containing 10° (@0), 10° (as) or 10* (D) cells
were intramuscularly transplanted on day O.
Open and closed symbols indicate the R1260 and
the NFSa tumors, respectively.
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original tumor cells. The R1260 tumor cells
produced tumors as efficiently as the original
NFSa tumor cells (Fig. 2); TD;, values for
the R1260 tumor and the NFSa tumor were
3.74 (1.31-9.13) x10° and 2.15 (1.18-3.92)
x 103, respectively. Thus, the increased vol-
ume doubling time of the R1260 tumor may
be caused by factors other than tumorigenic-
ity; either elongation of the cell cycle time,
decrease in the growth fraction or increase in
the cell loss factor.

100 ¢

75 ¢

50

Percent tumor take

Number of challenge cells

Fig. 2. Tumorigenicity of NFSa and R1260 cells.
TD;, for the R1260 tumor cells (O) was 3.74
(1.31-9.13) x 10 while that for the NFSa tumor
cells (®) was 2.15 (1.18-3.92) x 10%.

100 r

Tumor control Probability(%)

50 |
QoL
40 60 80 100
¥-Ray dose (Gy)
Fig. 3. Tumor control probabilities for recur-

rent R1260 tumor. Tumor control probabilities at
120 days after irradiation are plotted. Primary
NFSa tumor cells ((J) were investigated in the same
manner as described for the R1260 tumor cells
(m). Each point consisted of 8 mice. Horizontal
bars are 959, confidence limits.
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The TCD;, of the R1260 tumor after a
single y-ray dose was much smaller than that
of the original NFSa tumor (Fig. 3). The 3rd
generation R1260 tumor showed a TCDy,
value of 58.0 (42.5-66.3) Gy while the TCDy,
of the original tumor was 78.9 (74.9-84.4)
Gy. As TCDy, depends on several factors in-
cluding the intrinsic radiosensitivity of tumor
cells, the size of the hypoxic fraction and the
immunogenicity of tumor cells, we next ex-
amined the dose-cell survival relationships of
the recurrent and original tumors.

As shown in Fig. 4A, the D, of hypoxic
R1260 cells was much smaller than that of
the original cells while the extrapolation
number (n) of the R1260 cells was greater
than that of the original cells. The dose-cell
survival curves were also examined in air-
breathing animals (Fig. 4B). The survival

{-Ray doselGy)

0 0 10 20 30 0 10 20 30
10 . T T T T T T
\ A B
i 4
\ Do=4.13(3.51-4.75) Do =2.17(1.84-2.50}
1o 1k \ 4
W\ n=1.78(0.46-3.10) 721.69(0.80-3.38)
L \ ¢ -
)
\
‘\
\ ¢
N .
J D,=4,42(3.12-5.72})
5 \ ‘\ n0,15(0-0.35) -
T\
Y
Y
\
\ 0o=2.33
103 D0=2.54(2.08-3.00) (2,21-2,44
026.72(0.2-13.24) e 1,40
A 0,99-1.80) |
1074 ; .

Fig. 4. Cellular radiosensitivity of the R1260
tumor cells. When the tumors reached 7 mm in
diameter, tumor-bearing mice received whole-body
irradiation with Co y-rays. Five mice were used
to obtain each experimental point. Colony for-
mation efficiencies on the surface of the lung were
5% and 1%, for NFSa (00) and R1260 (me) cells,
respectively. The Iéft figure (A) shows cell-survival
curves for acutely hypoxic cells while the right
figure (B) shows those for tumor cells in air-breath-
ing mice. Symbols and bars indicate the mean
and standard error of the mean.
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Table I.  Colony-stimulating Activity in Urine Collected from Tumor-bearing Mice

. . Number Protein content CSF
Mice with of mice (mg/ml) (unit/mg)
1. NFSa% 5 7.5 (6.7-8.2)® 127.0 (88.8-178.8)%
2. R1260% 1 4.8 179.0
3. Tumors free® 1 5.6 58.0
4. 10 T1/2 tumors® 12 7.6 (2.4-10.2) 7.6 (0-43.8)

a) Original fibrosarcoma, NFSa; recurrent tumor, R1260.
6) The NFSa tumor was controlled by 95 Gy y-ray irradiation 217 days before assay.
¢) Radiation-transformed 10 T1/2 fibroblast cells (fibrosarcoma) were transplanted sc 30 to 90

days before assay.
d) Mean value and range.

Fig. 5. Chromosomes of the original (Q-band)
and the recurrent (G-band; marker chromosomes
alone) tumor cells. The chromosome number varied
from the diploid range (about 40) to the poly-
ploid range (about 120). However, common mark-
er chromosomes shown in this figure were observed
in the majority of the tumor cells.

curve of the original cells was biphasic, in-
dicating that the NFSa tumors contain a
hypoxic cell fraction, while the survival curve
of the recurrent tumor cells showed a single
component, suggesting the involvement of
a large hypoxic cell fraction in the R1260
tumor. The hypoxic cell fraction can be cal-
culated from the survival curves shown in
both panels of Fig. 4 to be 14%, and 109, in
R1260 and the original tumor, respectively.
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There are three possible reasons why the
radiosensitivity of the R1260 tumor cells was
different from that of the original NFSa tu-
mor cells: (1) R1260 did not originate from
the primary NF8a, but was possibly induced
by the irradiations, (2) radiotherapy caused
genetic or epigenetic changes in the original
NFSa cells, (3) radiotherapy has selected a
subpopulation of tumor cells having a large
repair capacity.

We have investigated whether or not our
recurrent tumor is a radiation-induced tumor.
It has been shown that the NFSa tumor pro-
duces CSF, which stimulates proliferation
and differentiation of macrophage-granu-
locyte precursors.? The CSF activity of the
R1260 tumor was slightly higher than that
of the original NFSa tumor (Table I). On the
other hand, a mouse being cured of the origi-
nal tumor by irradiation failed to show sig-
nificant CSF activity. Radiation-induced 10
T1/2 tumors did not produce CSF. Secondly,
karyotype analysis showed that marker chro-
mosomes of R1260 were identical to those of
the original tumors (Fig. 5). The NFSa tumor
consisted of both diploid and polyploid cells
with a ratio of ~1:10. Chromosomes £6, 7,
15, 16 and 2 other chromosomes of the NFSa
tumor cells were also identified in the R1260
tumor cells. Thirdly, the histological pictures
of R1260 and NFSa were identical (data not
shown). All these data indicated that R1260
originated from the NFSa tumor and was
not radiation-induced.

Discussion

Our present results are consistent with a
report that the TCD;, of a recurrent mouse

Jpn. J. Cancer Res. (Gann)
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mammary carcinoma was smaller than that
of the original one.’® It was also reported
that multiple irradiation of a Yoshida sar-
coma made the tumor sensitive to subsequent
radiation.® Although tumor reponse to radi-
ation has been extensively studied, the in-
trinsic radiosensitivity of recurrent tumor
cells has not yet been established. The pres-
ent results demonstrate that the recurrent
tumor cells were more radiosensitive than
the original tumor cells. Although we did
not investigate the cause of the increased ra-
diosensitivity of R1260, it is likely that either
genetic or epigenetic alteration was induced
in irradiated NFSa cells. Radiation can cause
genetic changes which alter the sensitivity of
the cells to subsequent irradiation.” Small
colonies which arose after an i vitro irradi-
ation of Chinese hamster cells were more
sensitive to subsequent irradiations'® ; these
cells retained their radiosensitive properties
for more than 10 months, and grew more
slowly than the original cells. Similarly, our
recurrent tumor cells also showed a longer
volume doubling time (8.5 days) than the
original tumor (4.0 days) (Fig. 1). The ques-
tion of whether the increased radiosensitivity
of the R1260 tumor is due to genetic or epi-
genetic alteration is under investigation.
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Relative Biological Effectiveness of the Therapeutic Proton
Beams at NIRS and Tsukuba University
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Research Code No. : 402.2, 407.1
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Relative biological effectiveness (RBE) of proton beams dedicated to radiotherapy was examined
using a method of simultaneous irradiation. Mice received i.v. transplantation of syngeneic fibrosarcoma
(NFSa) cells. These mice were divided into 3 groups on the following day, and thorax was
simultaneously irradiated with one of the following beams: 70 MeV proton beam at National Institute of
Radiological Sciences (NIRS), 250 MeV Proton beam at Tsukuba University (PARMS) and ¢Co y rav.
Ten to 13 days thereafter, lungs were removed for colony counts to give dose-cell survival relationships.
RBE of NIRS proton was ranging from 1.01 to 1.12 with an average of 1.06 while that of PARMS proton
was ranging from 1.03 to 1.09 with an average of 1.06 at surviving fraction of 0.01. The simultaneous
irradiation for RBE study was found to be reliable at large dose-low survival regions.
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Fig. 1 Single dose-cell survival curves of the

NFSa tumor cells in the lung —Ist experiment,
Symbols and bars indicate mean and SE.
(—O—); NIRS proton, (---@---); ®°Co y ray.

Table 1 Survival Parameters and RBEs-lst

experiment
NIRS proton *Co y ray
alpha(Gy™") 3.373x10°! 4.122x10°!
beta(Gy=) 2.265x 1072 1.158 X102
1.25% 1.48
Do(Gy) (1.05-1.49 (1.30-1.67

8.38 3.87
(5.25—11.24) (2.65—-5.09

RBE at Survival

n

Fraction of !
0.1 1.01
0.01 1.05
0.001 1.07
a)  mean and 95% confidence limit.
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Fig. 2 Single dose-cell survival curves of the
NFSa tumor cells in the lung —2nd experiment.
Symbols and bars indicate mean and SE.
(—=O-); NIRS proton, (---A--); PARMS
proton, (---@---); *°Co y ray.
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Table 2 Survival Parameters and RBEs-2nd Table 3 Survival Parameters and RBEs-3rd
experiment experiment
NIRS proton PARMS proton *°Co y ray NIRS proton PARMS proton  *°Co y ray
alpha 3.492x10°! 3.126x10! 2.875%107! alpha 4.106 X 107! 3.486x 107! 2.57X107!
(Gy™» (Gy™H
beta 2.270x10°* 2.498x10? 2.101x10-? beta 1.416X10°* 2.347x10°¢ 2.487x107?
(Gy» (Gy™»
Do 1.42% 1.64 1.54 Do 1.61% 1.41 1.57
(Gy) (1.23—1.61) (1.31-1.7D (Gy) (1.49-1.72) (1.16—1.65) (1.39-1.75) °
2.63 2.00 3.47 1.66 3.32 1.92
n (1.64—3.62) (2.19—4.76) n (1.41-1.91)  (2.02~4.62) (1.41-2.42)
RBE at survival RBE at Surviving
Fraction of : Fraction of *
0.1 1.14 1.09 0.1 1.02 0.99
0.01 1.12 1.09 0.01 1.01 1.03
0.001 1.11 1.09 0.001 1.00 1.05
a) ' mean and 95% confidence limit a) ' mean and 95% confidence limit
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Fig. 3 Single dose-cell survival curves of the
NFSa tumor cells in the lung —3rd experiment.
Symbols and bers indicate mean and SE.
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Clinical results of fast neutron therapy
using the medically dedicated cyelotron

Tatsuo Ishikawa, Hiromichi Gomi, Takashi Nakano,
Yoshiroh Aoki, Shinroku Morita, Tatsuo Arai,
Hiroshi Tsunemoto

National Institute of Radiological Sciences.

Between November 1975 and March 1983, one thousand and sixteen patients

were treated with fast neutron therapy using the medically dedicated cyclotron at
National Institute of Radiological Sciences. The clinical results are as follows.

Cumulative five years survival rate of the patients suffering from osteosarcoma
treated with fast neutron therapy was 67% while that with photon therapy was
19%. Histological evaluations with the surgical specimens of the osteosarcoma
indicated that marked effect were achieved at 59.3% of the tumors after fast
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neutron while only 35.83% responded photons. For pancoast’s type lung cancer,
fast neutron therapy was more effective than photon therapy such that mean
survival months were 11.6 months and 4.2 months for the patients receiving fast
neutron therapy and photon beam therapy, respectively. Local control rates of
carcinoma of the esophagus were 45.5%, 31.3% after fast neutron therapy or
photon therapy, respectively.

The effectiveness of fast neutron to esophageal carcinoma is also confirmed by
the pathological studies using the surgical specimens of the patients treated with
preperative irradiation: tumor cells, which had deeply invaded into the wall of
esophagus and were well differentiated squamous cell carcinoma, were effectively
destroyed by fast neutrons.

In coneclusion, fast neutron therapy is more useful than conventional radiotherapy
in the treatment of osteosarcoma, pancoast’s type lung cancer, esophageal cancer,
laryngeal cancer and carcinoma of the parotid gland. Moreover, fast neutron
therapy is expected to be also useful for soft tissue sarcoma, melanoma and
glioblastoma.
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% 1 Fast Neutron Therapy
Indication: Radioresistant Tumor Treatment schedule for fast neutron therapy
Melanoma {:  Fast neutron only
Soft Tissue Sarcoma A} 130 rad x 12 fractions/4 weeks
Osteosarcoma B) 110 rad x 18 fractions/5 weeks
Parotis Tumor C) 90 rad x 18 fractions/6 weeks
Brain Tumor (G.M) II: Mixed schedule
Lung Mon. Tue. Wed. Thu. Fri.
Stomach Radiation N X X X N
Head & Neck Dose (rad) =~ 72 170 170" 170 72

Female Gyn. Organ

(6- 6.5 weeks )

Prostate I11: Fast neutron boost
Gall Bradder X rays: 4000 rad/4 weeks
Neutrons: 1500-2000 rad X ray equivalent doses in 1.5-2

%2 Patients treated with Fast Neutrons

1975 ~ 1983 NIRS

Total Previously Re-

Case untreated  current
Head and Neck 169 125 44
Thyroid Gland 7 4 3
Salivery Glang 23 16 7
Metastatic Node 27 20 7
Lung 80 77 3
Esophagus 108 101 7
Pancreas Liver 25 24 1
Femal Gyn. Organ 211 155 56
Prostate gland 29 26 3
Bladder 27 23 4
Osteosarcomsa 69 60
Melanoma 59 44 15
Soft tissue Sarcoma 80 57 23
Brain 41 38 3
Others 61 38 23
Total 1016 808 208
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*x3 Local Control Rates of Fast Neutron Therapy
for Advanced Head and Neck Cancer
NO CR SR Complite
Oral Cavity 29 6 26.6% 2 4 13

FOM T, - T, 7 1 - 1

Palate T, 2 2 - 1

Gingiva T, — T, 5 1 1 -

Tongue T, — T, 15 2 1 2
Oropharynx T, — T, 3 1 33.3% 2
Nasopharynx T, — T, 4 1 25% - -

Larynx T, =T, 32 21 65.6% 1 -
Hypopharynx T, — T, 8 2 25% 5 -
Max. sinus 11 - 5 1
Parotid Cl Primary 4 1 3
Post. op. 9 9 -
Others 7 2 28.5% - -
26
All Cases 107 43 40.2% (24.2%) 7 6.5%
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% 4 Cumulative survival curves of fung cancer 5 Clinical rssults in Pancoast typs of the
treated with fast neutrons and phoicns. iung cancer treated with fast neutron,
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R ISR LB P T ARG IR BT T59%, photon it & B 1
B TROTBTH 10, BHREOKRE ScH THhE
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WEHAL E D FIEREEOLBIERICB VLTI

GBOBFERBERLRIERS LD LE BN LY, FEH
BAOHFREBR TR T TREWEEREIETONT

#%& 7 Local control rates and distant metastasis
rates of carcionoma of the cervix uteri.
— Squamous cell carcinoma [stllib. st1Va) —
Tumor Fast Neutron X-ray
volume large middie large middle
69 81 58 71
Local (18/26) (22/27) [(11/19) (25/35)
control
75% (40/53) 67% (36/54)
Distant 35 22 42 11
tstan
Metastasis (9/26) (6/27) (8/19) (4/35)
28% (15/53) 22% (12/54)
(S. Morita)
24 1984 FE 4 B
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%38 Survival curves of Osteosarcoma
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%9 Histological Effect of fast neutron

%10 Prognosls of Soft Tissue Sarcoma

1001

%
Pre-op (16) 771%
Post-op {36) 69.8

50+
200

ini f Soft Tissue Sarcoma
therapy for osteosarcoma #&11 Clinical Effect of Soft Tissue,
TDF100 £
, | Score
active degenerated c::g:)ositse Histology 1 2 3
F-N (32) 10% 31 59 Liposarcoma (8) | 3 2
Photon (17) 24 41 35 Fibrasarcoma (2) 1 1
(N. Takada) Angiosarcoma (2) 1 1
Synovial cell sarcoma (2) 2
o . Neurogenic sarcoma (2) 1 1
plete necrosis IKE > 7 FEFIOEIEI335B TH - 7 H5E
! Rhabdomyosarcoma {1 1
i FHIEFETIE59% DIEF| A complete necrosis @ Leiomyosarcoma 1) 1
MRAZ2LTW5, BRI A SHEEHEICEEFRIREI M-F-H i "

##5% b photon T3 historical control T&H 57
1210000 rad FiOHB THERS O T 2HEPHEFR
ST T3 T000~8000rad Y & > T B, H-T,
Wt BRI L TER A RERLTB D&
P TFEEROBISEED 1 DitB on k>, BRE
DBFHIT (3 24%] TDF100 Bl EORBH L Shic g
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WA BB HREICERTH S T S
&8 - 1B, FEGUCIE Cro @b R0 EE e E
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2 -7 ERIBIEKAIE

HORAR R T g 2 s o M T ARVE FT S AT BB AT,
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#12  Relative Survival Rate of Glioblastoma
Multiforme
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N x )
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\\\Q«\
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#13  Cumulative Survival Rates of the Patients
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% 1 Number of cases with stage J[b and Ya -
squamous cell carcinoma of the uterine
cervix. (Nov. 1975~Nov. 1979)

types of fast

histology neutrons* photons* total

K 15 9 24
L 37 40 77
S 1 5 6
R 20 21 41
S 33 33 66
total 53 54 107

* : randomized clinical trial was carried out bet-
ween fast neutrons (mixed beam) and photons.
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# 2 Local control rate and distant metastatic
rate in stage [b and [Va squamous cell
carcinoma of the uterine cervix.

(Nov., 1975~Nov., 1979, NIRS)

groups \ fast neutrons photons
voil\lxrn;grof large i medium | large i medium
local 69 ‘ 81 58 | 71
control rate | (18/26) | (22/27) | (11/19) 1 (25/35)
$9) 75 (40/53) 67 (36/54)
mgisatsi:ttic 35 22 42 K 1
rate (9/26) | ( 6/27) | ( 8/19) | ( 4/35)
% 28 (15/53) 22 (12/54)

= AX A DOARBETIOGY (2EHE) %
BECHEE L.

2. % B
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D369% T, BEIRME TNV TR L),
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81% (22/27), £4kT75% (40/53), XHHOB
Rl A58% (11/19), #76% (25/35), 4
672 (36/54) TH » o, FFICEBEERAE
BRILrR TR TR35% (9/26), #R22% (6/27),
LET 28% (15/53), XEREfiLk 42% (8/19),
h 11% (4/35), £&T22% (12/54) TH-1c
(G 2). #FO L TILRPTHIHER TR FHRES
I, ERERRARCXENETIR L)
H&nd 50, BP0 CHHCERE
FILIRD bhiedh - 7,

3) REETHHE

PR TR RSTRE & X IBAT B & B ARl T
it s L, SEAFRTII LM O X
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100

T
E
ot \.
2 o T
z PR,
1)
=3
o o— Photon (N=73)

e—s ! Neutron (N=57)

1 L il 1 1 A

0 1 2 3 4 6
yIS.

B 1 Cumulative Survival Rate of Irradiated

Carcinoma of The Uterine Cervix.
(1975~1980, NIRS)

23 57%, THIOMEROFETFREN 3% TH
(H 1), XBEIETREFERFCHZ DD, @&
HOBERZEITLECE->TKH, BREOEIX
b HRnL,

RFTHER, EREBRAERE IURABEER
s\ THItETFHREE & X OB BRI E &
ERXRD LRI o ke, BEOEA OEFRDOE
BREBRTE, Y120 e vohTRoRhn
TS bRAERN EHE DHREIE L bhis
Nl BRI b odc, TR kBRE TAD
2y, MHFREFEICRETH C LT, BHETHRRE
HOBRBEENERS B0 TRR - S
i,

4) K-L.S AT O s

K-L-S 45 o BITHIHEE L SRinksx
ERIFIWRTI LT, BFEMERIET
e & XERBE & o Wik T, ThFh KH :60%
(9/15) %:88% (8/9), L% :78% (29/37) &58
% (23/40), ST :100% (1/1) & 80% (4/5)
THote, SEREFARISD L THRER T &k
ey, KENE XSRS, LA TR
BIOZEBRETIVERThH- . BEREBRLE
R TR KIT33% (5/15) & 0% (0/9), L#
T30% (11/37) & 28% (11/40), S# T100%
(/D &£ 20% (1/8) T, KBOK0%EEET
TR S ok,

5) R-S BUMAMSYEEIC & D hEg

RS SR 5 BATHIER X i TR
XEpde o i T, RI: 55% (11/20) & 52%
(11/21), S#: 85% (28/33) L 76% (25/33)
Thote, BRCEREBRER TIIREN35Y
(7/20) & 29% (6/21), S#-¢30% (10/33) &

% 8 Correlation between K.L.S. type-histologi-
cal classification and local control rate or
distant metastatic rate in stage J[b and [y a
squamous cell carcinoma of the uterine

cervix.

(1) local control rate (%)

T~ groups
histolo;;al\ fast neutrons photons
type
K 60 ( 9/15) 88 ( 8/ 9
L 78 (29/37) 58 (23/40)
S 100 ( 1/ 1) 80 ( 4/ 5)
(1) distant metastatic rate (%)
\\\~ groups
histological fast neutrons photons
type
K 33 ( 5/15) 0(0/9
L 30 (11/37) 28 (11/40)
S 100 ( 1/ 1) 20 ( 1/ 5)

# 4 Correlation between R.S type-histological
classification and local control rate or dis-
tant metastatic rate in stage [[b and [Va
squamous cell carcinoma of the uterine

cervix.

(1) local control rate

=2

T groups|
histologi;al fast neutrons photons
IYPC V
R 55 (11/20) 52 (11/21)
85 (28/33) 76 (25/33)
(1) distant metastatic rate
T groups| -
histological\ fast neutrons photons
type .
R 35 ( 7/20) 29 ( 6/21)
S 30 (10/33) 18 ( 6/33)

18% (6/33) THbH, HitFLOoBEEIRD S

i (FEA4).

6) EHERAEOK - RLEBEL ORE
ERAEFIVN S CHRILRERAR DR L5

HifilgZ LT, A—HETRIGIERCEY? 4 U
Sovh Ly, KEWHECMOETF, 4
AT RS « Y - B8 K O EEFEAAN O
FIE BRBECHET L2 EI RS, T

53
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% 5 Local control rate in stage [[b and [Ja
squamous cell carcinoma of the uterine
cervix in relation to tumor volume (large
and medium) and histological type.

groups
tumor | types of fast neutrons photons
volume | histology,
L 73 (11/15) 53 ( 9/17)
large R 55 ( 6/11) 50 ( 5/10)
S 73 (11/15) 66 ( 6/ 9)
L 82 (18/22) 61 (14/23)
medium | p 56 ( 5/ 9) 55 ( 6/11)
S 94 (17/18) 79 (19/24)

B O R TR R RO BISTNISEEE & LT
EEAEEOKRE L OXFEATHBEM, Thi?2
Heod T BEABEOKETELLD (K) &,
FEECREVLOCR) K LTl L (E5).
AME D5 H WHO S EO K & S BIIFEAIK
PP OTH D BT L, BIEERE
BAEBEOKTIL, LE T 53 73% (11/25),
X$ERE53% (9/17), REC55% (6/11) +50%
(8/10), SHT73% (11/15) & 66% (6/9). =
NHOFRCALE CHETHBENAVRETH
2722y, fIERIIED bh iy, BEEAR
O T, BRI LI T2y (18/22) L 61%
(14/23), RET56% (5/9) & 55% (6/11), S
BT94% (17/18) £79% (19/24) Th b, #Hst
FRIOZOERELRDICDILETh -7, %
BB IR RETIRENTES bhieh o,

3. F&D

LLED#ERY 3 L5 &, TEERRPEES
DRFE D X B b FHRBHE © Rz
i, KHIEgEALE (LED) vl TRFRER
RO, BOSETRIEREDOXBRER L DM
WHEEBZEIZD bRt -7, Lichis CFEE
BMRFLEECH TS, BTORMHFEC LS,
FEFRBEROF SR DIV F 2 THS,

4 E =

FEEEOEROMEHRER TR, HBEERS
o WHO -Gl KE 2D, RS 58 G RED

b4

CRIKREL,
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PR L WEEZ bhTvie, ddiE FRGHE
RN b0 LTHROH 5 2 LB IR
i, COWROFBRIALEARLT, KEGZE
<72, RERZEREET, SEFBLLWL5Z L
T, EPETREEOBEIIED bhithr i,

TOEHRTELL L, FICTFEERRTLE
TR DO FAHR R TRV BRREB Tl D,
SED NS A7 A0 L5 CHEBETFEOINE R
CEAXBECRRIE CRERESHNELT, L
2y IBROMEINE R TE B o E— 7
FRE TR, ERUEORMEIERYEB 2 - Lixlr
T L,

B2 WP ETHROBEE ChH D OER 02
& (BRI LTomi) LMo Bgn
LOEEAMZ B NNH D &, T LGk
HEI b DTh B, TEEE ORI
FEARS OTBERERS GEOHESH) of
Lo b B EREABATEMERE
EEFMRCSHRERTI EATWD LTS
DTY, FHFHEOFESEREIRTEL, B
ZLLTHRC T o TeDhd LRy,

2 3 Wb T B A LA ST T slow grow-
ing ODEFTHREN LE2 LR TWB0T,
BB AT O B\ FEEMICIIE LT\ eh o
TeDhd Lhaus,

BEF TR SR FHOMNMTBA T ER
Mixed beam ¥k, B 5ESED 5 b 2 BT L
PARETFROBSNLTE v, Z OF BB
EOEFEHRBNE BT DML OBAIL, M
HREEDORE DI THOENTH S, 4
WEB TR AR (Mixed beam) g (N-y-r-r-
N) AEMBIERTHBY, Lo L 7 #REEOR
ABE 2 AV T BT OIS HEE T, XER
S &P T4R Mixed beam AR O R &k
EEERRGHBBELRDDNEEL LV, b L
SHERIES O RS EF A B OBAIT D T VT E
THEA TR boost A ZEM Lic b, F74 Cf-
252 ORETRRRE Y BV T BRBEH T E UL,
EHIER-ERVPBFECEDLTHS S,

FTEEEOMMFENRTR L B RBEOTH L
OBBE AR LicF i 48 bhah, £
DT L RERER YN LicBaiy, A5
FHTR LU FHRE c BT 2RTF» & T ¥
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T, Hpf7clBE AR GGVED & & BATHiE
OBYHE T/ /> TLE 5, Lo THRE
OFERHSIO LT BT L —F Lz, ATk
N A E Ui B0 T, reserve, spindle #
Jalhc el T OB EL LRSI, S
ORER LIS EEORE G, S, ToHEBERHRT
B EILTE I,

R-S 5T, HWEC X BEL W - D,
FIERE oM, k) REFETFRCH LT
LBFHASFA L L 5 BV TeD EEXL TS,

T E A F R PER O BT SR R &
Bo T b, T OEWEMHRIERLDT
BB, Lo LS EEORA & e s B

HED Lo, BRI HE © HBEET
b, IETMHEAROBEEIGT & s T, BRFTHIE

OERE R ERED I, KRXDO X5 EPR
Fisa s s bh ARBEC L EEBER LIS S
Richd Lhdgus,

BEBER TR OB O FREBRETH S
BB FER RS D A TV B, BBFH ORI
B (bragg peak) wh s, X-CT b L
T RAEOERE 2, Rt o BEOBEK
BA-n iR e &, WECHES, BE Lt h
7R BRI S B 2%, Hao Ry BT RS
TEDEBEALDOT, MR E L TEEAROESE
A TE, TOCHBEREEH T 5 LS
HTW5,

AR OEE R 21 B AMAREERE (&5
B) 19834 s\ CRE\E LA,

X @k
1) IR, FEFS M KRB0 BB

FEOREIK $#530% « 1105 198448 A
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12: 384-388, 1959.
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57, 1975.

5) WFM—, EILIk  BUSRIBMORE, BR
FRSRIE I OB R RS M, 8 o BRIR UM/ T AR,
HE o B A (R W iR, 16-20, 1978

6) Nias, A H.W,, et al.: The response of chinese
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995, 1973.

7) Battermann, J.J., Breur, K., et al.: Obser-
vations on pulmonary metastases in patients
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T L&l

W T AR 1938 SE A B 1943 SRS H T

THo> Stoned 12 & b HpbTRA B,
W0 i 250 BYASRE Qe s, B
MR, KA DR EG 2 TS R o 1
fooh, AR O MR ASERE &l S il
it Lo L, FOEBOBE T, o h bolid
PR P T O K E SRS Zhicn &2
Ak T4 O BB a i B H (relative biological
effectiveness: RBE) i35 ¥ O D 7o & at
B Az b, 1966 43 E o Hammersmith §5
Bl TERY 4 7 = b v T X B HEBET
MIREAEME N, 197248108 X b KkEO
M.D. Anderson §ifiC JRE TO Hrp kTG
ﬁﬁ%iotw %ﬁmﬁ®%4ﬁmbnvm

Z Wb TR 7oA, 19754E 11
& Dbdkwwb%L'CJOth’dB<rpg?°“
IMSTOHA R, 1976 4511 B X b BKBEE
Brcd 14 MeV d-Be i TR AHCTIHEE »
i,

FUEHHT T 2 i R b 54 74T
L BB B LMo B L LCE B
B 40 (glioblastom amultiforme: GM) 127 »
Th o4 7Anbiashie, GMILKEEOF
Thdb - & BT, TORMEDOERY LF

JHETT

MDA TOHRBUIEEE T, X S EH 2R
. oEA, CMBRLEEE R LT, 2
D Fc s AL A I IS EE 35 e (hypoxiceells) 3
2 Teh, SO ENXERERHCH L TIRHUE
HHTHFUERBBEDO—DEEZ bR TV D

AT A & T
transfer)  Jr g, D
ratio (OER, iz x)J,f\ MEFRHIEER) A NEIT
e LR D) st & % sublethal damage
(HEEPE4R S, SLD) »bo @ER iTs, 3
relative biological effectiveness (4L 4% 007%h 5L
H, RBE) ml k& KO E L
TR BOHEEFIN L CERGRE @D L5 &
LTuW %,

LET (linear energy

oxygen enhancement

BT RO EMPAEH

TR MR A 2 b Aot T T B
By, AR gt S D & B KRR T g
LTCED=FAF =~ oS, KEFRT
VLR BT recoil proton & fict U 4 ¥ 1E
B BIET b, R TR Z O RS T O
SRR - TRk &= A F — bRy
BV RETFIRS D ONEIH LT =S
— G- O HEE i LET Jotr &
n, XEisCaEmENSRe s T5, SR
F#ie & 0 LET bt o309 F i, &

* Fasl ncutzon radiotherapy for malignant brain tumor.

** Yoshiro AOKI, M.D.: & EXLEWRTHmT (@260 Tilix)il 4-9-17; Division of Hospital,
National Institute of Radiological Sciences, Chiba.
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DD THBHYO,

@ #Eh T2 Doxygen enhancement ratio
(OER) XL Y &L B L E#HE
SIEDECEEFMIL EBEI T SITELED
eVEER S FEOE KM Chypoxic cells)
EDBH Y, ERERBSRCH T HREENAR
A, KERFEAMRL AR LTS T,
MFEATHCh 25 E\EPEAEEE LTS 5.
X TORERFRE & I FERE & OBSHR 04
RO 2.5~3.1 THHOR KL, HErh
HFRTILL.6~1.8 THEYDRIBROFE
TENI, 2O LERBREOMINT S
IOBENHD LD EEEWRT S, Tich
%, hypoxic cells {2332 M TR OB FL
XEROIZIT 165 & # 2 b T\ 5 (therapeu-
tic gain factor, TGF 211.6).

@ FhMEFE O EMBENIRL (relative
biological effectiveness, RBE) [1X#3 & Uk
&\ B AR o SR v B AR AR Bk
H o LET o\ X bR b, Hodd ik

RO OEYER A T bbb B—F

DAEYIR (MlaORFERE, KEORE, B
BOFNEI L) DB LEIRE Y
THZER LY MSHBOREARRT LT
5, IRk iEnish B H, (relative biological
effectiveness, RBE) L¥35%, 37bd, EEER
BHRE LTXBE Ry v =—B2 Mg, *
DX v~ =G 2 1o b B —FEDEYED
Ru0 &R TORBELMDOEHE GE
TR BT, R TR L) ORIERE LD
BTh D L2, H5MIADTFHEIER R
180rad T b, HMrRtkTFHEOR UM+
%R R 60rad THB LThiE, *
DT> RBE (3 180/60=3.0 L/¢ %,
@ BEHMEFRE HIHRBHENSO @ELE
T D TS O AR OB, R
Te s & G rR B 7o &) R BV TV IR 5 3 5
Wehs, o FMRIEHKEBE» b0
EEREII 0D B D¢ (HBIEERB, HOEH,
repair of sublethal damage) |, —[E] iz 48 % f& 44
THHFCHLT, 4835 BB OBET
WD, Lo, EPEFHLL oMo LET
AR T2 OTEHIERE D B o EIE A3

57

BT 254250 2 5

®1

A s om b om T kb TR YA R

HIMENDHDOT, FEHREHE O LT
SIRLDHD EEL DRT S,

BEREFRARLE L EPUTO
IR

BT 2 R OB TR LEBIFIR S R
Twb (B4 7 » + » v, neutron genera-
tor), n E T KEDF & BHARER BB
4178 b r YRBBINEE TR THL, WEDH
TIL, 427 et r il b 30MeV oz
NICEBF deuteron HEV~NY Y v AD s —
7y PR E T S B i T a o
7%y P TEEC - ARBEREYT > T35
BE D). ZOWbFHROBEHKEE £ 50
build-up fifiz = v pi LB H v~ F
NHEBIERRETHL. HEPOF 12 r t+r
VAT XD 5 S MR T D FR R SSD 200
cm, JRHE 11.4x11.4cm? D &MET 46 rad/
min (0.46 Gy/min) Tk %,

Neutron generator “CIIPHESLF 4 + v =
VADE =y PIIFESETHILLTL &g

CETEERIRT S, SRS 10 rad/min ik

RN L, BESTCHEI YR EBEZERED
BELID, PV Foapg—y, P& LT
PRTCDDOTREWOMELH D,
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*2 HbFRERLIATAD AT Y L — A

Patient l Male | Female | Total “ Mon. Tue, Wed. Thu. Fri.
Astrocytoma (1V) : 9 | 13 22 Mixed beam therapy X FN X FN X
am 0 s s 170 70 170 70 170
Astrocytoma (11) ' 2 2 2 I 4 Boost beam therapy X X X X \
Malignant meningioma 3| 1 4 200200 200 200 200
TN FN FN

Total 24 21 45 90 90 90
Fast neutron only FN FN FN

90 90 90
3 CEBEBITATL -

BFETRICL SRR 1) X ray or ®Co: local or whole brain
ORER) : WETHC 37 5 BR i TREH » 5 irradiation

4 7 A TOSBEBR L, FEAI & L Cglioblastoma
multiforme (astrocytoma grade III and IV) 1z
By PG S hic, ok, FRESERIITL astro-
cytoma grade I T4 MO FrR/n & b
MW rEz bbb D, TIE w3 malignant
meningioma 7o FLER LTWA, BET T
MM TEARE L 74 7 AR AR b R

AT 98 8.3 1. 45 {7 C, astrocytoma grade IV 22

{f, grade 111 15 i,
meningioma 4 {Jj T4 %, astrocytoma 3} Kerno-
han OGP K-> T 5B, KHEF © PIR
R1IDME) T, SEMSMIT L4 TER? B
715 CP¥E435) THAH, PBHERE S
HE2E OTEE LICES T H 5.
Q4L PIORT ORI, 4flF v b ETH]

grade 11 4 ff], malignant

astrocytoma

2) Fast neutron: local irradiation

3) Irradiation schedule

B, TOR3IPTHS.
DERETFIRAEDFE WA TERAH
A T AEE 20O X512 mixed beam therapy,
boost therapy, fast neutron only @ 3 ffifg Ty
PIT B0, BRSO BER TR TR
XA B EERT frdo3 mixed beam therapy,
boost therapy ¢ 2 Jji: TFf - 72. mixed beam
therapy {3 10 MV D X4 8 3 8], #eb:T
frAoH 2 S L, MRS EE XECIRE LT
1,000 rad (10 Gy) &% 7\~ 2 & & L7z, boost
therapy 1%, ¥ 3" X T 4, 000 rad (40 Gy) # I}
B L, & OBHEAPE TR O TXHRMFLL, 500~
2,000 rad (15~20 Gy) & BFTICH » TS L

YRIE 22 {7, TATAZE 4 ), MUSAIEO I, HPAIES o, wIheo BT TY BESR R Eohn
100 %,
(A) Astrocytoma grade (II1) : 15 cases
(B) Astrocytoma grade (IV) 22 cases
(C) Glioblastoma multiforme (Brain
Registry in Japan) : 114 cases
50 9,
(A)
© o (B)
~~~~~~~~~~ O -.-_~:“:”_'I%;‘;»‘ °
““““ -a
0 9% : 1 L ]
0 1 2 3 5
(year)

2 Relative survival rate
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3 Lt-parietal astrocytoma grade IV (16 %%, #)

X#t 34.5Gy, #weh¥tF 5.4Gy (TDF 82) #Wyg# 6 FB 0 CT =% v v, HHEMELH-

TLAATRCHKRBERLTVS,

TH#> RBE # 1.8 & LT #EZE L, time-dose-
fractionation factor (TDF)® %\ CEHAL,

TDF 90 # A& Lic, OB XEDOLD

5,500 rad/30 /40 days 14343 K%+ %, Bife

TBHE O HRFLATE b L TDF 90~95 %
ALt s,

OFE R TFHRIC & B RIEHD AR W
T I DR 547V THEI R astro-
cytoma grade 1V 22 IO (FR4% 1 4 72
%, 34 23%, 5416 % THh B . astrocytoma
grade 11 15 o> A= FE3RIL 1 4E 57 %, 34F 36
%, 536K THAH. bl MESSEE
Fr o THAHR 1B A 5 1 7o glioblastoma 114
BI9 D1VEAFRIL45.9%, 3413.9%, 5
E98H%THD (H2).

Astrocytoma grade IV 22 f D54 1B
1124 7 B(5~86 7 AT, REL86 HFAER
DO AHE 16 5§ © 4T L-parietal lobe astrocy-
toma grade IV T, BL7E & BEHRALE - Tu
BV CH24E A B > T 5(H3). 22
PIFITEE L 6 I (23.3%) TH 5, astro-
cytoma grade III 15D g4 FE AR 16.4
AR (1~ »R) T, BUELFIL156IH 6
] (40 %) T#H 5. astrocytoma grade II |T 4
PIC, PR IS 2 A (B~24 # ) T
4 ik 3 GHA: 47, malignant meningioma

59

4PITIIETA L PIC, 3P TIRER £ Tolll
FAIER LT B REAAEB TV 5,

BREFRARDELDH LSBHOEY

TEV OEABETFIEEK P 5474 T O as-
trocytoma grade IV 22 D/ #3811 345 23 %,
5416 % C, BB BNTE L,
L L, Catteral 510 0 30f dastrocytoma grade
HI and IV O4FRITIIES0Y, 240,
Laramore !0 a4 T, S e it T 50 555V 54
TLREEFR 24 BT E . 20L 5
PeE, OKE M O MR TSR AR S L
TeDVL, P B AR AR AR 21T 5 7o
&, KIBSAE(LMBAD OFE LM Lz &
LENEZ bR, bhbdEp o T
DEFBE AT HT, BEHH CT i & ol
LTTERRINELSL, ERARORITD
LD XY EFEHEE LT, BIEOREN
FRLXBRD L D EB MM A BT 5 & Tiein
oo T Te D, S L) DV BB GE(E <
1z glioblastoma multiforme ¢4 CT & 2= % ¢
ZRRHB W D 55), KEHNERMARERS
DHREMRERE LT LD L RBERE I L
Tvh, Fi, Z2HPRERS D proton
RERT O MEFOERCEMN S D DL
BRoz L ths,



19844 8 A

X @

1) Stone, R.S.: Neutron therapy and  specific
ionization. Am. J. Roentgenol., 59: 771, 1948.

2) Cateral, M., Rogers, C., Thomlinson, R.H.,
et al.: An investigation into the clinical effects
of fast neutrons, method and early observations.
Br. J. Radiol., 44: 603, 1971.

3) Sheline, G.E., Philips, T.L., Field, S.B., et al.:
Effects of fast neutrons in human skin. Am.
J. Roentgenol., 111: 31, 1971.

4) RO ORBETHER RMRENBERA
#5%B, B, Fl#BE, #E, 1982, p.
157.

5) WARE I BMOBMBEDYE. PIHEFTH,
b AL BE A, HRE, 1978, p. 131.

O H. F4rFyvF—, Havy HURED
E—Z0SFRER FERFELES, BHRE
1974, p. 101.

60

4111

7) Kernohan, J.M.: A simplified classification of
the gliomas. Stafl’ Meeting of the Mayo Clinic,
24: 71, 1949,

8) i A A TRIC 3T 5 EWFEEM
TDF kX 2 iRet . BERAS, 38 950,
1978.

9 MEBLEHKHEAR  MEHLEEHBELR

% Vol 2, p. 67, 1969, 6970, 1974, 1975.

Catteral, M., Bloom, H.].G., Ash, D.V,, et

al.: Fast neutrons compared with megavoltage

10)

X-rays in the treatment of patients with su-
pratentorial glioblastoma: A controlled pilot
study. Int. J. Radiat. Oncol. Biol. Phys., §:
261, 1980.

Laramore, G.E., Grifin, T'W., Gerdes; A.J.,

et al.:

11)
Fast neutron and mixed beam teleth-
erapy for grades III and IV astrocytomas.
Cancer, 42: 96, 1978.



Int. J. Appl. Radiar. Isot. Vol. 35, No. 6, pp. 517-520, 1984
Printed in Great Britain

0020-708X/84 $3.00 + 0.00
Pergamon Press Ltd

F-Fluorination by Crown Ether—Metal
Fluoride: II. Non-Carrier-Added
Labeling Method

THOSHIAKI IRIE', KIYOSHI FUKUSHI', TATUO IDO',
TADASHI NOZAKI? and YOSIHIKO KASIDA'

'National Institute of Radiological Sciences, 4-9-1 Anagawa, Chiba-shi, 260 Japan and
*The Institute of Physical and Chemical Research, Wako-shi, Saitama, 351 Japan

(Received 23 August 1982; in revised form 28 May 1983)

For non-carrier-added "*F-labeling of organic compounds, details were studied concerning the previously
developed KF-crown ether method. In the modified method, a minute amount of KOH instead of carrier
KF is added for the preparation of the anhydrous '*F from aqueous carrier-free '*F. The following factors
were examined in order to determine optimum conditions for the preparation of the anhydrous
non-carrier-added '*F and the labeling synthesis with it: effects of the vessel on the evaporation of the
8F-KOH solution and the amount of added KOH for the conversion of aqueous "*F to anhydrous "*F,
the solubilized activity of the "*F obtained by the evaporation in organic solutions containing 18-Crown-6
and the labeling reaction, as exemplified by the synthesis of 21-fluoroprogesterone.

Introduction

Positron tomographic studies of biofunctions and
receptor sites in vivo often require the preparation of
radiopharmaceuticals with a nearly carrier-free level
of specific activity. By the use of fluorinating agents
containing plural fluorine atoms, such as F,, BF,,
DAST(dialkylsulfurtrifiuoride), etc. **F-labeling in a
carrier-free state is not theoretically possible. Carrier-
free labeling would be possible in principle using
monofluorides, if they could be prepared in a carrier-
free state. Some approaches have been attempted in
several laboratories; e.g. the preparation of anhy-
drous resin-supported monofluoride-"*F from aque-
ous carrier-free '®F via acetate-fluoride exchange,?
and the production of anhydrous carrier-free H'¥F®
and the preparation of anhydrous Cs'®F from the
H'8F.%9 The labeling synthesis of '*F-radio-
pharmaceuticals with those carrier-free reagents has
been reported.'%

In our previous studies,'” '*F-labeling method
using labeled anhydrous metal-monofluoride and
crown ether was demonstrated to be effective. In this
method, anhydrous labeled metal-fluoride was pre-
pared by isotopic exchange between added carrier
monofluoride and aqueous carrier-free '®F ion, fol-
lowed by evaporation of the mixture to dryness. In
order to obtain '8F-products with higher specific
activity by this method, the quantity of the added
carrier should be minimized. However, the reduction
of carrier quantity resulted in lowering the radio-
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chemical yield of ¥F-product. Thus, the clevation of
specific activity of the product is incompatible with
the increase in radiochemical yield. The anhydrous
"F prepared using a very small amount of added
carrier monofluoride is regarded as partly changed
into complexes with impurity cations except for the
added potassium cation. The complexed '*F is less
soluble and less reactive in the labeling medium than
the "F-salt with potassium cation, which is selected
to be effectively complexed with 18-Crown-6.

Thus, we attempted to modify this labeling method
to obtain both high radiochemical yield and high
specific activity. The modified method is as follows:
(1) preparation of anhydrous K*¥F by evaporation of
aqueous carrier-free '*F with the added KOH instead
of KF carrier in a Teflon vessel, (2) solubilization and
activation by 18-Crown-6 in an organic solvent,
followed by nucleophilic labeling reaction. By this
modification, a nucleophile, labeled '*F anion, can be
prepared in a carrier-free (more correctly, a ron-
carrier-added) state, and "*F-labeled compounds can
be obtained with very high specific activity, at a near
carrier-free level. In this labeling, the most important
problem is how the labeled product can indeed be
afforded with a radiochemical yield sufficient for
positron tomographic studies. The final radio-
chemical yield would depend on factors such as the
solubility of the anhydrous non-carrier-added K"*F
in KOH salts, the relative reactivity of '*F anion
under excess of hydroxide anion, etc. Studies on
factors affecting the yield are described, being
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Table 1. The trapped yield of anhydrous
'!F after evaporation to dryness of aqueous
“F with added KOH

Added KOH Trapped
Vessel (umol) yield (%)
0 95-100
Glass 1 97-100
5 99-100

0 6-10
Teflon 1 96-100
5 98-100

exemplified by the labeling of 21-fluoroprogesterone,
which was also prepared previously by the carrier-
added method.""

Materials

All chemical substances were obtained in the same
way as reported previously."" Aqueous carrier-free
®F ion was produced by the ""O(x, pn) "*F nuclear
reaction using distilled water as a target material. The
target container was made of stainless steel, and a
titanium foil was used as its beam window. The
container volume was about 15mL.

Methods and Results

Preparation of anhydrous non-carrier-added "“F with
KOH and its solubility in 18-Crown-6 solution

Into a glass or a Teflon vessel, 1 mL of aqueous
carrier-free '*F solution and aqueous KOH solution
were added; the mixture was evaporated to dryness
by heating in a microwave oven, and its activities
before and after evaporation were counted. The
result is shown in Table 1. The '"F-activities were
quantitatively trapped in vessels except for a Teflon
one without added KOH, in which case "F was
allowed to escape as H"F because of the absence of
cations to capture "F ion. The degree of solubility of
the anhydrous "*F was examined as follows. Into the
vessel containing the anhydrous 'SF prepared as

Table 2. The solubility of the trapped anhydrous '*F in 18-Crown-6

solution
Added Yield of the
potassium solubilized "*F (%)
salt - —_—
Solvent (umol) Teflon Glass
Acetonitrile KOH 1.0 16.0 4.4
5.0 .4 1.2
Benzene KOH 1.0 48.6 0.7
5.0 36.4 5.3
Chloroform KOH 0.1 19.0
0.5 21.3
1.0 71.1 1.6
5.0 81.5 15.8
KF 0.1 20.3
0.5 41.1
1.0 70.6
5.0 98.3
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Fig. I. Relationship between the vield of the solubilized "*F
and the irradiation doses in production of aqueous "*F used
for the preparation of the anhydrous "*F.

above, 1 mL of 18-Crown-6 solution (100 pmol/mL)
was added, and then the vessel was sealed and
vigorously shaken for 2 h at room temperature. The
activity dissolved in the solution was then counted.
The same test was also performed for the solubility
of the anhydrous "F containing carrier KF. The
anhydrous '®F prepared in a glass vessel was less
soluble than that in a Teflon one for all kinds of
solvent and for different quantities of KOH. The
result is shown in Table 2, in which the use of a Teflon
vessel is demonstrated to be essential in order to
avoid the loss of significant '*F activity on the vessel
walls. Chloroform was the most effective solvent
examined, and these solvent effects are similar to
those in the presence of carrier KF. The activity
solubilized in crown ether solution was dependent on
the quantities of added KOH, and a similar de-
pendence was found in our previous studies using KF
instead of KOH. The yield of "™F solubilized in
18-Crown-6 solution decreases dramatically with less
than 0.5 umol, resulting in a decrease of the solu-
bilized ®F in crown ether solution.

Therefore, the effect of irradiation dose on the
solubility of the anhydrous "“F was examined as
follows. Aqueous "F was produced by x-particle
bombardment of the same volume (15mL) of dis-
tilled water with 3.4-7.2 x 10° u Coulomb doses. The
anhydrous '*F was prepared in the same way using
I mL of the irradiated water and 5mol of KOH.
Then the solubility of the anhydrous "F in
18-Crown-6 chloroform solution was examined. The
yield of solubilized '*F activity decreased steadily as
the irradiation dose increased, as shown in Fig. 1.
This result can be interpreted as the increase in
impurity derived from a titanium foil used as a beam
window with the increase of irradiation dose.

Labeling of 21-fluoroprogesterone with anhydrous non-
carrier-added "*F-fluoride

In order to examine the effect of the quantity of
added KOH on the radiochemical yield, the labeling
synthesis of 21-fluoroprogesterone was carried out
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Table 3. Comparison of the radiochemical

yield of 21-fluoroprogesterone using anhy-

drous '*F prepared with KF, KOAc and
various amounts of KOH

Added potassium

salts and Radiochemical
their quantity yield
(umol) )
KOH 0.5 4.2
1.0 32
2.0 3.0
5.0 13.5
10.0 9.9
20.0 12.1
KOAc 5.0 1.8-3.1
KF 5.0 26.6-46.8

using anhydrous non-carrier-added '®F, which was
prepared by adding various amounts of KOH to
"!F-aqueous solution. One milliliter of aqueous "*F
and 0.5-20 umol of KOH as a carrier were added to
a Teflon vessel of about 3 mL capacity with a cone-
shaped bottom for effective mechanical stirring by a
triangle stirrer. The mixture was evaporated to dry-
ness by heating in a microwave oven. To the anhy-
drous "®F in a Teflon vessel, 1 mL of 18-Crown-6
chloroform solution (100 umol/mL) and 40 pmol
of 2l-hydroxypregn-4-ene-3,20-dione methanesul-
fonate were added, and the vessel was sealed and
stirred with a magnetic stirrer for 2h in an oil bath
heated to 60°C. The reaction solution was then
shaken twice with the mixture of several milliliters of
water and additional chloroform to remove the re-
maining "*F ion. The combined extracts were rotary
evaporated to give an oily residue. Labeled
21-fluoroprogesterone was purified by a silica gel
column chromatography eluted with benzene—ethyl
acetate (6-1). The spot of the isolated radioactivity
was identified as 21-fluoroprogesterone by a silica gel
thin layer chromatography (R,0.43). The result is
summarized in Table 3, which shows that a satis-
factory radiochemical yield (10-14%) can be ob-
tained by using 5-20 umol of KOH, but that the
radiochemical yields are much lower when less than
2 umol of KOH is used. Furthermore, the effect of
anions added on the labeling reaction was examined
in the case of 21-fluoroprogesterone. By using anhy-
drous "*F-fluorides prepared from 5umol of KOH,
KOAc or KF for aqueous '*F, the radiochemical
yields were 13.5, 1.8-3.1 and 26.6-46.8%, re-
spectively (Table 3).

In all the labeling syntheses with a high-level
radioactivity, the preparation of the anhydrous non-
carrier-added "F started with one batch of aqueous
BF produced in about 15 mL. The mixture of aque-
ous '*F and 5 umol of KOH was evaporated to about
0.5-1mL in a Teflon beaker (30 mL volume), and the
concentrated solution was transferred into the Teflon
reaction vessel and evaporated again to complete
dryness. The substrate (40 umol) and 1mL of
18-Crown-6 chloroform solution were added to the
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anhydrous "F and then stirred at 60°C for 2h.
Purification was performed in the same way as above.
After about 3 h from the end of bombardment, about
I mCi of 21-fluoroprogesterone was obtained from
about 30mCi of the starting aqueous "F, with a
typical radiochemical yield of about 10-14% after
correction for time decay.

Discussion

In "®F-labeling with reactive fluoride anion derived
from alkali metal fluoride, it is critical that the
anhydrous labeled fluoride is prepared with a high
specific activity as well as radiochemical yield from
aqueous carrier-free *F, which is most easily pro-
duced by cyclotron bombardment. Furthermore, the
labeled fluoride should be solubilized into the reac-
tion solvent as much as possible, in order to perform
a successful labeling. Common metal fluorides are
insoluble in most organic solvents. It is well known
that crown ethers effectively solubilize metal halides
whose cations fit the ionic hole, resulting in the
activation of nuclophilicity of halides. Therefore, the
application of crown ether for "F-labeling synthesis
is very effective, as was demonstrated by our previous
studies.

In order to increase the specific activity, the quan-
tity of carrier fluoride must be reduced. However,
reduction of carrier fluoride resulted in a decrease of
the solubilized activity. This carrier effect was found
for both KF and KOH in preparing anhydrous
"F-fluoride from aqueous '*F (see Table 2). This
indicates that a significant amount of K cation is
necessary to change radioactive F ion completely to
KF chemical form. Thus, it is practically impossible
to use KF as a carrier to prepare anhydrous
"®F-fluoride with very high specific activity.

The yield of the solubilized activity in 18-Crown-6
chloroform solution from the anhydrous “F pre-
pared using KOH is similar to that using KIF. Most
of the "®F activity can be solubilized in the crown
ether solution by the use of more than 1 pmol KOH.
The solubilized activity also depends on the vessel
material. The "*F fluoride in a glass vessel is much less
soluble than that in a Teflon one, probably because
®F would be trapped either chemically or physically
on glass walls during evaporation. The impurities in
the irradiated water that prevent the solubilization of
the anhydrous "*F have not been clearly identified,
but can be regarded as metal derivatives from a target
foil. Chaudhri et /. reported that cyclotron produced
'8F was probably formed as a complex with a ti-
tanium from the target enclosure."'¥ The quantity of
the impurity derived from a titanium foil depends on
the irradiation dose, agreeing with the dependence of
the yield of the solubilized activity of the anhydrous
BF-production, as shown in Fig. 1.

Carrier anions added for preparation of anhydrous
8F would compete with radioactive fluoride for
substrates. From the radiochemical yields using
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different anions, shown in Table 3, hydroxide anion
is relatively less reactive, but acetate anion is more
reactive for the substrate. The result indicates that
KOH is preferred to KOAc for the non-carrier-added
8F preparation. These results agree with those on the
effect of added anions in non-carrier-added labeling
with tetraethylammonium fluoride reported by Gat-
ley er al"? No effect of KOH concentration was
found when 5-20umol of KOH was used for
40 pmol of the substrate. Although the yield is lower
with KOH than with KF, a satisfactory yield, about
109%;, can be obtained for 5-20 umol of KOH. With
less than 2 pmol of KOH, a significantly lower yield
is due to a complex formation of "*F with impurity
cations in an irradiated solution. Even for the prepa-
ration of non-carrier-added anhydrous “F from
aqueous "F, it is necessary to use some amount of
metal salts. Therefore, in order to succeed with a
subsequent labeling reaction, a proper selection is
critical for the added potassium salt, whose anion is
as little reactive as possible. Gnade et al. report that
such a preparation of anhydrous '®F is possible due
to the introduction of anhydrous carrier-free H'*F
into the organic solution of KH solubilized by
18-Crown-6, although labeling synthesis with it has
not been reported yet.!'¥

Our method was also applied for the non-carrier-
added labeling of 6-fluoropurines by the reaction of
trimethylammonio-group with the '3F.0%
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Abstract

Inoue, Osamu.,, Toshiyoshi, Tominaga., Yamasaki,Toshio and Kinemuchi,Hiroyasu: A new method
for in vivo mesurement of brain monoamine oxidase activity. Prog. Neuro-Psychopharmacol. &
Bilol. Psychiat. 1984, 8(3) : 385-395

1. The radlotracers, C-14~-N-methylphenylethylamine (MPEA) and N-methylphenylethanol-
amine (MPEOA) both rapidly entered mouse brain after their intravenous injection and
were metabolized by brain monoamine oxidase (MAO) to C-14-methylamine and corresponding
aldehydes. The labelled metabolite was trapped in the brain.

2. Measurement of radioactivity showed that the amount of the metabolite produced in the
brain from C-14-MPEA was proportional to the MAO activity remaining after combined
treatment with a specific MAO-A inhibitor, clorgyline and a tlA0-R inhibitor, l-deprenyl,
but not by treatment with either inhibitor alone.

3. The rate of production of the labelled metabolite produced from (-14-MPEOA was highly
sensitive to the extent of inhibition of MAO-B activity (with phenylethylamine as sub-
strate) by pretreatment with l-deprenyl, but was relatively insensitive to inhibitor
clorgyline. This selectivity suggests that MPEOA is a specific substrate of MAO-B in
mouse brain in vivo.

4, The above results indicate that C-14-labelled N-methylphenylethylamine and N-methyl-
phenylethanolamine derivatives can be used for measurement of brain MAO activity and
that C~14-MPEOA is a specific substrate for mouse brain MAO-B.

5. The value and possible applications of this method for measurement of MAO-B in brain
under different physiological conditions are discussed.

Keywords: brain, in vivo, MAO, positron, tracer.

Abbreviations: central nervous system (CNS), blood-brain barrier (BDBB), 5-hydroxytryptamine
(5-HT) ,N-methylphenylethylamine (MPEA), N-methylphenylethanolamine (MPEOA), monocamine
oxidase (MAO), monoamine oxidase inhibitor (MAOI), phenylethylamine (PEA)

Introduction

Mitochondrial monoamine oxidase ( MAO, amine: 02 oxidoreductase {deaminating) EC 1.4.3.4.)
is dimportant in regulating the levels of various neurotransmitter monoamines and
neuromodulating amines in the central nervous system (CNS) and peripheral sympathetically
innervated tissues. Changes in brain MAQO activity have been implicated in some psychiatric
disorders (Murphy, 1976; Murphy et al., 1978). Moreover, it has been suggested that changes
in platelet MAO activity are related to certain psychiatric disorders (Fowler et al., 1982).
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ut some investigators reported no relation of human platelet MAO activity to these
Jisorders (Belmarker et al., 1876).

MAQ is classified into two forms, MAO-A and MAO-B, on the basis of substrate specificities
and  sensitivities to acetylenic MAO inhibitors such as clorgyline and deprenyl (Johnston,
1968; Knoll and Magyar, 1972). Recently, the substrate specificities of the two forms of MAQ
were found not to be absolute (Fowler et al., 1978; Kinemuchi et al., 1979; Kineuchi et al.,
1980; Fowler and Tipton, 1982; Kinemuchi et al., 1882c). Another problem about in vitro
measurement of MAO activity is that after death, human brain MAO is sensitive to preparative
treatment and storage conditions (Roth and Feor, 1978; Owen et al., 1979)., In addition,
endogenous modulators of MAO were recently found in human cerebrospinal fluid (Becker et
nl., 1983), plasma (Yu and Boulton, 1979) and urine (Glover et al., 1980), indicating that
in vilvo fuctional deaminating rates could be regulated not only by enzyme concentrations,
but also by these physiological factors. Thus, a direct method for measuring functional MAO
nctivity in smwall regions of human brain would certainly be very helpful in studies on MAO
activity in different psychiatric disorders and on suitable methods of drug therapy in these
disorders.

The radioisotopic tracer technique (using a positron emitter) is one of the most useful
methods for measuring the rates of transport, metabolism and excretion of endogenous and
exogenous substances in vivo. As reported previously (Inoue,- 1983), based on the
metabolically~trapping mechanism, we have developed a new type of radiotracer to estimate
brain MAO activity. C-14~-N-methyl labelled N-metylphenylethylamine ({C~14-MPEA), a
derivative of phenylethylamine, was previously found to be highly permeable through the
blood-brain barrier (BBB) of mice shortly after its i.v. injection. In the brain C-14-
methylamine is produced as an enzymic product, presumably by deamination by MAO. The latter
compound 1is then trapped inside the BBB because of its cationic charge at physiological pH,
while the substrate, C-14-MPEA itself, which can readily pass through the BBB, is rapidly
excreted from the brain (Inoue, 1983)(Fig. 1).

Assuming that the production of labelled methylamine in the brain is proportional to brain
MAO activity, MAO activity can be assayed by measuring the rate of disappearance of
radioactivity from the brain.

Blood & Tissues BBB Brain

y |

] |
CHOHN,, e CHZCHZN"ZW

MAO MAO
CHCHO CHCHO

+ | -

it + '
CHNHZICHNH;  —%—5  k—— "CHNH,="CH,NH,

Fig. 1 Mechanism of metabolic-trapping in the radiotracer method for in vivo measurement
of brain MAO activity. In this figure, N-methylphenylethylamine is shown as the radio-
tracer-substrate. *Position of C-14 or C-11 label. BBB: blood-brain barrier,
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In this study, for establishment of an in vivo assay of brain MAO, we studied the avail-
ability of C-14-MPEA as a prototype of metabolically-trapping tracer. One problem with this
methd is the extent to which alterations in MAO activilty can be detected. From theoretical
considerations, using a simplified model, both the specificity of each form of MAO and the
measurable range were found.to be highly dependent on the enzymic properties of the sub-
strate-radiotracer (Inoue et al.,, 1983). To develop a more sultable radiotracer for
selective measurements of MAO-A or MAO-B, we compared the properties of N-methyl labelled N-
methylphenylethanolamine (C-14-MPEOA) with those of C-14-MPEA as a selective radiotracer for
in vivo measurment of MAO-B activity.

Materials and Methods

Animals: Male C3H mice of 7 and 11 weeks old were used.

Drugs and chemicals: Clorgyline hydrochloride was kindly provided by May & Baker Ltd.,
Dagenham, U.K., and l-deprenyl hydrochloride by Dr. J. Knoll, Department of Pharmacology,
Semmelweis University of Medicine, Budapest, Hungary. Phenylethylamine hydrochloide was
obtained from Wako Pure Chemical Industries Ltd., Osaka, Japan; methylphenylethylamine
hydrochloride was from Aldrich Chemical Corp., Milwaukee, Wis., U.S.A.; phenylethanolamine
hydrochloride was from Sigma Chemical Co., St. Louis, Mo., U.S.A. C-l4-Methyliodide was from
Amersham International Ltd., U.K. and 5~(2-C-~14)-hydroxytryptamine binoxalate (5-HT) and -
(ethyl-1-C-14)-phenylethylamine hydrochloride (PEA) were from New England Nuclear., Boston,
Mass., U.S.A. Other chemicals used were of the highest grade commercially available.

Syntheses of C-14-MPEA and C~14-MPEOA: C-14-MPEA was synthesized with trifuorocacetyl-
phenylethylamine and C-l4-methyliodide by the method reported previously (Inoue, 1983). (
C-14)-MPEOA was synthesized from phenylethanolamine (25 mg) and C-l4-methyliodide (100 pCi)
in methanol solution and purified by thin layer chromatography on silica gel in acetone:
water : ammonia (20:10:1). The radiochemical purities of both compounds were shown to be
more than 95% by thin layer chromatography. The radiochemical yields of C~14-MPEA and C-14-~
MPEOA form C-14 methyliodide were about 50 % and 10 %, respectively.

Effect of inhibition of MAO activity on production rate of C-14-methylamine after i.v.
injection of C-14-MPEA: Male C3H mice (7 weeks old) were pretreated with various doses of
the MAO inhibitors (MAOI), clorgyline and, or l-deprenyl 1 hr before injection of the radio-
tracer, about 1 % of the dose administered/g of brain remained as unmetabolized C-14-MPEA
(Inoue, 1983). The mice were then sacrificed by decapitation, and the whole brains were
rapidly removed and weighed, Brain samples were then incinerated in a Packard 306 sample
oxidizer, and the radiocactivity in the samples was determined in a 1liqulid scintillation
counter (Beckmann 6800) and compared with the standard. The value for the amount of C-14-
methylamine in the brain was calculated from the radioactivity corrected for the amount of
unmetabolized C-14-MPEA (about 1 % of dose/g).

In vitro assay of MAO activity: MAO activity in mouse brain was determined in vitro by a
radiometric method as reported previously (Fowler et al., 1979; Fowler and Ooreland, 1980)
by incubation with a final concentration of 0.01 mM C-14-PEA or 0.1 mM C-14-5-HT as
substrate at 37°C and pH 7.4 . The incubation period was 10 min with 5-HT but was only 5 min
with PEA as substrate, to ensure that MAO-B activity would not be inhibited by the Tlatter
substrate (Kinemuchi et al., 1982a; Kinemuchi et al., 1982b). The enzyme reactlon was found
to be proportioanl to the incubation time and the amount of enzyme preparation used. When
inhibition of MAO activity was determined after injection of various doses of clorgyline or
l-deprenyl alone, or in combination with both MAOI, brain homogenates were prepared and the
remaining MAO activity was assayed with 5-HT (MAO-A) or PEA (MAO-B) as substrate by  the
radiometric method described above 1 hr after inhibitor injection. )

Distribution of C-14-MPEOA in mouse blood and brain: Doses of 200 pl of C-14-MPEOA (about
1 uCi) were given (i.v.) to control and pargyline (100 mg/kg)-pretreated male C3H mice (11
weeks o0ld), and the percentageé of the radioactivity administered/g of tissue were measured
as described above 5, 30, 60 and 120 min after injection of C-14-MPEOA. After inhibiting
MAO activiy in mouse brain to various degrees with clorgline or l-deprenyl, the rate of

f
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production of the metabolite C-14-methylamine by MAO was determined 2 hr after injection of
C-14-MPEOA and values for radioactivity were corrected for the amount of radioactivity
present as metabolized C-14-MPEOA (about 0.83 % of the dose administered/g of brain tissue)

in the whole brain.

Data_ _analysis Production of C-l4-methylamine in whole mouse brain is expressed as a

percentage of the total radioactivity administered/g of tissue (% dose/g) corrected for the

amount of unmetabolized tracer (about 1 % of the C-14-MPEA and 0.83 % for C-14-MPEOA admini-
stered). In in vitro studies on inhibition of MAO activity after injection of MAOI,
remaining MAO activity is expressed as a percentage of the control value. In some experi-
ments, the significance of differences from values in control mice was examined by student's

t test.

Results
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Fig. 2 Effects of various doses of MAO inhibitors on te production of C-l4-metyl—
amine from C-l14-N-methylphenylethylamine in mouse (7-week-old) brain.
A : C-l4-methylamine production after pretreatment with various doses of clorgyline
(1 hr before i.v. injection of C~14-N-methylphenylethylamine)
B : C-l1l4-methylamine production after pretreatment with various doses of l-deprenyl
(1 hr before i.v. injection of C-14-N-methylphenylethylamine)
C : C-l4-methylamine prodcution after pretreatment with various dose of clorgyline
plus l-deprenyl (1 hr before i.v. injection of C-14-N-Methylphenylethylamine)
Values are means for triplicate determinations in three mice and expressed as amounts
of radioactivity of C-14-methylamine ( % dose/g of brain tissue).
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Fig. 3 Relationship between the production of C-14-methylamine from C-14-N-methyl-
phenylethylamine and MAO activity remaining in mouse brain after pretreatment with
clorgyline and l-deprenyl.
@ : amount of C-l4-methylamine expressed as % dose/g of brain tissue.
¥ : remaining MAO-A activity (with 0.1 mM 5-HT as substrate) expressed as a percentage
of the control.
[J: remaining MAO-B
of the control.
Values are means for triplicate determination in three mice in each group.

activity (with 0.01 mM PEA as substrate) expressed as a percentage

Relation between degree of inhibition of mouse brain MAO activity and C-l4-methylamine
production : The radioactivity of methylamine produced in mouse brain 2 hr alter 1.v.
injection of C-14-MPEA with or without various degrees of inhibition of MAO activity was
determined. As shown in Fig. 2, pretreatment of mice with different doses of either clorgy-
line, a specific MAO-A inhibitor, or l-deprenyl, a specific MAO-B inhibitor, alone, “caused
no reduction of radioactivity of C-l4-methylamine in the whole brain. Pretreated with
clorgyline plus 1-deprenyl, however, significantly reduced C-l4-methylamine production in a
dosage (MAOI)-dependent manner. Activity of each form of MAO in the brain after pretreat-
ment with a combination of clorgyline and l-deprenyl was measured with 5-HT (MAO~A) and PEA
(MAO-B) as substrates, and results were compared with the production of C-14-methylamine
from C-14-MPEA in vivo. As shown in Fig. 3, the radioactivity of C-l4-methylamine produced
was almost proportional to the extent of remaining MAO activity.

Rate of production of brain C-l4-methylamine by administration of C-14-MPEOA: Distribu-
tions of C-14-MPEOA (i.v.), given instead of C~14-MPEA, in the blood and brain of control
and pargyline (100 mg/kg i.v.)-treated mice were determined and the results are summarized
in Table 1. In the pargyline-treated mice, uptake of the radiotracer by the brain just
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Table 1

4
Distxibution of [1 C] -N-methylphenylethanolamine in
mouse blood and brain

Time (min)

Dose Administered/g of blood or brain

Blood Brain

Untreated

1 2.72 14 0.09 2.02 £ 0,12

30 0.88 * 0,10 2.11 £ 0,09

60 0,65 £ 0.08 2.12 * 0,02

120 0.53 + 0.10 1.89 % 0.08
Pargyline-
pretreated

1 2.00 £ 0.09 1,86 £ 0.10

30 0,73 £ 0.09 2,47 * 0,27

60 0.42 + 0,07 1,75 £ 0,15

120 0.17'% 0.05 0.83 = 0.08

Mice were pretreated with pargyline at 100 mg/kg i.v. ihr
before [140}—N—methylphenylethanolamine injection,
Experiments were carried out as described under "Materials
and Methods". Values are means 1S.d.

(% Dose/g)

1.2

1.0

0.8

0.6

14C—Methylamine in the Brain

0
Clorgyline
a
D——-—-——-——-—
]
“Eeprenyl
1 j i é- o 4
] 0.1 1 10 100

MAOI ( mg/kg )
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Fig. 4 Effects of various doses of clorgyline and l-deprenyl on the production of
C-14-methylamine from C-14-N-methylphenylethanolamine in mouse brain. Procedures and
symbols are as for Fig. 2, but the MAO inhibitor administered was either clorgyline
or l-deprenyl alone and the radiotracer used was C-14-N-methylphenylethanolamine.
Values are means for triplicate determinations in three mice and are expressed as %
dose administered/g of brain tissue.
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Fig. 5 Remaining MAO-A and MAO-b activities 1n mouse brain after administration of
either clorgyline or l-deprenyl. MAO-A and MAO-B activities were determined with

0.1 mM of 5-HT and 0.01 mM of PEA as substrates, respectively, after i.v. admini-
stration of clorgyline or l-deprenyl, and both remaining activities are expressed as
percentages of control values.

after (1 min) its i.v. injection was similar to that in control mice, but after 30 min the
uptake was slightly higher than in control mice. The permeability of C-14-MPEOA through the
BBB and the amount of the metabolite trapped in the brain after 2 hr (1.89 % 0.08 % dose/g)
were found to be about one-~third of the values for C-14-MPEA (4.65 % 0.07 % dose/g). Mice
were pretreated with various doses of clorgyline or l-deprenyl alone and the radioactivity
of the enzyme product, C~l4-methylaine, in the brain was measured 2 hr after injection of
C-14-MPEOA. Fig. 4 shows that pretreatment with 1-deprenyl caused preferential and extreme
reduction in the radioactivity. Moreover, slight decrease in the amount of radioactivity
was seen even at a dose of 0.1 mg/kg (i.v.) of l-deprenyl alone, unlike in the case with C-
14-MPEA as tracer and l-deprenyl alone as inhibitor shown in Fig, 2. On pretreatment with
the MAO-A inhibitor clorgyline, no significant reduction in the radioactivity of the product
was observed with doses of up to 10 mg/kg (i.v.). To clarify the relation between the form
of MAO and the decrease in C-l4-methylamine production from C-14-MPEOA after pretreatment
with the inhibitors, we measured the activities of MAO-A (with 5-HT as substrate) and MAO-B
(with PEA as substrate) remaining in the brain. As shown in Fig. 5, pretreatment with
clorgyline or l-deprenyl resulted in dose~dependent inhibition with complete inhibition of
the respective forms (MAO-A and MAO-B) of activity at high doses of inhibitors. Furthermore,
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Fig. 6 Relationship between the amount of C-14-methylamine production from C-14-N-
methylphenylethanolamine and MAO-A and MAO-B activities remaining after administration
of clorgyline or l-deprenyl. Procedures for measurement of MAO~A and MAO-B activities
were as for Fig. 5.

the decrease in MAO-B activity was found to be proportional to decrease in C-l4-methylamine
production with C-14-MPEOA as a radiotracer- substrate.

The data in Fig. 4 and 5 are replotted in Fig. 6, show that the amount of C-l4-methylamine
produced from C-14-MPEOA in the brain was proportional to at least 0-30 % of the control
MAO-B activity remaining, indicating that production of C-l4-methylamine is mainly due to
MAO-B.

Discussion

As reported in this and a previous paper {(Inoue, 1983),soon (1 min) after their i.v.
injection ,C~14-MPEA and -MPEOA accumulate in mouse brain, indicating that both radiotracers
rapidly enter the brain, mainly by simple diffusion. However, C-14-MPEOA, which has a
hydroxyl side chain, was taken up by brain less (2.02 % 0.12 % dose administered / g of
brain tissue) than C-14-MPEA (6.23 * 0.81), assuming the reason being the structural
difference with different 1lipid-solubility into BBB, if its diffusion into peripheral
tissue, eg. liver, and metabolism in these tissues is the same as that of C-14-MPEA.

The most interesting finding in this study was that the extent of radioactivity
in methylamine produced in the brain determined 2 hr after administration of the radio-
Lracer-substrate, was almost proportional to the MAO activity remaining after pretreatment
with clorgyline plus l-deprenyl, but not with either clorgyline or l-deprenyl (i.v.) alone
(Fig.2). The reduction in radioactivity after treatment with both inhibitors was probably
not due to their blocking of incorporation of radiotracers into the brain, since, as report-
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ed previously (Inoue, 1983), soon (1 min) after injection of C-14-MPEOA, or ~MPEA, almost
equal amounts of radioactivity were found with and without treatment with the MAO inhibitor
pargyline (Table 1), and this was probably also the case with the other acetylenic in-
hibitors clorgyline and l~deprenyl used in this study.

Because of uncertainties about the substrate specificities of the two forms of MAO (Fowler
et al., 1980; Kinemuchi et al., 1979; Kinemuchi et al., 1980; Fowler and Tipton, 1982;
Kinemuchi et al., 1982c), these two forms of MAO have recently been identfied by difference
in their sensitivities to inhibition by the acetylenic inhibitors clorgyline, l-deprenyl and
pargyline. At all concentrations tested, MPEA was found to be deaminated by both forms of
MAO in rat bain mitochondria, in vitro (Suzuki et al., 1980). Although pargyline and 1-
deprenyl are MAO-B inhibitors, whereas clorgyline is an MAO-A inhibitor, pretreatment of
mice with either clorgyline or l-deprenyl alone at a relatively high dose (10 mg/kg), caused
no remarkable reduction in the production of the metabolite from MPEA (Fig. 2). - These
results strongly suggest that, with MPEA as the radiotracer-substrate, inhibition of either
form of MAO did not affect the total amount of metabolite production because this substrate
has similar affiities (Km values) for both forms of MAO (O'Carrol et al., 1983; Kinemuchi et
al., 1983), and can be oxidized by either form of MAO when the other form is completely
inactivated. Moreover, during prolonged incubation (2 hr) of MPEA with only one surviving
form of MAO, the total amount of the metabolite produced would gradually reach a similar
level to that produced by the actions of both forms of enzyme on a relatively low concentra-
tion of MPEA. Consistent with in vitro findings (Suzuki-et al.,1980), this non-selectivity
indicated that MPEA is a substrate for both forms of MAO in mouse brain in vivo.

The rates.of deamination of various amines are dependent not only on the enzyme concentra-
tion (molecular activity), but also on the affinities of the amines for MAO (Kinemuchi et
al., 1983) and in vivo on physiological conditions. Recently, endogenous modulators of MAO
were found to be present in various human tissues (Yu ad Boulton, 1979; Glover et al., 1980;
Becker et al., 1983). Therefore, direct in vivo assay of the rates of oxidative deamination
of different biogenic amines in the brains under different physiological conditions, and
especially in patients with psychiatric disorders, semms to be very important. It is well
established +that MAO is generally present in great excess in various tisues and that after
inhibition of most of its activity, pharmacological effects of inhibitors will appear
(Robinson et al., 1978). Consistent with this, we found that C-14-MPEA was mainly metabo-
lized to C-l4-methylamine, and that only when over 80 % Of MAO-A and over 40 % of MAO-B
activity was inhibited by treatment with clogyline plus l-deprenyl, did the amount of
radioactive product decrease (Fig 3). As descrived above, this was probably because MPEA
acted as substrate of both forms of MAO. Thus, this tracer is unsuitable for in vivo
selective estimation of either form of MAO.

Determination of the functional distribution of either foem of MAO in vaious tissues
should contribute to an understanding of brain function in relation to amine metabolism.
Therefore, we measured the production of the radiocactivity of the metabolite of C-14-MPEOA.
Results showed that the MAO activity responsible for its production was inhibited by 1-
deprenyl more than by clorgyline (Fig. 4), indicating that MPEOA was a preferred substrate
of MAO-B. In conformation of this, we observed a close correlation between inhibition of
MAO-B and decrease in metabolite production from C-14-MPEOA (Figs. 5 and 6). Thus with the
present method, MPEOA seems to be a specific substrate of MAO-B.

PEA and its N-methyl analogues, as well as MPEOA and its N-methyl analogues, have pharma-
cological effects when injected i.v., presumably due to release of stored catecholamines
(Fuxe et al., 1967; Vaupel et al., 1978; Shannon et al., 1981). But in this study,the total
amounts of radiotracer-substrates administered for estimation of MAO were very small -(about
1 pCi); and so these effects were probably negligible. This might be also the case for
inhibition of MAO by the product, methylamine.

The present metabolic—-trapping method is applicable to many other N-methyl analogues. To
develop a specific and sensitive radiotracer-substrate for either form of MAO in the brain,
we applied theoretical considerations to this tracer method, especially with regard to
specificity and the measurable enzyme range (Inoue et al., 1983). Results showed that both
the specificity and detectable maximum concentration of MAO could be improved by use of a
tracer-substrate such as'MPEOA for MAC-B. The detectable range of MAO in the brain was found
to be greatly dependent on the ratio of Vmax/Km value towards either form of MAO and on the
rate constant of removal of the unreacted tracer-substrate from the brain(Kel). For example,
in the present experiments, labelled MPEOA, which has a low Vmax/Km ratio for MAO-B (Suzuki
et al., 1980), was used as tracer; the radioactivity of its metabolites was changed more
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sensitively than that of C-14-MPEA, which has a higher Vmax/Km ratio (Suzuki et al., 1980),
to inhibition of MAO-B by l-deprenyl. The Kel values of MPEA and MPEOA appear to be similar,
since similar amounts of radiotracer remained as unreacted substrate (about 1 % and 0.83 %
administered/g of brain tissue after 2 hr i.v. injection in the brain) as described under
"Materlials and Methods".

These observations indicate the possibility of detecting MAO-B using C-11-MPEOA instead
of  C-14-MPEOA in an external detection method (computerized positron emission ‘tomography)
in clinical studies on human brain MAO. However, since the uptake of this tracer by mouse
brain is relatively low, other radiotracers with higher selectivity and sensitiviy for MAO-B
or MAO-A would be more suitable. For this purpose, we recently synthesized several radio-
labelled compounds and we are now examining their properties and specificities as substrates
for MAO-A and MAO-B.

Conclusions

A new method was developed for in vivo measurement of monoamine oxidase (MAO) activity in
brain, The properties and specificities as substrates for MAO-A and MAO-B in mouse brain of
two radiotracer-substrates were examined. Selective inhibition of MAO-B by pretreatment with
l-deprenyl and measurement of radiocactive metabolites showed that C-l14-N-methylphenyl-
ethanolamine was a relatively specific substrate of MAO-B in the brain. The possibility of
in  vivo measurement of MAO activity by the present direct method is discussed and the value
of such measurement is pointed out.
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Radioactive N,N-Dimethylphenylethylamine: A Selective
Radiotracer for In Vivo Measurement of Monoamine
Oxidase-B Activity in the Brain

Osamu Inoue, Toshiyoshi Tominaga, Toshio Yamasaki, and *Hiroyasu Kinemuchi

Division of Clinical Research, National Institute of Radiological Sciences, Chiba-shi; and *Department of
Pharmacology, School of Medicine, Showa University, Tokyo, Japan

Abstract: N-[methyl-"C]N,N-dimethylphenylethylamine
(DMPEA) was synthesized and its availability as a selec-
tive radiotracer for in vivo measurement of mouse brain
monoamine oxidase (MAQ) activity was examined. Rel-
atively high incorporation of labelled DMPEA into brain
(about 10% of the injected dose/per gram of brain) was
observed just after its injection; however, radioactive di-
methylamine, a metabolite produced from labelled
DMPEA in the brain 1 h after DMPEA injection, was
reduced in a dose-dependent manner by pretreatment
with various doses of a specific MAO-B inhibitor, 1-de-
prenyl, but was not reduced appreciably by pretreatment
with a specific MAO-A inhibitor, clorgyline. Pretreatment
with 1-deprenyl did not affect significantly the rate of
incorporation of the radiotracer DMPEA into the brain,
suggesting that reduction of the radioactivity in brain by
this compound might be due to a decrease in the rate of
production of the radioactive metabolite dimethylamine

by brain MAO-B. The amount of the radioactive metab-
olite trapped in the brain was found to be proportional to
the brain MAO-B activity remaining after pretreatment
with 1-deprenyl. In vitro deamination of DMPEA by
mouse brain MAO showed a higher sensitivity to inhibi-
tion by l-deprenyl than that by clorgyline. These results
indicate that DMPEA is a selective substrate for mouse
brain MAO-B both in vivo and in vitro and that the pos-
itron emitter [''"C]DMPEA might be used instead of
[“*CIDMPEA as a radiotracer for in vivo measurement of
MAO-B activity in human brain. Key Words: Mouse
brain—MAQ-B activity—Positron tracer—N,N-Di-
methylphenylethylamine — Dimethylamine — Selectivity
for MAO-B. Inoue O. et al. Radioactive N,N-dimethyl-
phenylethylamine: A selective radioactive tracer for in
vivo measurement of monoamine oxidase-B activity in
the brain. J. Neurochem. 44, 210-216 (1985).

The radioisotopic tracer technique, which uses a
combination of a positron emitter and positron
emission tomography, is a useful method for ex-
ternal measurement of the rates of transport, me-
tabolism, and excretion of various substances in hu-
mans and animals. For example Reivich et al.
(1979), using ['®F]2-deoxyglucose as a positron
emitter, studied the regional utilization of glucose
in human brain. Moreover this technique was also
used in in vivo studies on a radioassay of benzodi-
azepine receptors in the brains of animals (Comar
et al., 1979). The in vivo distributions of dopamine
receptors in mouse (Fowler et al., 1982) and human
(Wagner et al., 1983) brains have also been studied
using a radioligand.

With regard to amine metabolism, Gallagher et
al. (1977), using [''Cloctylamine as a positron

emitter, studied the production of [''C]O, in a va-
riety of tissues of both control and pargyline-pre-
treated mice. Although octylamine is a substrate for
its deaminating enzyme, monoamine oxidase
[MAO, monoamine:O-oxidoreductase (deami-
nating) (flavine-containing); EC 1.4.3.4], this
method does not seem suitable for in vivo measure-
ment of brain MAQO activity because most of the
tracer administered is deaminated by MAQO in pe-
ripheral tissues. Moreover the rate of production of
[H'C]O, appears to depend greatly on enzymic reac-
tions at stages after deamination by MAO, such as
those catalyzed by aldehyde dehydrogenase and B-
oxidation (Gallagher et al., 1977).

In previous studies on the development of radio-
tracers for in vivo assay of mouse brain MAO
(Inoue, 1983; Inoue et al., 1983), we studied the in
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vivo selectivities of two forms of MAO (MAO-
A and MAO-B) (Johnston, 1968; Knoll and
Magyar, 1971; Houslay et al., 1976), for two N-
[methyl-1%C]-labelled phenylethylamine deriva-
tives—[!“C]N-methylphenylethylamine (MPEA)
and [“C]N-methylphenylethanolamine (MPEOA).
The results suggested that both tracers rapidly en-
tered mouse brain after their intravenous injection
and were then rapidly deaminated by brain MAO,
both to [*C] methylamine and presumably the cor-
responding aldehyde intermediates. The interme-
diates might be further converted to acids or alco-
hols depending on their chemical structures (Tipton
et al., 1977; Tabakoff, 1977). The labelled methyl-
amine should be protonated at physiological pH
ranges because of its high pK, value and then be
trapped in the brain close to MAO because of the
impermeability of charged compounds to biological
membranes, including the blood-brain barrier, un-
less a specific transport carrier system is present.
In contrast the unmetabolized tracers MPEA and
MPEOA, which can pass through the blood-brain
barrier because of their lipophilicity, are rapidly ex-
creted from the brain. If the rate of production of
radioactive metabolite is proportional to either
brain MAO-A or MAO-B activity and its radioac-
tivity is sufficiently high to be measured by positron
emission tomography, it should be possible to assay
either MAO-A or MAO-B activity in vivo by mea-
suring the radioactivity in the brain after complete
elimination of the tracer-substrate from the brain.
In earlier studies we also found by analysis of the
relation between the rate of production of labelled
methylamine trapped in the brain and the amount
of the two MAO activities in the brain that
["*CIMPEA is a substrate for both forms of MAO
in vivo, but that ['Y*CIMPEOA is a substrate for only
MAO-B. However, the uptake of labelled MPEOA
by the brain is relatively low; therefore this tracer
is not suitable for external measurement of MAO-
B in the brain by this metabolic trapping method
with a positron emitter such as ['"CJMPEOA and
positron emission tomography (Inoue et al., 1984).
Another disadvantage of MPEOA for this purpose
is its relatively low sensitivity to change in MAO-
B activity in the brain (Inoue et al., 1984).

To establish an external method for measurement
of MAO-B activity in living human brain with a pos-
itron emitter, in the present study we tested the
availability of N-[methyl-'"*C]N,N-dimethylphenyl-
ethylamine (DMPEA) as a tracer. We used a met-
abolic trapping method and examined the in vivo
selectivity of this radiotracer as a substrate for
MAO-B in mouse brain.

MATERIALS AND METHODS

Chemicals
Clorgyline hydrochloride and 1-deprenyl hydrochloride
were kindly provided by May and Baker Ltd., Dag-

enham, U.K. and Dr. J. Knoll, Department of Pharma-
cology, Semmelweis University of Medicine, Budapest,
Hungary, respectively. MPEA was obtained from Aldrich
Chemical Corp., Milwaukee, WI. DMPEA was synthe-
sized with phenylethylchloride and dimethylamine in our
laboratory. ['*C]Methyliodide (56 mCi/mmol) was ob-
tained from Amersham International Ltd., U.K., and
['*C]5-hydroxytryptamine binoxalate (5-HT, 44 mCi/
mmol) and ["*C]phenylethylamine hydrochloride (PEA,
48,25 mCi/mmol) were obtained from New England Nu-
clear Boston MA. Other chemicals used were of the
highest grade available commercially.

Preparation of N-[methyl-"*C]DMPEA

A mixture of 25 mg of unlabelled N-methylphenylethyl-
amine, 100 uCi of ["*Clmethyliodide, and 10 wl of 10 M
NaOH in 2 ml of acetone was incubated for 20 min at
50°C. Remaining ["*C]methyliodide was removed by
evaporation, and the ["C]DMPEA formed was purified
by TLC on silica gel with an acetone/triethylamine mix-
ture (1:1, vol/vol) as solvent. The radiochemical purity of
the preparation was shown to be 98% by TLC and the
yield was more than 80% from ['*C]methyliodide.

Distribution of [*C]DMPEA

In this study 11-week-old male C3H mice were used.
About 1 pCi of [CIDMPEA solution (0.02 wmol in 0.2
ml) was injected into a tail vein of untreated control mice
and mice were pretreated with clorgyline (10 mg/kg) plus
I-deprenyl (10 mg/kg) 1 h before injection of
[Y*CIDMPEA. Mice in the two groups were killed by de-
capitation 1, 15, 30, 60, and 120 min after injection of the
radiotracer, and their brains and blood were removed sep-
arately and weighed. Each sample was then incinerated
in a Packard 306 sample oxidizer, and the percentage of
the total radioactivity of [“CIDMPEA administered per
gram of brain or blood (% dose/g) in each sample was
determined by comparison of the radioactivity with that
of the standard measured in a Beckman 6800 scintilla-
tion counter.

Analysis of radioactive materials in the brain
About 5 uCi of ["CJDMPEA solution (0.1 pmol in 0.3
ml) was administered intravenously to untreated male
C3H mice (11 weeks old) and 1, 60, and 120 min later
mice were killed and their brains were rapidly removed
and weighed. Then the brain tissue was homogenized in
1 ml of saline solution, and radioactive materials in the
homogenate were extracted with I ml of 0.1 M HCI. The
homogenate was centrifuged at about 3,000 x g for 20
min, and the supernatant obtained was made alkaline with
10 M NaOH. Radioactive materials were separated by
TLC on 5-mm-wide silica gels developed with methanol/
NH,OH (8:2, vol/vol). The materials were then extracted
with Aquasol. The extraction coefficiency determined. by
comparison of the radioactivity in the extract before
making it basic with 10 M NaOH and the standard sample
(the conversion method) was found to be more than 95%.

Effect of inhibition of MAO on the rate of
production of radioactive materials trapped in
the brain

Male C3H mice (11 weeks old) were injected intrave-
nously with the specific MAO-A and MAO-B inhibitors,
clorgyline and i-deprenyl, respectively, at doses of 0.01~
10 mg/kg. One hour after pretreatment with an inhibitor,
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about 1 pCi of [“CIDMPEA solution (0.02 wmo! in 0.2
ml) was injected intravenously and 1 h later, the mice
were killed and their brains were removed rapidly and
weighed. Brain homogenates were prepared as for the
distribution study, and the percentage of the dose of ra-
dioactivity (DMPEA) administered per gram of brain (%
dose/g) in the brains of mice in each group was deter-
mined.

In vitro assay of brain MAQ activity

MAQO activity in mouse brain was determined in vitro
by radiometric method, as described previously (Fowler
etal., 1979; Fowler and Oreland, 1980) by incubation with
a final concentration of 0.01 mM [“C]JPEA (as a substrate
for MAO-B) or 0.1 mM ["“C]5-HT (as a substrate for
MAO-A) at 37°C and pH 7.4. The incubation period was
10 min with 5-HT, but was only 5 min with PEA to ensure
that MAO-B activity would not be inhibited by the latter
substrate (Kinemuchi et al., 1982a,b). The enzyme reac-
tion was found to be proportional to the incubation time
and the amount of enzyme preparation used. For deter-
mination of in vivo inhibition of MAO activity, C3H mice
were pretreated with various doses of either clorgyline or
I-deprenyl before decapitation, and the brains were re-
moved rapidly, weighed, and homogenized in saline so-
lution. Remaining MAO activity was then assayed with
either 5-HT (0.1 mM) or PEA (0.01 mM) as substrate, as
described above.

Substrate selectivity of DMPEA in vitro

Determination of in vitro substrate selectivity of
DMPEA for mouse brain MAO-A and MAO-B was per-
formed by the radiometric method described above with
a modification. The radioactive substrate [ethyl-1-1C]-
DMPEA was synthesized with 100 pnCi of [erhyl-1-1C]-
PEA, 50 pl of formaldehyde, and 100 .l of formic acid in
ethanol solution (Roland et al., 1945). The reaction mix-
ture was refluxed for 2 h, and [ethyl-1-"*C]DMPEA was
purified by TLC (silica gel, hexane-triethylamine 2:1).
The radiochemical purity determined by TLC was more
than 97%, and specific activity was 48.25 mCi/mmol.

In the in vitro assay 3.7 pM (final concentration) was
used as a substrate (0.06 pCi/tube). Brain homogenate
(100 wl) (20 mg of wet weight) was preincubated with
various concentrations of clorgyline or I-deprenyl at 37°C
for 20 min, and then 50 I of radicactive DMPEA was
added. The enzyme reaction was performed at 37°C for
30 min. However, the extraction procedure for the deam-
inated DMPEA metabolites into the organic layer (ethyl-
acetate-toluene) (Fowler et al., 1979) was unsuccessful,
since both the unmetabolized, radioactive DMPEA and
its deaminated, radioactive metabolites were extracted
simultaneously into the organic layer. Thus we changed
the extraction procedure as follows; 1 ml of | M NaOH
solution was added in the reaction mixture to stop the
enzyme reaction, then 2 ml of chlorform was added. The
labelled metabolites deaminated by MAO were extracted
into the aqueous phase, whereas more than 99.5% of un-
metabolized DMPEA remained in the chloroform phase.
After centrifugation (about 2000 x g for 10 min), 0.5 ml
of aqueous solution was sampled. To avoid a chemical
luminescence, 50 pl of concentrated HCI was added, and
radioactivity in each sample was counted in a Beckman
6800 scintillation counter. By this extraction procedure,
the extraction coefficiency was determined to be 75%.
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RESULTS

Distribution of ['*C]DMPEA in mouse brain
and blood

As shown in Fig. 1, intravenously administered
['*CIDMPEA entered untreated control mouse
brain within I min after its injection, and the radio-
activity remained in the brain for a long time (Fig.
1). In contrast, after intravenous injection of la-
belled DMPEA the radioactivity in the blood de-
creased rapidly and after 30 min, it was about 20%
of that after 1 min. Moreover, as shown in Fig. 1,
the radioactivity in the brain was much higher than
that in the blood, after both a very short time (1
min) and a longer time (e.g., 120 min). When mice
were treated intravenously with a combination of
clorgyline (10 mg/kg) and 1-deprenyl (10 markg) to
inhibit MAO activity completely 1 h before injec-
tion of [*C]JDMPEA, the extent of radioactivity in-
corporated ‘into the brain after 1 min was almost
identical to that of untreated control mice, but after
pretreatment with these MAO inhibitors, the radio-
activity disappeared from the brain more rapidly
and after 60 min it had almost completely disap-
peared. These results suggest that after pretreat-
ment with these two MAO inhibitors negligible
amounts of radioactive products are formed in the
brain. However the results indicate that pretreat-
ment with MAO inhibitors did not interfere with
uptake of labelled DMPEA by mouse brain.
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FIG. 1. Time courses of change in radioactivity in the blood
and brain after injection of ["*C]DMPEA in control mice and
mice pretreated with clorgyline plus 1-deprenyl. ["*C]DMPEA
(about 1 pCi, 0.02 pmol in 0.2 ml) was injected intravenously
into control mice or mice pretreated with clorgyline (10 mg/
kg) and 1-deprenyl (10 mg/kg) 1 h previously. Mice were
killed at the indicated times after injection of DMPEA and
their brains and blood were weighed and assayed for radio-
activity, as described in the text. Values are means = SD (n
3) and are expressed as percentages of the radioactivity
of ['*C]JDMPEA administered per gram of brain or blood. The
radioactivities in the blood of control mice (0—0J), the brain
of control mice (V—V), and the brain of pretreated
mice (B—M) are shown.
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FIG. 2. TLC analysis of radioactive materials in control
mouse brain after injection of ["*C]DMPEA. Chromatograms
are for preparations obtained 1 min (A), 60 min (B), and 120
min (C) after injection of ["*C]DMPEA. Development was car-
ried out from right to left, by the procedures described in the
text. S. F., solvent front.

Analysis of radioactive materials in the brain

The radioactive materials present in the whole
brains of control mice at various times after injec-
tion of ["*CIDMPEA were extracted and analyzed
by TLC (Fig. 2). The extract from brain 1 min after
tracer injection showed a major peak of unmetab-
olized ['"*CIDMPEA with a minor peak of its me-
tabolite [*C]dimethylamine. The radioactivity in
extracts 60 and 120 min after the injection was,
however, mainly that of dimethylamine with a neg-
ligible amount of DMPEA.

Effect of inhibition of MAO on production of
radioactivity in whole mouse brain

As shown in Fig. 3 the radioactivity remaining in
whole mouse brain 1 h after injection of ['*C]-
DMPEA was decreased significantly and in a dose-
dependent manner by pretreatment with various
doses (0.01-10 mg/kg) of a specific MAO-B inhib-
itor, 1-deprenyl, whereas it was not decreased sig-
nificantly by pretreatment with a specific MAO-A
inhibitor, clorgyline, at the doses tested (0.01-10
mg/kg). Probably the decrease in radioactivity in
the brain after pretreatment with l-deprenyl was
not due to decreased incorporation of [{CIDMPEA
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FIG. 3. Effects of pretreatments with various doses of clor-
gyline or 1-deprenyl (MAOI) on the radioactivity in whole
brain 60 min after injection of ['*C]DMPEA. (V—V¥), Pretreat-
ment with various doses of clorgyline (mg/kg); (l—), pre-
treatment with various doses of 1-deprenyl (mg/kg). Inhibi-
tors were injected 60 min before ['*C]DMPEA injection.
Values are means = 8D (n = 3) and expressed as percent-
ages of radioactivity of ["*CIDMPEA administered per gram
of brain.

into the brain, but to a decrease in the rate of pro-
duction of the radioactive metabolite ['*C]dimethyl-
amine by MAO-B in mouse brain.

Relation between production of [*C]dimethyl-
amine in mouse brain and remaining MAO-A and
MAO-B activities

To confirm the above conclusion we measured
the MAO-A and MAO-B activities remaining in ho-
mogenates of whole brain after pretreatment with
various doses of either clorgyline or I-deprenyl in
vitro. The results, summarized in Table 1, show that
MAO-A activity determined with 5-HT as substrate
was highly sensitive to pretreatment with clorgyline
as expected: clorgyline at a dose of 1 mg/kg almost
completely inhibited the activity (about 95%).
MAO-B activity (with PEA as substrate) was only
slightly inhibited (about 5%) by 1 mg/kg of clorgy-
line and was inhibited only 309 by a dose of 10 mg/
kg of clorgyline. Conversely on pretreatment with
[-deprenyl, MAO-B was strongly inhibited while
MAO-A was only weakly inhibited.

The relation between production of [*C]dimeth-
ylamine and remaining MAO-B activity in the brain
after pretreatment with either clorgyline or I-de-
prenyl was studied. The amount of labelled dimeth-
ylamine in the brain of mice pretreated with clor-
gyline and I-deprenyl 1 h before injection of la-
belled DMPEA was corretted for remaining
radioactivity (about 0.7% dose/g; see Fig. 1). Plots
of the amounts of radioactive dimethylamine in the
brain (Fig. 3) against the amounts of the two forms
of MAO activity remaining after pretreatment with
clorgyline or -deprenyl (Table 1) are shown in Fig.
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TABLE 1. Remaining MAQO activity in mouse brain
after pretreatment with various doses of clorgyline
or I-deprenyl

Percent of initial

enzyme remaining
MAO inhibitor

(mg/kg) MAO-A MAO-B
Clorgyline
0.01 88.5 = 8.9 96.3 = 11.0
0.1 252 x 3.2 98.0 = 4.3
1.0 59 + 1.5 95.9 = 11.6
10 22+ 1.8 67.9 = 2.0
{-Deprenyl
0.01 83.6 = 11.9 703 = 6.7
0.10 93.6 = 10.8 27.1 = 49
0.33 93.1 = 8.7 6.9 = 1.0
1.0 62.7 = 8.5 54 =22
10 367 = 9.2 1.4 = 0.1

Various doses of either clorgyline or I-deprenyl were injected
intravenously into mice 1 h before decapitation. Remaining ac-
tivities are expressed as percentages of the control activity, es-
timated as described in the text, with 0.1 mM 5-HT (for MAO-
A) or 0.01 mM PEA (for MAO-B) as substrate. Values represent
means * SD for determinations in three homogenates.

Specific MAO activities toward 5-HT (0.1 mM) and PEA (0.01
mM) were 0.026 and 0.45 nmol product formed/mg of protein/
min, respectively.

4, As seen in this figure, the decrease in the rate of
production of ["*C]dimethylamine was linearly pro-
portional to the percentage of remaining MAO-B
activity between zero and about 70% of the control
MAO-B activity. Thus the radioactive metabolite
seems to be produced by only MAO-B in mouse
brain.
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FIG. 4. Relation between ['*C]dimethylamine production
from ["*C]DMPEA and MAO-A and MAO-B activities re-
maining after injection of clorgyline or 1-deprenyl. (O—),
MAO-A activity (with 5-HT as substrate); (B—H), MAO-B ac-
tivity (with PEA as substrate). Values are taken from Fig. 3
and Table 1. Abscissa: Percentage of MAO-A or MAO-B ac-
tivity remaining in the brain after pretreatment with various
doses of respective inhibitors. Ordinate: Amount of radio-
activity of [**C]dimethylamine in the brain, expressed as %
dose/g.

J. Newrochem., Vol. 44, No. |, 1985

80

O. INOUE ET AL.

Substrate selectivity of DMPEA in vitro

To determine the substrate selectivity of DMPEA
in vitro, mouse brain homogenates were preincu-
bated with various concentrations of clorgyline or
I-deprenyl at 37°C for 20 min before assay of re-
maining MAO activity with DMPEA as substrate.
As shown in Fig. 5, the deamination of DMPEA at
the concentration used (3.7 pM) was more highly
sensitive to inhibition by I-deprenyl than that by
clorgyline, indicating that DMPEA also is a selec-
tive substrate in vitro for mouse brain MAO-B. The
deamination rate of DMPEA by mouse brain MAO
was about 70 times smaller than that of PEA, under
the conditions used.

DISCUSSION

As shown in this study labelled DMPEA injected
intravenously was taken up by mouse brain rapidly
and to a relatively large extent (about 10% of the
dose injected/per gram of brain, within 1 min). This
extent of uptake was more than those of two other
14C-labelled PEA derivatives used previously,
MPEA (about 6%) and MPEOA (about 2%), re-
spectively, as tracer-substrates for in vivo measure-
ment of mouse brain MAO activity (Inoue et al..
1983, 1984). This larger extent of uptake of DMPEA
might be due in part to a difference in the lipophil-
icity of DMPEA from those of other two PEA de-
rivatives (Cornford and Oldendorf, 1980). In the
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FIG. 5. Substrate-selectivity of DMPEA for mouse brain MAO
in vitro. Deamination of [ethy/-1-'“C]DMPEA by mouse brain
homogenate was radiometrically determined with the prep-
arations pretreated with various concentrations of either
clorgyline (O—{) or 1-deprenyl (B-—M@&) at 37°C for 20 min,
as described in the text. Values are means for duplicate de-
termination, and are expressed as percentage inhibition of
activity obtained without any inhibitor. Specific DMPEA
deamination activity is 0.0065 nmol/mg protein/min.
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present study the [*CIDMPEA taken up by the
brain appeared to be selectively and extensively
deaminated by brain MAO with production of
radioactive ['*Cldimethylamine, whereas me-
thylamine was formed from [!*CJMPEA and
[MMCIMPEOA. These results are consistent with the
reports of Suzuki et al. (1980) and Mosnaim et al.
(1983)! of in vitro deamination of these three PEA
derivatives by rat brain and liver MAO. These ob-
servations, together with the finding of rapid clear-
ance of labelled DMPEA from the blood, suggest
that uptake of DMPEA into mouse brain is due
mainly to simple diffusion and a first-pass process
rather than to a carrier-mediated transport system
(Pardridge and Oldendorf, 1977). Previous results
on incorporation of labelled MPEA into mouse
brain also suggested that uptake was due to diffu-
sion and a first-pass mechanism (unpublished data).

This charged radioactive metabolite formed from
DMPEA by brain MAO was then trapped in the
brain for a long time period, since even 60 min after
tracer injection radioactive dimethylamine was
present predominantly in the brain, as shown by
TLC (Fig. 2). In contrast, at this time unmetabo-
lized labelled DMPEA had been almost completely
eliminated from the brain. This rapid elimination of
DMPEA was confirmed by the values at 60 min
shown in Fig. 1 for preparations pretreated with a
combination of clorgyline and 1-deprenyl to inhibit
both forms of MAO activity completely.

The metabolite dimethylamine did not appear to
be metabolized further in the brain to any signifi-
cant extent, since any other metabolite could not
be appreciably detected by TLC even 120 min after
injection of ['*CIDMPEA into mice. In contrast, the
metabolite methylamine is partially metabolized
further in brain (Inoue 1983). Thus [“C]DMPEA
seems to be better than [“CJMPEA or [*CIMPEOA
used previously as a trapping agent for measuring
MAO activity. After 60 and 120 min, negligible
amounts of unmetabolized, labelled DMPEA were
detected in the brain by TLC, suggesting that the
small amount of radioactivity remaining (about
0.7% of the dose per gram of brain) after 60 min in
whole-brain preparations pretreated with clorgyline
plus 1-deprenyl (Fig. 1) or 1-deprenyl alone (Fig. 3)
was that of remaining DMPEA. Alternatively it
might be that of another labelled metabolite(s) that
was undetectable by TLC and was formed in the
brain by some enzyme(s) other than MAO. Another
possibility was that it was that of dimethylamine
produced by residual MAO in peripheral or brain
tissues, even after combined pretreatment with
both MAO inhibitors or 1-deprenyl alone; if the di-
methylamine was produced in peripheral tissue, it

! Presented at a satellite Symposium *“Trace Amines and Neu-
roscience’’ July, 1983, Edmonton, Canada.

must then have been incorporated into certain re-
gions of the brain. A further possibility is that it
was due to metabolite(s) produced peripherally by
another enzyme(s) or unmetabolized peripheral
[“CIDMPEA.

If the rate of production of radioactive dimethyl-
amine trapped in the brain is proportional to either
brain MAO-A or MAO-B activity, it is possible to
assay either form of MAO activity in vivo by mea-
suring the radioactivity in the brain after elimination
of the radiotracer substrate from the brain. The
amount of labelled dimethylamine produced and
then trapped in the brain appeared to be directly
proportional to the activity of brain MAO-B, but
not MAO-A with the doses of labelled DMPEA
used in this study. This was shown by the correla-
tion observed on replotting the amount of radioac-
tive dimethylamine against the percentage of re-
maining MAO-B activity after pretreatment with -
deprenyl. This selectivity was confirmed by in vitro
experiments as shown in Fig. 5.

These results indicate that, by use of the positron
emitter ([''"CIDMPEA) instead of [!“CIDMPEA,
MAO-B activity in living human whole brain could
be measured by external detection. However we
observed direct linearity only when MAO-B ac-
tivity was reduced to a range of 0-70% of the con-
trol activity (Fig. 4). This deviation suggests that
under the present experimental conditions a slight
change in brain MAO-B activity could not be mea-
sured accurately with ["Y*C]DMPEA as a tracer.
Measurements of slight changes in activity would
be important in elucidating the significance of MAQO
in various regions of human brain under different
physiological conditions. The easiest method for ac-
curate detection of such slight changes would be to
use ['"CIDMPEA diluted with unlabelled, carrier
DMPEA to upgrade the available tracer substrate
concentration in the brain, provided this is within
a concentration range in which this substrate is me-
tabolized selectively by brain MAO-B (Tipton et
al., 1982; Kinemuchi et al., 1983). However it is
occasionally dangerous to inject a high dose of a
pharmacologically active PEA derivative, since
PEA (Sabelli et al., 1978) and some of its deriva-
tives (Hwang and Van Woert, 1980) have pharma-
cological effects, presumably by changing the levels
of catecholamine and 5-HT. Treatment with a high
dose of a pharmacologically active compound may
result in changes in blood pressure and blood flow
that would affect the rate of incorporation of the
tracer into the brain by changing its distribution and
metabolism in peripheral tissues. One way to over-
come these drawbacks would be to develop a se-
lective tracer for either form of MAQO with lower
pharmacologically active effects that has a high rate
of elimination (K,)) from the brain or to develop a
tracer of high selectivity with a low molecular turn-
over number (K, for that form of enzyme to re-
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duce the amount of metabolite formed during the
enzyme reaction. Another possibility is to use
DMPEA with deuterium in its side chain to reduce
enzyme activity (Yu et al., 1981).

Theoretically, in this metabolic-trapping method
the substrate selectivities for MAO-A and MAO-B
and the measurable ranges of either form of MAO
activity are greatly dependent on kinetic parameters
such as K., values, molecular turnover numbers,
and the K, value of the tracer used. Thus much
detailed information about each substrate, such as
its kinetic parameters and physicochemical prop-
erties, is essential for development of selective ra-
diotracers that can be used for external measure-
ment of MAO-A and MAO-B activities in the brain.
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Table 1 Organ distribution of 1C-DMPEA in mice
% Dose/g organ

Time after administration (min)

Organ
30 60
Blood 3.32+£1.47 0.52-£0.14 0.1340.04
Liver 2.93+£0.21 1.954+0.18 0.854+0.29
Kidney 9.554+1.76 9.6243.90 8.654-5.46
Lung 8.77£0.69 2.024£0.54 0.544+0.06
Heart 5.89+1.83 0.9740.21 0.15+0.03
Muscle 2.5540.34 1.394£0.48 0.4540.32
Brain 9.454-2.10 4.724£0.27 3.814-0.07

Three mice in each group; average+1 s.d.
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Fig. 4 Effect of MAO inhibition on the brain radio-
activity at 60 min after injection of C-11 labeled
DMPEA.
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Summary

Development of Positron Tracer for In Vivo Estimation of Brain MAO-B
Activity: Theoretical Consideration of Metabolic-trapping Tracers
and Evaluation of 1'C-N, N Dimethylphenylethylamine

Osamu INOUE, Toshiyoshi ToMINAGA, Nobuo FUuKuDA,
Kazutoshi Suzuxki and Toshio YAMASAKI

Division of Clinical Research, National Institute of Radiological Sciences

In order to develop a suitable radiotracer for the
estimation of brain enzyme activity, we performed
a theoretical consideration about a principle of
metabolic-trapping tracer method using a simpli-
fied model. Both the specificity and the measurable
range of enzyme activity of this method were found
to be much dependent upon the enzymatic pro-
perties of substrate-tracer. The measurable range
of brain enzyme activity was found to be from zero
to the maximum value which was dependent upon
two factors; the elimination rate of substrate-
tracer from the brain (K.) and the Vgax/Kn
value of substrate, The detectable range of changes
in enzyme activity can be made wider by using
another substrate as a tracer which has a lower
Vimex/Km value or larger K. value. The speci-
ficity can be also favorably designed by selection
of substrate with various enzymatic or physico-
chemical properties as a tracer. N, N-dimethyl-
phenylethylamine (DMPEA) was selected as a sub-
strate-tracer for the estimation of brain MAO-B
activity. Very high accumulation of radioactivity
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into mouse brain at 1 min after intravenous injec-
tion of C-DMPEA, and a long-term retention of
radioactivity in the brain were observed. 1C-
DMPEA seemed to be metabolized to 11C-
dimethylamine by brain MAO, and be trapped by
the blood-brain barrier. When various dosage of
1-deprenyl (a specific MAQ-B inhibitor) were pre-
treated, brain radioactivity at 1 hr after injection
of 11C-DMPEA significantly decreased in a dosage
(1-deprenyl)-dependent way, while pretreatment
with clorgyline (a specific MAO-A infibitor) had
no effect, This decrease in radioactivity might be
due to the decrease of the production rate of labeled
metabolite (11C-dimethylamine) in the brain, The
relationship between the radioactivity remaining
at 1 hr after injection and MAO-B activity remain-
ing in the brain was quite parallel. 2*C-DMPEA
seems to be a specific radiotracer for the external
detection of alterations in MAO-B activity in the
brain with a fair sensitivity.

Key words: Metabolic-trapping, Brain, MAO-B
Positron tracer.,
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Abstract. Two image reconstruction algorithms have been investigated. They are based
on filtered backprojection, and are useful when the tissue attenuation is considered to be
uniform in the object. The first method uses a weighted backprojection, the weighting
factor being determined in such a way that the photon attenuation is compensated with
low noise propagation. The parameters involved in the convolution kernel and the correc-
tion function were determined by a computer iteration program. The second method,
which is a simplified version of the first, uses conventional backprojection, and takes a
shorter computation time than the first method. The statistical noise of an image can be
minimised by suitable positioning of the coordinate origin for the reconstruction. The
theory of the two methods, their performance on statistical noise and some results of
mathematical and experimental phantom studies are described.

1. Introduction

With the current development of rotating y camera systems, single photon emission
computed tomography (spEcT) is now widely used as an important tool in diagnostic
nuclear medicine. Nevertheless, at present the quality. of the single photon tomograms
is usually not satisfactory for a quantitative physiological study. A fundamental
problem in quantitative image reconstruction is to compensate for the effect of photon
attenuation in patients. In principle, iterative reconstruction techniques may provide
accurate compensation even for non-uniform tissue attenuation, if the distribution of
the attenuation coefficient in the patient is obtained by transmission tomography in
the same position as the emission scan {Budinger and Gullberg 1977, Soussaline et
al 1982). However, this procedure is time-consuming and is not suitable for many
clinical applications.

Instead, simpler and faster methods based on filtered backprojection have been
widely used on the assumption that the tissue attenuation is constant within a known
body contour. A simple method is the ‘pre-correction method’ (Sorenson 1974), in
which attenuation correction is applied to the projections prior to backprojection.
Another method is the ‘post-correction method’ (Chang 1978), in which an image is
reconstructed using conventional filtered backprojection and the obtained image is
divided by the average amount of attenuation at each pixel. In general, however, these
simple procedures do not provide adequate correction for large objects.

An accurate method using an exponentially weighted backprojection has previously
beendescribed (Tretiakand Delaney 1978, Tretiak and Metz 1980, Gullberg and Budinger
1981, Kim et al 1984). This method is computationally rapid, but its main drawback is a
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large amplification of statistical noise in the peripheral area of images. Bellini etal (1979)
have reported another analytical method using Fourier techniques, but it still requires a
long computation time.

Tanaka (1983) has reported a generalised weighted backprojection algorithm. The
method is mathematically approximate, but it provides a constant point source sensitiv-
ity, small image distortion and low statistical noise. This paper first describes the
theory and further improvement of the method, and then proposes a new version of
the method, in which the computation time is greatly shortened.

2. Weighted backprojection algorithm

Consider a source object having a constant attenuation coefficient 1 and let an observed
projection at a view angle @ be p(x), as shown in figure I, in which a fixed and a
rotated coordinate system are represented by (X, Y) and (x, y) respectively. We assume
that the projections are obtained with an ideal detector system having a perfect spatial
resolution with an equal angular interval over 360°.

In the weighted backprojection (wgrp) method, the image density at point (X, Y)
is given by (Tanaka 1983)

I(X, Y)= :gop(X) exp(ﬂg’é;’m*g(x}

W(y)=exp(kpy)/cosh(uy +kuy) (2)

where the asterisk denotes a convolution operation, g(x) is a convolution kernel, y,
is the y coordinate of the object boundary, F(x) is a correction function defined later,
and k is a constant named the ‘reconstruction index’. The contour of the object is
assumed here to be convex. W(y) is the weighting function in the backprojection.

The reconstruction index k determines the relative weight being imposed on two
conjugate (antipodal) projections. When k = —1{ and F(x) = [, the algorithm is identical
to that proposed by Tretiak and Delaney (1978), but here we will consider 0< k=<1,
which gives a reasonable signal to noise ratio (Tanaka 1983).

Suppose a point source having activity A is located at point (X, Y,) (see figure 2).
A pair of conjugate projections is expressed by

p1=(A/N)expl—u(yor —¥q)]

W(y) (1)

and
p>=(A/N) exp[p(ys:—y,)] (3)
pix)
/ y v \ Yo
g‘ X
‘ - X

Figure 1. Illustration of a fixed coordinate Figure 2. Illustration of a pair of conjugate
system (X, Y) and a rotated coordinate projections p; and p, for a point source at
system (x,y). p(x) is an observed pro- S QX YY)
jection.
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where N is the number of views in 360°. Equation (1) now becomes

2A & <F(xq) cosh(uy,+ kuy)

I(X, Y)=—
al ) N §Z0 \ F(x) cosh(uy + kuy)

)g(x—xq) (4)

Aslongas F(x)isaslowlyvaryingfunctionof x, theterminlarge bracketsin equation (4)is
approximately equal to unity at (x, y) = (x,, y,). Hence the pointsource is reconstructed
asasharp peakatthevicinity of the point with a constantsensitivity, butthetail of the point
spread function may be affected by the term in brackets.

We shall first consider the case of k=0. For a rough approximation, if we assume
that F(x) cosh(uy) is nearly independent of the view angle 6, the function will be.
replaced by the angular average, and we have

H(uR,)
(X, ¥)= <H((" R)) Y glx-—x,) (5)

where R and R, are the radial distances of the points (X, Y) and Q(X,, Y,) from the
coordinate origin respectively, and H(uR) is the averaged function of F(x) cosh(uy)
with respect to the view angle 6

H(MR)Z%JWF(R cos 6) cosh(uR sin 6) dé (6)

0

For uy < 1, we can put cosh(uy) = exp[0.45(wy)*]and the above angularindependence is
satisfied by F(x)=exp[0.45(ux)’]. The summation term in equation (5) represents a
point source spread function which is to be expected when there is no attenuation. Since
the spread function has a negligible value at a distance from (X, Y,), the term in large
brackets in equation (5) has no meaningful effect on the point spread function. This
implies that the algorithm provides a satisfactory image even for an extended source.
However, the above argument is mathematically approximate, and the problemis further
complicated when k # 0. It is, therefore, important to find empirically the two functions
F(x)and g(x)insuch a way that the wep algorithm works well in a practical range of wR.

By simulation studies, we found the following functions (Tanaka and Toyama 1984)

F(x) = {exp[Cy(ux)]+ Co}/ (1 + Cy) (7)
g(x) = go(x)[1 + C3(ux)*}/[1 + Calpx)*] (8)

where C, to C, are constants and go(x) is a convolution kernel for no attenuation.
The Shepp-Logan filter (Shepp and Logan 1974) is used as go(x) in this study. The
constants C,~C, were determined by a computer iteration program such that uniform
circular disc sources having various diameters are reconstructed with the least distortion.
The procedure is as follows. Consider five disc sources having radii ranging from
0.5R,, to R, where R, is the largest radius (radii less than 0.5R, are omitted because
the distortion is small), reconstruct each image and calculate errors in the image density
at five points at different distances from the centre in each of five images. The root
mean square error of these 25 image points is then minimised iteratively by changing
the constants one by one with an increment of 0.01.

The sets of constants obtained with uR,,=2.5 and uR,,=3.0 are listed in table 1
as A and B respectively. Figure 3 shows the central profiles through the disc images
reconstructed with the optimised constants. For **Tc™ (u =0.15 cm™") the largest radius
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Table 1. Optimised constants in the correction function and the convolution filter given by equations (7)
and (8) respectively. R, is the longest distance of the source distribution from the coordinate origin, and
w is the attenuation coefficient. RMS(%) is the root mean square error of image densities at 25 points
(5 points X 5 images) in the iteration.

k C, C, Cy Cy rRMS(%)
0.00 0.34 0.16 0.21 0.19 2.50
A 0.25 0.38 -0.05 0.11 0.21 2.25
(R, =2.5) 0.50 0.40 -0.21 0.01 0.20 2.00
1.00 0.43 -0.34 ~0.12 0.16 2.51
0.00 0.28 0.13 0.27 0.20 4.29
B 0.25 0.30 —0.11 0.19 0.22 4.05
(eR,=3.0) 0.50 0.33 —0.23 0.09 0.21 3.83
1.00 0.38 -0.39 -0.09 0.16 2.98

R, is 16.7 cm for A and 20 cm for B. A is recommended for objects having a diameter
less than about 30 cm because it yields more accurate images than B.

The constants shown in table 1 are sensitive to wR,, or k, but this does not imply
that the performance of the algorithm is sensitive to the shape variation of the object.
The effect of a small change in one constant can be compensated by modifying other
constants, and hence the performance is fairly stable as long as the optimised set of
constants are used.

WBP WBP WBP WBP
k=0 k=0.25 k=05 k=1

WR,=25 E

B
wR,=3.0

s
I

7
=k

Figure 3. Profiles through the images of uniform disc phantoms reconstructed with the weighted backprojec-
tion method (wBP) and with the radial post-correction method (rRPC). The six curves in each figure are the
profiles of the disc images having radii 0.5R,-R,, in six steps. The abscissae are the distances from the
centre. The ordinates are image density for unit activity density, where one division corresponds to 0.1 image
density. The curves are shifted in one division steps in turn to avoid overlapping.

3. Radial post-correction algorithm

When k =0, the wep algorithm given by equation (1) is written as

p(x) exp(pyy) F(x) * g(x)
F(x) cosh(uy)

I(X, Y) = 2 )

As described previously, if F{x) is properly defined, it is expected that F(x) cosh(uy)
is nearly independent of 6. Equatien (9) is now approximated by

I(X,Y)= [H(,Q«R)]*l EOP(X) exp(pyy) F(x)* g(x) (10)
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Equation (10) represents a new algorithm, in which the backprojection is performed
with a constant weight and the resultant image is divided by H(uR). Since the radial
correction function H(uR) is object-independent, it can be pre-stored in a computer
memory as a correction matrix. We name this algorithm the ‘radial post-correction’
(rpC) algorithm.

The constants C,—C, for the 'Rpc algorithm were determined again by an iteration
program similar to that described before. Slightly different values were obtained, but
the new constants yielded negligible improvement in the image. The following study
was then carried out with the constants for k =0 shown in table 1. The value of H(uR)
can be approximated by the following expression with an error less than +1%

H(uR) ={exp[Cs(uR)*]+ Ce}/ (1 +Co) (1
where

Cs=0.27, C4=-0.31 for A (k=0, uR,=2.5)

Cs=0.23, C¢=-0.38 for B (k=0, uR,,=3.0)

Central profiles of uniform disc images obtained with the rRpc method are also shown
in figure 3. Note that the Rpc method yields smaller undershoot at the outside of the
object than the wep method.

4. Simulation study with mathematical phantoms

Simulation studies have been made with various reconstruction algorithms. Figure 4
shows the images obtained with the wsp and rpc methods. The phantom is an ellipse
(67 x53 pixels in diameter) having two circular hot areas (26.7 and 13.3 pixels in

Diameter (cm)

25x20 30x24

Figure 4. Images of mathematical phantoms reconstructed with the wBp method and with the RPC method.
The elliptic phantoms have two hot areas.
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diameter, located at +16.7 and —10 pixels from the centre respectively). The relative
activity of the two hot areas and the background is 3:2:1. The attenuation coefficient
is assumed to be 0.15cm™" (for **Tc™ in water) and constants A are used except for
the largest phantom (35 %28 cm) for which constants B are used.

All the images in figure 4 (and also in figures 5 and 7) are represented in the same
vertical scale. The image density for the smallest phantom is very close to the rue
value (activity density). It was also confirmed that the density is independent of the
pixel size and of the number of views. The images are quite satisfactory for an object
having a diameter of less than 30 cm, although distortion tends to increase with an
increasing diameter and k value. Note that the rRpC images are similar to the wasp
images with k=0.

Diameter (cm)

RPC

Pre-
correction

Post-
correction

Figure 5. Images of mathematical phantoms reconstructed with the RPC method and with two conventional
methods with pre- and post-correction. The elliptic phantoms have two cold areas.

Figure 5 shows a comparison of the rRpc method and two conventional filtered
backprojection methods with pre- and post-correction. The phantom is the same size
as above but has two cold spots of 10 pixels in diameter. The pre-correction (PRE)
method used here is expressed by
27
(X Y)= % MLrp({c)
=02 exp(—uLy/2) sinh(uLr/2)
where L is the total length across the object along the line of view. The attenuation
correction is similar to Sorenson’s method (Sorenson 1974) in which the geometric
mean of conjugate projections is substituted for p(x). The algorithm given by equation
(12) is accurate when the source has a uniform activity throughout the object, but the
point source sensitivity is not constant and decreases with depth in the object.

The post-correction (posT) method is the first step of Chang’s method (Chang 1978)
omitting iterative correction in the second step. The algorithm is expressed by

106 =(5 p0 v ) /(5 § exoioun) (13)

6=0

# go(x) (12)

where L is the length between (x, y) and the boundary of the object along the line of
view. The denominator is the correction matrix representing the average amount of

96



Image reconstruction for SPECT 1495

attenuation at each pixel. The method provides a constant point source sensitivity,
but it produces an appreciable density distortion for a large, extended source.

5. Statistical noise and proper setting of the coordinate origin

Assuming the counts in observed projections p(x) obey Poisson statistics, the variance
of noise of an image reconstructed with the wsp algorithm is given by, from equation

(1,

p(x) exp(2uy,) F2(x) * g*(x)
F?(x)

VXY= 3 Wi(y) (14)

Since g*(x) has a large value at |x|=0 and rapidly decreases with |x|, we have an
approximate expression of V(X, Y)

V(X, Y)= KK, ego”(") exp(2uys) W(») (15)
where
K‘:rm £(x) dxzro ¢3(x) dx (16)

For the Shepp-Logan filter, we have K, =0.5d > where d is the linear sampling
interval. A constant K, is introduced to take into account the effect of interpolation
of projection data. K,=1 for nearest-neighbour interpolation and K, =0.5 for linear
interpolation (Tanaka and Murayama 1982). It can be shown that equation (15) is also
valid for the rpc algorithm assuming angular independence of F(x)cosh {wy) in
equation (9).

Equation (15) implies that, even for a given set of observed data, the noise magnitude
depends not only on the k value (included in W(y)) but also on the position of the
coordinate origin. Figure 6 shows the central profiles of the relative noise magnitude
of images obtained with different coordinate origins for (a) a uniform disc source and
(b) a non-symmetric source. It is seen that the proper positioning of the coordinate
origin is important for reducing the image noise.

Figure 7 shows the images of the phantom shown in figure 6(b) reconstructed with
various reconstruction algorithms from the same set of noisy data. The total number

(a) (b)

Variance

-15 0 +15 -15
Distance from centre (cm)

Figure 6. Effect of off-centring of the coordinate origin on the magnitude of statistical noise in the wap
method. Variance along the X axis is plotted. The disc radii are 15em and p=0.15cm™". Full curves
are obtained with centred origin and broken curves are with 4 cm off-centred origin.
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e

Figure 7. Images of the phantom shown in the inset of figure 6(b) with statistical noise. The total number
of counts is 5x10°: (a) wBp method with centred origin and k=0; (b) WP method with centred origin
and k=0.5; (¢) waP method with 4 cm off-centred origin and k =0.5; (d) pre-correction method; (e) post-
correction method; (f) exponentially weighted backprojection method.

of counts is 5 x 10° and the number of view is 180. The pixel size is 5.9 mm and linear
interpolation was used. The images obtained were smoothed with nine point weighted
smoothing. In the exponentially weighted backprojection method (figure7f), the
generalised Shepp-Logan filter described by Kim et al (1984) was used. Notethatthe wsp
image with k=0.5 and the off-centred origin (figure 7¢) has the least noise.

We consider the ‘optimum coordinate origin’, with which the largest noise in the
image is minimised. For simplicity, we consider a one-dimensional model to determine
the optimum origin. In figure 8, a pair of conjugate projections is represented by p;
and p,, and the coordinate origin O is at a distance x, from the mid-point M of
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Figure 8. One-dimensional model for optimising the position of coordinate origin. p, and p, are projection
data, M is the mid-point of the object, O is a coordinate origin and Q is a point of interest.

the object. The variance at point Q(x) is given by the one-dimensional version of
equation (15).

Vi(x) = K'[ py W3(x) exp(2L — 2uX,) + py W3 (=x) exp(2pL +2px,)]

(17)
The variance at the origin V,(0) is minimised when dV,(0)/dx,=0 or
1 (pl) ! (p ~p2)
Xo=——In| =} = | —= (18)
*ap \p,) 2u\pi+p
Under this condition, equation (17) becomes - )
Vi(x) = K'(pyp,)""* exp(2pL) cosh(2kux)/cosh®(pux + kux) (19)

Equation (19) has a maximum value at x =0 for k=0, and hence equation (18) gives
the optimum coordinate origin. When the origin is optimised, the variance at off-origin
decreases with an increase in k, but if the origin is not optimised, the largest noise in
the image may increase with an increase in k.

The determination of the optimum origin for a two-dimensional image is not simple,
but for practical purposes it will be adequate to determine the one-dimensional optimum
origins along the X and Y axes independently by equation (18) using the total numbers
of counts involved in each pair of conjugate projections.

6. Experimental study

The wap and rrc methods were tested for experimental data obtained with cylindrical
phantoms filled with **Tc™ solution. Figure 9 shows the reconstructed images. The
diameters of the phantoms are 20, 25, 30 and 35 cm, and the total counts are 5.5 X 10°,
3.3x10° 3.5%10° and 4.4x10° respectively. The imaging device was a rotating
vy camera system (GE Maxi Camera 400T) provided with a parallel multi-hole collimator
(low energy general purpose). The energy window was centred on the photopeak with a
20% window width. The number of views was 64 in 360°. The reconstruction was made
with & =0.15 cm™' and constants A (except that constants B were used for the largest
phantom). Forthe wepmethods k = 0.5. The attenuation of the bed was corrected before
the reconstruction. The images were smoothed with nine point weighted smoothing.

The images obtained are almost consistent with the profiles shown in figure 3, but the
20 cm diameter images are'somewhat convex and the 30 and 35 cm images seem to be
slightly concave compared with the calculated profiles. The difference is due to the effect
of scattered photons, Thesmall difference forthe large phantomsimpliesthatthe fraction
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Diamefer (cm)

RPC

Figure 9. Images of cylindrical phantoms filled with **Tc™ solution. The diameters are 20, 25, 30 and 35 cm.
The top four images are obtained with the wap method (k = 0.5) and the bottom four images are obtained with
the RPC method.

of scattered photons in a projection is nearly constant for these large, uniform phantoms,
but further study will be needed to make a quantitative conclusion on the scattering effect.

7. Conclusion

It has been shown that the wasp algorithm provides fairly quantitative images when
the object is assumed to have uniform tissue attenuation in a known body contour.
The algorithm needs only a slight modification in the existing filtered backprojection
algorithms. The statistical noise of the reconstructed image depends on the position
of the coordinate origin and the value of the reconstruction index k. An approximate
formula is given to find the optimum origin, with which ‘the largest noise in the image’
is minimised. When the coordinate origin is optimised, the largest noise appears at
the vicinity of the origin, and the peripheral noise is reduced by the use of a positive
k value.
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The imaging performance of the rRpc algorithm is similar to that of the wsp algorithm
with k=0, and the rRpC method takes a shorter computation time. Therefore, the rRpC
method is recommended when the signal to noise ratio in a peripheral area is not very
important. With our computer system (Data General Nova 4 with FORTRAN V programs)
the rpc method takes about 100s to reconstruct a 64 X64 matrix image from 64
projections, while the wep method needs about 200 s for the same conditions.

The reconstruction time using the Rpc method will be shortened by averaging
conjugate projections before convolution, because the number of convolution operations
is halved. The speed of the rRpc method is nearly equal to that of the pre-correction
method.

The images obtained from the experimental data are quite satisfactory although-
the contribution of scattered photons is not well known. Since the present algorithms
are fairly accurate for unscattered events, even for a sophisticated source distribution,
the effect of the scattering will be made clear by imaging various experimental phantoms
using these algorithms.
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Résumé
Reconstruction d’images par convolution pour la tomographie quantitative d’émission a photons uniques.

Les auteurs ont étudié deux algorithmes de reconstruction d’images. Ils reposent sur la méthode de la
rétroprojection filtrée, et sont utilisables quand on considére I'auto-atténuation a I'intérieur de I'objet comme
uniforme. La premiére méthode utilise la rétroprojection pondérée, le facteur de pondération étant déterminé
de telle sorte que I'atténuation des photons soit compensée et la propagation du bruit faible. Les parameétres
du noyau de convolution et de la fonction de correction ont été déterminés par un programme itératif. La
deuxieme méthode, version simplifiée de la premiére, utilise la rétroprojection conventionnelle, et nécessite
un temps de calcul plus court que la premiére méthode. On peut minimiser le bruit statistique d’une image
en positionnant convenablement 'origine des coordonnées de la reconstruction. On décrit les deux méthodes
du point de vue théorique, leur comportement vis a vis du bruit statistique, et on donne des résultats obtenus
par des études sur des fantémes simulés mathématiquement et sur des fantdmes physiques.

Zusammenfassung

Bildrekonstruktion durch Faltung bei der quantitativen Einzel-Photonen-Emissionscomputertomographie.

Zwei Bildrekonstruktionsalgorithmen wurden untersucht. Die Grundlage beider Verfahren, die niitzlich
sind, wenn die Gewebeschwichung als gleichférmig im gesamten Objekt betrachtet werden kann, ist die
gefilterte Riickprojektion. Beim ersten Verfahren wird eine gewichtete Riickprojektion verwendet, wobei der
Wichtungsfaktor so bestimmt wird, da3 die Photonenschwédchung kompensiert wird durch rauscharme
Ausbreitung. Die im Faltungskern enthaltenen Parameter und die Korrektionsfunktion wurden mit Hilfe
eines Iterationsprogrammes bestimmt. Beim zweiten Verfahren, das eine vereinfachte Version des ersten ist
und kiirzere Rechenzeiten bendtigt, wird die konventionelle Riickprojektion verwendet. Das statistische
Rauschen eines Bildes kann minimiert werden durch geeignete Wahl des Koordinatenursprungs fiir die
Rekonstruktion. Die Theorie beider Methoden, ihr Verhalten gegeniiber statistischem Rauschen sowie einige
Ergebnisse mathematischer und experimenteller Phantomstudien werden beschrieben.
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Abstract

Performance of positron emission computed tomogra-
phs having spatial resolution as high as 3 mm FWHM was
analytically evaluated. Increases in widths of line
spread functions due to positron range and angular
deviation were estimated. The slice thickness should
be thin in accordance with the resolution in transverse
axial plane. Singles rate, true coincidence rate, and
scattered coincidence rate with high resolution tomogr-
aphs of small diameter detector rings were estimated
for three types of thin slice collimators. Feasibility
of high resolution positron tomographs with small de-
tector rings was discussed with applications to animal
study.

Introduction

In order to develop new radiopharmaceuticals for
positron emission computed tomography, animal study is
important prior to applications of the radiopharmaceu-
ticals to human. For test of virtue of the medicine
with the brain of a cat or monkey, positron tomographs
with high spatial resolution are needed. In developing
high resolution tomographs, we encounter two fundamen-
tal constraints, one is the limitation of spatial reso-
lution owing to range of positrons emitted from the
nucleus and deviation from 180 degrees of annihilation
photons. The other is the system sensitivity lowered
due to the use of small-sized detectors. We discuss
both of them in analytical evaluation. Sensitivity can
be increased to a certain extent by adopting a small
diameter of detector rings and by using a wedge-shaped
slice collimator. The purpose of this paper is to
evaluate the effect of positron range and angular de-
viation of annihilation photons on spatial resolution
and to give characteristic performance of positron
tomographs with small detector rings and high spatial
resolution in anticipation of use for animal study.

Spatial Resolution

To evaluate the effect of positron range to
spatial resolution, line spread functions were calcu-
lated from point spiead functions experimentally
obtained by Derenzo, since the line spread functions
allow the evaluation to make free from slice thick-
ness. The line spreag functigns obtained for three
radionuclides, llC, Ga and Rb, whose maximum ener-
gies are 0.959, 1.898 and 3.14 MeV, respectively, are
shown in Fig.l. Increases in width of coincident
detector pair response in projection only due to the
positron range, therefore, are calculated by subtract-
ing a width of coincident detector pair response from
that of coincident detector pair response convolved
with the line spread function due to the positron
range. The coincident detector pair response for a
line source is assumed to be given by a Gaussian
function. Figure 2 shows the increases in response

width of projection for a line source as a function of
coincident detector pair response width in FWHM.
Increases in response width of reconstructed image for
a line source is shown in Fig.3.

Increases in response width of reconstructed image
due to angular deviation of annihilation photons can
also be evaluated. The line spread function of angular
deviatéon was obtained from data for water by Colombino
et al. Figure 4 shows response widths of line spread
function in reconstructed image as a function of detec—
tor ring radius, taking into account both the positron
range and angular deviation. Evaluation is made for a
coincident detector pair response of Gaussian function
with 2 mm in FWHM and 3.65 mm in FWTM, and for a line
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Fig.l. Line spread functions due to positron

range for three radionuclides calculated from
point spread functions experimentally obtained
by Derenzo}

0018-9499/85/0002-0818501.00 ©1985 IEEE

103



Increase in response width ()

Detector pair resolution, FWHM (mm)

Fig.2. Increases in widths of line spread
functions in projection only due to positron

range as a function of detector pair resolution
in FWHM.

source at the center of detector ring. Response width
only due to the angular deviation is proportional to
the detector ring radius. For a 80-cm dia. detector
ring the FWHM increases from 2-mm of coincident detec-
tor pair response only to 3.16 mm for lC, 4,05 mm for
Ga and 4.66 mm for 52Rb, and the FWTM increases from
3.65 mm to 5.97 mm, 8.43 mm and 13.7 mm, respectively.
For a 40-cm dia. detector ring with the same coincident
detector pair response, the FWHM increases to 2.58 mm,
3.39 mm and 3.65 mmilandsghe FWTVbéjoes to 4.88 mm, 7.40

mm and 12.1 mm for C, Ga and Rb, respectively.
Sensitivity

High spatial resolution in positron computed tomo-
graphy can be achieved by utilizing small-sized detec-
tors, while it results in low system sensitivity. In
addition, adoption of thin slices in accordance with
the resolution in transverse axial plane causes lower
sensitivity. The use of a wedge-shaped slice collimator
as shown in Fig.5 increases to a certain extent the
sensitivity with a parallel slice collimator. Sensi-
tivities for various slice thicknesses were evaluated
for circular ring detectors with packing fraction of
100 % and detection efficiency of 50 %, and for a 10-cm
diameter cylindrical water phantom. Collimator lengths
are fixed at 45 % of detector ring radius. The wedge-
shaped collimator with a gap of 5 mm at the entrance
and 10 mm at the exit has the sensitivity of about
middle value between the sensitivities for 5 mm and 10
mm parallel slice collimators as shown in Fig.6. 1In
anticipation of utilizing exclusively a tomograph for
animal study, the high resolution positron tomograph is
feasible with a small diameter of detector ring.

Figure 7 shows event rates evaluated for a high
resolution positron tomograph with a detector ring of
25 cm in diameter and with a packing fraction of 60 %
and for three types of slice collimators with 5 mm and
10 mm parallel gaps and a wedge—shayed gap of 5 mm at
the entrance and 10 mm at the exit.” Event rates such
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Increases in widths of line spread

functions in reconstructed image only due to

positron range as a function of detector pair
resolution in FWHM.
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Response widths in line spread functions
in reconstructed image for detector pair resolu-
tion of 2 mm FWHM taking into account positron
range and angular deviation for three radionu-
clides.

is evaluated for a line source at the center of
detector ring.

Response width due to angular deviation

819



820

Fig.5.

and wedge-shaped.
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Fig.6. Sensitivity of the single slice circular
ring detecter as a function of detector ring
radius calculated with packing fraction of 100%,
detection efficiency of 50%, slice thickness of
s and collimator length of 45% ring radius.
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Fig.7. Calculated performance of a positron computed tomograph with a 25 cm diameter

detector ring for three types of collimators. Nt, true coincidence rate, unscattered;
No, single event rate, unscattered; Npg, single event rate, single-scattered; Npg, single
event rate, double-scattered; Nj, single scattered coincidence rate: one-photon single
scattering; Npg, double-scattered coincidence rate: two-photon single-scattering; Nog,
double-scattered coincidence rate: one-photon double scattering. Calculation are made
with collimator length of 45% detector ring radius, detection efficiency of 50%, and
energy threshold of 350keV.
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Table 1. Event rates (cps/uCi/ml) for a 10 cm
diameter phantom.

Slice thickness 5 mm Wedged 10 mm
5 mm

Single event Total 35000 70000 140000

Ng 27200 54400 108900
Nos 7150 14300 28610
Npg 631 1260 2530
True event Nt 604 1140 2410
Scatter event Total 44 136 359
Ny 40 124 321
NZS 1 5 18
N2d 2 7 20

as singles rates, true coincidence rates and scattered
coincidence rates for cylindrical water phantoms are
plotted in events/sec per uCi/axial-cm as a function of
phantom radius ranging from 1 to 5 cm. Table 1 lists
event rates for a 10-cm diameter water phantom with the
same detector systems as used for evaluation in Fig.7.

Figure 8 shows estimation of countrates for uni-
form activity filled up a cylindrical water phantom of
10~cm diameter by 30-cm long, assuming a body of cat or
monkey. The true event rate, Ny, and random coincidence
random event rate, Nn , evaluated with coincidence
resolving time of 20 ns, are plotted as a function of
total activity in the phantom. Scale on the vertical
axis at right hand is the time .to collect true events
of 5 Mcounts for a given activity of positron emitters,
11c) 13y ang 18F. The evaluation was made with detec—
tor ring of 25 cm in diameter, detection efficiency
of 50 per cent, and a wedge~shaped slice collimator
with a S5-mm gap at the inner diameter and a 10-mm gap
at the exit.

Discussions and Conclusions

We evaluated the increase in widths of line source
response owing to positron range and angular deviation,
The adoption of the detector ring with a small diameter
results in less loss in spatial resolution owing to
angular deviation, in addition to resulting in the inc-
rease in sensitivity. The use of a wedge-shaped slice
collimator provides another source of an increase in
sensitivity, although it results in loss of axial reso-
lution and an increase in scattered coincidence rate.
On the basis of the analytical study on the performance
characteristics, we have designed and developed a sing-
le slice, high resolution positron computed tomographic
device, POSITOLOGICA IV, offering a 128 mm diameter
field of view for animal studyé' The device uses newly
developed twin-BGO detectors. .
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Abstract Physical and Mechanical Configurations
A single ring high resolution positron CT for animal 64 twin BGO unicsaare arranged on a gantry in accor-.
studies was developed which utilizes 64 gridded rectan~ dance with POSITOLOGY under the restriction that the

gular photomultipliers(l3mm square) and 128 rectangular  distance between two crystals in a detector unit is
Bismuth Germanate crystal (4mm wide, 10mm high and 20mm fixed., This yields =20 different coincidence pairs per

long). A photomultiplier is incorporated with a grid a projection bin of 0.5mm, so that projection data are
near the photocathode which controls photoelectron robust against detector malfunctions. In fact, withc\:‘t
transport of half part of a tube. This enalbes us the interpolation, an image could be reconstructed, even if
identification of the fired crystal out of two coupled three detectors were off, provided detector calibration
to a photomultiplier. Detector ring, animal port and measurement is consistent with the emission measurement.
field of view diameters are 265, 135 and 128mm, respec-

tively. Detector arrangement was determined by POSI- Gantry rotates 360 degrees back and forth repeatedly.

TOLOGY. The spatial resolutions in fwhm after unfolding The dead time at turning points is less than 0.5% of
source spread (2mm dia.) were 2.2mm at center and 3.3mm the total scan time. Signals from the rotating gantry
(tangential) and 3.6mm(radial) at 60mm from the center. are transmitted via 64 coaxial cables, which are wound

Hardware out-of-FOV event rejector was implemented  ©n a spool. The slice shield is 57mm long and has an
which rejects events outside the field of view and re- opening of Smm at its inner end tapered to 12mm towards
duces event rate by a factor of 3 in the case of cali- its outer end so as to make full use of the crystal
bration measurements. height (10mm).  The gantry is 76cm square by 18cm thick

. and its total weight is about 300kg. The sensitivity
Introduction was estimated to be l.lkeps/pCi/ml  for 100mm dia. uni-

form cylindrical phantom filled with water.
In positron emission computerized tomography(PCT),

one~crystal-to-one~photomultiplier (PMT) combination has For calibration of the detector efficiency, a line
been adopted 1in most cases because of its simplicity, source can be mounted in a hole drilled in the slice
which limits the spatial resolution to the smallest com- shield. This acts as a pseudo-ring source when a rota-
mercially available PMT size. To improve the spatial tion correction circuit is turned off. Insertion of a
resolution beyond this limitation, new position coding ring source inside the shield of 57mm long is almost im-
techniques have been sought. One solution is the use of possible. A line source costs us less than a ring
semiconductor photodiodes for position coding in combi- source does. With this pseudo-ring source, transmission
nation with large size PMT's for timing purpogel))zwhich measurement cannot be done. Attenuation is planned to

requires us new technology and low noise electronics be corrected for by calculation.
due to their low conversion gain. Modified Anger prin-
ciple has been sought by C. Burnham et al.3»% Other pos-
sible solution is the use of a control mesh outside the

photocathode.5 Fairly fine position information can be

obtained with this technique. Its shortcoming is that

considerably large control pulses are necessary.

A better solution is the introduction of a control
grid inside the PMT in the vicinity of the photocathode.
It controls effectively electron transport of a half
part of the tube by a pulse of =17volts.® A PMT can be
subdivided into two parts. Two crystals are coupled to
one PMT. The fired one can be identified by pulse shape
discrimintaion technique.” This gridded PMT can be re-
garded as an extension of existing technology, and no
new components are involved. Detector unit study con-
firmed the feasibility of the twin BGO configuration.”

Meanwhile, pharmacists need tests on animals before
the application of new pharmaceuticals to clinical use,
yet spatial resolution of PCT for human application is
not sufficient and its use to animal experiments is re-
stricted due to possible infection. Hence the idea of
twin BGO detector was implemented on a small size PCT
for animal studies.

Fig. 1. Photograph of a high resolution positron
This work was supported in part by a Grant-in-Aid for camera with twin BGO detector units for animal
the Cancer Research from the Ministry of Education, studies.

the Japanese Government,
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Fig. 2. Twin BGO unit consisting of a gridded PMT
and two BGO crystals.

Detector Configurations

Mechanical structure and characteristics of a gridded
PMT (R2080, Hamamatsu Photonics K.K.) was already report-
ed in reference. Its application to crystal identifi-
cation and related electronics were reported in refer-
ence. Here will be described its function only
briefly. The grid of honeycomb structure 1s placed
about lmm above the photocathode and covers roughly a
quater of it. At quiescent state, the grid is so held
that it does not interfere with electron transit to the
first dynode. On arrival of an event, an anode pulse
triggers a negative pulse which is fed to the grid and
suppresses electron transport on grid side. A pulse at
the anode originated from the grid side decreases after
electron transit time through dynode stages. Thus posi-
tion of illumination on the photocathode can be identi-
fied by pulse shape discrimination technique. In prac-
tice, the grid, when held at negative potential, more
or less affects electron transport of a whole tube, so
that placement of crystals on the photocathode is criti-
cal to position identification.

Crystal size is 4mm wide, 10mm high and 20mm long.
Aluminium foil was adopted as a reflector on four side
surfaces and the front surface was painted with NE-560.
Reflector material tests indicated that light yield
does not depend much on the reflector material of the
side surfaces, where space matters, while it depends on
the reflector material of the front surface, so that
better yet thicker refletor material was adopted.

So as not to degrade too much the spatial resolution

at off-center position, a tungsten septum of lmm thick,

10mm high and 18mm long was added to each side of the
crystal (i.e. 2 mm tungsten septa between two adjacent
crystals), which results in a packing fraction of 0.6.
A tungsten septum was aligned .to the photomultiplier
side, so that a portion of the crystal side surface
(2mm) is left unshielded. This configuration was deter-
mined by the trade-off between the spatial resolution
at off-center position and the efficiency.

Electronics

Hardware Coincidence Pair Checker

In the case of detector calibration measurement and
transmission measurement with external source, projec—
tion data extend far outside the field of view (FOV),
so that events outside the FOV load a burden to the cir-
cuit,  Counts outside the FOV of the present system is
twice as much as those inside the FOV(cf. fig.3). This
situation is still worse 1in the case of transmission
measurement of human studies. These events can be re-
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jected by hardware means, which lessens system dead

time and improves high counting rate characteristics.

In fig. 3 below, abscissa and ordinate represent two

crystal addresses. A crystal address is divided into 8

groups to decrease coincidence pairs, so that 7 bits of

crystal address is divided into 3 bits of group address

and 4 bits of crystal address within a group. In fig. 3,
the 'legal' region where coincidence hardware exists is

hatched light, while the FOV is hatched heavily.

The FOV can be represented by x+ta<y<x+b i.e. a<y-x<b,
where 'a' and 'b' denote constants that determine FOV.
These conditions can be checked by hardware means 1in
such a way that first calculate difference of the two
addresses and compare it with constants 'a' and 'b' by
means of magnitude comparators. Likewise, 'legal' coin-
cidence can be checked by substituting x and y with the
group addresses with a=2 and b=7. Illegal coincidence
cannot occur, so that these counts are an efficient in-
dicator of circuit malfunctions. A block diagram of
hardware coincidence checker is shown in fig. 6.

Adders

AG<E

Legal

aG>2

4X<upper level

Upper
Level

Fig. 4. A block dia-
gram of coincidence
pair checker which
detects IN-FOV events
as well as legal
coincidence events.
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Level
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Counting Rate Monitors

In the present system, there are three flags, i.e.,
1) a prompt/delayed coincidence flag, 2) a FOV flag and
3) a legal/illegal flag. These three flags are decoded
into 8 states and 6 out of them are monitored by 6 digi-
tal rate meters. In addition, there are a timer and
a singles rate monitor.
gle tip 6-decade counter with latches, independent car-
ries and a digit scanner inside, which operates. upto 10
Miz clock rate(TC5032P, Toshiba Electric Co.) and are
controlled by a single board microcomputer based on Z80
or by a personal computer. As a real time monitor, the
former is used, while the latter is used when time
lapse measurement is required and the data are stored
in a mini-floppy disk for later analysis.

Conversion Tables

A pair of crystal addresses are encoded into 15-bit
word, 2 sets of 7-bit crystal address plus 1-bit promt-
delayed coincidence flag. 14-bit signals are converted
into projection parameters, i.e., the distance from the
center and an angle by ROM table look-up. Four sets of
ROM tables can be installed.
ware test with an external source and an angle correc-—
tion circuit off. It compresses 128x128(=16384) data
points into 20 blocks for legal coincidene and an extra
block for illegal event storage. Each block corresponds
to coincidences between two groups i.e. 16x16 data
points. The compressed data can be displayed in a
'crystallogram' as shown in fig.5, with which the state
of the detectors, coincidence pairs are visualized. By
summing up the counts along a horizontal line, one can
get relative efficiency of a crystal. In the figure,
the effect of coincidence checker is also shown. The
second and the third ROM's contain standard conversion
tables. The former table is used with a rotation cor-
rection circuit off to measure blank transmission data.
The latter is for normal emission measurements. The
forth ROM slot is left blank for special test mode. As
to the second and the third tables, bin accuracy can be
set to either lmm or 0.5mm bin width by replacing ROM's.
The former is used for routine measuremets, while the
latter 1s used for test purposes.

Radial
Tangential
Radial

Tangential

2 mm¢ source
Line source (estimated)

SPATIAL RESOLUTION ( FWHM in mm )
~n

DISTANCE FROM CENTER (cm )

Fig. 6. Measured spatial resolutions of a cylin-
drical source of 2mm dia. and those unfolded with
source spread(see text).

Each counter is made of a sin-

The first one is for hard-

Fig. 5. 'Crystallograms'in which abscissa and or-
dinate are crystal number and addresses of oppos-~
ing crystals in coincidence, respectively. FOV
checker is off(left) and on(right).

Data Acquisition

The converted data are stored via FIFO inte PDr-11/
23 micro-computer in DMA mode with add-1 facility. The
DHMA interface was made based on DRV1i-P user board of
DEC. The image can be reconstructed either by a PDP-11
/73 or by a general purpose computer in an off line way.

Results

Spatial Resolution

Spatial resolution was measured as a function of
distance from the center with 2mm dia. 68Ge line source
clad with Imm thick stainless steel and the results are
are shown in fig. 6. The measured resolutions were 2.8
mm at the center and 3.9mm(tangential) and 4.2mm(radial)
at a point 60mm from the center, which include source
spread, positron range effect and angular spread of
pair gamma rays. The last two factors are negligible
compared with the first factor. The system resolutions
unfolded with the source spread, under the assumption
that quadratic sum rule holds, are 2.2mm at the center
and 3.3mm(cangential) and 3.6mm(radial) at a point 60mm
from the center.

S 1000
Pal i "
| py}
© £
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- 5]
3834 m
g Q
3 5
° 50070
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82 =
& o

o
0
3
1 e
3}
0 T 0
0 20 40

Coincidence Time Window (nS)

Fig. 7. Relative coincidence detection efficiency
and chance coincidence counts virsus coincidence
time window. The discrepancy at the origine is due
to time measurement error of 0.5nsec.
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Time Resolution

Coincidence time window is adjustable by D.C. refer-
ence voltage, so that relative detection efficiency
and chance coincidence rate were measured as a function
of coincidence time window as shown in fig. 7. These
preliminary data indicate that the system time resolu-
is worse than what was expected from the bench test
data of 5.8nsec fwhm with BGO~BGO detector pair.’ There
is a room of improvement by careful adjustment of tim-—
ing.

Animal Imaging

The brain of a rat was imaged after injection ofllc
labeled Rol5-1788, a recepter ligand(antegonist against
benzodiazepine) which was recently developed by pharma-
ceutical group at N.I.R.S. Tomograms of a rat at 3mm
separation along body axis are shown in fig. 9. Selec-
tive accumulation of Ro-15-1788 to the brain is seen in
these images. The transient response after the injec-
tion is shown in fig. 10, 4in which the left photograph
is just after the injection and the right is 2.5minutes
later. Its rapid accumulation is seen in these images.
Apparently a rat is too small to identify grey matter
from white matter. Note that the target size is roughly
30mm (long axis) by 20mm(short axis).

Conclusions

A single ring positron CT with 64 twin BGO detector
units achieved spatial resolutions that were expected
from crystal width. Careful alignment of the crystal
relative to sensitive part of the photocathode as well
as carefu’ adjustment of pulse shape discrimination
circuit a. 2ssential, else artifacts may occur due to
position coding error.
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implemented with linear interpolation of con-
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Fig. 2 Reconstructed images excluding statistical noise (A1, A2, A3) and the correspond-
ing statistical noise images (B1, B2, B3). The WBP method with k=0 was used
for all the images. Each phantom has a circular attenuation region of 20 cm in
diameter with the attenuation coefficient of 0.15 cm-1. Radioactivities of Al and
A3 are uniformly distributed in circular regions of 15 cm and 20 ¢m, respectively.
Radioactive distribution of A3 is obtained by adding those of Al and A2.
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Fig. 3 Reconstructed images excluding statistical noise (A1-A4) and the corresponding
statistical noise images (B1-B4) with various attenuation coefficients, 2. The uni-
form elliptical phantom (30 cm <24 ¢m) has a cold spot of 9 cm in diameter
centered at a 6 cm distance from the center along the long axis. The images Al,
A2 and A3 were reconstructed by the WBP method with k=0, while A4 was ob-

tained by using the RPC method.
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Fig. 4 Reconstructed images excluding statistical noise (A1, A2, A3) and the correspond-~
ing statistical noise images (B1, B2, B3) with various reconstruction indices, k.
Each phantom comprises a circular attenuation region of 30 cm in diameter with
the attenuation coefficient of 0.15 cm™1, and radioactivity uniformly distributed
in a circular region of 10 cm centered at a distance of 7.5 cm from the center,
The reconstruction origin is taken at the center. The images Al and A2 were
reconstructed by the WBP method with k=1 and k=0.25, respectively, while
A3 was obtained by using the RPC method.
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Fig. 5 The same images as in Fig. 4 except that the reconstruction origin is taken at
the middle point between the center of the attenuating object and the center of
the radioactive distribution.
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Fig. 6 The same images an in Fig. 4 expect that the reconstruction origin is taken at
the center of the radioactive distribution.
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points P1, Pe, Pa and P4 for various position of reconstruction origin in the
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Fig. 8 Reconstructed images excluding statistical noise (Al-A4) and including the
noise (B1-B4), and the corresponding statistical noise images (C1-C4) with vari-
ous attenuation correction methods. Each phantom is a uniform circular disc of
20 cm in diameter with the attenuation coefficient of 0.15 cm~1. The total number
of counts is 5x 10%. The images Al1-A4 (or B1-B4) are reconstructed by the WBP
method with k==0.5, the precorrection method with arithmetic means of op-
posing projections the post-correction method with a correction matrix, and the
inverse attenuated Radon transform method, respectively.
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Fig. 9 Reconstructed images including statistical noise (Al-A4) and the correspond-
ing statistical noise images (B1-B4) with various attenuation correction methods.
Each phantom comprises a circular attenuation region of 30 cm in diameter with
the attenuation coefficient of 0.15 cm™!, and radioactivity uniformly distributed
in a 10 cm diameter circular region at a 7.5 cm diameter from the center and in
a 2 cm wide annular region of 30 cm in outer diameter with 0.25 times event
density of the circular region. The total number of counts is 5 105, The images
Al, A2, A3 and A4 are reconstructed by the WBP method with k=0.5 and recon-
struction origin taken at the off-centered point by 3 cm from the center, the WBP
method with k=0.5 and reconstruction origin taken at the center, the precorrec-
tion method and the post-correction method, respectively.
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Fig. 10 Reconstrucied images excluding statistical noise (A1, A2, A3) and including the
noise (B1, B2, B3) with various attenuation correction methods. Each phantom
comprises a circular attenuation region of 30 cm in diameter with the attenuation
coefficient of 0.15cm-Y, and radioactivity uniformly distributed in a 15cm
diameter circular region centered at a 7.5 cm distance from the center. The total
number of counts is 5x 105, The images A1-A3 (or B1-B3) are reconstructed by
the WBP method with k=0.5 and reconstruction origin taken at the center, the
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iterations, respectively.
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Sumimary

Statistical Noise with the Weighted Backprajection Method for
Single Photon Emission Computed Tomography

Hideo MuravamMa®, Eiichi TaNAKA* and Hinako Toyama**

* Division of Physics, National Institute of Radiological Sciences, Chiba
**Tokyo Metropolitan Geriatric Hospital, Tokyo

The weighted backprojection (WBP) method
and the radial post-correction (RPC) method were
compared with other several attenuation correction
methods for single photon emission computed
tomography by computer simulation. These meth-
ods are the pre-correction method with arithmetic
means of opposing projections, the post-correction
method with a correction matrix, and the inverse
attenuated Randon transform method. Statistical
mean square noise in a reconstructed image was
formulated, and was displayed two-dimensionally
for typical simulated phantoms.

The noise image for the WBP method was de-
pendent on several parameters, namely, size of an
attenuating object, distribution of activity, the
attenuation coefficient, and choise of the recon-
struction index, k and position of the reconstruc-
tion origin. The noise image for the WBP method
with k=0 was almost the same for the RPC

123

method. It has been shown that position of the
reconstruction origin has to be chosen appropri-
ately in order to improve the noise properties of
the reconstructed image for the WBP method as
well as the RPC method.

Comparision of the different attenuation correc-
tion methods accomplished by using both the
reconstructed images and the statistical noise
images with the same mathematical phantom and
convolving function concluded that the WBP
method and the RPC method were more amenable
to any radioisotope distributions than the other
methods, and had the advantage of flexibility to
improve image noise of any local positions.

Key words: Single photon emission computed
tomography, Attenuation correction, Statistical
noise in SPECT images, Computer simulation,
Weighted backprojection.
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#3. PROPERTIES OF SCINTILLATION MATERIALS FOR POSITRON EMISSION TOMOGRAPHY ' )

plastic plastic Nal(T1l) liquid BGO CsF BaFy

(pilot U) (107 Pp)2 xenon
Density (gm/cm3) 1.03 - 1.17 3.67 3.06 7.13 4.61 4.8
Atoamic numbers 6,1 6,1,82 11,53 54 83,32,8 55,9 56,9
Hygroscopic? NO NO YES (--).08"C)b NO VERY NO
Linear attenuation coefficients at 511 keV (cm™1):
Photoelectric 0 0.008 0.060 0.061 0.393 0.087 0.085
Compton 0.096 0.106 0.268 0.215 0.510 0.334 0.353
Total 0.096 0.114 0.328 0.275 0.903 0.420 0.438
Photoelectron yield (511 keV) 730 250 2,500 =4,000 400 150 200;800
Scintillation decay time (nsec) 1.4 2 230 2.7;27 300 2.5 0.8;630
Wavelength at max emission (nm) 432 415 180 480 390 225;310
Refractive Index 1.58 1.85 2.15 1.48 1.56
Photoelectrons/nsec 500 180 11 ? 1.3 60 250;1.3
Pulse height resolution (FWHM) - - » 7% 12% 25% 13%
Pulse height threshold (keV) 100 100 100 100 400 _100 100
Time resolution (FWHM nsec)® 0.2 0.4 1.5 0.2 5 0.4 0.3
Detection efficiency® - 20% 22% 49% 497 77% 50% 60%
TOF Figure of meritd 0.20 0.12 0.16 1.2 0.3¢8 0.6 1.2

2Pilot PS/Pb with 10%Z Pb by weight (mole fractiom 0.627%)
Boiling point at 1 atm pressure

€For a 20 ma x 20 mm x 40 mm deep detector and threshold as given. Packing fractions of 95% for plastic,
BGO, and BaFp, 90%Z for NaI(Tl), 80% for CsF, and 100% for liquid Xenon have been assumed.

droF figure of merit= (efficiency)z/(time resolution)

€time resolution of 2 nsec used to correspond to a 30 cm diam phantom

§§£L. PROPERTIES OF SEMICONDUCTOR MATERIALS FOR POSITRON EMISSION TOMOGRAPHY 42)
Ge Hgly CdTe
Density 5.38 6.3 6.2
Atomic number 32 80,53 48,52
Linear attenuation coefficients at 511 keV (cm"l): ,
Compton attenuation (cm™}) 0.407 0.442 0.441
Photoelectric attenuation (cm™l) 0.019 0.269 0.098
Total 0.426 0.711 0.539
Band gap (eV) 0.66 2.22 1.50
Electron mobility u (cm/sec per V/cm) 4500 G4 1050
Hole mobility p (cm/sec per V/cm) 3500 4 80
Typical eleCtric field E (V/cm) 5,000 40,000 2,000
Electron transit time (ns/mm) - 10 30 50
Hole transit time (ns/mm) 10 600 . 600
pt (electrons) >1 1 x .10"4 1 x 107}
ut (holes) >1 1x 1073 8 x 1071
Trapping distance Eur (electrons) gcm"l) >104 4 cm 2 cm
Trapping distance Eut (holes) (cm™ ') >104 0.4 cm 0.2 cm
Number of e-hole pairs 170,000 70,000 110,000
Pulse height resolution =12 =5% =5%
Time resolution 0.4 nsec 2 nsec? 0.8 nsec?
Pulse height threshold (keV) 100 400 100
Detection efficiency® ' 53% 70% 66%
Figure of merit for TOF 0.70 0.25 0.54

3For a 20 mm x 20 mm x 40 mm deep detector and threshold as given. Packing fraction 95%.
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iBD-sinogram s(t,d.ej

CORRECTIONS

corrected
3D-sinogram

( ID~FILTERING )

TOF
4 = information
i g T ered
& . 30~-sinogram
i

L9 —— ::a.’mﬁ:‘j:][} )
(30 70 20 BACK?ROJECTIDQ)

pre-image
(256 x 256}

2D FILTERING

inal image
128 x 128)

£
{

s .

B, btk T TORE™ E16. AEOFEhEL
EVENT MORD (every count) CONTROL WORD (every wobble point)

Bit (starting with high-order bit) Bit (starting with high-order bit)

1--- "I"(indicates event word) 1~~~ "0"(indicates control word)

2- 2--- "1" (to prevent EOF bit pattern)

3 © 3-q

4 4

5 |- Time-0f-Flight information 5 |- Z-axis scan information

6 (0-127) ) 6

7 7

8- 8-

10-J detector ring of Ist bank (0-3) 977

11- : 11

12-1- detector ring of 2nd bank {0-3) 35,1 gioqogical gating information

13-+ . 13 .

14 |- bank pair (0-8) , . .14

15 15

16~ 16-4

174 17-4

18 |- address of detector in lst bank 18

19 (0-15) 19 |- Detector ring

20-- o e 20 rotation information

21-4 21

22 |- address of detector in Znd bank 22

23 (0-15) 23

24-J - 24~

25+ 25~

26 26

27 ’ 27

28 - wobble point* (0-95) 28 |- wobble point* (0-95)

29 29 *{same information

30 30 as in event word)

31- 31-4

32--- blank 32--~ blank

e o 22)
lgl]:». Bit pattern of list mode data output by SUPER PETT I system.
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TIME-OF-FLIGHT OFFSET ESTIMATION:
MEDIAN METHOD

System Center
) h<—-,-1‘/l/Medaon {A=B)
1

H«— Center of Gravity

Threshold Level

T ” E19. Effect of TOF-offset correction.zz)
I ' Measurement of a ring source {60 cm in diameter).
. ‘ . a,b: Count histograms of TOF. Horizontal axis is
Time -of - Hight information emm——3- TOF (128 bins), and 256 coincidence lines are
displayed from the top to the bottom (the order
has no large meaning because the data has not yet
been binned). a: Before offset correction. b:

3 - - 3 5 22) After the correction. c¢,d: Display of one angle

Hi8. T OF QESDT Rk of 3D-sinogram (128 x 128 elements). Horizontal
axis is TOF and vertical is distance {after
binning and TOF-offset correction). c: Before

sampling density correction. d: After the
correction.
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Abstract. ~PQSitr6ﬁ, conﬁptited témography (PCT) was per-

formed in 3 normal volunteers-and 21 patients with cerebro-
vascular diseases using a high resolution PCT:device ‘Posit-
ologica-I" and three tracers '!CO, **NHj, and '*FDG.

Relatively early lesions showed: various accumulation pat-

terns, and metabolism and. perfusion mismatches. were
clearly shown by this measurement. One type of mismatch
is luxury perfusion which had a slight increase of blood
volume. Another type of uncoupling is misery perfusion.
Remote effects of ischemic lesions also appeared on PCT
with '8FDG and '*NH,. From our clinical results, the
PCT method with a high resolution device and radiophar-
maceuticals such as ''CO, '*NH;, and '®FDG is very use-
ful in the assessment of cerebrovascular diseases and in
defining circulatory dysfunction in man.

~ Owing to the prevalence of X-ray computed tomography,
cerebrovascular lesions have become easily located in many
stroke patients (Kinkel and Jacobs 1976). However, it is
still difficult to assess local physiological and biochemical
conditions of the human brain by XCT and other noninva-
sive diagnostic procedures. A quantitative autoradiographic
technique has already been developed in animals for the
absolute measurement of regional glucose utilization (Soko-
loff et al. 1977) and regional blood flow (Reivich et al. 1969)
in brain but it cannot be applied to man. Positron computed
tomography (PCT) then appeared allowing the evaluation
of disorders of the fine workings of the human brain (Ya-
mamoto et al. 1977; Kuhl etal. 1980a, 1980b; Shishido
et al. 1980; Ackerman et al. 1981; Baron et al. 1981; Metter
et al. 1981). There were several papers suggesting the clini-
cal use of positron CT in the measurement of cerebral me-
tabolism, perfusion, and blood flow in cerebrovascular dis-
ease (Kuhl et al. 1980a; Ackerman et al. 1981; Baron et al.
1981; Metter et al. 1981), none of these tackled the measure-
ment of regional blood volume. The spatial resolution of
the PCT devices used in the studies was usually about
15 mm FWHM.
The purpose of the present study was to measure cere-
bral blood volume, perfusion, and glucose metabolism us-

Offprint requests to: Fumio Shishido, M.D., Department of Radi-
ology and Nuclear Medicine, Research Institute for Brain and
Blood Vessels-Akita, 6-10 Senshu-Kubota-machi, Akita City, Ak-
ita 010, Japan
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ing-ahigh resolution' PCT, which had been developed in
1979 by Tanaka and co-workers (1980), and three radio-

© pharmaceuticals: ' C-carbon monoxide, '*N-ammonia, and

8E_fluorodeoxyglucose.

Materials and methods
Radiopharmaceuticals

'1C.carbon monoxide gas (*'CO), '*N-ammonia solution
(*3NH;), and !®F-2-fluoro-2-deoxy-D-glucose solution
(*8FDG) were used for positron CT imaging as indicators
of blood volume, relative perfusion, and glucose utilization,
respectively (Phelps et al. 1979; Kuhl et al 1980a).

Carbon-11 was produced in the National Institute of
Radiological Sciences (NIRS) medical cyclotron by the '*N
(p, @) **C nuclear reaction followed by reduction of the
'1C compound to carbon monoxide. The product had a
carbon monoxide concentration lower than 20 ppm.

Nitrogen-13 was produced in the NIRS cyclotron by
the bombardment of pure water with proton beams by the
160 (p, o) 3N reaction. The product was reduced to ammo-
nia and collected in physiological saline. Radiochemical pu-
rity was greater than 99.5% of '*NH,.

Fluorine-18 for preparation of *FDG was produced
in the NIRS cyclotron by the *°Ne (d, o) **F nuclear reac-
tion. The synthesis was by the method of Ido et al. (1978)
as modified for remote control by Irie etal. (1982). The
specific activity of *3FDG was about 20 mCi/mg. Radio-
chemical purity was greater than 95% of **FDG.

HCO was given by single breath inhalation followed
by a 20-s breath hold. *NH; and '*FDG were admin-
istered intravenously. The usua] doses of ''CO, '*NH,.
and '|)FDG were 30~50 mCi, 20-40 mCi, and 5-10 mCi.
respectively.

Positron CT and X-ray CT

Positron CT imaging was performed with Positologica-l.
The measured spatial resolution of the used PCT device
was 5.8 mm FWHM at the center and less than 9 mm
FWHM within a circle of 16 cm: in diameter. Measured
sensitivity including scattered coincidence events was
19 keps/uCifm! (Nohara et al. 1980). The PCT system, its
performance (Nohara et al. 1980), its detector characteris-
tics (Murayama 1980), its electronic circuit characteristics
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(Tomitani 1982), and its reconstruction method (Endo et al.
1980) have been described in detail elsewhere.

To begin with, the blank data for correction of detector
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-1.

Positron CT imaging with *!CO (CO-PCT) and '*NHj,
(NH,-PCT) started 3-5 min after administration, and PCT
with '®FDG (FDG-PCT) started about 40 min after injec-
tion, Usually five or six slices were scanned sequentially,
and each plane was paralleled to the orbito-meatal line.
Scan time was adjusted so that each image contained 2-
3 million counts. XCT with a Pfizer/AS&E 0450 scanner
was performed in all subjects in the same slice levels.

Subjects

Three normal volunteers and 21 patients with cerebrovascu-
lar diseases underwent positron CT studies at NIRS from
1979 to 1981. Informed consent was obtained from all pa-
tients or family before the study.

Results

Normal distribution

'8FDG and '*NH, accumulated in a similar manner, and
were centered in the gray matter of the cerebral cortex,
basal ganglia, brain stem, and cerebellum. The image clearly
showed the head of the nucleus caudatus, nucleus lentifor-
mis, and thalamus. These structures were distinguished
from the putamen and claustrum. The capsula interna and
capsula externa were clearly indicated. In CO-PCT images,
high activity of !'C was noted in the various venous sinuses,

13NH3
Fig. 1. PCT and XCT images of a 40-year-old man with multiple cerebral infarctions (Case 1). Arrows point to the lesion of luxury
perfusion. '*)FDG: PCT images with *FDG, '*NH,: PCT images with ®NH;, *'CO: PCT images with 'CO, and XCT: X-ray
CT images. The images in this and following figures are oriented with patient’s left on the viewer’s right

18FDG

Table 1. The patterns of changes corresponding to various status
with three radiopharmaceuticals

"Co NH, YEDG

Misery Normal Decreased Normal or

perfusion slightly

decreased

Luxury Slightly Normal or Decreased

perfusion increased slightly

increased

Old infarction  Normal Decreased Decreased

great vein of Galen and insular portion, which are the sites
of high blood pooling.

Case reports

Case 1: A 40-year-old man with multiple cerebral infarc-
tions was evaluated with PCT. A discrepancy between
8FDG and '*NH, uptakes was found. *®*FDG activity
at the right temporal lobe was diminished, but **NH, up-
take in the same focus was almost normal. This focus
showed slightly high activity in the CO-PCT images.
Decreased '8FDG uptake was noted in the right thala-
mus, where the right posterior circulation was intact. A
watershed area between the right anterior cerebral artery
and the middle cerebral artery had more reduced uptake
of both '*FDG and '*NH, than the surrounding lesions
of relatively early infarction in the right hemisphere about
a month after the onset. An old infarction about 2 months
after the onset was shown as a defect with clear margins

co XCT
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18FDG 13NH3
Fig. 3. PCT and XCT images of a 58-year-old man with repeated transient ischemic attacks (Case 3)
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XCT

Fig. 2. PCT and XCT images of a 49-year-old man
with left hemianopsia (Case 2). This case was
performed at 10 days and 40 days after the onset. The
images in upper column were taken at 10 days, and
those of lower column were obtained at 40 days after
onset. Luxury perfusion is seen in the margins of the
infarct (arrow) in 10 days

XCT
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in both FDG-PCT and NH;-PCT in the left fronto-sylvian
area.

Case 2: A 49-year-old man had an onset of left hemianop-
sia. PCT studies were performed 10 days and 40 days after
the onset. Though XCT revealed a low density area in the
left occipital lobe, NH,-PCT demonstrated hyperperfusion
of the inner margins of the lesion. CO-PCT also indicated
an increase of blood volume. The PCT study at 40 days
showed low perfusion and almost normal blood volume
in that lesion.

Case 3: A 58-year-old man had repeated transient ischemic
attacks for 9 years. The latest attack was followed by slight
hemiparesis and mild weakness of the left arm. Angio-
graphy demonstrated no abnormal findings except for an
atheromatous plaque in the left common carotid bifurca-
tion.

PCT studies were performed 2 weeks after the latest at-
tack. XCT revealed only a small low density area in the
white matter of the left parietal lobe, and no particular
alterations were noted in other areas. FDG-PCT and NH;-
PCT showed low radioactivity not only in the left parietal
white matter but also in the gray matter. Although there

Fig. 4. PCT and XCT images of a
37-year-old man with repeated transient
ischemic attacks (Case 4)

were no abnormal manifestations observed in the left tem-
poral lobe by XCT, FDG-PCT clearly demonstrated the
area of low glucose utilization in the perisylvian region.
and NH;-PCT showed the area of mildly decreased perfu-
sion in the left temporal lobe which is supplied by the left
middle cerebral artery. CO-PCT showed no abnormal find-
ings.

Case 4: A 37-year-old man had repeated transient ischemic
attacks, right hemiparesis, and aphasia brought about by
the latest attack. Cerebral angiography revealed a narrow-
ing of the trifurcation of the left middle cerebral artery.
PCT studies were performed about a month after the latest
episode. FDG-PCT and NH;-PCT demonstrated an exten-
sive infarct including the frontal, temporal, and parietal
lobes in the left hemisphere in the distributions of the left
middle cerebral artery. However, XCT showed the limited
extent of the lesions in the left hemisphere such as a part
of frontal lobe, temporal lobe, and striatal bodies. XCT
disclosed that the left thalamus was intact, which was
proved irrelevant because FDG-PCT and NH,-PCT indi-
cated low glucose utilization and slightly decreased perfu-
sion in that area. There were no abnormal findings observed
by CO-PCT.
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Fig. 5. PCT and XCT images of a 17-year-old man with arteriovenous malformation (Case 6)

Case 5: A 65-year-old man had right hemianopsia of sud-
den onset with no remission 2 years before PCT study, and
had slight aphasia a year before. XCT showed defects in
the left occipital lobe and the left perisylvian area. Both
XCT and NH,-PCT demonstrated that the lesions were
almost the same in size. CO-PCT revealed no abnormal
findings.

Cuse 6: A 17-year-old man had arteriovenous malforma-
tion in the left occipital lobe and complained of right lower
quadrantanopsia and pulsatile headache with scintillating
scotoma in the right visual field 5 years before PCT studies.
XCT showed an irregular high density area in the left occi-
pital lobe. The lesion was proved positive in contrast
enhancement. CO-PCT revealed high activity in the left oc-
cipital lobe and NH,-PCT showed low perfusion in the
fesion.

Discussion

Recently, several investigations have been reported con-
cerning the clinical use of PCT (Yamamoto etal. 1977;
Kuhl etal. 1980a, 1980b; Ackerman et al. 1981; Baron
et al. 1981; Metter etal. 1981). However, theré were no
reports using three radiopharmaceuticals such as ''CO,
13NH;, and '*FDG in combination with a PCT with a
high resolution, as used effectively in the present study.

Since the advent of PCT, it has been possible to measure
the physiological and pathological parameters of the human
brain: i.e., rate of metabolism, blood flow, blood volume,
membrane transport, receptor binding, and other processes
(Phelps et al. 1980). The resolution of prevalently used PCT
devices was usually about 15 mm FWHM.
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In this investigation, we concentrated on the interpre-
tation of accumulation patterns of *FDG, *NHj;, and
11CO in the healthy and the diseased human brain, instead
of using absolute values of regional glucose utilization,
regional blood flow, and regional blood volume, be-
cause there were limitations to their use in diseased
states.

Although a PCT device is a highly refined diagnostic
tool and gives an impression similar to that of XCT in
its first generation stage, more refinement would be neces-
sary in due course as was seen in XCT. The PCT device
used in this study has original system concepts (Tanaka
etal. 1979), rapid electronic circuits (Tomitani 1982), and
high quality BGO detectors (Murayama 1980). With these
advantages, the thalamus, nucleus caudatus, and nucleus
lentiformis can be distinguished from each other. Differ-
ences in regional metabolism and regional circulation in
the thalamus and basal ganglia can be clearly understood.
Though absolute values were not pursued this time, our
investigation demonstrated that PCT study is a very {ruitful
diagnostic technique in cerebrovascular diseases.

Mismatches between metabolism and perfusion were di-
vided into two types in this study. One is a lesion of lower
metabolism and slightly low or normal perfusion. Another
uncoupling is an area of normal metabolism and low perfu-
sion. The former mismatch is the ‘luxury perfusion syn-
drome’ originally defined by Lassen (1966). The latter un-
coupling is ‘misery perfusion syndrome’ defined by Baron
et al. (1981) using continuous inhalation of **O-oxygen and
130-carbon dioxide.

It is said that the intervals of luxury perfusion can be
divided into two periods (Phelps et al. 1982). The first oc-
currence reflects a failure of normal cerebral vascular autor-
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egulation. The second phase is correlated with capillary hy-
perplasia.

Our results indicate two patterns of luxury perfusion.
The early phase of infarction seen in Case 2 revealed high
accumulation of '*NH, in the margins of infarcted focus.
Whereas the focus a month after the onset as shown in
Case 1 disclosed a widely spread area. These phenomena
may partially reflect volume enlargement of capillary blood
vessels, because both phases indicated increased blood vol-
ume in CO-PCT images. These findings may suggest the
different phases of luxury perfusion between Cases 1 and 2.
It may be also implied that the lesion as shown in Case 2
with luxury perfusion is irreversible, while the focus with
misery perfusion is reversible.

Case 3 is a good example of misery perfusion. From
these PCT findings, a hypothesis of a cause of transient
ischemic attack may be considered. This case had chroni-
cally decreased perfusion, which is supplied by the left mid-
dle cerebral artery, by narrowing of the left common carotid
artery. But his cerebral function was almost normal in com-
pensation for increased glucose uptake. Transient ischemic
attack would be caused by a failure of this compensation
mechanism.

The case with broad cortical infarct lesions in the distri-
butions of middle cerebral artery indicates that there was
reduced glucose utilization in the ipsilateral thalamus and
slightly decreased perfusion. This phenomenon is shown
in Case 1 in the right thalamus and in Case 4 in the left
thalamus.

Reduced metabolism in noninfarcted tissues may be sec-
ondary to a functional decrease in metabolic activity of
intact cells by cortical suppression or deactivation from the
ischemic lesions with neuronal connection to the damaged
areas.

The ischemic lesions shown by PCT were more extensive
than those shown by XCT in a relatively early infarction
within a month. But the size of an abnormal density area
of XCT in the case with an old completed stroke was as
large as the lesions detected by PCT. Detectabilities of the
ischemic lesions by XCT may be divided into three groups:
(1) The old focuses more than 2 months after the completed
stroke are the same size as measured by both PCT and
XCT. These lesions are separated from the surrounding
normal tissues, and the focuses have become organized,
as demonstrated clearly in Case 5. (2) The ischemic lesions
have low perfusion and/or Jow metabolism shown by PCT,
but only a limited area of abnormal density is shown, as
in Case 4. These findings demonstrate the limitations of
detectability of XCT for ischemic focuses. (3) The areas
of the depressed function were shown by PCT, though they
seemed to have no ischemic changes. This finding indicates
remote effects from the ischemic lesions.

The lesions of arteriovenous malformation had marked-
ly high blood volume and low perfusion. It is assumed that
there are three causes relating to the low perfusion: (1) pres-
ence of arteriovenous shunting, (2) low permeability of le-
sional vessels, (3) mass effect of the lesions. PCT studies
are useful in arteriovenous malformation for assessment
of brain damage, because this low perfusion may indicate
the possible cause of the neurological symptoms.

The PCT studies using a good resolution device and
radiopharmaceuticals, i.e., *!CO, **NH;, and *FDG in
cerebrovascular diseases indicate widespread physiological
alterations in small structures of cerebral tissues that ap-

peared intact by conventional XCT. This suggests that the
PCT measurement with a good resolution device may be
quite useful to locate and to assess the extent of altered
brain function with cerebrovascular diseases.
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Fig. 1 Sequential images of a 60 year-old man with myocardial infarction and ventriclar

aneurysm.

Left ventriclar aneurysm (A) was clearly shown in the first frame (0~1 min after
injection), and the same region in the last frame (4-5 min after injection) was

displayed as perfusion defect (D).
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Fig. 3 A 60 year-old man with extensive anterior infarction.
The perfusion defect in the anterior wall (a) and the reduced perfusion in the

septal wall (s) was noted.
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Fig. 4 A 53 year-old man with antero-septal and inferior infarction.
The perfusion defect in the anterior wall (a) and the decreased perfusion in the

septal wall (s) was noted.
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Fig. § A 63 year-old woman with inferior infarction.
The reduced perfusion in the anterior wall (a) was shown.
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Summary

Positron CT Imaging for Assessment of Myocardial Infarction with
13NHj: Its Usefullness of Dynamic Images and Multi-plane Images

Fumio SHisHIDO*, Yukio TaTENO*, Katsuya YosHIDA**, Hiroo IKEHIRA™,
Teruko YAMANE*, Nobuo FUuKuDA®*, Toshiro YAMASAKI*, Kazutoshi SUZUKI***,
Kazuhiko TAMATE®** Takashi Nakavama*** Toshiaki IRIE*, Kiyoshi FUKUSHI¥,
Osamu INnoUus* and Yoshiaki MASUDA**
* Division of Clinical Research, National Institute of Radiological Sciences

**Third Department of Internal Medicine, Chiba University School of Medicine
**%Section of Cyclotron, National Institute of Radiological Sciences

We applied a whole-body multi-slice positron
CT device for heart imaging. The positron CT
device was POSITOLOGICA-II which had been
installed in our institute and radiopharmaceutical
was 13NHj;. POSITOLOGICA-IT consists of 3
continuously rotating circular rings of 160 BGO
detectors, providing 5 simultaneous slices. Prelimi-
nary measurements of resolution showed 9.2 mm
FWHM, and measured sensitivity was 28 and 38
keps/pCi/ml for in-plane and cross-plane, respec-
tively,

Sequential imaging with 60 second-interval scan
and 3 additional scans that provided 15 static
images of 6 mm interval were performed after 10~
20 mCi of 13NH3 by interaveous bolus injection.

Three patients with myocardial infarction and
two normal cases were examined by this method.
The image of the first 60 second-interval showed

156

blood pool image of heart, and the 5th image
revealed myocardium. Compared between these
two sequential images the endocardial borders were
delineated. In a patient with extensive anterior
myocardial infarction, the location of ventricular
aneurysm were clearly detected. Three additional
late scans provided high quality cross sectional
images of left myocardium. The images of a
patient with myocardial infarction showed the re-
duced blood flow regions at the sites corresponding
to the specific electrocardiographic findings.

These preliminary clinical results suggest that
sequential tomographic heart imaging using whole-
body multi-silce Positron CT device and 13NH3
are useful for assessment of myocardial infarction.

Key words: 13NHgs, positron CT, myocardial
infarction, myocardial blood flow.
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Abstract

A study on the functional lesions in ‘‘ataxie optique de Garcin”’
by Positron Emission Tomography (PET)

Mitsuru Kawamura, M.D., Keizo Hirayama, M.D., Yukio Tateno, M.D.* and
Fumio Shishido, M.D.*
Department of Neurology, Brain Research Institute, Chiba University School of Medicine
*Division of Clinical Research, National Institute of Radiological Sciences

“‘Ataxie optique de Garcin’’ is characterized by disturbance of grasping objects in the peripheral visual fields. X-
ray CT and operated case studies have already shown that the ataxie optique is caused by a lesion in the parieto-
occipital junction area. This report describes the first PET study on the functional lesions of the ataxie optique.

A 51-year-old mainly right-handed male had a subcortical hemorrhage at the right parieto-occipital junction area.
The patient was noted to have the ataxie optique after removal of the hematoma.

Ten months after onset, PET was performed using *NHj as a tracer. At rest the lesion was located in the similar
area as seen in the X-ray CT as a low absorption area in the right parieto-occipital junction. During movement, which
produced the symptoms of the ataxie optique, an additive low absorption area was noted in the right pre-occipital
region which appeared normal in the X-ray CT.

These observations indicate the superiority of PET to X-ray CT in that functional lesions can be visualized in the
former, as a wider lesion than that seen in the X-ray CT when the patient is loaded with the task to make the symptoms
appear,

(Clin. Neurol., 24: 45—49, 1984.)
Key words: positron emission tomography (PET), 1sNH;, functional lesion, ataxie optique, lesion in the parieto-
occipital junction area '
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Abstract

Pure Agraphia due to Left Posterior Parietal
Infarction
by
Mitsuru Kawamura, M. D.*,
Keizo Hirayama, M. D.*, Keiko Hasegawa™™,
Yukio Tateno, M. D.***,
Fumio Shishido, M. D.***,
Morihiro Sugishita, D. H. S., D. M. S.****
of
Department of Neurology, Brain Research In-
stitute, Chiba University School of Medicine™,
Department of Rehabilitation, Chiba University
School of Medicine®**, Division of Clinical Re-
search, National Institute of Radiological Sci-

ences™™*, Department of Rehabilitation, Metro-

politan Institute for Neurosciences®***

Recently,several cases of pure agraphia caused
by left parietal lobe lesion have been reported.
Most of the reported cases were caused by
space-occupying lesions, but clinical descript-
ions and anatomical correlations were not
sufficiently detailed.

The present authors investigated two cases

of pure agraphia caused by left posteFfior pari-
etal infarction. Detailed analyses of symptoms,
CT scans and ®NH; PET (Positron Emission To-
mography) were performed.

The characteristics of the symptoms in both
cases were . 1) Agraphia was present with both
hands. 2) Copying was not greatly disturbed
as compared with spontaneous writing or dicta-
tion. 3) Agraphia was characterized mainly
by paragraphia, non-reaction, omissions and
wrong writing order of letters. 4) One patient
who had much knowledge of English was exa-
mined as to his writing and oral spelling in
English.

The main lesions in the CT scan were found
in the left supramarginal gyrus and the upper
parietal lobe. The functional lesions seen in
“NH; PET were much wider than those in CT
scan but not extending to the frontal lobe.
These observations suggest that pure agraphia
may also be caused by left parietal lobe

lesion.
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