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Studies on Dose Calculation of Thorax Inhomogeneity for
Fast Neutron Beam from NIRS Cyclotron
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The power law tissue-air ratio (TAR) method developed by Batho appears to be most accurate for
inhomogeneity corrections to the dose calculated in a layered media for photon beam therapy. The
power law TAR equation for tissue inhomogeneity correction of fast neutron beam therapy was
examined to make the implicit approximation clear. The neutron beam is produced by bombarding a
thick beryllium target with 30 MeV deuterons. Lung phantom was made of granulated tissue equivalent
(TE) plastic which resulted in the densities of 0.30 and 0.60 g/cm®. Depth dose distributions in thorax
tissues for neutron beam were measured by an air-filled cylindrical ionization chamber with TE plastic -
wall. The power law TAR equation considering the physical density correction was compared with the
measured data. A good result has been obtained that the calculated dose is within +4% against the
measured. )
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The International Co-60 Gamma Ray Dosimetry Intercomparisons at NIRS
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The National Institute of Radiological Sciences (NIRS) is a medical standard dosimetry center in
Japan accredited by the Japan Radiological Society for the purpose of the standardization of dose
estimation in radiotherapy. It is equipped with a secondary standard dosimeter (Called JARP sab-
standard dosimeter) that has been calibrated at a national standard against **Co-gamma rays. In order to
confirm reliability of a JARP sub-standard dosimeter, the international **Co-gamma ray dosimetry in-
tercomparisons at NIRS have been made between NIRS and the institutes of the other countries. During
the years 1976-1983, four intercomparisons were made. The excellent agreement was obtained for each
intercomparison. This paper describes the results of those intercomparisons and discusses the im-

plication of the findings.
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Fig. 1 Schema for the ®Co-gamma ray dosimetry intercomparisons participants
and their traceablities to the national and international standard dose labora-

tories.

Table 1 The title of intercomparisons, the kind of dosimeters used by the participants and the measuring conditions

Source to Inair
No. Title Date Participant Kind of dosimeter dosimeter Field size  Quantity or
distance in water
1 Neutrondosimetry April 16,1976 NIRS Ionization chamber 75¢cm 10x10cm? Exposure Inair
intercomparison TAMVEC-MDAH Ionization chamber 75¢m 10x10cm® Exposure Inair
between Japan uw Tonization chamber 75¢cm 10x10cm? Exposure Inair
and USA
2 Neutronand proton April 21,1980 NIRS Tonization chamber 80cm 10x10cm? Exposure Inair
dosimetry inter- SKI ITonization chamber 80cm 10x10cm? Exposure Inair
comparison between MGH Ionization chamber ~ 80cm 10x10cm? Exposure Inair
Japan and USA
3 International February 1981 NIRS Ionization chamber 61cm 14x 7cm? Absorbed Inwater
Fricke dosimeter Fricke dose
intercomparison BIPM Ionization chamber Unknown Unknown Absorbed Inwater
Calorimeter dose
4 Photondosimetry  April12—13, NIRS Tonization chamber 80cm 10%x10cmz Exposure Inair
intercomparison 1983 CH Tonization chamber 80cm 10x10cm* Exposure Inair
between Japan
and UK
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Table 2 The ionization chambers used by the participants and the results of intercomparison No. 1
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lonization chamber

Participant “Type Shape Volnme Gas Exposure Ratio
NIRS JAPM, No. 2 Cylindrical 0.6ml Air 36.84 R 1.000
TAMVEC- 72TG (1C-18) Cylindrical 0.1ml Air 37.01R
MDAH 57TG Sperical 1 ml Air 36.84 R
63MG Sperical 2 ml Air 37.28R
S57TE (IC-17) Sherical 1 ml TE 36.77R
’ Mean
36.89+0.34 R 1.001
uw 1C-17 Sherical 1 ml Air 37.18R 1.009

Table 3. The ionization chambers used by the participants and the results of intercomparison No. 2

Ionization chamber

Participant Type Shape Volume Cas Exposure Ratio
NIRS JAPM, No. 2 Cylindrical 0.6 ml Air 86.69 R
JAPM, No. 4 Cylindrical 0.6 mi Air 86.85R
Mean
86.77+0.11 R 1.000
SKI IC-17 Sherical 1 ml TE 87.15R
1C-18 Cylindrical 0.1 ml TE 86.15R
T-2 Cylindrical 0.55ml TE 86.69 R
Mean
86.76+0.53 R 1.000
MGH 1C-18 Cylindrical 0.1 ml Air 86.65R
1C-18 Cylindrical 0.1 ml TE 86.65 R
Mean
86.65+0.00 R 0.999
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AR wr Y EE v -y T leoT,
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B, flh b R 0Co BBBBER D v 5
ERWTfToboThHd, ERFEAR, REF
DEHR, WERGHEXERIER No. 2HTC
Table 1&w/R ¥, No. 3LISHE, IR b BRI X
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B, NEER»LPEEN, REFYH R
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Table 4 The ionization chambers used by the participants and the results of intercomparison No. 4

Participant

Ionization chamber

Type Shape Volume Gas Exposure Retio
NIRS JARP, No. 2 Cylindrical 0.6ml Air 58.88R
§ JARP, No. 4 Cylindrical 0.6ml Air 58.78 R
= Mean
< 58.83+0.07 R 1.000
CH Farmer Cylindrical 0.6ml Air 58.98 R 1.003
NIRS JARP, No. 2 Cylindrical 0.6ml Air 58.88 R
5:-,:‘ JARP, No. 4 Cylindrical 0.6ml Air 58.70 R
= Mean
<% 58.79+0.13R 1.000
CH Farmer Cylindrical 0.6ml Air 58.88 R 1.002
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(LLF, B Fricke & 0F.8) 0 EHEMAE HEE2
NPL o H%xB T BIPM KX hER I his.
DEEL, Fricke 237K 0 RIAR BIIE O H B
DFERELTCERLEL I ENY RED DT
bhld, BERLERHOERZ L, ZoFE
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-
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Table 5 The result of Fricke dosimeter intercom-

parison
BIPM NIRS Ratio

{Irrad. dose) (Est. dose) (NIRS/BIPM)

30.0Gy 29.9Gy 0.997

29.9 Gy 30.2Gy 1.007

49.9 Gy 49.8 Gy 0.998

49.9 Gy 50.2 Gy 1.006

70.0 Gy 70.1Gy 1.001

69.9 Gy 69.8 Gy 0.999

Mean
1.001+0.004
— Ken/ R .

Dw=A44s - CLarlV . Ky (Gy) (@

(tten/ POF
T LT, AAxsLBEHE & SRBST Fricke B O,
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Elom & LA & £2.757X10°Gy ARTH 5, %
7o, Cen/ pOW/ (ten/ 0D F 137K & Fricke B 0B
B2 A F—RINGREOLT, DFdb Dy ~o
BERHTHY, 1.003TH 5,
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Table 6 The results of comparison of the Fricke
dosimeter and JAPM sub-standard dosimeter
(chamber No. 4)

Ratio

Date Fricke JAPM, No. 4 (Fricke/J APM)
Feb13 27.1+0.14 Gy 27.18 Gy 0.997
Feb 14 28.8+0.22 Gy 28.79 Gy 1.000
Feb 16 28.8+0.06 Gy 28.78 Gy 1.001

Mean
0.9990.006
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Table 7 Uncertainties in determination of exposure
from a calibrated ionization chamber

Source Uncertainty
1. Calibration factor, N,
and themperature-pressure
correction factor, k; 2.0%
2. Random uncertainty 0.2%
Over-all 2.0%

Table 8 Uncertainties in determination of absorbed
dose in water from a JAPM sub-standard dosi-

meter
Source Uncertainty
1. Calibration factor, N,
and temperature-pressure
correction factor, %, 2.0%
2. Rad conversion factor, C; 1.1%
3. Random uncertainty 0.2%
Over-all 2.3%

Table 9 Uncertainties in determination of absorbed
dose in water from a Fricke dosimeter

1.020 T T
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£ 1.000
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Source Uncertainty
1. Measurement of absorbance, A 0.5%
2. G-value 1.3%
3. Molar extinction coefficient, ¢, 0.5%
4. Determination of Dy from Dp 0.2%
5. Irradiation vessel correction
factor, ky ) 0.2%
6. Random uncertainty 0.6%
Over-all 1.6%
I T T I
i | | I
SKI e BIPH CH
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Fig. 2 Summary of the results of the **Co-gamma ray dosimetry
intercomparisons. The deta are normalized to NIRS values.
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THE RELATIONSHIP BETWEEN LUNG COLONY AND IN SITU ASSAYS

KoicH1 ANDO, D.D.S., PH.D. AND SACHIKO KOIKE, M.S.

Division of Clinical Research, National Institute of Radiological Sciences, 9-1, 4-Chome, Anagawa, Chiba 260, Japan

The relationship between three different assays: tumor control, tumor growth delay and lung colony formation,
was examined after fast neutron and -y ray irradiations. Fibrosarcomas (NFSa) in syngeneic C3H{ mice were
irradiated locally with ®*Co «v rays, fast neutrons or mixed beams (v rays and fast neutrons). A comparison
between the lung colony assay and the TRTs, (50% tumor growth delay time) assay when cells were exposed to
single doses of fast neutrons or -y rays, resulted in identical growth delay times. The fraction of cells surviving
a single dose of fast neutrons, was 10 times higher than the surviving fraction of cells after a single dose of v
rays. Both doses resulted in the same tumor control probability (TCDs, assay). Neither repair of potentially
lethal damage nor tumor bed effect was sufficient to explain the difference between cell survival and tumor
control probability. The surviving fraction of cells following fractionated irradiations of v rays and fast neutrons

were identical at 50% tumor control probabilities.

Lung colony, TCDsy, TRTsy, Fast neutron, Repair of potentially lethal damage, Tumor bed effect.

INTRODUCTION

Tumor control probability, tumor growth delay, and
colony formation have been widely used to determine
the biological effectiveness of new radiation modalities.
We recently reported that RBE (relative biological effec-
tiveness) values of fast neutrons, whether determined by
the TCDsy (50% tumor control dose) assay or the lung
colony assay, were identical when daily fractionated
doses were examined.? Following single dose irradiations,
however, larger RBE values were obtained by the TCDsq
assay than by the lung colony assay. RBE values decrease
with increasing doses of fast neutrons.’ Therefore, it is
unlikely that a TCDs, assay following a single dose to
cells would give a larger RBE value than a lung colony
assay, because the former employs a larger radiation
dose. This raises the question of whether lung colonies
assay tumor cells that determine tumor control in situ.
Many factors involved in these two assays could affect
RBE values; they include repair of potentially lethal
damage (PLDR), enzymatic damage to tumor cell mem-
brane, repopulation of tumor cells and immune and
other host reactions.'! A significant difference between
the TCDso and the lung colony assay is that the tumors
are excised immediately after irradiation in the lung
colony assay, yet are left in situ in the TCDsp assay. In
this study we focused on PLDR and the tumor bed

effect to examine the relationship between the excision
assay (lung colony formation) and the in situ assays
(tumor growth delay and TCDs).

METHODS AND MATERIALS

Mice and tumors

The original tumor was a fibrosarcoma that arose
spontaneously in a C3Hf/Kam female mouse at the
Department of Experimental Radiotherapy, M. D. An-
derson Hospital and Tumor Institute, Houston, TX.
Isotransplants at the 18th generation were used through-
out. Animals were 8 to 12 week old C3H/HeMsNrsfICR
male mice. Mice received an i.m. injection of 10° tumor
cells to their right hind legs 7 to 8 days before irradiation.
Preparation of single cell suspensions by trypsinization
is described elsewhere.? As determined by phase-contrast
microscopy, over 95% of the cells for single dose exper-
iments, and 70% of the cells for the fractionation
experiments were intact. Less than 1% of the cells were
in aggregates.

Irradiation

Fast neutrons were produced by bombarding a thick
beryllium target with 30 MeV cyclotron produced deu-
terons. The mean energy of the fast neutrons was 13
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MeV and the v ray contamination was 3-5% of the
total dose.® Leg tumors with an average diameter of 7
+ 0.5 mm were placed in a rectangular field of 20 X 3
cm. Mice were anesthetized with 50 ug/g sodium pen-
tobarbital* prior to irradiation, and were restrained by
being taped to an acrylic plate. Doses were measured in
each experiment with a tissue equivalent chamber. Dur-
ing this series of experiments the dose rate was about
0.73 Gy/min.

Gamma rays were obtained using a *°Co therapy
machine with a dose rate of 1.00 Gy/min at an FSD of
47 cm. The irradiation field size was identical to that
for neutron irradiation. The beam build-up was obtained
by placing a 5 or 8 mm thick acrylic plate over the
surface of the tumors for ®*Co or fast neutron irradiation,
respectively. The scattered dose to the whole body was
1-3% of tumor dose'® for both neutrons and v rays.
Irradiations were made to air breathing animals. Irradia-
tion schedules were: single v ray (1) or fast neutron
(IN) dose, 5 daily « ray (5v) or fast neutron (5N) doses,
and a mixed-beam scheme of 2N doses plus 3y doses
in the sequence N-y-y-y-N. The interval between treat-
ments was 24 hours. A detailed method and rationale
for the mixed gamma neutron beam scheme have been
described elsewhere.? Briefly, 5 daily doses (5, 5N)
result in surviving fractions of SF(5y) and SF(5N),
which can be experimentally obtained. If SF(l1v) and
SF(IN) are theoretical surviving fractions after each
fractionated dose, and SF(5v) and SF(5N) result from
repeated doses of ly and IN for five fractions, then
theoretical surviving fractions at each fractionated dose
would be given by

SF(ly) = SF(5v)' and SF(IN) = SF(5N)/
When using the mixed beam scheme N-y-y-y-N, assum-
ing no interaction between the two types of beam, the
expected surviving fractions would be given by

SF(3y + 2N) = SF(5v)** X SF(SN)**.

As in cell survival studies, the tumor control proba-
bility was calculated for “3v + 2N doses.” It is assumed
that the probability of tumor recurrence after 5y or SN
is

I = P(5y) and 1 - P(5N)
respectively, where P(5y) and P(5N) are tumor control
probabilities following 5y and SN. In this scheme, the

probabilities of failure in tumor control for each v and
N dose are

{1 = P55y} and {1 — P(SN)}'/*

August 1985, Volume {1, Number 8

respectively. Accordingly, the tumor control probabilities
following the mixed-beam scheme N-y-y-y-N can be
given by

1= {1 =PG5y} X {1 = P(SN)}?*

when there is no predicted damage caused by beam
interaction. The y-ray dose per fraction was fixed as 22
Gy. Each neutron dose varied from 6 to 10 Gy in order
to determine the TCDs, value.

Assay methods

1. in situ assays
(a) TCDysq assay: after irradiation of the leg tumors,

irradiated areas were palpated once a week for
120 days, and the tumor control rates were
scored. Each dose group consisted of from 5 to
20 mice. A total of 295 mice were used. All
experiments were performed at least twice.
(b) TRTs assay: Each tumor was measured in three
dimensions, a, b, ¢, with calipers 3 times a week.
Tumor volume was calculated by wabc/6. The
number of days for a tumor to regrow to 5 times
its initial volume was determined on the regrowth
curve, and TRTs, (days required for half of the
tumors to reach 5 times the initial volume) was
calculated by probit analysis.'

2. Excision Assay: The lung colony assay was used to
determine clonogenic cell survival. Tumors were
excised either immediately, or 24 hours after the last
irradiation, and single cell suspensions were prepared.
Two to four tumors were used for each dose group.
Each suspension, containing an appropriate number
of tumor cells and 10° heavily irradiated (HIR) cells,
was injected i.v. into recipient mice that had received
treatment with 150 pg/g Cyclophosphamide 24 hours
prior to injection. The addition of HIR cells and
pretreatment with Cyclophosphamide increased lung .
colony forming efficiency by a factor of 50. There
were five mice per group; a total of 250 mice were
used. Lungs were removed 10 to 13 days after the
i.v. injection, and the number of tumor nodules on
the surface of each lobe was counted macroscopically.
As a control, the lung colony forming efficiency of
nonirradiated tumor cells was shown to be between
3 and 8%.

3. TDs, Assay: Single cell suspensions containing an
appropriate number of cells were injected into right
hind legs, which had been locally irradiated 3 months
in advance. Each group consisted of 8 mice and a
total of 200 mice were used. Legs were palpated for
tumors once a week for 13 weeks.

4. Estimation of tumor cell number: The number of
tumor cells in a tumor was estimated by counting
the number of tumor cell nuclei.'® Immediately after

* Nembutal; Abbott Laboratories, Chicago, IL.

18



Lung colony and in situ assays @ K. ANDO AND S. KOIKE 1497

the mice were killed, the tumor tissue was excised
and minced in 2 to 3 ml of an 1% ice-cold citric acid
solution, placed in a blender, and mixed at 3000 rpm
for 5 min. This mixture was then suspended in 20
ml of an 1% citric acid solution. One drop of octyl
alcohol was added to reduce foaming and the ho-
mogenate was centrifuged at 5000 rpm for 10 min.
The sediment was suspended in from 5 to 20 ml of
an 0.2% citric acid solution, and large, round nuclei
were counted. To determine the loss of cell nuclei
during this procedure, a known number of single
cells were processed in an identical manner. It was
found that 36.9% of nuclei were lost. Efficiency of
tumor cell yield by this method is comparable to
other methods including DNA measurements and
morphometry.'?

Analysis

Probit analysis was carried out to obtain TCDso and
TDs, values. For survival curves, the multi-target model
was fitted to the data. Dy values (radiation dose to
reduce surviving fractions by a factor of I/e in the
exponential portion of the survival curve) and extrapo-
lation numbers, n, with 95% confidence limits were
determined for each curve.

RESULTS

Cell survival was examined immediately after irradia-
tion (Fig. 1, Table 1). D, values after IN and 5N were

Table 1. Cell survival parameters of the NFSa after single,
S-fractionated and mixed-beam doses

Radiation
schemes Dy (Gy) n
IN 1.81 (1.73-1.89)*+ 1.19 (0.98-1.40)t
1.84 (1.52-2.17)t 1.07 (0.48-1.66)%
5N 1.85 (1.76-1.94) 2.75 (1.83-3.65)
Iy 4.38 (4.22-4.52)% 1.18 (1.00-1.34)t
4.71 (4.49-4.93)t 1.08 (0.87-1.29)f
Sy 5.55 (4.96-6.14) 2.51 (1.40-3.62)
Mixed 4.24 (3.90-4.57) 2.55 (1.30-3.79)
Beam

* Mcan and 95% confidence limit.
Assays were performed either immediately (1) or 24 hours
(f) after irradiation.

identical (1.81 vs. 1.85 Gy), while the Dy value after 5y
was greater than after 1y (4.38 vs. 5.55 Gy). When 24
hour intervals occurred between irradiation and tumor
excision, the Dy values increased approximately 8% and
2% after 1y and IN irradiation, respectively (Fig. | and
Table 1). The resulting RBE value was 2.56.

The TRTs, was examined after I[N and 1y (Fig. 2).
Dose response curves showed a single component after
IN as well as ly. RBE values of fast neutrons relative
to vy rays, compared at various levels of TRTsq, ranged
between 2.67 and 2.70. It should be noted that the dose

Total Dose(Gy)

0 10 20 0 10 20 30 40
0 10 20 0 10 20 30 40 0 10 20 30 40 S50
0
10 T T T I T
. 4
1077 4
s \e
: 2
8 -2 \d J
° 10
: s te
g» *
I 1073 1
SR |
1
w J
-4
10 4
IN | 5N 1y 5% MB |
10-5 1 1 1 i 1 1 1 I 1 n 1 L 1

Fig. 1. Clonogenic cell survivals. NFSa tumors were irradiated with single or 5 daily fractionated doses. Tumors
were excised immediately (closed symbols) or 24 hours (open symbols) after final irradiation. Abbreviations at
the bottom of the figure are; IN: Single fast neutron dose, SN: 5 daily neutron doses, 1v: single v ray dose, 5
v: 5 daily v ray doses, MB: a mixed-beam scheme of N-y-y-y-N given with a treatment interval of 24 hours.

Symbols and bars indicate mean and S.E., respectively.
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Fig. 2. Tumor growth delay times after single doses of fast
neutrons and v rays. Time for half the tumors to regrow 1o 5
times initial volume (TRTs) was obtained by measuring
tumor volume. Closed circles and open squares are tumors
irradiated with fast neutrons and + rays, respectively. Symbols
and bars indicate mean and 95% confidence limit, respectively.

required to produce a TRTs, of 26 days with IN
treatment resulted in complete tumor regression in 1 of
7 animals. 1y treatment controlled no tumors until the
dose required to produce a TRTs of 41 days was
reached. The volume doubling time of tumors was 5.3
+ 1.5 days (mean = SD) for IN and 5.2 + 0.63 days
for 1v.

Tumor control probabilities were investigated after
IN, v, 5N, 5v, and the mixed-beam scheme (Table 2).
Dose dependency of tumor control probabilities were
observed in each radiation modality. TCDsq values were
calculated from these data and listed in Table 3.

The relationships between surviving fractions (when
irradiation and excision were separated by 24 hours)
and TRTs, values were obtained from data shown in
Figs. | and 2. Values below 10™* for cell survival were
obtained by the extrapolation of survival curves. The
relationships after IN and 1y were slightly upward-
concave (Fig. 3), but were identical, indicating that the
relationship between cell killing and growth delay time
was independent of the LET (linear energy transfer).
The relationship between surviving fractions and tumor
contro! probabilities indicated that, at given survival
levels, 1N resulted in a higher tumor control probability
than 1y (Fig. 4). In other words, fast neutrons required
less cell killing than v rays to achieve the same tumor

20
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Table 2. Tumor control probabilities of the NFSa after single,
5-fractionated and mixed-beam doses

Number of
cured tumors/
Radiation Total dose Number of
schemes (Gy) irradiated tumors (%)

IN 20.5 1/6 16.7
23.0 1/8 12.5
25.5 2/8 25.0
28.0 4/7 57.0
30.5 7/8 87.5
33.0 6/7 85.7
35.5 8/8 100.0
SN 320 2/8 25.0
35.0 3/6 50.0
38.0 477 57.0
41.0 6/7 85.7
44.0 5/5 100.0
Iy 70.0 0/8 0.0
75.0 0/8 0.0
80.0 2/8 ’ 25.0
85.0 6/8 75.0
90.0 5/6 83.3
95.0 6/7 85.7
Sy 80.0 0/9 0.0
90.0 7/18 38.9
100.0 5/16 31.3
110.0 10/16 62.5
120.0 13/18 72.2
130.0 15/20 75.0
140.0 15/18 83.3
Mixed 78.0 5/10 50.0
beam 80.0 4/10 40.0
82.0 5/10 50.0
84.0 8/10 80.0
86.0 8/10 80.0

Table 3. Surviving fractions and number of cells surviving
50% tumor control doses

Number

Radiation of
schemes TCDg (Gy) Surviving fraction* cells
IN 27.1 (24.8-29.6) (3.7 1.2) X 1077%§ 55.8

4.3+ 1.3y X 107738 64.1

5N 35.8 (28.9-40.4) (L1 + 206) % 107* 1.6

Iy §3.2 (68.2-87.6) (6.7 + 16) X 107 1.0

23+ 297)x 107% 3.5

Sy 104.4 (87.9-113.9) (1.7 2.6) X 1078 2.5
Mixed 81.3 (66.9-83.4) (12 2.1)x 107 1.8

Beam

* Surviving fractions were obtained by extrapolating survival curves
down to TCDg doses. 95% confidence limit was obtained
by 1.96 X VS/N where S and N represented surviving fractions at TCDsq
and number of clonogenic tumor cells, respectively.

+ Mean and 95% confidence limit.

F Survival parameters of delayed assay were used.

§ These values were significantly (p < 0.05) different from the other
groups.
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Fig. 3. Relationships between surviving fractions and tumor
growth delay times after single doses of fast neutrons and v
rays. The surviving fraction after a dose which results in a
given TRTs, was calculated from Figs. | and 2, partly deter-
mined by extrapolation. Survival parameters used for the
calculations were those obtained with delayed assay. TRDTs,,
on the abscissa, indicates the difference in TRTs between
irradiated and control groups.

contro! probability. For example, surviving fractions at
50% tumor control probability following IN and 1y
were 4.3 X 1077 and 2.3 X 1078, respectively. Fraction-

1499

ated irradiations including SN, 5v, and the mixed-beam
scheme, resulted in a similar surviving fraction, ie.,
between 1.1 X 1078 and 1.7 X 1078,

The fact that surviving fractions at 50% tumor control
probability were as low as 107 raised the question of
how many tumor cells were contained in a tumor. We
examined the number of tumor cells in a 7 mm NFSa
tumor (Fig. 5); it contained 1.6 X 10% cells. Although
the tumor cell to host cell ratio in the NFSa is not
known, it is reasonable to assume that about half of the
cells would be tumor cells. Therefore, the 7 mm tumor
would contain approximately 1 X 10® tumor cells. The
number of tumor cells that survived TCDs, dose was
then calculated by multiplying the surviving fraction by
10 (Table 3). We calculated that 65 cells had survived
after a TCDs, dose of IN, whereas less than 4 cells had
survived after that of 1y.

In the course of treatment the tumor bed was irradi-
ated. Previous work has shown that preirradiation of
the tumor bed retards tumor growth,>? although the
precise effect of fast neutrons has not been established.
We investigated the tumor bed effect of fast neutrons as
well as of v rays using tumor transplantability. A single
dose of 15 Gy fast neutrons and of 50 Gy ~ rays were
delivered to the right hind legs of normal mice. These
doses were chosen because the RBE in the TCDs, assay
was about 3 (see Table 2). Three months thereafter,
mice received tumor cell challenges into the irradiated
legs. TDsq values in preirradiated legs were substantially
reduced (Fig. 6), being 412 (207-616) in unirradiated
mice, {26 (39-213) in IN irradiated mice and 94 (32—
157) in lv irradiated mice. However, no difference was
detected between IN and lv.

5N
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Fig. 4. Relationships between surviving fraction and tumor control probability. Surviving fraction was calculated
by extrapolating survival curves at a dose which resulted in a given tumor control probability in Table 2.
Survival parameters used for the calculations were those obtained with delayed assay. Abbreviations in the

figure are identical to those in Fig. 1.
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Fig. 5. Number of tumor cells in the NFSa tumor. Each
symbol represents one tumor. The regression line was Log Y
= 0.87 X Log X + 6.22. The coefficient of correlation was
0.903. The broken line indicates that a 7 mm tumor contained
1.6 X 10% cells.

DISCUSSION

The NFSa tumor showed a uniform radiosensitivity
in cell survival curves after single doses of ¥ rays. This
may be a result of acute hypoxia induced by sodium
pentobarbital.? The extrapolation number of the NFSa
tumor was comparable to that of EMT-6 tumors,'*'¢

Percent Tumor Teke

101 102 103 104
Log Cell Number

Fig. 6. Tumor bed effect of fast neutrons and v rays. A single
dose of 15 Gy fast neutrons (@), or that of 50 Gy v rays (V)
was delivered to right hind legs 3 months before tumor cell
challenge. ({J) indicates unirradiated control. TDs, values were;
unirradiated control: 412 (207-616), IN: 126 (39-213), and
Iv: 94 (32-157).
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but smaller than mammary adenocarcinomas,'® NR-S1
squamous cell carcinomas,?' RIF-1 fibrosarcomas,'® FSa
fibrosarcomas* and Lewis lung carcinomas.!”

Our present study demonstrated that the relationships
between cell survival and growth delay time following
IN and Iy were comparable. This may indicate that,
regardless of the LET value, the same level of cell killing
results in the same growth delay time. The IN-RBE
determined by the lung colony assay and that by the
growth delay assay were also similar, that is, 2.56 and
2.70, respectively. The survival curves after IN and Iy
were both single component. This might be attributed
to the increase in the hypoxic cell fraction, which may
be a result of anesthesia.? The single component survival
curves resulted in constant RBE values throughout the
dose range tested.

A notable discrepancy between IN and ly was ob-
served in the relationship between cell survival and
tumor control probability. Namely, less cell killing was
required after IN than after 1y to obtain the same
tumor control probability. A possible explanation of this
discrepancy could be the magnitude of PLDR: cells
sampled immediately after irradiation by the lung colony
assay would yield a lower surviving fraction than if
allowed to complete PLDR (estimated to take 8 hours).?
However, present results from experiments where a 24
hour delay occurred between the irradiation treatment
and tumor excision (delayed assay) do not support this
possibility. The increase in the Dy values with a 24 hour
delay was only 2% for IN and 8% for lv, and was too
small to account for the discrepancy. PLDR capacity
might be smaller in the NFSa tumor compared to other
tumors.”'#'"% The use of sodium pentobarbital in our
experiments may, in part, be responsible for the small
increase in the Dy values: hypoxic cells which were
artificially induced by sodium pentobarbital in the NFSa
tumors, might have failed in repairing PLD.*?

The tumor bed effect might also account for the
difference between the neutron and v ray results. The
tumor bed effect is induced by radiation damage to the
stroma, which in turn, modifies tumor growth.® Radia-
tion damage to the endothelium of blood vessels seems
to be important. Low LET preirradiation of the tumor
bed has a substantial effect on tumor growth but not on
tumorigenicity.>*? Although preirradiation of the tumor
bed reduced the TDs, value to approximately one third
of that in the non-irradiated mice, the TDso values in
the neutron-irradiated and <y ray-irradiated legs were
comparable. It follows that the tumor bed effect cannot
completely account for the discrepancy.

The fact that the TDsy value (~100 cells) was 25
times larger than the number of tumor cells (<4 cells)
surviving at TCDs, may raise a question about the
validity of extrapolating the survival curves down to
1078, This is difficult to answer because no precise
method is available to obtain survival fractions that low.
However, as fractionated regimens including 5N, 5v,
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and the mixed-beam scheme resulted in good correlations
between the surviving fraction estimated from the lung
colony assay and the tumor control probability obtained
by TCDs, assays, it is reasonable to assume that the
extrapolation may be valid under certain conditions.
The difference between the TDs, values and the calcu-
lated number of tumor cells at TCDs, doses may be due
to the microenvironment surrounding the tumor cells;
first, tumor cells in the TDs, assay lodge in the tissue
and grow while evoking a blood supply. However, tumor
cells in the TCDs, assay have already been provided
with a blood supply. Second, TCDs, experiments produce
a preponderance of heavily irradiated tumor cells, which
are known to increase tumorigenicity by a factor of as
much as 100'* whereas in our TDs, experiments heavily
irradiated tumor cells were not used.

Why did the survival values following IN differ from
those after other modalities? A possible explanation may
be that a small but significant fraction of a radioresistant
subpopulation could be heterogenously contained in the
tumor, and single neutron doses would kill these cells
more effectively than vy rays (Fig. 7A). True survival at
TCDs, would be, say, 1077 that is identical to the cell
survival after IN; 107% of cell survival after 1y would
be incorrect. The resistant cells may then move into the
sensitive fraction during fractionated doses, eliminating
the discrepancy between the cell survival following IN
and that following 1y (Fig. 7). Therefore, recruitment
of resting cells into a cycling state® might have been
responsible for the disparate survival values with different
modalities.

However, based on two facts, this hypothesis can be
refuted. First, if there had been a radioresistant popula-
tion, then the TRT s, curve after I+ should have revealed
the resistant population at large doses. The curve reflected
rather a uniform radiosensitivity of the tumor, and did
not suggest any radioresistant population (Fig. 2). Second,
this hypothesis cannot explain the difference in cell
survival results between IN and 5N.

An alternative explanation is that, after large doses of
IN, the rate of cell survival declines more rapidly at
large doses (Fig. 7B). True survival at TCDs, would be
1078, which is identical to the cell survival after lvy;
1077 of cell survival after IN would be incorrect. Ac-
cording to this hypothesis, the TRTs, curve after 1y
should show uniform radiosensitivity of the tumor, and
the experimental results agree (Fig. 2). As dose size per
fraction of 5N might have been smaller than the neutron
dose corresponding to the change in slope of the IN
curve, fractionated doses of fast neutron should result
in cell survival differing from single neutron doses. This
was also seen in the experimental results (Fig. 4). This
hypothesis suggests that fast neutrons may possess large
B values in a-8 models, though the lung colony assay
can not detect the § term due to technical limitations.
The B term of fast neutrons may originate from recoil
protons.”

HYPOTHESES
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subpopulation fast neutron
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Fig. 7. Hypotheses explaining the difference between IN and
the other radiation modalities. Lines are survival curves for
fast neutrons and v rays. Bold lines are true survival curves
while thin lines falsely extrapolate the survival curves which
were obtained by the lung colony assay. Horizontally dotted
lines are cell survivals at 50% tumor cure. Vertically dotted
lines correlate true cell survivals and false cell survivals.
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Discrepancies between colony formation and TCDs,
assays have been reported both in the sensitizer enhance-
ment ratio (SER) of misonidazole'? and in RBE values
of fast neutrons.'* TCDs, assays resulted in larger SER
but smaller RBE values than colony formation assays.
In the case of the EMT-6 tumors, cell survival at TCDsq
was 100 times higher after single doses of X rays than
after those of fast neutrons.'* These results are contra-
dictory to our results. This contradiction could be due
to cell survival levels at doses that result in tumor cure.
As the EMT-6 tumor is strongly immunogenic in its
syngeneic host,'¥ cell survival at TCDs, is quite high:
1072 after X rays and 107 after fast neutrons. Immu-
nogenicity of the NFSa tumor is weak,' and cell survival
at TCDs, was 1077 after fast neutrons and 1072 after v
rays (Fig. 4). If the population size of cells which
determine tumor cure is smaller than 107 (Fig. 7), then
the radiosensitivity of these cells is critical for the cure
of weakly immunogenic tumors but unimportant for
the cure of immunogenic tumors.
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Auger effect/Monochromatic synchrotron radiation/Bromodeoxyuridine/HeLa cells/Survival

The HeLa cells labeled with 5-bromodeoxyuridine were irradiated with monochromatic synchrotron
radiation at 0.90 A or 1.00 A, below or above the wavelength of the K absorption edge (0.92 A) of bromine.
Although non-specific sensitization of labeled cells to the radiation was observed irrespective of the wave-
lengths, the labeled cells were killed at a higher rate by the irradiation at 0.90 A than at 1.00 A. The non-
labeled cells showed no difference in the sensitivity to the radiation at the two wavelengths. The enhanced
lethality of labeled cells at 0.90 A may be inferred to be due to the induction of Auger effect in bromine
atom of the DNA selectively absorbed the photon at 0.90 A. Implications of this finding for the photon
activation therapy was discussed.
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INTRODUCTION

Auger effect has been demonstrated to be highly effective to the killing of the cells when
emitters of Auger electrons are located to the DNA (e.g., ***I-iodouracil in place of thymine)'~%.
The mode of this action was characterized by the similarity to the high LET radiation: Low
oxygen enhancement ratio® and localized dose distribution™ ®. The average energy deposited '
in small target spheres by decaying **°I has been estimated to be more than that by a passing
5 MeV alpha-particle with an LET of 100 keV/um?. In considering these advantages of the
possible Auger effect, a new mode of radiation therapy, photon activation therapy, has been
proposed in recent years'®'?: Photon activation therapy is based on the expectation that the
selected monochromatic X-rays induce the vacancy of K shell in the key atoms in cellular
molecules followed by Auger cascade at high frequency. Fairchild et al.'® have proposed the
combination of iodine in the form of 5-iododeoxyuridine and the X-rays with a wavelength
slightly shorter than the K absorption edge of iodine for the photon activation therapy.

The enhanced radiation effects by the induction of Auger effect have been observed in
the decomposition of amino acid'®, the radical formation of 5-bromodeoxyuridine'®, the
inactivation of the Zn-containing enzymes'®, and the killing of bacteria under dehydrated
conditions'®.

In the present communication, we wish to report an enhanced lethality of 5-bromodeoxy-
uridine-labeled HeLa cells with monochromatic synchrotron radiation at 0.90 A as compared
with the effect at 1.00 A (the K absorption edge of bromine is 0.92 &), probably attributable -
to the Auger effect in the incorporated bromine.

MATERIALS AND METHODS

Hela cells were grown in Eagle’s minimum essential medium supplemented with 10%
foetal bovine serum under 5% CO, and 100% humidity. The cells at the exponentially grow-
ing phase were attached on a membrane filter disc as described elsewhere'?. They were grown
in the presence or absence of 5-bromodeoxyuridine (BUdR, 5 x 107> M) and deoxycytidine
(CdR, 1075 M) for one generation time (18 hr), and incubated for additional one hour in the
fresh medium without BUdR and CdR after rinsing the cells with medium. The growing rate
of the cells was not changed in the presence of BUdR and CdR during the incubation period,
although it was decreased at longer incubation intervals. The plating efficiency of the cells
grown in the presence of BUdR and CdR was 81.8 % 8.1% of the control.

The cells on the membrane filter were kept wet (not dried) during the irradiation under
atmosphere by the way that the membrane filter was placed on the filter paper soaked with
Dulbecco’s phosphate buffered saline. Since the beam size was smaller than the area to be
irradiated, irradiation with monochromatic synchrotron radiation (0.90 A or 1.00 A) was
performed on the sample-scanning stage!®. The monochromatic radiation was obtained with
111-channel cut Si crystal (monochromater) from synchrotron radiation produced by the
electron storage ring at the Photon Factory, National Laboratory for High Energy Physics.
Intensity of monochromatic radiation was monitored by a free-air ionization chamber. Details
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of the source of monochromatic radiation and the measurement of exposure have been de-
scribed elsewhere'®. The irradiated cells were collected from the membrane filter disc by
trypsinization with 0.1% trypsin solution. Cell survival was determined by colony forming
ability.

RESULTS AND DISCUSSION

As shown in Fig. 1, HeLa cells cultured in the presence of BUdR were more sensitive to
the radiation at 0.90 A than to that at 1.00 A allowing a general sensitization of bromine
irrespective of the wavelength of synchrotron radiation. This was confirmed by three different
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Fig. 1. Survival curve of HeLa cells irradiated with synchrotron
radiation. HeLa cells were cultured in the presence
(solid symbols) or absence (open symbols) of 5-bromo-
deoxyuridine and imradiated with synchrotron radia-
tion at 0.90 A (circle) or 1.00 A (triangle).

Table 1. The ratio of D, with respect to the presence
and absence of bromine at 0.90 A and 1.00 A.

D, (-Br)/D,(+Br)
: Wavelength (&)
Experiment 0.90 1.00

1 143 1.22
2 ‘ 1.43 1.21
1.38 1.22
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sets of experiments (Table 1) which were performed at three different beam times allotted in
the period from June, 1983 till June, 1984 at the Photon Factory. Since the K absorption
edge of bromine is 0.92 A (13.47 keV), irradiation of bromine-containing DNA in the cells
at 0.90 A will produce the vacancy at K shell followed by Auger cascade in the bromine.
Therefore, the additional killing effect of the radiation at 0.90 A may be due to the toxicity
of Auger electrons emitted from the bromine. Preliminary results showed the increased fre-
quency of the induction of chromosome type of aberrations in the BUdR-abeled CHO cells
when irradiated with synchrotron radiation at 0.90 A, which may also be attributable to the
Auger effect?. The increase in the lethality caused by the Auger effect was significant but
not so large. One of the reason(s) of this small increase may be the relatively small attenuation
coefficient of bromine in the DNA as compared with that of water corresponding to DNA®.
Therefore, much higher increase in the lethality could be expected by taking 5-iododeoxy-
uridine instead of BUdR and the corresponding monochromatic synchrotron radiation, since
iodine is superior to bromine in this respectm).

The present results were in good agreement with the findings of Halpern and Miitze'®
in which they have shown the increased killing of BUdR-labeled dried bacteria with mono-
energetic 14.4 keV X-rays compared with that of 12.1 keV. Myers et al.?? have reported that
no difference was observed in the killing enhancement of the radiations between 16 keV
X-rays and %°Co gamma-rays on T4 phages completely substituted with 5-bromouracil for-
thymine in its DNA irradiated under wet condition. In view of the wrong selection of radiation,
the comparisons may not be warranted for the purpose of demonstrating the Auger effect.

The lethal effect of Auger electrons has been documented with %I labeled 5-iododeoxy-
uridine!™ and also with 7’Br labeled BUdR??. The toxicity of '*1 is much higher than that of
3H or ] either on the basis of the lethality per disintegration or on the basis of the absorbed
dose in the nucleus. The higher toxicity of ?°I has been inferred to be due to the Auger effect
induced by the disintegration of 2519

The present results, i.e. the induction of Auger effect in mammalian cells by the external
radiation, suggest the possibility of the photon activation therapy with the use of 5-iododeoxy-
uridine and the corresponding monochromatic synchrtron radiation which penetrates more
than that in the present experiments.
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There are two facilities for clinical trials with protons in Japan: the National Institute of Ra-
diological Sciences (NIRS), Chiba, and the Particle Radiation Medical Science Center (PARMS),
University of Tsukuba. At the National Institute of Radiological Sciences, patient treatment with
the 70 MeV proton beam began in November 1979, and 29 patients were treated through December
1984. Of 11 patients who received protons only, 9 have had local control of the tumor. Two of
the 9 patients, suffering from recurrent tumor after radical photon beam irradiation, developed
complications after proton treatment. In the patients treated with photons or neutrons followed
by proton boost, tumors were controlled in 12 of 18 patients (66.6%), and no complications were
observed in this series. Malignant melanoma could not be controlled with the proton beam. A
spot-beam-scanning system for protons has been effectively used in the clinical trials to minimize
the dose to the normal tissues and to concentrate the dose in the target volume. At the Particle
Radiation Medical Science Center, University of Tsukuba, treatment with a vertical 250 MeV
proton beam was begun in April 1983, and 22 patients were treated through February 1984, Local
control of the tumor was observed in 14 of 22 patients (63.6%), whereas there was no local control
in the treatment of glioblastoma multiforme. There have been no severe complications in patients
treated at PARMS. The results suggest that local control of tumors will be better with proton
beams than with photon beams, whereas additional modalities are required to manage radioresistant
tumors. © 1985 Academic Press, Inc.

INTRODUCTION

There are two facilities for clinical trials with protons in Japan: the National Institute
of Radiological Sciences (INIRS), Chiba, and the Particle Radiation Medical Sciences
Center (PARMS), Tsukuba University, Ibaragi Prefecture. In this paper, the present
status of proton radiotherapy in Japan is described, and the preliminary results of
treatment are discussed. Clinical trials at NIRS with 70 MeV protons began in No-
vember 1979, while 250 MeV protons have been used for clinical trials at PARMS
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since April 1983. The aim of the studies in both facilities is to develop techniques to
make charged particles suitable for therapy and to confirm the rationale for proton
radiotherapy. The trials have been performed with close collaboration between the
two facilities.

MATERIALS AND METHODS

Clinical trials with protons were performed with a horizontal beam at NIRS and with a vertical beam at
PARMS. Intercomparison of the biological effects of the protons was performed between NIRS and Mas-
sachusetts General Hospital, Boston, and between NIRS and PARMS to evaluate the clinical results on a
common basis.

1. Treatment System at NIRS

The cyclotron installed at NIRS can accelerate protons to 70 MeV, which can penetrate up to 36 mm in
the tissue-equivalent phantom. To develop the techniques for proton radiotherapy and to establish clinical
trials, a new beam line and a treatment chamber have been constructed in the physical experimental room
of the cyclotron building. The beam line consists of three monitoring chambers, two sets of beam shaping
slits, a beam shutter, and two orthogonal bending magnets.

The power supplies of these bending magnets are digitally controlled by minicomputer, and the 10-mm?
spot beam of protons can be directed by those magnets to any point within a 20-cm? radiation field. This
two-dimensional (2-D) spot-beam-scanning system has made it possible to achieve an irradiation field of
any irregular shape and intensity distribution and to correct fluctuation in the beam intensity (/). In principle,
it is not necessary to have any collimator in the spot-beam-scanning method. However, a multileaf collimator
is used as a shield for back-up collimation. The collimator is made of forty 1 cm? brass rods and is able to
conform to any desired irradiation field.

Based on the practical use of the 2-D spot-beam-scanning technique, a three-dimensional spot-beam-
scanning method (3-D) was developed for proton radiotherapy at NIRS. The schematic diagram of the
system is shown in Fig. 1.

In the treatment planning, the target volume is sliced into [-mm Lucite equivalent thickness for the plane
perpendicular to the beam direction. Each slice is further divided into square spots. The beam scanning
method is in principle the same as the 2-D spot-beam-scanning system, but the scanning pattern and dose
delivered are different at every slice and every spot to make a desirable spatial dose distribution in tissue.

Input field contours
and dose

Ist slice to nth slice

(x,y) position and Table of the relative
relative dose fraction dose fractions to make
of each spot a spread out Bragg peak

Data compilation for
spot beam scanning

]

1st slice |

2nd slice |
3rd slice |

q

FIG. 1. Schematic diagram of the procedures for data compilation with the 3-D spot-beam-scanning
method. ‘
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The dose-scanning pattern is dependent on the shape and size of the target volume and on its location in
the body. '

Before starting the 3-D spot-beam-scanning, the degrader thickness is adjusted to coincide with the depth
of the Bragg peak of protons and the depth of the first scanning slice. The spot-beam-scanning of the proton
irradiation starts from the deepest region of the target volume and goes to gradually more shallow regions.
After completion of the scanning irradiation-of each slice, the beam is directed to the shielded resting point,
and a minicomputer sends a signal to the degrader to change the Lucite thickness. Then the scanning
irradiation of the next slice starts under the control of the minicomputer. These procedures are repeated
throughout the entire 3-D spot-beam-scanning irradiation.

The experimental results showed fairly good agreement between the planned and the measured isodose
distributions. A typical example of those results is shown in Fig. 2. These results also indicate that the 3-D
spot-beam-scanning method for proton conformation radiotherapy was very effective for reducing the dose
to normal tissue compared with the 2-D spot-beam-scanning or the broad beam irradiation. This irradiation
method will probably be useful for heavy-charged-particle radiotherapy in the future.

2. Treatment System at PARMS

PARMS started proton radiotherapy in 1983, utilizing a 2 xA beam of 500 MeV protons from the booster
synchrotron of the High Energy Physics Laboratory. For proton therapy, the beam energy has been degraded
down to 250 MeV by passing the primary beam through a graphite absorber, The beam pulses were delivered
at a rate of 45 pulses per each cycle period of 2.5 s. A 50-ns-width pulse includes 5 X 10° protons of 250
MeV, which delivers a dose rate of greater than 1 Gy per minute at the irradiation site.

PARMS has three therapy rooms, one for neutrons and two for protons. One of the proton rooms features
an irradiation system for a vertical beam (Fig. 3). The 250-MeV proton beam is bent vertically with a 90°
bending magnet down to the second basement. To obtain a large uniform field (up to 20 X 20 cm?), the
proper geometry of the scatterer and ring-stopper combination was semiempirically determined (2). The
fine degrader or shutter-oil-bath adjusts the range of the incident proton beam to match the tumor depth
and spreads the Bragg peak width by using a microcomputer. The ridge filter and the range modulator have
been alternatively used to spread the beam,

The resultant dose distribution indicated that there must be a considerable beam divergence and scattered
component in this radiation field, which are inevitable when the degraded proton beam is used. These data
have been formulated for each irradiation modality and applied to the treatment planning program.

The treatment planning systemn (TPS) at PARMS has been developed using a minicomputer (VAX 11/
750) with a graphic display (Graphica I-7048) and other additional peripherals. The CT imaging is obtained
with a GE-CT/T at the University Hospital, and data are transferred to TPS by magnetic tapes.

FIG. 2. Typical experimental results of a 3-D spot-beam-scanning irradiation with 0.5 Gy. Photograph at
the transverse cross section of the target volume by 3-D spot-beam-scanning irradiation.
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FIG. 3. Vertical proton beam irradiation assembly at PARMS,

A treatment-planning program with various functions for proton therapy was developed at Massachusetts
General Hospital by Goitein et al. (3, 4), who kindly allowed us to use it, and the program was successfully
interpreted for the different type of graphic display at PARMS and loaded on the TPS.

In addition, a simpler program has been developed at PARMS which enables us to process the treatment
planning for each CT slice within 4 min, The body contour and the target outline are written on the CT
image display. The beam directions within the CT plane (ventral, dorsal, right, and left) are selected corre-
sponding to the vertical and horizontal proton beams at PARMS. The dorsal direction in the prone position
can be applied in specific cases such as brain or head and neck tumors. By these means, we calculate the
bolus shape and the optimized dose distribution. A typical example of the bolus shapes and the isodose
distributions for a case of cervical cancer is displayed in Fig. 4.

3. Biological Effects of the Proton Beams

A comparison of the biological effects of proton beams was performed between NIRS and PARMS (5).
One group of C3H mice with NFSa mouse fibrosarcoma growing in the lung was irradiated to the thorax
with protons at the NIRS and a second group was irradiated at PARMS. The cell survival curves obtained
at each institution were compared, and RBE values relative to ©Co « rays were evaluated. There was no
significant difference between the two curves, which showed RBE values very close to 1.06.

A second comparison of proton beams was performed between NIRS and Massachusetts General Hospital
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FIG. 4. Graphic display of an isodose distribution and the shape of compensating boluses illusirated on
a CT slice of a cervical carcinoma case for a three-portal proton irradiation. Isodose contours indicate 10
to 100% levels with 10% step.

(MGH). The dose cell-survival curves of Chinese hamster ovary (CHO) cells irradiated with proton beams
were studied. The results show that the average RBE value for protons relative to ®Co v rays at different
survival levels was 1.1 for 70 MeV protons at NIRS and 1.24 for 160 MeV protons at MGH. Consequently,
the therapy schedule and protocol were identical to the photon beam treatment.

The standard schedule at NIRS was 40 Gy of protons delivered in four fractions over 4 weeks; this was
because the beam was prescribed for clinical trials every Friday morning. Dose per fraction was 10 Gy,
which was used because of the exerience in the MGH (6). When the volume to be irradiated was large, doses
of 8 or 9 Gy were used in the fractions.

RESULTS

At NIRS, superficial cancers were selected for clinical irials because the beams were
able to penetrate only 36 mm into tissue.

Tumor responses and normal tissue reactions were evaluated by a five-step scoring
system. Reactions and responses that developed within 6 months after completion of
the treatment were scored as early reactions, and those that developed thereafter were
recorded as late reactions. The late reaction scores for tumors and skin can be seen
in Table L.

Of the 29 patients treated with 70 MeV protons at NIRS between November 1979
and December 1984, 11 received proton therapy only and 18 received a boost irra-
diation of protons following either photon beam or fast neutron therapy.
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TABLE I

Late Reaction Scores for Radiation Effects and Skin Reactions

Radxanon effect score

1. Complete disappearance without scar formation

B W

Skin reaction score
. None

. Complete disappearance with scar formauon
. Residual and nongrowing tumor
. Residual and slow-growing tumor
Rapidly growing residual tumor

. Pigmentation, small telangiectasias, and skin atrophy

. Severe skin atrophy
. Necrotic ulcer

1
2
3. Extensive telangiectasias and skin atrophy
4
5

Table II shows the list of the patients treated with protons only. Local failure was
seen in two patients; one of them was suffering from an advanced synovial sarcoma
of the thigh which had recurred after surgery and was still regressing in size 12 months
after completion of proton irradiation; the second was a 7-year-old boy who received
salvage surgery for residual leiomyosarcoma of the back and thereafter had no evidence
of disease during 31 months. Complications were observed in two patients, both of
whom were suffering from tumors that continued to grow after radical photon beam
irradiation. In one patient (53972) who had recurrent fibrosarcoma in his chest wall,

TABLE II
Results of Treatment with Protons Only (70 MeV); NIRS (1979-1984)

Effect Length of
Case Dose Jollow-up
number  Age Sex Target (Gy/f/days) Tumor  Skin (months)
54395 62 Male Skin cancer 40/4/22 CR 3 4(+)
54486 59 Female Skin cancer 30/3/15 CR 2 54
56297 79 Female Skin cancer 32/4/29 CR 2 19
53697 80 Male Fibrosarcoma (Node) 40/4/22 CR 3 6(+)*
53972 26 Male Fibrosarcoma (Rec.) 30/3/21 CR 4 40
55011 7 Male Leiomyosarcoma 20/2/8 PR 2 31
55243 71 Male Synovial sarcoma 30/2/8 PR 2 12
53775 70 Female Breast cancer (Rec.) 26/2/8 CR 3 43
54180 54 Female Breast cancer (Rec.) 26/2/8 CR 3 50
54598 65 Female Breast cancer (Rec.) 40/5/36 CR 3 13
54340 53 Female Thyroid cancer (Rec.) 24/3f/15 CR 4 48

Note. CR: Complete regression; PR: Partial regression.

® Cause of death: metastasis.

35



PROTON THERAPY IN JAPAN S-241

an ulcer developed in the radiation field and was cured by conservative treatment in
31 months of follow-up. Another female patient (54340) with recurrent thyroid cancer
of the neck suffered dysfunction of the brachial nerve 1 year after proton therapy and
had local control of the tumor in 48 months of follow-up.

For proton boost irradiation, protons were delivered to the target volume where
photon beams or fast neutrons had already been given. The total doses were equivalent
to TDF 75-160 and were chosen according to the response of the tumors. The results
show that, in 12 of 18 cases, the tumors were controlled without severe complications
(Table III). Failures were seen in six patients, five of them received salvage surgery
thereafter and had no evidence of disease without complications (6-68 months).

At PARMS, clinical trials with 250 MeV protons were begun in April 1983, and
22 patients had been treated through February 1984, In this clinical trial, a daily
fractionation scheme was used. Doses of 65 to 75 Gy of protons were delivered to the
target area in 20-26 fractions over 6-7 weeks. ;

Of the 22 patients, 4 had skin cancers, 2 had tongue cancers, 1 had cancer of the
buccal mucosa, | had cancer of the middle ear, 1 had cancer of the parotid gland, 1
had cancer of the uterine cervix, and 2 had hepatic cancers. These 12 patients have
had local control of their tumors without complications and 11 have survived for 11—
17 months after completion of the therapy.

The remaining 10 patients in this group suffered from malignant brain tumors, i.c.,
two malignant meningiomas, three astrocytomas (grade III), and five glioblastoma
multiformes. Four of the five patients with malignant meningioma and astrocytoma
achieved local control of the tumor. None of the patients suffering from glioblastoma
multiforme, however, had local control of the tumor, and two of them died. No severe
complications have been observed during 7 to 13 months of follow-up.

The preliminary results of clinical trials performed at NIRS and PARMS suggest
that proton therapy will improve local control rates of tumors with reduced compli-
cation rates of the normal tissues. However, additional modalities are required to
manage radioresistant tumors.

DISCUSSION

Radiation therapy has made steady progress in local control of tumors following
the introduction of high-energy X-ray and high-energy electron accelerators. Nev-
ertheless, the fact that the doses delivered to the target volume are strongly dependent
on the radiation tolerance of the surrounding normal tissues remains a critical problem.

Conformation radiation therapy with high-energy X rays has been developed to
deliver a larger dose to the target volume than conventional treatment and to reduce
the dose given to the surrounding normal tissues. Adjusting the shapes of the leaf
collimator to the treatment fields during rotational irradiation enables us to irradiate
only the target volume (7).

On the other hand, when charged particles such as protons are used, sophisticated
computer programs make it possible to control the particle beams with bending
magnets.

The proton spot-beam-scanning method will be used effectively for further improving
the dose localization within the target volume and will also be applied to other charged
particle treatments.
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TABLE 111

Results of Treatment with Proton Boost (70 MeV); NIRS (1979-1984)

) ] . Effect Length of
Case ) . Dose e Jollow-up
number Age Sex - Target (TDF) Tumor Skin (months)
53214 64 Male Skin cancer (Rec.) 80 PR 3 10(+)°
53376 78 Male Cancer parotid gland 78 PR (OP). 3 68
53784 60 Female Cancer parotid gland 100 CR 3 62
53898 57 Male Cancer parotid gland 100 CR 2 57
50054 63 Male Fibrosarcoma 87 CR 2 6(+)°
54765 73 Male Malignant fibrous 130 CR 1 36
histiocytoma
53896 57 Male Malignant melanoma 133 PR (OP.) 3 58
54871°* 72 Male Malignant melanoma 128 . PR (OP.) 3 9(+)®
55524 71 Male Malignant melanoma 140 PR (OP.) 3 26
54302 42 Female Breast cancer (Rec.) 120 CR 3 18(+)°
54704 36 Female Breast cancer (Rec.) 75 CR 2 12
51155 46 Female Breast cancer (Rec.) 81 CR 2 25
55721 59 Female Breast cancer (Rec.) 140 CR 2 19
53877 77 Male Metastatic lymph node 120 CR 3 2(+)°¢
(squamous cell
cancer)
54871 72 Male Metastatic lymph node 128 PR (OP.) 2 9(+)°
(Melanoma)
55032 83 Female Metastatic lymph node 160 CR 1 30
(squamous cell
cancer)
55189 75 Female Metastatic lymph node 128 CR 2 9
(squamous cell
cancer)
55524 75 Female Metastatic lymph node 160 CR 3 27
(squamous cell
cancer)

Note. CR: complete regression; PR: partial regression.
# Tumor response was evaluated separately.

® Cause of death: metastasis.

¢ Cause of death: other disease.

The proton clinical trials performed in the United States and Europe show that a
10% higher dose could be delivered to target volume without increasing radiation
damage to normal tissues compared to photon beam irradiation (8, 9).

The Japanese experience suggests that the complication rate could be reduced by
proton treatments due to their superior dose localization. Proton clinical trials will be
continued to evaluate the clinical benefit of dose localization.
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Seventy MeV oproton beam irradiation has been wused for the treatment of superficial
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Bragg peak of the ionization offers the oposibility of highly localized dose
distribution which has eclinical advantages in the field of ocular radiotherapy., To
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Bolus Construction in Proton Beam Radiotherapy

. *] *2 *3
Shigeo FURUKAWA,” Atsuo AKANUMA,” Yukimasa AOKI,
Yuzuru KUZUTANI-NAKAMURA*1 Shinroku MORITA™* and
Tatsuo ISHIKAWA*1

*1 Div. of Clin. Researches, Natl. Inst. of Rad.
Sciences

*#2 Dept. of Radiology, Faculty of Medicine, Univ. of
Tokyo :

*3 Dept. of Radiology, Metropolitan Toshima Hospital

*4 Hospital Division, Natl. Inst. of Radiological
Sciences

National Institute of Radiological Sciences initiated its proton
beam radiotherapy in October, 1979, The beam energy is 70 MeV
and its penetration is 38mm. Proton beam radiotherapy has the
possibilities to avoid dose to a critical organ perfectly and to
concentrate dose to the target. Bolus technique is one the
methods to realise the above possibilities. In recent radio-
therapy CT-views are applied to institute the target and to per-
form treatment planning. Hence in this study facile construction
methods of various boluses for proton radiotherapy and their
materials .are investigated employing CT-views and CT-scan nre
too. As the material for it we consider water is the best, since
it's perfectly clear. It helps a therapist very much in setting
up a patient for irradiation. Moreover majority of physics data
are obtained with water phantoms. Hence the method to apply water
for bolus was studied.

Key words : Proton beam, radiotherapy, bolus, CT, water.
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Fig. 1. A physician makes skin marks and the

patient is laid in treatment position.

Fig. 2. A plaster cast is made in the treat-

ment position., This cast is a mold to make
boluses and can be also used for the fixa-

tion device.

The mold is made with plaster tapes

Fig. 3.
in a case of chest wall recurrences from

breast carcinoma.
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Fig., 4. A face mold is made with alginate.
The patient is a case of angiosarcoma which

is shown in Fig. 13.

Fig. 5. Face is covered with alginate.
Plaster is better used over the alginate,

otherwise alginate mold is too soft.

Fig. 6.

Plaster model made from the mold in

Fig. 15.
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Fig. 7. One milimeter thick vynil chloride Fig. 9. The patient is scanned with the bolus
plate is heated and softened. And it is on to assure the treatment depth.
pressed on the plaster model of the chest
wall shown in Fig. 3. A square frame of
vynil plate with appropriate height is
placed on it. Sticky chewing gum base is
placed surrounding the frame and a thin vynil
plate is placed on it and pressed down to the

height of the frame.

B

Fig. 10. Water bolus made from accryl plates.

Fig. 8. The water bolus mode which is in

Fig. 7 are worn with present.

Fig. 11. The patient is being scanned in
treatment position which ought to be formed

on the proton treatment table.
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Fig. 12. CT view in Fig. 11 to assure treat- Fig. 15. Neck node metastasis of malignant

ment depth. melanoma.

Fig. 13, Proton irradiation to angicsarcoma Fig. 16. Metastasis of malignant melanoma to

on left upper eyelid. upper lip.

Fig. 14. A case of leiomyosarcoma on back in

right side.
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Fig. 18.

CT view of malignant melanoma

metastatic to neck.

Fig. 19. CT view of malignant melanoma metas-

tatic to upperlip.
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FElLveEEz, £ 1KRTH{EEOMEDC
TERUREARE L 2. K20k PR21EHOHE
BTd b, K20WRY i TREBEERK LHEE
KCHEBLTW A ERE CTEOMBE (K
2D EHEvK{ IV, UL, CTE200-300
Z2RLTVE Y ) 2 V& EERD IR AR
BEoEMIED 5, TR -7 AMBELLTHNV
vyaey)arERFESOSVbOERITE
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=2l 7TV —LEE>T7 4 v s EBTFHE

Materials Number of CT(S.D.) Number of CT of Physical Density | Conversion Factor
Reference (S.D) (g/em3)
(Water)
paraffin wax ~106.6 ( 4.2 ) -5.3 (4.4 ) 0.91 0.96
Pari::gzl wax ~104.4 ( 4.8 ) ~6.9 ( 4.5 ) 0.94 0.93
Silicone 1 273.2 ( 5.7} 1.4 (4.7) 1.14 -
Silicone 2 452.3 ( 9.7 ) 0.8 (5.0) 1.38 -
§ 5005 238.7 ( 6.8 ) ~2.8 ( 6.4) 1.12 1.06
(silicon A)
sX 288.9 ( 7.2) -3.5 (7.1) 1.06 1.05
(Silicon B)
Dental compound 520.7 (20.9 ) -6.1 ( 4.7 ) 1.45 -
Gum base (A) 135.1 ( 8.3 ) -0.4 ( 3.7) 1.17 1.13
Gum base (B) 123.4 (37.6 ) -13.5 ( 3.9 ) 1.17 1.14
Alginate 0 27.4 ( 5.7) -6.0 ( 4.8 ) 1.03 1.06
“Alginate }2 27.7 { 5.3 ), -6.1 ( 4.8) 1.03 1.06
Latex - 53.4 (5.0) -6.2 ( 4.1 0.99 1.00
Wheat flour 151.4 (16.0 ) -2.0 (7.8) 1.22 1.20
with oil
CMCNa 3.5% 3.9 { 4.3) 1.6 ( 5.6) - -
CMCNa 5.0% 1.1 ( 4.8) ~2.2 (5.4 1.01 0.95
CMCNa 7.08 7.2 (4.8 ) -2.5 { 4.9 ) 1.04 0.98
Agar ‘A 27.8 (1 5.3) -6.8 ( 5.5) 1.00 1.01
Agar B 2.0 (6.1) -8.3 (5.3) 1.00 1.02

Table 1. CT number,

physical density and conversion facter of various bolus materials.
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Fig. 20, Correlation between physical density

and conversion facter.

b2
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i

Fig. 21. Correlation between CT number and

conversion facter.

Fig., 22,

CT view of neck metastasis with

alginate bolus.
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TATSUO ISHIKAWA, M.D.,' HIROSHI TSUNEMOTO, M.D..}
KENJIRO FUKUHISA, B.SC.! AND TATSUHIRO KASAMATSU, M.D.?

'Division of Hospital, National Institute of Radiological Sciences (NIRS), 4-9-1, Anagawa, Chiba-shi, 260, Japan; *Department of
Gynecology, National Cancer Center Hospital (NCCH), 5-1-1, Tsukiji, Chuo-ku, Tokyo, 104, Japan

Fast neutron therapy for locally advanced or radioresistant malignant tumors was started in November 1975 at
the National Institute of Radiological Sciences (NIRS), Chiba, Japan. To evaluate the effectiveness of fast
neutron therapy, mixed neutron-photon fractionated irradiation, on squamous cell carcinoma of the uterine cervix,
98 patients with Stage IIIb disease were examined to study the correlation between local control rate and
histological types. The local control rate after neutron-mixed beam therapy was 73%, which decreased to 66%
with photon irradiation. The five year survival rate was 49% for patients receiving neutron therapy and 49% for
those receiving photon therapy. There was no statistical significance between neutron and photon therapy; we
then attempted to analyze histological types to check for any gain using neutron therapy. This study was a non-
randomized trial. The preliminary results however, gave us useful information for the next step of neutron

therapy.

Fast neutron irradiation, Carcinoma of the uterine cervix, Histological study.

INTRODUCTION

Fast neutron radiotherapy, using 30 MeV (d-Be)
neutrons produced by a medical cyclotron, was initiated
in November 1975 at the NIRS, Chiba, Japan. A total
of 1125 patients with malignant tumors that were locally
advanced or radioresistant, such as osteosarcoma, soft
tissue sarcoma or malignant melanoma, were treated by
the end of 1983.

Fairly satisfactory results have been obtained by ra-
diotherapy as well as surgery in the treatment of early
stage carcinoma of the uterine cervix. Radiotherapy
plays a major role in the treatment of late stage disease,
which is advanced and inoperable, but the results have
not been satisfactory so far.>'*'® Greater LET radiation,
such as fast neutron therapy, is now being introduced
in an attempt to improve results.

The present paper describes the preliminary results of
clinical trial of fast neutron therapy for advanced Stage
IIIb carcinoma of the uterine cervix, and attempts to
discover a correlation between local control rate and
histological types.

METHODS AND MATERIALS

Characteristics of the neutrons

Fast neutron beams used in this clinical trial were
produced by bombarding a thick beryllium target with
30 MeV deuterons delivered from the NIRS medical
cyclotron. Mean energy was about 13 MeV.'® The out-
put dose rate was 42 ¢Gy per minute (n. v) foran 11.4
cm X 11.4 cm field at source-target-distance (STD) of
200 cm. Contamination with gamma rays was estimated
to be less than 4%. The depth dose and the dose
distribution obtained at source-skin-distance (SSD) of
175 cm were about the same as those of Co-60 gamma
rays at SSD 65 ¢cm. The maximum build-up of the dose
was located at 5 mm below the surface. (Fig. 1)®

Patient selection

Patients selected for the present study had previously
untreated Stage IIlb squamous cell carcinoma of the
uterine cervix (FIGO), with medium and large tumor
volume, and whose work-up studies included the histo-
logical examination and classification.
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Fig. 1. Comparison of isodose charts in a tissue-equivalent liquid phantom for neutrons (Ed = 30 MeV) and
%Co gamma rays measured at Ao = 10 X 10 cm. Courtesy: Hoshino et al.®

Radiation therapy program Ist period, middle of January to middle of April, 2nd

Patients were divided into two groups, with treatment period, middle of May to end of July, and 3rd period,
by photon or fast neutron, according to the availability middle of September to middle of December. The
of the cyclotron machine time when the patients were intervals between those periods were spent for the
accrued. The machine time available for neutron therapy =~ “‘maintenance and improvement of the machine. Photon
throughout the year consisted of three periods as follows: group: The patients who were referred during the off-
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periods of cyclotron were treated with photon irradiation.
Fast neutron group: The patients who were referred
during the periods when the machine was in operation
and who were judged able to undergo the planned course
of treatment were treated with fast neutrons.

The whole pelvis was irradiated by two opposing
external portals with a mixed schedule, three times
weekly by photon therapy and twice weekly by neutron
therapy. The dose range was 5000-5500 cGy per 5-5.5
weeks, with an RBE value of 3.0 for neutron therapy,
namely 720 cGy per 10 fractions for neutron therapy
and 2550 ¢Gy per 135 fractions for photon therapy. The
photon radiation group were treated to the whole pelvis
with two opposing portals by photon beam in the dose
range of 5000-5500 c¢GY per 5-5.5 weeks, 5 times
weekly. All patients in both groups then underwent
intracavitary irradiation by means of RALS (remote
afterloading high dose rate intracavitary irradiation.)?
The high intense small sources of ®“Co (4.0 Ci for
tandem and 2.0 Ci for ovoids) were used. Irradiation
time was 5 to 10 minutes. The treatment was done in
two fractions with one week intervals during the last
two weeks of external irradiation, to give the dose of
1100~1300 cGy at point A.

Histological classification

Squamous cell carcinomas of the uterine cervix were
classified into 3 types of histological classification as
proposed by Wentz and Reagan.?’ These classifications
are: K: keratinizing carcinoma, L: nonkeratinizing large
cell carcinoma, S: nonkeratinizing small cell carcinoma.

Distribution of patients

In total, 98 patients (45 in the fast neutron group and
53 in the photon group) with Stage IIIb squamous cell
carcinoma of the uterine cervix were divided into his-
tological classification: K, 20, L, 72, S, 6, respectively.
All patients were treated within protocol guidelines or
with only minor modification of the protocol. They
were followed at an out patient clinic every one to three
months. Once a year patients were admitted to the
hospital for 3 days for chest and urinary tract X ray
diagnosis, or cystoscopic and proctoscopic examinations,
for the next 5 years (Table 1).

RESULTS

Local control rate and frequency of distant metastasis
Patients in both therapy groups were classified into
two types according to volume of tumor, that is, large
(parametrium infiltrated massively on both sides), and
medium (parametrium infiltrated massively on one side).
The local control rate after neutron therapy was 73%
(33/45) in total and 66% (35/53) after photon irradiation.
For medium tumors, local control rate increased, though
not statistically significant (x? test = 1.067), to 83%
(19/23) for the neutron group and 65% (17/26) for the
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Table 1. Number of patients with Stage IlIb squamous
cell carcinoma of the uterine cervix
(November 1975-November 1979)

Types of Fast neutrons Photons Total

histology 1Ib 11b 111b
K il 9 20
L 33 39 72
S 1 5 6
Total 45 53 98

photon group. This table also indicated the frequency
of distant metastasis in both treatment groups, however,
there was no statistical significance because of the small
number of patients (Table 2).

Cumulative survival curves

Figure 2 shows the cumulative survival curves of
neutron series (closed circle) and photon series {open
circle). Five year survival rate indicated 49% in neutron
therapy and 49% in photon therapy. Complete coinci-
dence was observed (x? test = 0.00001112).

Freguency of radiation complication

The grading system of radiation complication in
NIRS'! was modified from the grading system of Kott-
meier and Gray,® indicated in Table 3.

The frequency and severity of radiation complication
are shown in Table 4. When the complication was
observed in several organs, the highest grade was adopted.
About 60% of patients in both groups had no trouble
with radiation complication (Grade | and 2). There was
no significant difference in complications between the
neutron therapy and photon therapy group. Only one
patient died of radiation complication (Grade 4). The
causes of death in this patient were old age (69 yr),
severe rectal bleeding and repeated blood transfusions.

Table 2. Local control rate and distant metastatic rate in
patients with Stage I1Ib squamous cell carcinoma of the
uterine cervix (November [975-November 1979)

Fast neutrons Photons
Volume
of tumor Large Medium Large Medium
Local control 64 83 67 65
rate (%) (14/22) (19/23) (18/27) (17/26)
Total 73 66
(33/45) (35/53)
Distant 45 2 26 15
metastatic (10/22) (5/23) (7/27) (4/26)
rate (%)
Total 33 21
(15/45) (11/53)
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Fig. 2. Cumulative survival curves of irradiated patients with Stage I11Ib carcinoma of the uterine cervix (1975~
1980, NIRS). Neutrons (n = 49, mean age = 53.12 y., standard error = 8.028%), Photons (n = 68, mean age

= 53.60 y., standard error = 7.188%). x? test = 0.00001112.

An analysis of prognostic pattern

Figure 3 indicates the prognostic pattern of the patients
treated with fast neutron and photon therapy. There
seemed to be no significant difference.

Histological classification, K, L and S type

Table 5 showed the local control rate and the frequency
of distant metastasis on K, L and S type histological
classification. The differences between neutron and pho-
ton therapy in L type revealed a statistical significance
at 90% level of risk (x? test = 3.084). The frequency of
distant metastasis is also shown in Table 5.

DISCUSSION

In view of our considerable experience in the treatment
of carcinoma of the uterine cervix (approximately 40%
of the patients treated at the NIRS have carcinoma of

Table 3. Grading system for radiation complication at NIRS

Grade Category
1 Not recognizable
2 Mild, no treatment required
3 Moderate, temporary treatment required
4 Severe, continuous treatment or surgical
reconstruction required
5 Life threatening or radiation induced cancer

the uterine cervix) we chose patients with carcinoma of
advanced Stage IIIb as the subjects for clinical trial of
fast neutron therapy. Since the prognosis of cancer
patients treated with radiation clearly depends on the
size of tumor, it was considered in patient selection for
fast neutron therapy. For Stage IlIb carcinoma of the
uterine cervix, the five year survival rate and local failure
rate observed according to the tumor volume are indi-
cated in Table 6. This was our basic data for the
selection of the patients when the neutron trial started
in NIRS hospital at 1975.'® Since the scope of our study
was to examine the effectiveness of neutron therapy on

Table 4. Frequency and severity of radiation complication in
Stage b squamous cell carcinoma of the uterine cervix,
treated with fast neutron mixed schedule and photon
(1975-1980, NIRS)

Fast neutrons*® Photons*
Grade No. % No. %
I and 2 21 62 23 58
3 11 32 13 33
4 2 6 3 8
5 0 0 It 3

* 11 patients out of 45 (fast neutrons) and 13 patients out
of 53 (photons) were dropped because of a short follow-up time.

T 69 years-old, suffered from severe radiation proctitis, re-
quired repeated blood transfusions.
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Prognostic Pattern

Fast neutrons
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Fig. 3. Analysis of prognostic pattern of irradiated carcinoma of the uterine cervix (1975-1980, NIRS). Fast
neutron group: tumor volume Large: alive 8 patients, dead 12 patients with cancer and 2 patients with other
diseases. Medium: alive 14 patients, dead 8 patients with cancer and 1 patient with other disease. Photon group:
Large: alive 13 patients, dead 13 patients with cancer and | patient with radiation complication. Medium: alive
18 patients, dead 8 patients with cancer.

Table 5. Correlation between K, 1., § type—Histological
classification and local control rate or distant metastatic
rate in Stage 11lb squamous cell carcinoma of
the uterine cervix (NIRS)

locally advanced or incurable cases, only those patients
with medium and large tumors were included in the
trial with fast neutron therapy.

From the present clinical results, no significant differ-
ences were shown in the local control rate, survival rate,
frequency of radiation complication or prognostic pattern
between the neutron therapy group and the photon

Histological type Fast neutrons (%) Photons (%)

(1) Local control rate

K 55.(6/11) " 89.(8/9) N therapy group. These results were similar to those of
L 79.(26/33) 36.(22/39) M.D. Anderson hospital.'®!?
S 100 (1/1) 100 (5/5) e pual. )
) ) In the present study, we expected that analyzing the
(2) Distant metastatic rate histological types may have given us some useful infor-
E gg 2‘1"/0 1/;)3) 2(6) E% 3)39) mation to demonstrate the advantages of neutron ther-
S 100 (1/1) 20 (1/5) apy. Many authors have reported on the correlation

between histological types and radiosensitivity for car-

* %% test = 3.084. cinoma of the uterine cervix.>"'>!720 In this regard, we

b8
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Table 6. Difference of clinical results according to the
volume in Stage 11Ib carcinoma of the uterine
cervix (1962-1971, NIRS)

Five year Local Distant
Tumor Number of  survival failure metastatic
volume patients rate (%) rate (%) rate (%)
Small 79 69 14 9
Medium 122 50 34 15
Large 64 44 36 17
Total 264 54 28 14

Small = Scattered, small dense nodules in the parametrium
on both sides: Medium = Parametrium involved massively on
one side: Large = Parametrium involved massively on both
sides.

have referred to one system of histological study in this
paper. i.e.. K. L and S types.? According to Wentz and
Reagan,”® the histology of carcinoma of the uterine
cervix was classified into three sub-types (K, L, S) with
the grading of squamous cell carcinoma. Their results
indicated that the keratinizing cancer (K) was found to
have a worse survival rate than the large cell non-
keratinizing carcinoma (L). We expected that neutron
therapy might be more effective in treating radioresistant
tumors, such as the K type; however, the results were
contrary to our expectations. The local control rates of
K type were 55% with neutron therapy and 89% with
photon therapy.

The reasons considered were as follows: (a) Dose
distribution. In the treatment of carcinoma of the uterine
cervix, external and intracavitary irradiation should be
used in adequate and individualized combination for
each patient. Dose distribution was relatively well con-
trolled by conventional radiotherapy, because the dose
concentration for tumor target was achieved by means
of intracavitary irradiation. When our trial had started,
the treatment schedule was designed to follow the U.S.
trial,* with the aim of intercomparison -of studies between
both countries. At that time, only external irradiation
with fast neutron beam was emphasized, and the problem
of dose concentration was given little consideration in

August 1985, Volume 11, Number 8

the treatment schedule. The whole pelvis was irradiated
with two opposing portals, without using the four-field
box technique, which was used at M.D. Anderson
Hospital. The number of intracavitary irradiation was
also reduced. Thus, only a modest neutron dose was
given, to avoid severe radiation complications, and
might be the causes of some inadequency in the treatment
method of fast neutron therapy. (b) Mixed beam sched-
ule. It is known that whole pelvis irradiation by photon
beam five times weekly was well tolerated for the
patients with carcinoma of the uterine cervix; however,
patient tolerance was not known for neutron beam
alone given three times weekly. Therefore, this schedule
was adopted when the pelvic cavity, a relatively large
field, was to be irradiated, in order to obtain a better
gain factor of tumor control against radiation compli-
cation. The effects of neutron therapy and photon
therapy delivered in a mixed beam, i.e., mixed neutron-
photon fractionated irradiation, were merely additive
with no evidence of synergism on the biological experi-
ments."** So far we are using the v ray intracavitary
irradiation, and a percentage of neutron dose was used
in the dose distribution of mixed beam treatment. There
was little advantage of using neutron therapy under such
a treatment schedule. If we want to gain from neutron
therapy, we must change the treatment schedule, i.e.,
daily neutron irradiation with a smaller given dose or
use of small neutron source (Cf-252) insertion instead
of gamma source intracavitary irradiation, etc. (c) Neu-
tron therapy. Neutron therapy is considered to be more
effective for slow growing tumor,®> however, squamous
cell carcinoma of the uterine cervix was characterized
as a relatively rapid growing tumor, thus it has a minor
indication for fast neutron therapy.

It was true that the biological advantage of neutron
therapy showed a better effect on a radioresistant tumor,
which is not true in conventional radiation; however,
the problem of inferior dose concentration was the
weakness of neutron therapy at present. This was the
limiting factor in improving the local control rate. We
are now expecting better results from the next step,
which is fast neutron therapy using an iso-centric, full
rotating machine which has excellent dose concentration.
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FERIECIO GID 5 b, BHPHTFREBMOA TR
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(3) W BR AR

FEHEG 4 Fl0 5 B 1 ENLEPpEFRERC X
S>TEFHE I, %% 34 Salvage surgery
w5, &0 5B 1 Fh kBRI ORI 2532
B bhieh oo,
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Stage | o—o n=7

Héw—an=13
lo——on=33
IVe—s n=27

Pancoasto----0 n=22(ll1=11, [V=11)

o
<

Survival rate(%)

Q 1 i

1} !

1

Years after start of treatment

Bl 1 Cumulative survival curves of lung cancer, treated with fast
neutrons. (NIRS, 1975~1984)
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Thove. BEHBEIIRAERE LRSS I 0%
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® A.M. 50 B %%g N 1400 — 86 | BIIWH

O, dEFHR AT RTBBRATER L E: DRAER

230% (24/8L) wxt L, #etkTiir4d% (15/
34) ©, = iz mixed beam D 35% X L,
T A MEPSTIZERLICONEREIRSD, 20O
BEHO 1R HEEFEOETE O, L LT
BLEZLhESBORHVILETHS. ZOfD
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EOXE 2 PR CIL i 323, DI RE
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5) BYRGE

Br:REET, BAHRRZENE L EGEE
THIL CHLRIACIREB A E TS 2 3%, &
rhif F Bk B g © TDF 110~120 V:jﬁé’rfé‘ﬁ
Ba B4 L, REEHL Salvage surgery %R
LB fT 5 & e Lic, KMBEROHEE214)
ORISR T 1a #1441 1b #1546, 23, 3
12T, BERSBECIRRBETREGE,
1661, RHHME 246, BUHEETH 2146ThH-
o A BIEFNE PR BERBRC X - T,
2/21, FRE oA TI7/21 OFFTEEAE LR
7o, BRE 5 EAETRITATS T, 1b HoMm L
Teo THEFR O AE O ILAED BT
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x‘ ° Primary (n:21)
A\ s Post-operative(n : 12)
\, o 4 Recurrent (n:10)
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I
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\‘ R
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Years after start of treatment

B 2 Cumulative Survival Rates of the Patients suffering from Malignant

Melanoma of the Skin treated with Fast Neutrons (NIRS) (Novem-
ber 1983)

o——o ! Astrocytoma grade 1V (22 cases)
o——0 ! Astrocytoma grade IJI{15 cases)
a——a | Japan registry(114 cases)
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! 1

OD

1 2

Bl 3 Cumulative Survival Rate of Astrocytoma Grade III and IV

Treated with Fast Neutron
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#H B bhic,

6) EMmMEZEE (Glioblastoma

multiforme)

FCRDEEER b 54 7 A CIRBEFSTFHOMER
X355 RBE o, BEEHIF MRS O
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WER ICH T 2P FREBREE(C DT
Radiation Safety programme in NIRS Neutron Facilities

RilEE . BTH—. HH #°
B REEREWRA
T260 FEMAIAGTEIFIS

Takashi Maruyama , Yoshikazu Kumamoto® and Yutaka Noda
Division of physics and Division of Technical Services®
National Institute of Radiological Sciences,

9 —1, Anagawa-4-chome, Chibashi 260 Japan

BMEFCIPEFRICERLVNEBLTAMRE LT, ¥4 20 o>, Van de graaff HE, RIFHEFR
EAEGINESRLE0H D, INLOHROBATERRINTA - 7 4 v o Ny 2 TITON, BEERLBF, LFIE
BERV L -7y v 2 TIHON T D, BAT= 2R BHRERALFL, FHERPEFRESRLZVER - Rl
B HSRCBEL Twh, HEMTRERCE L + v ¥ — B2 FB L T h, Zhick Y BEISERELPET
WA FO 50 & 5 Wb T b, ERERMESES O OXEFIETETFREROAE L L UPEFERCTT 5
WE, APUETREFEEOBEOEREMOBRTMNS L BAE HBEECSLCAFRZT-» b, KBS,
BEOEBREBOLHOL y FE v B L HXBFEHEFOBRBLEAERS LU LET LFEHE C L 5 T80
BEMERELEH T, NEROPETFHIRERC S THliNg,

In NIRS, the facilities at which neutron monitoring is required are a medical cycltron,
a Van de Graaff apparatus, medical linear accelerator and RI neutron sources. A nuclear
track film is used for the personnel monitor and a rem counter is used for the environ-—
mental monitor at these facilities. In NIRS, the cyclotron and the lienar accelérator are
used for radiotherapies of cancer patients. In order to ensure patients from harmful neu-
tron exposure on the basis of the concept of ALARA, the neutron dosimetry and neu—
tron shielding have been aptively investigated. This paper will describe the radiation
safety programme aginst neutrons in NIRS, including a measurement of neutrons from
photonuclear reactions with an etch pit method of polycarbonate and a determination of

effective quality factors with a LET proportional counter.

key words: Neutron monitoring, Etching pit method, LET proportional counter, reduction

of patient exposure,
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RE, HERCH 2R EFRFEEL TR, OEAYA 7ot o>, @Van de graaff BB, @Am—Be 72 ERI
REFR, SHK, OBERICPHETFREZAON THARRERINESO 4ABE CH 5, N6 ERBRCRA
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IEE (GALS B ) BIUYE - £PFR (B L5 8 ) #*Thh Ted,
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SgRLEBRBTERBEC L » TERFMFOTH ToLOBELIETENA TV A,

2. hEEFHIE(ER

BT OAEENHABHBIR 2 ¥ v 2 NTA 7 4 v o & NEBLRBEEO A » Y EHELTHAH, Ll
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R AR ETAT ARV EOMBARERELL 6N, L L, BRTIRAN 100 keVEES G eV b T
FRET2HABEAGEHAZBAIZLIBE CHH, 20L& H 2EE» OPETFERABROBEEFTL 0T, 5
BN =5 ) o GO PHEFICRIEC TATREL LTI X BEBOBARL BB L2 TE 1,

FUFERY —~f A —2 L LTETOLIARLSEBHEBCR, v 29 228 Twhe ZArE#EL
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Ny T, BRFOB—z v —FHFE ¥ 0 2 ™ AmBe » RIPHEFHRICH L TREEN T B, 19745F
IAHY4 7ot o OFERORESTONLY, E0ELEERIDV LN Y v s 3BEREY — <4 4 — 5 L HCER
Tholy #4270+ orDEPBHEAOE — 6K — 2, KEGHOL— aBHL A~ KRLTLDBETH
Ao FIQ 1 RTBS, (E—5+ 2t v A= ) ¥ FALTEBFL - 24 REWEN L2 L &, £YBHECHAC,
K b TRAFPBEFRERZVGR T Thote L L, Cy DAIET 30 MeV, 30 kABBFE —2lCowTrv anyy
ACRIELZEZH, 100mrem,/hr (FFHEFOFHz R vF— dMeVE L, RELBELHETELZ)THD, £
BB T HTEPHTERELEERI 0 1,/10 UMTRBP L, ZTORBS, THEELLPETIE— 6 K—t %
BhoT, CuRBELTLAZLETRL Cnd, Tk, B2 30 BhETy « v yl)( BSy) ¥ B&EL.
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Table.1 Averaged lineal enezgies:-};i in frequency and ;d in dose
and effective quality factor

Distance from averaged values Effective

beam center 37 ; quality
(cm) (keV /um) factor, Q

0 (center)cm 6. 45 85.0 9.0

6 5,35 84.2 9.2

8 4. 21 89.8 9.5

12 2. 36 82. 1 9.2

20 1.70 67.6 8.2

36 1.22 56.3 7.8

51 1. 04 49. 7 6.6

66 0.97 40.9 6.0
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Labeling of ®N Labeled Adenosine

and Nicotinamide

by Ammonolysis
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The labeling of adenosine and nicotinamide with nitrogen-13, a short-lived positron emitter, was tried by
ammonolysis of 6-halogenated ribofuranosylpurine and nicotinic acid chloride in aqueous *N ammonia
solution. From examination of the labeling condition, it was found that adenosine and nicotinamide could
be labelled with *N in an amino or amidegroup by a short-time reaction. The radiochemical yields were
about 20%, for adenosine and 28% for nicotinamide. The labeling was possible in a non-carrier-added state.

Introduction

For studies of biological functions and bio-
distributions of physiologically active amines and
amides it is very interesting to utilize PN labeled
compounds as in vivo tracers. However, there are few
reports concerning *N chemical labeling™? (except
for *N labeled amino acids by means of enzymatic
reactions) perhaps because of its very short half-life
(10 min) and the limitations of its labeled precursors.

We attempted to develop a rapid chemical “N
labeling by means of ammonolysis using aqueous N
labeled ammonia as a precursor, since ammonolysis
is a simple one-step reaction and since aqueous
PN labeled ammonia is easily obtained on a large
radioactive scale. Adenosine and nicotinamide are
biologically important natural compounds, whose
positron-radiotracers may be potential for nuclear-
medical studies. We first tried to label these com-
pounds with "N by ammonolysis.

Experimental
Materials

6-chlore-9-f-p-ribofuranosylpurine was purchased
from Aldrich Chem. Comp. Inc. 6-fluoro-9--n-
ribofuranosyl purine was prepared by Kiburis and
Lister’s method by fluorination of 6-trimethyl-
ammonium derivative.”’ Nicotinic acid chloride was
prepared as its hydrochloride by the reaction of
nicotinic acid with thionyl chloride.®

Aqueous [*N]ammonia was obtained by the fol-
lowing method. An aqueous solution of “N-labeled
oxides of nitrogen, produced via the '*O(p,u)®N
reaction with 18 MeV proton on water, was reduced

with Devarda’s alloy and sodium hydroxide in a glass
flask; then [“N]ammonia was distilled in a stream of
nitrogen and collected in a vial. Typically the solution
was obtained in a volume of about 5mL, and its
radioactivity was about 200 mCi after distillation.
Trace radiocontaminants, such as *F, "C and *V,
were not present in the distilled aqueous solution as
confirmed by y ray spectroscopy utilizing a Ge(Li)
detector.

Labeling of adenosine

The labeling of adenosine was examined for the
ammonolysis of two substrates, 6-chloro-9-f-p-ribo-
furanosylpurine and 6-fluoro-9-8-p-ribofuranosyl-
purine with aqueous [*N]ammonia, shown in Fig. 1.
First the efficiency of the pH in the reaction medium
was studied in a carrier-added state. Typically, 20 u L
of ag. NaOH (1073-107'"N) and 5 pmols of carrier
ammonia were added to 200 u! of aqueous [*NJ-
ammonia solution in a glass vial, and 10 gmol of
substrate was added to the mixture. The sealed glass
vial was stirred for 10 min in an oil heated to 100°C.
Identification of labeled adenosine and determination
of the radiochemical yield were performed by TLC
analysis with a radiograph or column chroma-
tography. In TLC analysis, a silica-gel plate spotted
with the reaction mixture was developed with distilled
water. Unreacted [“N]ammonia remained at the
origin, and adenosine ran at the point of R, 0.75.
Column chromatography was performed as follows.
After cooling and slightly acidifying the reaction
mixture with acetic acid, the mixture was loaded on
the column of Parapak Q (polystyrene resin, 8 x 55
mim), well pre-eluted with distilled water after loading
with acetone, and eluted with distilled water followed
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Fig. 1. Labeling of ["*N]adenosine and ['*Ninicotinamide.

by methanol. A typical column chromotogram is
shown in Fig. 2.

The results of the labeling in a carrier-added state
are summarized in Table 1, in which the pH means
the initial value of the reaction mixture calculated
with molars of added alkali and carrier ammonia.

In a similar manner the labeling in a non-carrier-
added state was examined. The results are shown in
Table 2. Furthermore, the labeling time and tem-
perature effects were studied in order to determine
optimal labeling conditions. The reaction at 80°-
100°C was favorable, and the radiochemical yield
reached a maximum after 10 or 15min at 100°C.

Labeling of nicotinamide (Fig. 1)

Nicotinic acid chloride hydrochloride, freshly
prepared, was examined as a substrate by ammono-
lysis with aqueous [’N]ammonia. Typically, about
140pumol of a substrate was added to a solution

[13N Jammonia

10

30

13
[ "NJodenosine

e
[}
-
> 3_
5
Y
2 F
. MeOH
1k
L s— 1\-‘1._
3 4 5 6 7 8 9 10 1 12
ml

Fig. 2. Isolation of [“"NJadenosine by Parapak-Q column
chromatography. Conditions; column size: 8 mm x 55 mm,
100-120 mesh, eluent: distilled water-methanol.

TosHiAKI IRIE er al.

Table 1. Effect of pH on the yield of ["*N]adenosine-—carrier added
Radiochemical yield (%)

aq. NaOH pH F-deriv Cl-deriv.
— 10.8 18.2 —
107°N 10.8 20.4 23
10N 10.9 225 -
107N 1.2 21.2 3.5
10-'N 12.0 24.5 5.2

Reaction conditions: aq. [*NJammonia: 200 uL, carrier | N
NH,OH: SulL, ag. NaOH: 20 uL, substrate: 10 ymol, temp. and
time: 100°C, 10 min.

Table 2. Effect of pH on the yield of ['*N]adenosine-—non-carrier

added
Alkali pH Radiochemical
(aq. NaOH 20 uL) (calculated) yield (%)

— — 2
10-“N 9 2
107°N 10 2.5
107N 1 5.0
10~'N 12 11.0

Reaction conditions: aq. N-13 ammonia: 200 L, substrate (F-
deriv.): 10 gmol, 10 min heating at 100°C.

containing 250 L of aqueous ['*N] ammonia, alkali,
and 10 umol of | N ammonia in the case of carrier-
added labeling. The mixture was sealed and left to
stand at the test temperature for 1-10min. The
labeling yield was determined by TLC analysis with
a silica gel plate developed with acetone. The
identification of N-labeled nicotinamide was per-
formed by HPLC using Bondapak C-18 column
eluted with the solution of methanol:0.02MkH, PO,
(1:9) at a flow rate of 1.5mL/min. The radio-
chromatograph is shown in Fig. 3.

3000 ["3NJammonia

EHNJ nicotinomids

3.

|
|
"'.

cpm
°

1000

° °

Time (min)

Fig. 3. Radiochromatogram of ['*N]nicotinamide by HPLC.
Conditions; column: p-Bondapak C-18, eluent: methanol/
0.02M KH,PO, (1:9) (1.5 mL/min).
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Table 3. Labeling efficiency of ["*Nlnicotinamide
Radiochemical yield (%)

Alkali
(umol) Carrier-added Non-carrier-added
10-50 2 2
100 14.6 6.4
200 19.5 18.9
500 28.5 253
1000 18.9 19.3

Reaction conditions: aq. ['*NJammonia 250 uL, substrate: 140
pmol, carrier ammonia (in carrier-added): 10 gmol, | min reaction
at 20°C.

The labeling reaction was instantaneous and the
radiochemical yield was almost constant for 10 min
after the addition of a substrate at temperatures of
20°-50°C. The yield decreased with the elevation of
reaction temperature over 60°C. The results under the
condition of a I-min reaction at room temperature
are summarized in Table 3.

Discussion and Conclusion

Ammonolysis is generally carried out in an excess
liquid ammonia or alcoholic medium. In the labeling
procedure, ['*NJammonia as a reagent should be used
in a non-carrier-added state or with a very small
amount of carrier in order to obtain a high radio-
chemical yield and a high specific activity. Under
such conditions preliminary labeling was successful
via ammonolysis of reactive substrates such as
6-fluoro-9-8-p-ribofuronosylpurine or acid chloride
with aqueous [*NJammonia.

In order to increase the efficiency for such a
labeling in an aqueous solution, the [*N]ammonia
should be kept in the neutral form by maintaining the
pH of the reaction medium higher than the pK, of
ammonia ( = 9.3). The pH effect was clearly demon-
strated in the labeling of adenosine. In carrier-added
labeling using 5umol of carrier ammonia, the initial
pH of such a reaction medium was calculated to
be about 10.8 without addition of alkali, where
[*N]ammonia almost exists in a neutral form, so that
a good radiochemical yield, about 18%;, was obtained
with 6-fluoro-derivative. However, in non-carrier
added labeling, the optimal yield, about 109 was
obtained only by pH adjustment with alkali addition.
Much excess alkali lowered the yield.
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As a substrate, 6-fluoro-derivative gave a much
higher yield than 6-chloro-derivative. This probably
results from the more intensive induction effect of the
fluorine atom.

In the labeling of nicotinamide, much more alkali
was required to obtain a high yield because of the
need to compensate for hydrogen chloride from the
substrate. The reaction was quite rapid: about 28
and 25%, of the radiochemical yields were obtained
in carrier-added and non-carrier added labeling re-
spectively, in a | min-reaction at room temperature.
This labeling method should be applicable to other
amides, and amides are expected to be precursors of
amines by Hofman rearrangement.

The very short reaction time and moderate radio-
chemical yields for both adenosine and nicotinamide
would be of practical use regarding the half life of ’N
(10 min). However, in clinical use, it would be neces-
sary to perform rapid purification and preparation of
the solutions of these compounds for injection.

The column chromatography used in the sepa-
ration of labeled adenosine is not suitable for this
purpose because of the considerably long period
required (20 min) and the presence of some non-
radioactive by-products (mainly inosine). In the case
of nicotinamide, preparative separation has not yet
been established.

In the research reported in this paper, labeling by
ammonolysis was exaimined with aqueous [’NJ-
ammonia. However, if non-aqueous ['*N]ammonia is
available, it seems to be more favorable for the
labeling by ammonolysis of various compounds such
as amides or amines.
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The biodistribution of [*H]Ro 15-1788 in control and stress-loaded mice (forced swimming) was compared.
In control mice, carrier-free [*H]Ro 15-1788 was selectively and highly distributed in Bz receptor rich brain
regions, while radioactivity in the brain was very low following administration of carrier-added tracer,
which suggested that in vivo non-specific binding of this tracer was very low. Significant changes in
biodistribution of carrier-frec [*H]Ro 15-1788 were observed in stress-loaded mice, which strongly
indicated that in vivo binding availability of Bz receptor in the brain was rapidly and reversibly reduced
by acute stress. The degree of these changes was very dependent upon the stressful conditions, such as
swimming duration and water temperature, and a significant alteration in biodistribution of
[*H]Ro 15-1788 was particularly observed in the cerebral cortex. Simplified Scatchard analysis of in vive
binding of this tracer was performed, and results suggested that these alterations were mainly caused by

changes in the K, value rather than the B,,, value.

Introduction

Stress has an important role in some kinds of disease
state as a trigger or an effector. In animal experi-
ments, significant changes in the neurotransmission
system in the brain have been reported.!"? However,
there had been no direct method for the measurement
of such alterations in brain function caused by stress.
Recently, several reports indicated that the Bz recep-
tor in the brain was capable of alteration in response
to physiological stimuli.®* Further, a new method
using a positron emitter labelled ligand for the in
vivo visualization or quantitative analysis of brain
neuroreceptors has been developed.®® Concerning
Bz receptor mapping, a specific radioligand "'C-Ro
15-1788 was synthesized and evaluated.®!%!V In this
study, we evaluated the biodistribution of [*H]Ro
15-1788 in control and stress-loaded mice, and
discuss here the possibility of in vivo detection of
changes in Bz receptor function by acute stress.

Materials and Methods
Materials

Ro 15-1788 was kindly provided by Japan Roche
Ltd, Kamakura, Japan. [*H]Ro 15-1788 (87 Ci/

* Ro 15-1788, Ethyl 8-fluro-5,6-dihydro-5 methyl-6-oxo-
‘H-imidazo [!, 5a] [1, 4] benzodiazepine-3-carboxylate.

mmol) and [“Cliodoantipyrine (53 mCi/mmol) were
obtained from New England Nuclear, Boston, MA,
U.S.A. Other chemicals used were of the highest
grade available commercially.

Biodistribution of [*HRo 15-1788 in control or
stress-loaded mice

Male C3H (8-9 weeks old) weighing about 30 g
were used. All animal experiments were performed
at 14:00-16:00h in order to avoid the effect of
circadian rhythm. ["H]Ro 15-1788 was dissolved into
10% vegetable oil emulsion with or without carrier
Ro 15-1788 (1.5mg/mL). Two-tenth mL (1 uCi,
0.01 nmol) was intravenously injected into control or
stress-loaded mice. One, 5, 15 and 30 min after the
injection of the tracer, mice were lightly anaethetized
with chloroform and killed by decapitation, and
blood, cerebral cortex, cerebellum and pons-medulla
were quickly removed and weighed. Each sample was
incinerated by a Packard 306 sample oxidizer, and the
percent dose per gram (% dose/g) in each sample was
determined by Beckmann 6800 scintillation counter.
In order to confirm the reproducibility of bio-
distribution of the tracer in stress-loaded mice, inde-
pendent experiments were performed in duplicate.

The stress was induced by forcing the mice to swim
in a water basin (30 cm dia. x 30 cm height, 20 cm
water depth) at 16°C 4 1°C for 5 min. Within 3 min
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after the mice were removed from the water, the
tracer was injected.

Effect of swimming conditions (swimming duration and
temperature)

Mice were forced to swim for Smin at 15° 25° and
37°C respectively, and then about 1 uCi of *H]Ro
15-1788 was injected within 3 min after swimming.
Mice were also forced to swim for a period of 1, 2,
3, 5 and 10min at 16°C, then about [ uCi of the
tracer was injected within 3 min after swimming.
Biodistribution at 5min after injection of the tracer
was determined as described above.

Effect of injected dosage of carrier Ro 15-1788

Various dosage (carrier-free, 34 ng/kg, 0.1 ug/kg,
3uglkg, 30 ug/kg and 300 pug/kg of carrier-added)
of [’HJRo 15-1788 were intravenously injected into
control or forced-to-swim (16°C for 5 min) mice, and
biodistribution at 5min after injection of the tracer
was determined.

Relative regional blood flow

About 1 uCi of ["“Cliodoantipyrine was intra-
venously injected into control and stress-loaded
mice, and radioactivities at 1 min after injection were
determined.

Stability of [’HRo 15-1788 in the brain

About 5 uCi of [PH]Ro 15-1788 (carrier-free) was
injected into the tail vein of control or stress-loaded
mice. At 30 min after injection, the mice were killed
‘and brains were quickly removed. Each brain was
homogenized with 1 mL of saline solution, and
02mL of brain homogenate was sampled as a
standard for the determination of extraction
efficiency. One milligram of carrier Ro 15-1788 and
2mL of dichloromethane were added into the rest of
the brain homogenate, then radioactive materials
were extracted. Extraction efficiency determined by
comparison with a standard was more than 95%.
Organic extractable materials were analyzed by
thin layer chromatography (silicagel; methylene
chloride:methanol, 9:1. and hexane:benzene:diox-
ane:ammonium hydroxide, 70:50:45:5).

Results
Biodistributions of [?’H)Ro 15-1788 in control mice

When carrier-free [’H]Ro 15-1788 was adminis-
tered alone, the tracer passed rapidly into the brain,
and at 5min after injection, the maximum peak of
radioactivities in both blood and brain were observed
as shown in Fig. 1A. There was a significant differ-
ence of radioactivity between each brain region, and
the highest radioactivity was observed in the cerebral
cortex which is the Bz receptor enriched area. The
blood levels of the tracer were much lower than that
observed in the brain, and rapidly declined as a single
exponential curve with a half-life of about 10 min.
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Fig. 1. Biodistributions of (A) carrier-free (0.011 nmol/
mouse) or (B) carrier-added (10 mg/kg) [*H]Ro 15-1788 in
control mice after i.v. injection. Radioactivities in cerebral
cortex (@i——m), cerebellum (A——A), pons-medulla
([J)----0) and blood (§——@) were expressed as per-
centage dose administered per gram organ. Values are
presented as average +1SD of three mice in each point.

Radioactivities in each brain region also rapidly
decreased with almost the same half-life of blood
activity, which indicated that in vivo distribution of
this tracer rapidly reached the equilibrium state.
On the other hand, when the tracer was injected
with a large amount of carrier Ro 15-1788, radio-
activities in each brain region were lower than those
in blood as shown in Fig. 1B. In addition, there was
no significant difference of radioactivities between
cerebral cortex, cerebellum and pons-medulla, in any
experimental period, as shown in Fig. 1B. '

Biodistribution of ["H)Ro 15-1788 in stress-loaded
tmice

Both in the carrier-free and carrier-added state, the
half-lives of blood levels were slightly higher in
stress-loaded mice than those in the control group as
shown in Figs 2A and B. Further significant changes
in the biodistribution of carrier-free tracer were ob-
served in stress-loaded mice, as shown in Figs 2A and
3A. Brain radioactivities increased over a period of
15 min after injection of tracer, while radioactivities
in blood decreased. Moreover, the distribution pat-
tern of radioactivity at 1 and 5min after adminis-
tration was greatly changed as compared with the
control brains. Radioactivity in cerebral cortex was
almost the same as that in cerebellum or pons-
medulla at 5 min after injection. The reproducibility
of the biodistribution of [PHJRo 15-1788 in stress-
loaded mice was quite good as shown in Figs 2
and 3.

Effect of swimming conditions

The effect of swimming temperature on the bio-
distribugion of carrier-free tracer is summarized in
Table 1. A significant reduction of radioactivity in
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Fig. 2. Biodistributions of (A) carrier-free (0.011 nmol/
mouse) or (B) carrier-added (10 mg/kg) *HJRo 15-1788 in
stress-loaded mice (forced to swim) after i.v. injection. The
tracer was injected into mice within 3 min after having been
forced to swim as described in the text. Radioactivities in
cerebral cortex (@——), cerebellum (A———A), pons-
medulla {({(J---{7) and blood (@ ——@) were expressed as
percentage dose administered per gram organ. Values are
presented as average +1SD of three mice in each point.

cerebral cortex was observed only when mice swam
at 15°C. Moderate changes in biodistribution of
[PH]Ro 15-1788 were also observed in mice forced to
swim at 25° and 37°C as compared with control mice.
As shown in Fig. 4, drastic changes in radioactivity,
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Fig. 3. Reproducibility of the biodistributions of [?H]Ro
15-1788 in stress-loaded mice. Experimental conditions and
presented values were as same as shown in Fig. 2.

Radioactivity (% dose/g)

Swimming period (min)
Fig. 4. Effect of swimming period on the biodistribution of
[*H]Ro 15-1788 at 5min after i.v. injection of the tracer.
Mice were forced to swim for various periods at 16°C as
described in the text. Radioactivities in cerebral cortex
(HE-——8), cerebellum (O—=0), pons-medulla
(®—@) and blood (O——Q) were expressed as per-
centage dose- administered per gram organ. Values are
presented as average +1SD of three mice in each group.

Table 2. Biodistribution of [*H]Ro 15-1788 at 5 min after injection
with various dosage of carrier Ro 15-1788

Radioactivity
(% dose/g)

Dose

(ng/kg) Control Stress-loaded®

Blood 3.74 +0.45 4.59 +£0.32

0.034 Cerebral cortex 15.6 +0.48 8.31 +£0.86

N Cerebellum 13.5 +0.46 7.05 +0.47

Pons-medulla 9.85+0.59 6.71 +£0.72

Blood 3.29 +£0.31 4.06 +0.16

0.1 Cerebral cortex 176 £ 1.0 7.49+0.18

) Cerebellum 11.6+0.8 6.89 +0.25

Pons-medulla 8.6541.00 5.78 +0.35

Blood 3.00 £0.12 420+ 0.16

3 Cerebral cortex 125+ 1.1 8.10 +0.50

Cerebellum 7.63 £0.83 6.53 +0.20

Pons-medutla 5254048 531 +0.02

Blood 3.02+0.16 4.40 +0.81

30 Cerebral cortex 4.61 +0.63 518 +0.30

Cerebellum 2.56 +0.32 3.534+0.12

Pons-medulla 2.26 +0.30 282+0.45

Blood 3.25+034 3.93 +0.39

300 Cerebral cortex 1.73 £ 0.48 2.25+0.09

Cerebellum 1.38 £0.32 2204023

Pons-medulla 1.30 +£0.54 1.87 £ 0.08

Three mice in each group; average +1SD.
* Mice were forced to swim for 5min at 16°C.

Table 1. Effect of swimming temperature on the biodistribution of

[*H]JRo 15-1788 -
% dose/g

Temp. (°C) Blood Cerebral cortex Cerebellum  Pons-medulla

Control 294 £0.12 15.6 £0.78 11.2+0.69 7.59 +0.20

15°C 3.30 £0.03 8.50 + 1.46 7.64 +1.09 6.43 +0.57

25°C 3421029 13.1+£04 9.44 +0.65 8.23+1.42

37°C 2.99 = 0.06 14.0+0.38 9.83 +0.64 7.824 1.08

Three mice in each group, average + 1 SD.
Mice were forced to swim for 5min at correspondent temperature.
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Table 3. Radioactivities of {“Cliodoantipyrine al | min after injection

% Dose/g )
Blood Cortex Cerebellum  Pons-medulia
Control 7.86 +0.78 591 +0.48 573 = 0.14 5.62 +0.56
Forced-to-swim 9.53+1.05 5.18+£0.32 6.34 +0.44 5934+0.33

Three mice in each group; average + 1 SD.
Mice were forced to swim for Smin at 16 C.

especially in the cerebral cortex, were observed ac-
cording to the duration of swimming. Radioactivity
in blood, cerebellum and pons-medulla was hardly
changed compared with control, and 3 min of swim-
ming was almost enough to produce a maximum
change.

Effects of injected dosage of carrier Ro 15-1788

Radioactivities in blood, cerebral cortex, cere-
bellum and pons-medulla of control and stress-
loaded mice (16°C for 5 min) under various loading
dosages of carrier Ro 15-1788 are shown in Table 2.
Radioactivities in each brain region decreased
according to the increase of loading dosage both
in control and stress-loaded mice, whereas radio-
activities in blood were not significantly changed by
loading carrier Ro 15-1788.

Relative regional blood flow determined by [!*Cliodo -
antipyrine

Radioactivities in blood, cerebral cortex, cere-
bellum and pons-medulla of stress-loaded mice at
1 min after injection of [**Cliodoantipyrine hardly
differed from that of control mice as shown in
Table 3.

Stability of PHRo 15-1788 in the brain

Thin-layer chromatographic analysis of radio-
active materials in the brain of control and stress-
loaded mice were performed, and the results are
shown in Fig. 5. Almost all radioactivities were
due to unmetabolized [*H]Ro 15-1788 itself both in
control and stress-loaded mouse.

Discussion

First, we evaluated the in wvivo stability of
[’HJRo 15-1788 after i.v. injection, and found that it
was quite stable in the brain for at least 30 min.
However, there remained some possibility that water-
soluble metabolites which cannot pass through the
blood-brain barrier were present in peripheral tissues
and in the blood. Since more than 95% of radio-
activities observed in the brain were due to
[PH]Ro 15-1788 itself, we performed a simplified esti-
mation of the in vivo specific binding of this tracer
with Bz receptor from data obtained in these experi-
ments, and the result is summarized in Table 4. The
brain radioactivities observed after administration of
the tracer with a large amount of carrier ligand were
due to the nonspecific binding plus free ligand in the
brain. The specific binding in each brain region could
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Fig. 5. Thin-layer chromatograms of radioactive materials
in the brain removed at 30 min after injection of carrier-free
(5 #Ci, 0.055 nmol) [*H]Ro 15-1788 into control or stress-
loaded mice. B: Cold Ro-1788 detected by u.v. lump.
Solvent system: A—methylene chloride-methanol; 9-1. B—
hexane-benzene-dioxane-ammonium hydroxide; 70-50-45-5.

be estimated by the subtraction of radioactivity of
carrier-added state from carrier-free state. In the
control group, the specific binding of this tracer was
largest in the cerebral cortex, next in the cerebellum
and least in the pons-medulla. This in vivo distribu-
tion pattern of specific binding was very consistent

Table 4. Specific binding of [*H]Ro 15-1788 (% dose/g)

Time 1 min 5 min 15 min 30 min
Control
Cortex 8.18 16.9 8.07 2,19
Cerebellum 7.13 12.8 4.00 0.60
Pons-medulia 6.48 .97 207 0.36
(4.20)* (4.56) (1.78) (0.64)
Stress-loaded-A
Cortex 1.86 7.54 12.9 1.2
Cerebellum 0 6.39 1.8 7.46
Pons-medulla 0.13 4.92 9.49 4.84
4.91) (4.15) 3.30 (1.45)
Stress-loaded-B
Cortex 235 7.06 123 12.9
Cerebellum 1.23 6.58 9.41 9.28
Pons-medulla 1.13 5.25 7.13 6.69
(4.41) (3.96) (2.08) (1.47)

Each value of specific binding was calculated by subtraction of
radioactivities in the carrier-added state from that in the carrier-free
state as described in the text. Values are average of three mice in each
group;

( )*: radioactivities in the blood.
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with Bz receptor distribution in the brain reported
previously."? In addition, because of low levels of
nonspecific binding and free ligand in the brain, total
radioactivity observed in carrier-free tracer seemed to
be almost the same as the specific binding. Therefore,
[""CJRo 15-1788, instead of *H-labeled ligand, may
be a useful tool for the in wivo visualization of
human brain Bz receptor distribution using positron
emission CT.

The most important and interesting result of this
study was that significantly different distribution of
carrier-free tracer was observed in stress-loaded mice.
Indeed, even in carrier-added state, slight change in
half-lives of radioactivities in both blood and brain
was observed. This slight change might be caused by
alterations in some physiological functions such as
renal clearance rate or metabolic degradation rate
of the tracer. However, changes in biodistribution of
carrier-free tracer were much more drastic compared
with the carrier-added state. Brain radioactivities
increased for a 15min period following injection
of carrier-free tracer, while brain radioactivities of
carrier-added tracer decreased. These alterations
seemed not to be due to such changes in physiological
functions, but to changes in Bz receptor function in
the brain, association or dissociation rate, or num-
bers of Bz receptor binding sites available. Changes
in the specific binding of [PH]Ro 15-1788 in stress-
loaded mice as shown in Table 4, together with
relatively unchanged blood levels of the tracer com-
pared with control mice, strongly suggested that in
vivo binding availability of Bz receptor, especially in
the cerebral cortex, was rapidly reduced by acute
stress, and reversibly recovered after the mice were
removed from the water. In addition, relative re-
gional blood flow determined by ["Cliodoantipyrine
did not differ between control and stress-loaded mice
as shown in Table 3, which strongly supported the
above speculation. The degree of these alterations in
biodistribution was very dependent upon the stressful
conditions as shown in Table 2 and Fig. 4.

In control mice, half-lives of radioactivities in the
blood and each brain region were almost the same,
which indicated that biodistribution of this tracer
would reach an equilibrium state even at an early
period after systematic administration. Under an
equilibrium state, the specific binding of the ligand
with receptor is expressed as the following equation;

XIF=K-(B,, ~X)

where X = specific binding, F = free ligand concen-
tration, B, = maximum number of binding site and
K = affinity constant. When the X value is much
smaller than B, value, X/F value will reach the
constant value (binding availability, a = KB}
Then, in the case of using a very high-specific radio-
active ligand, this X /F value is almost the same as the
binding availability («). The free ligand concentration
in the brain seemed to parallel that in the blood,
because high lipophilic ligand can freely pass through

max
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the blood-brain barrier. We estimated in vivo specific
binding of [*H]Ro 15-1788 at various injected dosages
of carrier by subtraction, and performed the
Scatchard analysis as shown in Fig. 6. As the free
ligand concentration in the brain could be assumed
to be parallel to that in the blood, we used the
ligand concentration in the blood estimated from
radioactivities instead of free ligand concentration.
Though several problems remained in this simplified
analysis, it might be useful to clarify what kinds of
change occured in brain Bz receptor function by
acute stress. The results strongly suggested that these
rapid alterations were mainly due to changes in
binding kinetics, not in the numbers of binding sites
available. One possible mechanism is the competitive
inhibition of binding by endogeneous ligand or
inhibitor.

We also investigated whether such alterations in in
vivo binding kinetics of Bz agonists with Bz receptor
were observed by inducing acute stress. However,
as the in vivo specific binding of [PHlflunitrazepam
was very low (less than 30% of total radioactivity
observed in the cerebral cortex at 5 min after injection
of the tracer), we could not determine this. As
previously reported,'? the affinity constant of Bz
agonists was significantly reduced by increasing the
temperature, therefore a more specific radiolabeled
agonist with high K value at 37°C should be devel-
oped for in vive study of interaction between Bz
agonist and Bz receptor.

Medina et al."” recently reported that using in vitro
binding assay Bz receptor in the cerebral cortex and
hippocampal formation of rat brains rapidly and
reversibly decreased following forced swimming, and
the rebound in numbers of Bz receptor binding sites
at 1h after stress-loading was observed.®) In addi-
tion, Soubrie e al® reported the decreased con-
vulsant potency of picrotoxine and pentylentetrazol
and enhanced [*H]flunitrazepam binding following
stressful manipulation in rat. An increase in cortical
[PH]diazepam binding in vive following the witnessing
of another rat being killed was also reported.”” These
observations strongly suggest that brain Bz receptor
function is capable of alteration by physiological
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Fig. 6. Scatchard plots of in vive binding of ["H]Ro 15-1788
with cerebral cortex of control and stress-loaded mice. Mice
were forced to swim for 5min at 16°C. In vivo specific
bindings were estimated by subtraction of correspondent
radioactivities observed in carrier (300 pg/kg) added-state.
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stimuli. Our results obtained in these experiments
were very consistent with the above observations.
However, Fur et al. found no significant difference of
brain Bz receptor function (K, or B,,) between
controls and rats forced to swim.!? These discrep-
ancies seem to be caused by different experimental
conditions, such as stressful conditions or tissue
preparation method.

Even though the mechanism of these rapid and
reversible changes in Bz receptor by acute stress is not
clear, these changes seem to have an important role
in physiological function. In some kinds of central
nervous disorders such as schizopherenia, responsive-
ness to stress was reported to be abnormal.!¥ There-
fore, the positron emission tomographic study using
[""C]Ro 15-1788 may be valuable in finding some
difference in central nervous system function to the
stress in such psychiatric disorders, and we have just
begun a clinical investigation into this.
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Nitrogen-13-labelled f-phenethylamine(["*N]JPEA)

was synthesized by Hofmann rearrangement of

[*N]phenylpropionamide prepared from phenylpropiony! chloride and aqueous [*Njammonia solution.
The reaction proceeded rapidly with a fairly good yield. ["NJPEA was isolated using preparative thin-layer
chromatography, and organ distribution in mice was studied preliminarily. After i.v. administration of
[PNJPEA, high accumulation and long-term retention of the radioactivity were observed in the brain and

the heart.

Introduction

As previously reported, we have been developing a
rapid preparation method of “N-labelled compounds
using ['*NJammonia aqueous solution as a precursor.
We have already labelled a "N-amide (["*N]nico-
tinamide) and nucleoside (['*N]adenosine).’”) Since
amines play very important roles in physiological
functions as neurotransmitters and neuromodulators,
synthesizing 'N-labelled amines is of great
significance for visualization of their biodisposition in
live animals or human.

Nitrogen-13 labelling of amphetamine via imine
from [“N]ammonia has been reported. However,
both the radiochemical yield and the specific activity
were very low (3.5%, 8 Ci/mol, respectively).”) We
selected f-phenethylamine(PEA), which is an im-
portant neuromodulator, as a target compound and
investigated its ""N-labelling in the following route:

Ph(CH,),COCl —— Ph(CH,),CO"NH,
MaOBr
—— Ph(CH,), "NH,
We succeeded in the synthesis of [P"NJPEA in a fair
vield even in a non-carrier-added state.

["N]JPEA is supposed to be rapidly transferred to
tissues after administration and oxidized into phenyl-
acetic acid and “NH;, which is expected to be
metabolically trapped. In order to confirm this, we
also studied organ distribution of ["N]PEA in mice.

* A preliminary report of this work was presented at the
Fifth International Symposium on Radiopharmaccutical
Chemistry, Tokyo, Japan, 9-13 July 1984. All correspon-
dence should be addressed to National Institute of Radio-
logical Scicnces.

In this paper we present the synthesis and the
preliminary organ distribution study of [*NJPEA.

Materials and Methods
1. Materials

Phenylpropionyl chloride, PEA and other chem-
icals were obtained from Wako Pure Chemical Indus-
tries Ltd (Tokyo, Japan). Phenylpropionamide
(PAA) was synthesized from phenylpropionyl
chloride and ammonia in our laboratory.

2. Preparation of "*N-ammonia

The aqueous solution of ['*'N]ammonia was pre-
pared according to the method of Suzuki er al;®
briefly, proton-irradiated water was introduced into
a reduction flask containing Devarda’s alloy (100 mg)
and sodium hydroxide (200 mg), and the radio-
labelled ammonia was distilled in a stream of helium
and collected in water.

3. Labelling procedure

The procedure is presented schematically in Fig. 1.

(a)  Synthesis  of  [*Nlphenylpropionamide
(["N]PP4). To I mL of “NH,-containing water,
carrier ammonia (except for non-carrier-added syn-
thesis), sodium hydroxide (1 mmol), and phenyl-
propionyl chloride (127 pmol) were added, and the
reaction mixture was stirred vigorously for 30s. The
radiochemical yield was determined by thin-layer
chromatography (TLC, silica gel, acetone).

(b) Synthesis of [*'N]PEA. To the reaction mixture
of ['*N]PPA, sodium hypobromite (Table 2 shows the
amount) was added and the mixture was heated on
a boiling water bath for 5 min. After cooling, the
mixture was extracted with 2 mL of water-saturated
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13NH3 aq.

S— T NH3

fo——— NaOH

e phenylpropionyl chloride

Reaction

Mixture

e—— Na08r

o heated (100°C) for 5 min.

Reaction

Mixture

Io——extracted with ethyl acetate

Ethyl acetate

Solution

po——— washed with brine

fe——— dried over MgS()4

po———— preparative TLC

Yy-pea

Fig. 1. Labelling i)rocedure of [PNIPEA.

ethyl acetate. The radiochemical yield was estimated
from the extraction efficiency (fraction of the radio-
activity extracted to the total activity) and the radio-
chemical purity of the extract determined by TLC
[silica gel, chioroform:methanol (2: 1)]. [PNJPEA was
purified from this extract by preparative TLC [silica
gel, chloroform:methanol (2:1)].

4. Identification of [PNIPEA

[PNJPEA was identified with high performance
liquid chromatography [HPLC, adsorbent, Finepak
C-18 (JASCO), solvent, methanol:water (9:1)], and
TLC using three solvent systems [silica gel, (A)
chloroform-methanol (2:1), (B) acetone-water~14N-
aqueous ammonia solution  (2:1:0.1), (C)
methanol-10%ammonium acetate (1:1)].

5. Orgat; distribution of [*N1PEA in mice

The saline solution of ['*NJPEA was prepared in a
carrier (50 pmol)-added state according to the
method described above. [*NJPEA (30 uCi, about
0.08 pumol) in 0.2 mL of saline was injected into tail
veins of male ddy mice (13 weeks, about 40 g). After
given time intervals, the animals were killed, the
organs removed, weighed and counted in a well-
scintillation counter ([Nal(T1)].
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Table 1. Labelling efficiency of ['*N]phenylpropionamide

(["NJPPA)
Effect of carrier NH,}

Effect of NaOH*

NaOH (umol)  Yield (%)  NH, (umol)  Yicld (%)
10 37 0 50
100 39 10 58
500 44 20 44
1000 56 50 54
2000 7 100 54

Labelling yield was determined by TLC as described in the text.
Reaction conditions:

*Carrier NH, 20 gmol, phenylpropionyl chloride 127 gmol, total
volume | mL, room temperature, | min.

TNaOH $00 umol, phenylpropiony! chioride 127 ymol. total
volume | mL, room temperature | min.

Results

The effect of varying amounts of NaOH and
carrier ammonia on the labelling yield of [*N]PPA is
shown in Table 1. {“N]PPA was obtained in a very
high yield (about 70%) even in a non-carrier-added
state, and the labelling yield was mainly affected by
the amount of NaOH.

[BNJPEA was synthesized without isolating the
intermediate amide in a short period (8-10 min). The
labelling yield of [’NJPEA was affected by the
amount of carrier ammonia and sodium hypobromite
as shown in Table 2. Under optimal conditions, it was
obtained in a high yield (50%), but in a non-carrier-
added state, the yield was lower (5%). The labelled
[PNJPEA was identified by HPLC (Fig. 3) and TLC
(Fig. 2). The radiochemical purity of [*NJPEA sepa-
rated for organ distribution study was more than
90%.

The organ distribution of ["NJPEA in mice is
summarized in Table 3. ["N]PEA rapidly transferred
to the brain and the heart after intravenous injection,
and the radioactivity in both organs remained for a
long period.

Discussion
1. Synthesis of [WNIPEA

The labelling yield of ["NIPPA was much higher
than that of [*N]nicotinamide (about 25%, in Ref. 1).
This may be attributed to differences in stability in
water and reactivity of the acid chlorides. By using
organic solution of [*N}ammonia as a precursors
both amides are expected to be obtained in much
higher yields.

Table 2. Labelling efliciency of [''N}fi-phenethylamine (['"*"NJPEA)

Carrier NH; (umol) NaOBr (jzmol) Yield (%)
1] S 5
10 20 32
50 20 5
50 100 50
-50 200 25
50 400 0

Labelling cfficiency was determined by TLC as described in the
text. :

Reaction conditions: phenylpropionyl chloride 60 pmol, total
volume | mL, 100 C, 5 min (Hofmann reaction).



FRONT
—
PPA
{uw.)
— -
PEA PEA
(uv.) tuvd
— 3
PEA
{uwv.}
&
ORIGIN v
A B C D

Fig. 2. TLC of PNH,, [PNJPEA, and [*NJPPA. A:

NH,, B: [’NJPEA and [PN]PPA, C, D: [NJPEA

with (left) or without (right) carrier PEA. Plates: silica gel. Solvent system: chioroform:methanol (2:1)
(A, B), 10 ammonium acetate: methanol (1:1) (C), acetone:water: 14N-aqueous ammonia solution
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Fig. 3. HPLC of [*NJPEA. Conditions; column: Finepak C-18 (JASCO), solvent: methanol: water (9: 1),
2mL/min. Retention time; [“NJPEA (3.0 min). [*N]PPA (2.6 min), "NH, (> 5.0 min).

Regarding the reaction time and yield, the Hof-
mann reaction was found to be more suitable as a
labelling reaction than the reduction of imine.?’ Since
the ratio of sodium hypobromite to amide generally
affects the yield of amine and the amounts of by-
products,”) excess amounts of sodium hypobromite
should not be added in order to avoid side reactions
in the labelling. The lower yield in a non-carrier-
added state may partly be attributed to the excess
sodium hypobromite.

Under optimal conditions, about 400 mCi of
[*NJammonia is obtainable with the cyclotron in our
institute.  Accordingly, sufficient amounts of
[®NJPEA can be prepared for practical use even in a
non-carrier-added state using HPLC separation
method.

This reaction is considered to be applicable for the
labelling of other amines. We already synthesized
[*N]benzylamine in a similar way.

2. Organ distribution of [*N]PEA

Phenethylamine (PEA), an endogenous amine that
resembles amphetamine both structurally and phar-
macologically, plays an important role as a neu-
romodulator in the central nervous system. Alter-
ations in its biosynthesis and metabolism are
presumed under profound stress” and in mental
diseases.®

The synthesis and preliminary organ distribution
of ['""CJPEA have been reported.” The radioactivity
of intravenously injected [''C]JPEA was shown to be
incorporated rapidly into the brain and then to
decrease also rapidly from it.

On the other hand, after administration of
[®NIPEA, the radioactivity was retained at the brain
and the heart as shown in Table 3. This long-term
retention of radioactivity suggests that ["NJPEA is
deaminated by mitochondrial monoamine oxidase

Table 3. Organ distribution of [*N]JPEA in mice*: ©, dose/g organ

Time after i.v. injection {min)

. Organ i 20 30
’ Blood 2.24 £ 046 1.46 + 0.04 1.47 £0.12 141 +0.13
Liver 2.89 +0.34 4.44 +0.30 4.74 £ 0.75 3.77 £ 047
Heart 7.90 + 1.58 8.17 +0.47 6.73 £ 1.58 6.15 1 0.80
Lung 9.07 + 191 2.95+0.14 294+ 1.15 2.154+0.56
Brain 3.66 + 0.30 4.05 1 0.40 3.48 £ 0.91 3.89 +0.49

*Male ddy mice (13 weeks, about 40 g), average + 1 st SD.
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Fig. 4. Mechanism of metabolic trapping of ["NJPEA. G.S.: glutamine synthetase, Gln: glutamine.
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(MAO) and metabolically trapped in the form of
[“Nlglutamine. The hypothetical scheme of bio-
transformation of [""NJPEA is shown in Fig. 4.

Thus, the combination of ["NJPEA and [''C]JPEA
can be expected to contribute greatly to clarify the
distribution and the metabolism of PEA in live
animals including humans.
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Computer-Controlled Large Scale Production
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PET Studies of Benzodiazepine Receptors
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Ethyl

8-fluoro-5,6-dihydro-5-[''Clmethyl-6-oxo-4H-imidazo

[1,5-a][1,4]benzodiazepine-3-carboxylate

([""CJRO 15-1788) has been prepared automatically with high specific activity for in vivo visualization or
quantitative analysis of brain benzodiazepine receptors. The yield, radiochemical yield, radiochemical
purity and specific activity of the product ready for an i.v. injection were 276 + 76 mCi, 50.8 + 7.8%,
99.3 +0.3% and 2.9 + 0.5 Ci/umol, respectively, taking an average of the latest 3 runs. The time required
was about 25 min. Each product was sufficient to carry out three successive clinical studies by positron
emission tomography (PET). All the procedures other than evaporation and filtration at the final stage
were carried out with specially designed equipment connected to a central control system for radioisotope

production.

Introduction

The study of neuro-receptors with radio-
pharmaceuticals labeled with short-lived, positron-
emitting radionuclides such as ''C (1, = 20.4 min)
and "F(t,, = 109.8 min) is a rapidly expanding area
of investigation.!"® For this application it is im-
portant to obtain i.v. injectable radioligands with
high specific activity since the binding capacity of the
receptors with ligand is limited and the amount of
carrier injected should be minimized to decrease
pharmacological effects. For multiple clinical studies
with the radioligand solution to be possible high
activities must be prepared at the same time since in
many cases the apparatus is contaminated after a
production run and it takes a long time to start the
next run, as is the case in '"CH,l preparation. Auto-
matic production is important for the routine prod-
uction of radiopharmaceuticals in order to lessen the
radiation dose to the operators.

RO 15-1788 is known to be a benzodiazepine-
receptor antagonist. The ''C-labelled compound has
already been synthesized by methylation of the nor
compound with "CH,I®" and its suitability for in
vivo. studies has been also evaluated.®

We have modified the previously reported pro-
cedure which involves methylation of the nor com-
pound with ""CH,l and have developed computer-
controlled equipment for large scale production,
yielding an aqueous solution of ["C]JRO 15-1788 in
high specific activity for i.v. injection.
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Equipment

The equipment was designed to carry out the
following processes automatically: leak check of the
system; drying the production apparatus by heating
reaction vessels and a CuO column under a pure
nitrogen gas flow; loading nitrogen gas into the target
box (14 kg/cm?); successive conversion of the gener-
ated "'C to "CO,-"'CH;0H - "'"CH;I - ['"C]RO
15-1788; purification of [""CJRO 15-1788 by high
performance liquid chromatography.

The apparatus for the production of [''CJRO
15-1788 is shown in Fig. 1. It consists of a main part,
the radioactivity flow line and an auxiliary part, a
compressed air line, to actuate the system.

In the main part the components are connected by
means of fine SUS-316 tubing (o.d. 1/16in., id.
0.5 mm, from N, gas inlet to V4) and Teflon tubing
(0o.d. 3mm, i.d. 2mm, elsewhere to minimise dead
volume). V1, V2, P1 and the target box are located
closely since the pressure in this area is especially high
(14 kg/cm?). The reaction vessels are designed for
minimum volume (= 10 mL). The solvent reservoir is
for injecting the reaction mixture into the HPLC
system and is useful for preventing problems from air
bubbles. The photo sensor is to control the solvent
volume in the reservoir in order to reduce diffusion
of the sample in the solvent and to achieve good
separation. The eluent from the column is monitored
by a flow through radioactivity monitor (RS3) and
uw.v. The radioactive waste gas not absorbed on a
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Fig. 1. Schematic diagram of the apparatus for the

automatic production of [''CJRO 15-1788 V1-V20;

electric valves, RVI-RV3; reaction vessels connected to standardized attachments with cooling, heating

and temperature measuring devices, Pl and P2; p
FM/FC; flow sensor/controller, I1 and I2; syringes fo

ressure transducers, Rgl-Rg3; pressure regulators,
r water injection, AC1 and AC2; air cylinder, HI-H3;

heaters, VT1 and VT2; Vortex tubes for cooling, RS1-RS3; radioactivity sensors, PS; photosensor, u.v.;

detector for u.v. absorption, Al; absorber (Ask

Molecular Sieve 5A is led to a storage tank (=~ 10 m?)
for decay.

In the auxiliary part, compressed air (9 kg/em?) is
delivered to cooling devices (9 kg/cm? Vortex tube,
Vortec Co., U.S.A.), heating devices (0.2 kg/em?,
cylindrical heater) and air cylinders (4 kg/cm?). Stan-
dardized fittings are used to attach the cooling,
heating and measuring (thermocouple, etc.) devices
to the reaction vessels, and temperatures between
—15°C and 300°C are attained and controlled. Water
injection into a reaction vessel is carried out with a
syringe coupled to an air cylinder and a three-way
electric valve. These cooling, heating and injection
devices are all air-operated and suitable for compact
assembling of components in a small box.

All the components are switched automatically by
signals from radioactivity sensors, pressure trans-
ducers, flow sensors, thermocouples, photo sensors
and a timer.

The equipment is controlled by the central system

alite/P,O;), A2; absorber (Molecular Sieve 5A).

which is composed of a 16 bit computer (HP 9816),
interfaced with its own CPU and many 1/O ports (d.c.
24V output; 305 channels, a.c. 100V output; 175
channels, digital input (contact); 120 channels, ana-
logue input 0-1V; 128 channels, analogue output
0-10 V; 16 channels). It is able to control a maximum
of five independent systems in parallel. A funda-
mental program is written in a HP Basic language
and fixed. The control program for each system is
given in a tabular form for the ease of development
and modification, as shown in Table 1. Fairly compli-
cated procedures can be controlled since up to six
tables with 100 step program lines are available for
individual equipment and many kinds of commands
such as DO, Al and AO can be used. Step numbers
can be changed according to the results obtained
from Al, DI, TM, BR and US commands.

Figure 2 shows the target box which is constructed
of aluminum. The inner shape (length 150 mm, inlet
aperture 20mm, outlet aperture 30 mm, volume
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Table 1. An example of a table for a control program

Auxiliary Channels

Step Command Command Branch Parameter 1,2,3, ———, 8

1 Al DS, LM, etc. 20 120 13,24, ——— e
(Analogue data input, scaling, jump to specified step if the condition is satisfied.)

2 BS 5,8, 13, — e

- (Set present analogue data of selected channels as background.)

3 AO —-—, DS 2500 5, 10, — e
(Analogue data output and scaling for selected channels.)

4 DI ——, DS 15 0 or 1 7,389 ————

(Jump to specified step according to *AND’ or ‘OR’ conditions of digital input

for the selected channels.)
5 DO ——, DS

0 or 1 635715 ——

(Output DC 24V or AC 100V to the selected channels.)

6 ™ ——, SE 70

130

(Set timer and jump to specified step when time is up)

7 BR —, CL 10

3

(Jump to specified step for a given number of repetitions.)

us 25

70

(Subroutine command for more complicated control.)

9 PA

(Pause program execution of the present table for user’s intervention. Other program

execution is not affected.)

10 NX
(Jump to the first step of specified table.)

3

75 mL) is conical to compensate for beam broadening
by scattering in the aluminum foil and the target
gas.® A metallic seal was used instead of a rubber
“O” ring, because rubber would be decomposed by
radiation during the irradiation. When the target box
was first brought into use it was previously washed in
acetone with an ultrasonic cleaner and dried in an
oven at 250°C for 12h.

Materials and Methods
Preparation of a THF solution of LiAlH,

An apparatus distilling THF was constructed as
shown in Fig. 3. An inert atmosphere was obtained

by repeatedly filling the apparatus with nitrogen and
evacuating it after the loading of THF and
LAH(LiAIH,) into the flask. THF was distilled into
a sealed vial containing a LAH pellet (Fluka Chem-
ical Corp.) under a nitrogen atmosphere. One milli-
litre of the above THF solution saturated with LAH
was diluted with 20 mL of pure THF which had been
distilled into a vial not containing LAH and stored
in a freezer.

Preparatory procedures and irradiation
Before irradiation the apparatus shown in Fig. 1

was dried by heating the CuO column (at 800°C),
RVI1, RV2 and RV3 (at 120°C) under a flow of pure

Al Foil Ai Foil
800um N, gas N, gas 600 um
'0' ring l IN ouT T ‘0" ring
— —
ol T Qo

~
1 -1 Beam
4 . . - . -~
R
e ||
=5 E————— e | | I s ISRLTL
Lg)g V7 34-— Metallic seal
= =
ol Qo

Fig. 2. Diagram of the target box. The inner surface is entirely of metal (Al) and the gas line connectors
were designed for minimum volume.
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Fig. 3. Apparatus for THF distillation.

nitrogen (500 mL/min, purity >99.9998%, CO
<0.5 ppm, CO, < 0.1 ppm) for 1-2 h. The target box
(150 mm length, 14 kg/cm?) was filled with pure nitro-
gen and irradiated by 18 MeV protons (14.2 MeV
after 600 umAl foil) from the NIRS AVF cyclotron
at 16-20 uA for 32-48 min. The proton bean was
focussed with a collimator (i.d. 10 mm, length 30 mm,
Al).

During the irradiation, reagents were added into
the individual reaction vessels (RV1: 1mL THF
solution of LiAlH,, RV2: 1 mL of hydroiodic acid,
RV3: 0.5 mL of DMF solution containing | mg RO
15-5528(nor-RO 15-1788) and ca. 0.9 mg NaH) and
the HPLC line (column, pump, tube etc.) was washed
by a sterilized buffer solution (6 mM-H;PO,
65:CH,;CN 35).

-Synthesis of ["'CJRO 15-1788 for clinical use

'C activity generated by the '*N(p, 2)"'C reaction
was converted to 'CO, by passage through the CuO
column (at 800°C) and then introduced into the
cooled reaction vessel RV1(< —5°C) at a flow rate of
280 mL/min, where !'CO, was trapped by the follow-
ing reaction

4"CO, + 3LiAIH, —

2LiAIO, + LiAI(O"'CH,),.

When the flow rate decreased below 90 mL/min,
THF in RV1 was evaporated under a nitrogen gas
flow at 130°C for 70s. After cooling, 0.5 mL of water
was added into RVI, followed by the reaction:

4LiAI(OY'CH,), + 4H,0 —
AI(OH), + LiOH + 4"'CH,;0H

""CH,0H was distilled into RV2(130°C) under a
flow of nitrogen (70 mL/min), where "CH,I was

K. Suzuki et al.

synthesized by reaction with HI under reflux, and
then collected in RV3 at about —10°C after
purification with Ascarite and phosphorus pentoxide.
The methylation reaction was carried out in RV3 at
50°C for 1 min. The reaction mixture was transferred
from RV3 into the reservoir and separated on a
Megapak Sil Cjg5 column (7.2 x 250 mm, JASCO,
Tokyo, Japan) eluting with acetonitrile:6 mM
H,PO,(35:65) at a flow rate of S mL/min. The frac-
tion containing ['CJRO 15-1788 was collected in a
sterilized flask. The time-course of radioactivity and
absorbance at 254 nm during the above procedure is
shown in Fig. 4. This fraction was evaporated to
dryness manually with a rotary evaporator, dissolved
in 10 mL sterile isotonic saline solution and filtered
through a 0.22 ym Milex filter.

The chemical and radiochemical purities of the
filtrate were determined using a Finepak Sil Cy s
column (4.6 x 250 mm, JASCO, Tokyo, Japan) elut-
ing with acetonitrile:6 mM-H;PO, (60:40) at a flow
rate of 4 mL/min. The amounts of RO 15-1788 and
RO 15-5528 were determined by comparison with the
corresponding standards. Pyrogen testing of the
product was carried out with Pyrogent and Pyrospers
reagents (Mallinckrodt Inc., St Louis, U.S.A.) after
pH adjustment (6.0-7.5). Bactec Model R301 (John-
ston Laboratory, Inc., U.S.A.) was used to test for
the presence of bacteria in the product.

Results and Discussion

Table 2 shows the distribution of radioactivity in
the system. The values listed in Table 2 should be
reduced by several percent since they are calculated
on the basis of the recovered ''C radioactivity and
small amounts of ''C would be expected to remain in
the target box and line. The radiochemical yield for
the methylation reaction of RO 15-5528 with ""CH,I
was estimated to be about 88% from comparison of
the radioactivity in the product (['"CJRO 15-1788)
and in the waste(liq.), although some of the radio-
activity in the waste would be attributed to [''CJRO
15-1788 due to losses in the separation. About 15%
of ['"CJRO 15-1788 remained in the membrane filter.

Table 3 summarizes the results obtained from the
latest three runs which have been carried out after the
perfection of the technique for the automatic pro-
duction of ['"CJRO 15-1788. Radiochemical yield was

Table 2. "'C activity distribution (%) in the system

Runi Run2 Run3 Average
{'CIRO 15-1788 {65.8)  (64.5)  (50.0) (60.1 £8.8)
in vial 55.1 55.6 41.8 508+7.8
filter 10.7 8.9 8.2 93+ 1.3
RVI 5.1 36 73 53419
RV2 10.0 122 274 164493
RV3 0.7 1.8 0.4 1.0+0.7
Al 2.8 4.2 7.3 48+23
A2 3.7 6.7 2.7 44121
Waste(liq.) 12.0 6.9 5.3 8.14+35

**RV1, RV2, RV3, Al and A2 are the same abbreviation with
that in Fig. 1.
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Fig. 4. A typical example of the automatic production

of {'"CJRO 15-1788. RS1-RS3, u.v.; outputs from

the corresponding sensors shown in Fig. 1. A; start of synthesis, collection of ''CO, into RVI, B; THF

evaporation, C; cooling of RV and water injection, "'CH;] preparation and collection in the cooled RV3,

D; reaction of '"CH,I with RO 15-5528 at 50°C for | min, transfer the mixture into the reservoir, E; start
of purification, F and G; start and end of ['"C]RO 15-1788 separation.

assumed as a ratio of i.v. injectable [''CJRO 15-1788
to the total radioactivity listed in Table 2. At NIRS,
the specifications of {''CJRO 15-1788 for injection are
as follows: radiochemical purity >96%, specific ac-
tivity >50mCi/pmol, amount of RO 15-5528
- <30 pug/10mCi ['"CJRO 15-1788. An amount of
5-10 mCi of [""C]JRO 15-1788 are administered to a
patient for a PET study and measurements are car-
ried out for 30 min. Each product was sufficient to
carry out three clinical studies since the yield
(276 + 76 mCi/batch) and the specific activity
(2.9 £ 0.5Ci/umol) of ['"CIRO 15-1788 were very
high, as demonstrated in Table 3.

Solutions of LAH in THF were stored in a freezer
under an atmosphere of nitrogen. Each stored solu-
tion could be used for more than three weeks in the
preparations of [''CJRO 15-1788 with high specific
activity at high yield. The use of the same solution is
very helpful for routine production of the compound.

We consider that the high yield and the high
specific activity of [''CJRO 15-1788 were achieved by

the following reasons. (A) Preventing contamination
of the system with CO, by using pure nitrogen gas as
a target material, decreasing the volume of the system
by using a conical target (inner volume; 75 mL) and
fine tubing (i.d. 0.5 mm), drying the radioactivity flow
line by heating reaction vessels and the CuO column
under a pure nitrogen gas flow, sealing the target box
with metal instead of rubber, and careful preparation
and handling of the THF solutions of LAH. (B) Use
of DMF (m.p. = —61°C) as the solvent for trapping
of ""CH,lI at —10°C and the methylation reaction on
RO 15-5528 (yield; >88% at 50°C for 1 min). (C)
Automatic synthesis of [''CJRO 15-1788 with the
specially designed equipment connected to the central
control system.

The amount of RO 15-1788 and RO 15-5528
present and also the radionuclidic and radiochemical
purity and specific activity of [''CJRO 15-1788, can be
determined within 2 min using the conditions de-
scribed above. This enables the quality control to be
carried out before administration of the product to

Table 3. Results in the synthesis of {'"CJRO 15-1788 for clinical use

Run | Run 2 Run 3 Average
Yield (mCi) 338 299 191 276 + 76
Radiochemical yield (%) 55.1 55.6 41.8 508+78
Radiochemical purity (%) 99.2 99.1 99.6 99.3+03
Specific activity (Ci/umol) 32 3.2 2.3 29+05
Carrier RO 15-1788 (umol) 0.107 0.094 0.082 0.094 +0.013
RO 15-5528 (umol) 0.033 0.016 0.117 0.055 +0.054
Pyrogen and bacteria free free free free
Synthesis time (min) 234 26.6 25.3 25116

Irradiation; 14.2 MeV proton, 16-20 uA, 32-48 min.
Target gas; pure nitrogen (>99.9998%), 14 kg/em?, 1Sem length. .
Yield and specific activity are the value for an i.v. injectable ['CJRO 15-1788.
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patients without any significant decrease in its qual-
ity. Attempts to detect pyrogens with Pyrogent re-
agent failed, even in a positive control solution
(0.1 ng E. Coli endotoxin in 1 mL of 6 mM-phosphate
buffer, detection limit of the endotoxin with Pyro-
gent; 0.01-0.05 ng/mL). From our observations this
is caused by the presence of phosphate. Addition of
Pyrosperse  (metallo-modified  polyanionic  dis-
persants) to the test solution resolved this “false
negative” phenomenon. ['C]JRO 15-1788 was used
clinically without testing for pyrogens and bacteria
when they were not detected in 3 successive pre-
ceeding runs, the tests being carried out after the
decay of ''C radioactivity.

With the equipment described above, "CH;l can
be produced at extremely high specific activity. Con-
sequently the equipment may be modified for the
synthesis of other ''C-labelled ligands such as
HC-labelled carfentanil® which must be produced at
extremely high specific activity for receptor studies.
The present system is suitable for modification and
development since most of the components are stan-
dardized and the control program is in a tabular
form.
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Introduction

Positron emission tomography is a non-invasive and poten-
tial method for the in vivo measurement of transport,
metabolism and excretion rates of various substances. As
previously reported, we have been developing a new radio-
tracer technique for the in vivo estimation of brain enzyme
activity using the biotransformation of labeled substrate.!
In this tracer method, the measurable range 'of changes in
brain enzyme activity is mainly dependent upon two factors;
enzymatic (V.,/K, value) and physicochemical (Ky; the
elimination rate from the brain) properties of substrate used
as a tracer. N-Methyl phenethylamine derivatives rapidly
entered into mouse brain, and deaminated by monoamine
oxidase (MAO) to labeled metabolites which were trapped
in the brain.?) Among several tracers, [''C,]N,N-dimethyl-
phenethylamine([''C,]DMPEA) was found to have suitable
properties for the in vivo estimation of MAO-B activity
in mouse brain® The oxidative deamination rate of
phenethylamine derivatives by MAO has been reported to
be significantly reduced by substitution of the a-hydrogen
with deuterium.® In this paper, we synthesized [''C,JN,N-
dimethylphenethylamine-a,a-d,-({"'C,]DMPEA-«,a-d,) and
compared it with the biodistribution of [''C,]JDMPEA in
mice.

Materials and Methods
1. Materials

L-Depreny! hydrochloride was kindly provided by Dr
Knoll, Department of Pharmacology, Semmelweis Univer-
sity of Medicine, Budapest, Hungary. N-Methy! phenethyl-
amine and lithium aluminum deuteride were purchased
from Aldrich Chemical Corp., Milwaukee, WI.; phenyl-
acetonitrile and other chemicals were purchased from
WACO Pure Chemical Industries Ltd (Tokyo, Japan).
Phenethylamine-a,a-d, was synthesized from phenyl-
acetonitrile. and lithium aluminum deutride. N-methyl
phenethylamine-a,a-d, was synthesized according to the
method of Johnstone ef al¥

* All correspondence should be addressed to National
Institute of Radiological Sciences.
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2. Preparation of ["'C,[DMPEA and ['C,]DMPEA-,«-d,

["'C]Methyl iodide was produced by the method of Suzuki
et al® [''C]IDMPEA and [''C,]DMPEA-q,«-d, were syn-
thesized by the methylation of the corresponding N-methyl
derivatives with ["'Clmethyl iodide, and purified by HPLC-
(CHCl;:MeOH:c.NH; = 1500:50:1). Radiochemical purity
;v(?sl doetze)rmined by radio HPLC (CHCl;:MeOH:c.NH, =

3. Biodistribution of {"'C ,]JDMPEA and
{""C,]DMPEA-a,a-d,

In this study 10-12 week old male C3H mice (35-40 g)
were used. Two-tenths mi of [C,]DMPEA (or ['C,}-
DMPEA-«,4-d,) solution (about 50 xCi) was intravenously
injected into mice. Mice were killed by decapitation at 1, 5,
15, 30 and 60 min after injection of the tracer. Brains and
blood were removed and weighed. Radioactivities in each

organ were counted and expressed in percentage of injection
dose.

4. Effect of inhibition of MAO on the production rate of
radioactive metabolite in the brain

Male C3H mice (12 weeks old) were pretreated with
various dosages (0, 0.01, 0.1, 10 mg/kg i.v.) of I-deprenyl,
a specific MAO-B inhibitor. One hour after injection of
1-deprenyl, about 50 Ci of [''C,]DMPEA-a,¢-d, (0.2 mL)
was injected intravenously. One hour after injection of the

tracer, radioactivities in brain and blood were determined as
described above.

Results and Discussion

Both ['C,JDMPEA and ['C,JDMPEA-¢,x-d, were
obtained with more than 99% of radiochemical purity and
more than 100 mCi/umol of specific activity. A radio-
chromatogram of ["'C,]DMPEA-o,a-d, is shown in Fig. 1.

3000
i
I
o
2000 ‘l
. U
= L
5 [
N }.'t
H
1000 l{
Y
Le
e
i
P
[
I} '-o—o-o—v-b-.-t’o \“t-v-c-o—o-o—o--—.«o
[ | ! L1 1 1 | L
O 2 4 6 8 10 12 14 16
. Time (min)
Fig. 1. HPLC of {"C,J]DMPEA-a,a-d,. Condition;
column: Finepak SIL (JASCO). Solvent system:

CHCl;:MeOH:c.NH, = 10:1:0.2 2mL/min. Retention time
[''C,]DMPEA-a,a-d; (6.9 min).
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Radioactivity (% dose/g}
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30 60
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Fig. 2. Time courses of radioactivity in the blood and brain
after injection of [''C,JDMPEA and ['C|]DMPEA-a,u-d,
in mice. (A——A) radioactivity in blood of ["C,]DMPEA;

(O—T1) radioactivity in brain of [''CJDMPEA;
(=== A) radioactivity in blood of ['"'C,]DMPEA-u,a-d,;
(W ----- @) radioactivity in brain of ['C,JDMPEA-«,a-d;.

As shown in Fig. 2, ile incorporation rate of

{"C,]DMPEA-a,a-d, into mouse brain was almost the same
as [VC,JDMPEA. In addition, there was no significant

difference in the blood clearance curve between [''C,J- .

DMPEA and [''C,]DMPEA-q,«-d,, which indicated that
the distributed phase of DMPEA was not affected by
substitution of «-hydrogen with deuterium. However, the
slow component of radioactivity in the brain was remark-
ably reduced in ["'C,JDMPEA-«,a-d, as shown in Fig. 2.
These results indicated that the production rate of labeled
metabolite ([''C,Jdimethylamine) was reduced by substi-
tution of «-hydrogen with deuterium. It can be seen that
{'C,IDMPEA-,¢-d, was oxidized by MAO-B at a slower
rate than [V'C,]JDMPEA. From this deuterium isotope effect
it would be clear that the C—H bond was broken in the
transition state and that cleavage of the C—H bond was
involved in the MAQO deamination reaction.

As shown in Fig. 3, the radioactivity which remained in
the brain 1 h after injection of [M'C,]DMPEA-u2,¢-d, was
also significantly decreased by pretreatment with various
dosages (0.01-10mg/kg iv.) of I-deprenyl in a dosage-
dependent manner. The substitution of a-hydrogen with
deuterium did not affect the selectivity of DMPEA for
MAQO-B in the mouse brain. As expected, the production
rate of labeled metabolite in the mouse brain was remark-
ably reduced by substitution of «-hydrogen with deuterium.

A lot of deuterated compounds have been frequently used
in the studies of biological systems.* Because the mass of
deuterium (D) is higher than that of protium (H), the zero
point vibrational energy of a C—D bond is lower than that

Letter to the Editors

Radioaciivity (% dose/g)

0.01 0.1 10
L=Deprenyl (mg/kg)
Fig. 3. Effects of pretreatment with various dosages of

I-deprenyl on the radioactivity in blood and brain I h after
injection of [''C,]DMPEA-¢,u-d, and [H]DMPEA.

(dh----- A) radioactivity in blood of [''C,]DMPEA-a,u-d,;
(M ----- 1) radioactivity in brain of ["'C,]DMPEA-a,u-d,;
(A——A) radioactivity in blood of [PH]JDMPEA;

(C1——[7) radioactivity in brain of PH]DMPEA.

of a C—H bond. It is found that the zero point vibrational
energy effect is the only contributor to the isotope effect.”

Further, because there may be species difference of
MAQO-B activity, ["'C,JDMPEA-«,a-d, would have high
potency for the in vivo study of brain MAO-B in other
species except the mouse.

In conclusion, the isotope effect is one of the useful tools
for the drug design of metabolic trapping radiotracers.

Acknowledgements—The authors wish to thank Dr Y.
Kashida for valuable advice and Mr K. Tamate for
technical assistance.
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n)*Fe reactions.

gk : BMn(p, 4n)%Fe RIS X 5 %¥Fe L I AF v /1 X B "Mn D AERE 539

1000F

100}

10F

Blre /521 (%) vield (1 Ci/seA h)

SSFG/SQI:O

0.1

40 50 60 70
Proton energy (MeV)
Fig. 2 Yields of **Fe, **Fe and its ratio (%).
The curves are calculated on condition

that the exit energy of the protons is
39 MeV.

3:3 *FeCly & 3*™MnCls D4

Fig. 3IL, 2 —% o 'EBBENLBLD< v v (Mn,
) O, Ay ZICXB ¥Mn OLERE PFe
ERO 1 f%xRT, cORE» A ORER L
Ge(LD) FHEREE TRy AT e = 21,
TEASZ P b0 3EDORIL =5 A ¥ — K (ROD
DAy b ATV PEERXRBCEZELICLOTH S,
COHERE=FAF—TEILD 2 v+ VERELD
HEYZITCE=R A F— T ROHBEELERET
EHLLEWFERED DY, 2o, OB
S2hin RIS, Fellh T ahb 7 v — 2 A —
Lig\y, @ Mn TERERMED 6N-HCI Ji#C Bk
dhs, @R(DIVFHEEIhD X5, KKk
HIngEL s oh, Mo &R ELHE KT S, @
0. 1N-HCl 2% L ic X b Fe 2L, FOHIL
#rvin EEH Uic\s, e EOBTF R G0 otc, 1434
keV @ 7 4% 5"Mn D ZJs 53 2Mn 55 B X
BN, T TR Mn 25 EA Y (0.24%) Bk
HEhiel *Mn OEHH T T H % 936 keV (94.5
%) bEBKE=21LTkb, IAFvIHCsits
1434keV DT € — 2712 %" Mn KDL O TH B =
ENGM D,

e (144 -60 MeV D = 4 A ¥~ D 7w b+ v
FRALTEESNT, £—%y F 1T O Fe DN

101



540 RADIOISOTOPES

SS S S

— e S0 seue B s  semm— ; !
- TR T~
1A 2. A C
=] 1
'S H
M . ,
5 — 1 434keV (32"Mn,?Mn) r
St = 936keV (32Mn)
= .
N —-— 168keV(%Fe)
8]
=
o
w2
B
<
@
=
s
2
=
-t
2 ~
5 p— .
2
O---—J T ot e e o o -

0 50 100 150 200
Elapsed time (min)

Column: Dowex 1-X8, 8mm ¢ X50mm

Flow rate: 3.7ml/min, S: Stop

Sample: Dissolved target solution €2.3g Mn

in 6N-HCI 50 mD)

Eluent: A, 6N-HCI; B, sample load;
C, 0.1 N-HCI
Detector: Ge(Li) detector

Net counts increments for the regions of interest
at 168, 9368 and 1434keV were monitored
simultaneously.

Fig. 3 Typical elution pattern of dissolved target
solution from anion exchange column.

11 Fig 2 2 DI E W B ED 85~93%Th -7, PFe
SRR OB INERITT0 - 92% O T, £ 0
BEMEIBHRTRC ST 9% B ETH i,
I 0k EBH S RS SFe(0. 4~ 0.7%), *Mn
(0.01 - 0.05%, *Fe 2> AR T, Ol “Ga, “Mn,
SCr, 8V, 4G 7o KAV R & e,

37 MBq (1 mC) Bl _E @ =Mn 2% 103. 6 MBq (2.8
mCi) @ Fe (BHETHE) L b EErRbIY s+
VITBLEMNTEN, 20O&E DKL 2Fe b
DHEEN L85 -87%Th b, HEMEIT99. 9%
ETH ol CDEE, Y8, "Mn, “Ga, ¥V 7t ¥ A
EHEH IR,

3-4 ElfE Fe OEH

Fig 41%, *Fe &BEM B S % Mn © Ke-X
BA SIAD BHBTET ALY B bR,
SPRe & BFe OFHECE (AL TR (EOB) B E(E) &

102

Vol. 34, No. 10
z
= 75 gy
E , %_ sg 3 Toen
S 1 + T
o 5.0F %
Q
E
E 25}
3 55
S Fe x100

_____ 1

L I i

20 40

Elapsed time (h) from EOB

Fig. 4 Count rates of Mn-K« X-ray from
**Fe and *Fe at EOB. Calculated

by decay curve analysis.

FIERE S EOBEFRER LD TH D, L4815, BE
T 9 Bl H50RFEI O I 8 B o 50 A 0 PUEE
¥, BRIANECIOET D5 /o — 7RGy, FhEh
DI N —FEH L 24 THR~I=FHET %Fe & ¥Fe D
FHEEmARDILDTH D, WEOD, *Mn, *Mn
B3RO KX bOoFFIREHR LIz, R0
B0 ERRIL 5 Y% FERFRELRT. COBR
& Fe, “Fe @ KX $HHRE 101, 23.4% X D
BRe/Fe=0.7% BB,

—77, B—2E 2R TIEH, YFeERAK
IO{EBILARELERL, 2 oB0RIIEET 3
TER LD, BRe/Fe=0.4% &\ 3 BENELRI,

4 B

Fig. 2 TELNHEEY, Table 1 © CHkE & HE
LciBa, O%Cr(He, 3n)%Fe IWH L, RIZEV-H
BEA PFe OEIAEY, @ Cr(*He, 2n)¥Fe i L
IR, #MEL by, @ Nilp,spall)*Fe IR LT
BINRIARETHAIMER IV, OoBErd
5 SMn(p, 47)%Fe H LILRHE L, 7o & O B
Bbo UEOHBRTNTRRE~ 7 v PEALS
EDOLDTH 5, (p,4n) KILOXLEEN, ABEE
FA—OEFEIGEERL TR EbLLPFENETH
HOIRLToOEMI5b0LBbh3, (D Saha b
EA =5y PIC MnO, 2HEHA LT 2 70, EHIR
BHIE, & =7y PHO=3AF-RHD®, I
BORENEETSHD, @Ku Bk Mn BRI L
THE&, T0pA OEBRETEBHL T3, Z0X)
AT TR~ v YRIEE TS C ENTFHES
h, BEICBEFRRELERE T, NEETEL
LLTwBL0LEBhbhd, RS CRaARHERIC &

>




Oct. 1985 A ¥Mn(p,4n)%Fe KISIC X % Fe L s ¥ v /1T L % 3Mn O EE 541
Table 1 *Fe production reactions
. . Particle Yield %Fe/%Fe
f’anxcle Reaction energy (MeV)  (uCi/pA ) @ Reference
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“Ct(*He, 3n) 33 0 <007 7

32Cr(*He, 31) 40 50 8

‘He Cr(*He, 21) 65 8 5-6 9
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Abstract

Production of *Fe by the %Mn(p, 4n)%Fe Reaction
and Milking of 5™Mn from 5Fe

Kazutoshi SUZUKI
Section of Cyclotron, National Institute of Radiological Sciences
9-1, Anagawa 4-chome, Chiba-shi 260, Japan

The excitation functions were measured for the nuclear reactions of **Mn(p, 4n)**Fe and
*Mn(p, n)"Fe by using thin manganese disks, specially prepared under a pressure of 200 - 250
kg/em® at 400 -500°C for 0.5-1 hour. The mazximum cross section in the excitation function
Jor the ¥*Mn(p, 4n)**Fe reaction was found to be 1.4 mb ai E,=54 MeV. From the yield curve,
24.8 MBq/uA h (670 uCi/uA k) of **Fe was estimated to be produced with 0.45% *Fe con-
tamination in the energy region between 73 and 39 MeV. Iron-52 was produced in the yield of
85 -93% to the expected value from the yield curve in the energy region of 44 -60 MeV. For
the separation of *°Fe, the radiochemical yield of **FeCls was 70-92% and its radionuclidic
purity was higher than 99%. Manganese-52m 1was obtained repeatedly by eluting the anion
exchange column adsorbing **Fe with 6N-HCl in 99.9% radionuclidic purity and 86% yield to
the expected value. The amount of “Fe in a large quantity of **Fe could be deiermined in
1-2 days from end of bambardment (EOB) by analyzing decay curve of Mn-KaX ray from
SFe and *°Fe. (Received May 29, 1985)
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Synthesis of N-Methyl and N-"C-Methyl Spiperone
by Phase Transfer Catalysis in Anhydrous Solvent

Hiroyoshi OMOKAWA, Akira TANAKA*, Mayumi I1o*,
Yoshiaki NISHIHARA**, Osamu INOUE***
and Toshio YAMAZAKI***

Faculty of Agriculture, Utsunomiya University

350, Mine-machi, Utsunomiya-shi, Tochigi Pref. 321

*Hiratsuka Research Laboratory, Sumitomo Heavy Industries, Ltd.
63-30, Yuhigaoka, Hiratsuka-shi, Kanagawa Pref. 254
**Nuclear Business Department Div., Sumitomo Heavy Industries, Ltd.
1, Kanda Mitoshiro-cho, Chiyoda-ku, Tokyo 101
***Division of Clinical Research, National Institute of Radiological Sciences
9-1, Anagawa 4-chome, Chiba-shi 260
Received March 23, 1985

Spiperone, a butyrophenone neuroleptic drug, has been used in binding studies of dopamine

receptors.

Langstrom et al. developed N-''"C-methyl spiperone, and, in cooperate with Wagner et al.,
made it possible to visualize the distribution of dopamine receptors in the human brain in vivo.
In this paper, we independently developed another synthetic method of N-UC-methyl spiperone
using the phase transfer catalyst in an anhydrous solvent.

Separation of the product is feasible only by passing the reactant solution through a Milli-
pore filter and injecting it onto high pressure liquid chromatography (HPLC).

The time required for the synthesis and purification of N-'C-methyl spiperone from

YUC-methyl iodide and spiperone was 20 min.

Radiochemical yield exceeded 35% against

HC-methyl iodide without correcting decay of the radioactivity.

Key Words: spiperone, carbon-11-N-methy! spiperone, dopamine receptor,

phase transfer catalysis

1. Introduction

Positron emitting radionuclides such as
carbon-11, nitrogen-13, oxygen-15 and fluorine-
18 are being actively utilized in clinical re-
searches and applications. Positron emitting
radionuclides are easily produced by a com-
pact cyclotron and compounds labelled with
these radionuclides may make external detec-
tion feasible utilizing positron emission trans-
axial tomography (PETT).

Developments over the last decade of com-
pounds labelled with these short half-life
radionuclides (the half-time of “C is 20.4 min)
on measuring metabolic rates in the brain and
myocardium and of synthetic techniques open
up new areas in nuclear medicine.

The application of PETT, especially in the
psychiatric field, is noteworthy as a diagnos-
tic agent for various diseases caused by aber-
ration in brain receptors.

Spiperone, a butyrophenone neuroleptic drug
(I, Fig. 1), has been used in binding studies
of dopamine receptors.

Lingstrom et al. synthesized N-*C-methyl
spiperone (1), by N-methylation of spiperone
with “C-methyl iodide and in cooperate with
Wagner et al., made it possible to visualize
the distribution of dopamine receptors in the
human brain”?.

The syntheses of “C-methyl spiperone have
recently been reported by Langstrdm et al.®™®
and Turton et al.?

In this paper, we describe an another synthe-
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b
N-H
F@i/"‘@};w (1)
NaH, benzene
Dry up
4C0o, l
be—rLanTHE F@i/va >éN§“Na (1)
UCH30H
r—HI @
HCHsL
L [~ Phase transfer
catalyst, toluene
Lot
F-@/?\A/N N-CHs
%‘ (m)
5

Millipore filtration

HPLC separation

LAH: Lithium aluminium hydride
THF: Tetrahydrofuran
Fig. 1 Flow sheet of the synthesis of N-Y'C-
methyl spiperone.

tic method of N-"C-methyl spiperone using
phase transfer catalysis in anhydrous solvent.

2. Results and Discussion

N-methyl spiperone was already synthesized
in 1964 by Janssen”, but this method is not
appliciable for the production of N-*C-methyl
spiperone.

Lingstrom et al. reported a synthetic method
of N-"C-methyl “C-methyl
iodide and spiperone using tetra-n-butylam-
monium hydroxide solution as a catalyst in

spiperone from

methylene chloride¥®. Turton et al. also de-

veloped a synthetic method of N-"C-methyl
spiperone using NaOH solution in acetone®.

Spiperone, (8-(3-(p-fluorobenzoyl)propyl)-1-
phenyl-1,3,8-triazaspiro(4,5)decan-4-one), (1)
has 4 active groups for alkylation such as
amide (CONH), tertialy amine and activated
methylene (COCH:).
perone was chosen as a raw material to pro-
mote the methylation of amide.

Therefore, sodium spi-

In our method, N-"C-methyl spiperone was

Synthesis of N-methyl and N-!'C-methyl spiperone
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Radio~
detector
(4) (6)
(5)
(3)
(1)
U.V. detector 2 \

0 5 10 15 20 25
(min)
Column: YMC AM 312 (150X6mm)
Eluant: 60% methanol, 0.01M triethylamine
and 0.01M NaH,PO:, pH 6
Flow rate: 1 ml/min
(1): Spiperone (2) N-methyl spiperone
(3): Toluene (4): 'C-methyl iodide
(5): N-Y'C-methyl spiperone (6): Unknown
Fig. 2 Analytical HPLC of the reaction mixture.

synthesized by sodium spiperone (1) and
“C-methyl iodide using a phase transfer cata-
lyst such as tetra-n-butylammonium bromide
or 18-crown-6 in anhydrous toluene with stirring
at 50°C for 5 min. The product was separable
by direct application of the reaction mixture
onto preparative HPLC after Millipore filtra-
tion. Figure 1 shows the flow sheet of N-"C-
methyl spiperone synthesis and purification.
Figure 2 shows a result of analytical HPLC
after the Millipore filtration.

The radio-detection confirmed that N-“C-
methyl spiperone was synthesized more than
98% against “C-methyl iodide.

Unreacted spiperone and non radicactive N-
methyl spiperone produced by CO. were found
by the U.V. detector.

The synthesis of N-"C-methyl spiperone using
anhydrous organic solvent is superior to the
conventional methods, since the removal of
water after the reaction is not required, and
purification of the product is feasible onlv by
passing the reaction mixture through a Milli-
pore filter and injecting onto HPLC.

Sodium salt of spiperone used in this method
was produced, for éxamplc, by reacting spipe-
rone in an aromatic solvent with a strong base
such as NaNH. or NaH under heating as men-
tioned in the US patent?.
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Table 1 Synthesis results

Yield of Recovery
Catalyst N-methyl of spiperone
spiperone(%) (%)
— 0 71
Tetra-n-butylammonium
bromide 88 9
Tetra-n-butylphosphonium
bromide 60 35
Tetra-n-butylammonium
hydrogen sulfate 42 4
18-Crown-6 86 12
Tetra-n-butylammonium 0 20
bromide*

* Solvent-H;O phase system

The reaction mixture can be directly used
for the methylation reaction. However, sodium
salt of spiperone can be stored as a dry form
after the removal of solvent.

Consequently, the necessary quantity of dry
powder can be supplied as occasional demands,
and such a compound may be suitable for hot
synthesis.

Investigation was first performed using non
radioactive materials to evaluate the effective-
ness of catalysts.

Without a phase transfer catalyst, N-methyl
compounds were scarcely obtained under the
any condition so far tested.

Yields of N-methyl spiperone using various
phase transfer catalysts are shown in Table 1.

Tetra-n-butylammonium bromide and 18-
crown-6 showed excellent action of catalysis.
The suitable , solvents for the methylation
process were aromatic hydrocarbons such as
benzene and toluene dried with molecular
sieves, and other solvents such as acetone,
tetrahydrofuran (THF), N, N-dimethylform-
amide (DMF), and hexane showed lower yields
(data not shown).

The phase transfer catalysts such as quater-
nary ammonium halides are generally used in
the water-organic solvent phase system. There-
fore, we tried the reaction of sodium spiperone
and methyl iodide in the water-benzene system
using tetra-n-butylammonium bromide. How-
ever in spite of the disappearance of spiperone,
N-methyl compound could not be obtained.

This phenomenon might be caused by the
formation of quaternary ammonium salts of
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spiperone which were transferred in the water
phase. A few cases of solid-liquid phase re-
action have already reported®®. It is interest-
ing that a remarkable catalytic effect of the
solid-liquid phase system appeared on the
methylation of amide™.

In the present method, N-"C-methyl spipe-
rone was synthesized in S min from *C-methyl
iodide and sodium spiperone with more than
98% radiochemical yield. As this method re-
quires only a single vessel, automatic synthesis
system will be easily constructed to avoid
radiation exposure to the operator.

Labelled compounds should be synthesized in
a high yield during a short time. The N-
methylation reaction in anhydrous solvent
using a phase transfer catalyst will be appreci-
able not only for the preparation of this com-
pound but also for N-methylation of many
useful compounds labelled with short half-life
radionuclides.

3. Experimeﬁtal

3<1 Instruments

Analytical HPLC was carried out by a reverse
phase HPLC using YMC PACK AM 312 (ODS~
Spm, 150x6mm). The eluant solution was
prepared by adding triethylamine and sodium
dihydrogen phosphate to 60% methanol to the
final concentration of 0.01 M respectively and
the mixture was adjusted pH 6 by phosphoric
acid. Spiperone and N-methyl spiperone were
eluted at 5.7 min and 6.8 min respectively with
a flow rate of 1ml/min. Monitoring of these
compounds was performed with an U.V. de-
tector at 250 nm (Hitachi model 635 M) and
a Nal radio detector (Cambera model 802-3).

Preparative HPLC was carried out by YMC
PACK A 324 (ODS~15 ym, 300X 10 mm), and
the eluant solution was prepared by the same
method described above without adding sodium
dihydrogen phosphate and the pH was adjusted
to 7 to separate these compounds more clearly.

Spiperone and N-methyl spiperone were
eluted at 10 min and 12.4 min respectively with
a flow rate of 6 ml//min.

BC-NMR (nuclear magnetic resonance) specira
of spiperone and N-methyl spiperone in CDCl
were measured at 25 MHz with a JEOL INM- -~
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FX100 spectrometer.

3:2 Synthesis of sodium spiperone

Sodium spiperone was obtained by the equi-
molor reaction of spiperone (200 mg) and NaH
(23mg in 60% oil) in anhydrous benzene
(2ml) in N.. The mixture was stirred at room.
temperature for 15 min, and benzene was eva-
porated by a rotary evaporator. Sodium
spiperone thus prepared was stored in a close-
sealed vial reactor which could be kept in
a cold and dark place for several months
without change in quality.

3.3 Synthesis of N-methyl spiperone for
structure determination

To sodium spiperone (500 mg) and 18-crown-
6 (50mg) in anhydrous benzene (5ml), an
equimolor amount of methyl iodide (80 ul)
was added, and the mixture was stirred at 50°C
for 20 min. After cooling, the insoluble mate-
rial was filtered off with celite (1g), and the
filirate was evaporated to dryness. Washing
of the crude product with n-hexane afforded
white crystals, which were chromatographed on
a silica gel column (400X 15 mm) with methyl-
ene chloride : methanol (92:8) to give 200 mg
(40% yield) of pure N-methyl spiperone.

Figure 3 shows “C-NMR chemical shift (in
CDCls) of spiperone and N-methyl spiperone.
N-CH; carbon was observed at 27.5 ppm. The
spectrum of N-methyl spiperone is identical
with that of an authentic sample of N-methyl
spiperone*,

34 Semimicro synthesis of N-methyl spipe-

rone

To sodium spiperone (5mg) and tetra-n-
butylammoniuvm bromide (5 mg) in anhydrous
toluene (1ml), an equimolor of methyl iodide
(0.9 ul) was added, and the reaction mixture
was stirred at 50°C for Smin or sonicated
5 min in the water bath (50°C) with a sonicator
(IUCHI VS-20, 32W).

After cooling, an insoluble material was
filtered off, and the solution was analyzed by
analytical HPLC,

N-methyl spiperone was obtained in the
vield of 88% to 92%.

H. Omokawa, et al.: Synthesis of N-methyl and N-1'C-methyl spiperone

* Janssen Pharmaceutica, Beerse, Belgium
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R=H (Spiperone)
R=CHjz(N-Methyl spiperone)

(ppm)

No. Spiperone Methy! spiperone
@ 170. 6 170.7
160.5 160.5
@, ® 116.0 116.0
115.1 115.1
®, 6 130.8 130.9
130,5 180.5
® 133.7 183.7
133.6 133.6
@ 198.6 198.5
36. 4 36.4
® 22.0 21.9
® 57.6 57.6
o, @ 49.7 49.6
®, @ 29.3 29.3
® 59. 4 60. 4
® 178.3 174.4
@ 59, 4 65,2
® 143.3 142.9
®, @ 115.9 115.4
@, @ 129.2 129.2
@ 119.2 118.9
@ - 27.5

Fig. 3 C-NMR chemical shift (tetra methyl

silane basis) of spiperone and N-methyl
spiperone in CDCls measured at 25 MHz
with a JEOL JNM-FX100 spectrometer.

3.5 Production of “C-methyl iodide

Carbon-11 was produced in the form of
2C0; via *N(p, «)"C reaction with proton on
a target of nitrogen gas by a compact cyclotron
(SUMITOMOC CYPRIS Model 370).

1C-methyl iodide was prepared by a C-methyl
iodide automatic synthesizer (SUMITOMO
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CUPID Model C-11-B).

“CO, was transferred by nitrogen current to
a reaction vessel containing LiAlH, saturated
in THF at —60°C.

After evaporation of the solvent, the LiAlH,
complex obtained was directly converted into
YC-methyl iodide by the addition of HI solu-
tion under reflux. “C-methyl iodide was car-
ried over P.O; and sodalime and finally col-
lected at —60°C in anhydrous toluene.

3.6 Synthesis and purification of N-1C-

methyl spiperone

To sodium spiperone (2mg) and tetra-n-
butylammonium bromide (2 mg) or 18-crown-6
(2 mg), “C-methyl iodide in anhydrous toluene
(250 ul) was added (1.5 GBq, corresponding
to 40 mCi), and the mixture was stirred at
50°C for 3 to 5min. After Millipore filtration
(0.22 um), the solution was injected onto pre-
parative HPLC, and pure N-"C-methyl spipe-
rone was obtained.

Phase transfer catalyst used was eluted at
2.5 min.

Isolated N-"C-methyl spiperone fraction was
again analyzed with an analytical column. The
radiochemical purity and the chemical purity
were 100% and more than 95% respectively.
A trace amount of spiperone was detected as
an impurity. This synthesis produced about
0.56 GBq (15mCi) of N-"C-methyl spiperone
after 20 min from the end of “C-methyl iodide
synthesis. :

Radiochemical yield exceeded 35% (not cor-
rected for radioactive decay). The specific ac-
tivity was 2.78 GBq/umol (75 mCi/umol) at
the end of synthesis.

Vol. 34, No. 9
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RIEH 2RI VRT7 4 A2 CEL, BEBEHE I v=< P77 7 4 KEA Lt &REM I UCHI &5
MTELL208T, RHE{LEHRBRB%TH B,
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PKI11195 S PEpE &5 & L < oAl gt

Sk M LEsmER®
L FE E)

B EOERY ¥ FEAVT, £4FRT
DERV €T E -0 TOEEEERLL,
FLOBEENE LTHBET2RLBREH, T
TRBIEBIS F—r_I v e, F¢
T—brEFE-D, RS TEE LS
VB L ToBENLLNS.

RUVVTEE LRSS —iE, RO L&
FH—k, DERERYCECEETS L vwbhA
ZERMEvES LR & h, — Ko~ 4
F— I rETALF—L LTCOEBER @ERE,
Wravy, BEEA, HisE aPEEo v
P — M LTCHRET I EFHEBL T 59
REERIEMED Bz v 77 —iZo>W T, T0 4L
HOREVBTHTH » 722, BBV TIRZ Y7
RECEETZ LY, %7y v 5, i, O
%, ABSCEEBECHET S I LBPRESh T,
WA, B, HOEIEE OBES R, i
BT CaFrrarolERERIATE
DY), el TOABEEENEOMICREY 20 H
5. KD Bz v 77 —RIEROBREY ¥
K& LTk Ro5-4864 MpEsefv b Tnikeds,
19834giz Fur Hick v, EMET ¥ T =X
N TH B PKI1195 25pH% & =10 (Fig. 1).

YHy Fre7s —EEoBNENFRITOEE,
FLET=R NTHD PRSI, £ o F 20—

* U R RS DTS BTER PRI FE R
= JUNRFIEFER
Zff:60E4A3H
TR 16042 6 § 13 B
BURIESRSE - THAFUN 49-1 (8260)
TRSHRE R A DT SEBTRR PRI 3.
# E &

A BR= Mg IERTT

a L BERITCIRESsTHLESEF—~DF
AHEHEVETFLAVWZ LARHBEL TR YD,
AV ERTO LT —FEEERILT 3 101
Ro5-4864 X V) HERTWB LT Eh 5.
Z@ PK 11195 izowTid 3¢ i Comar & iZ X
b, WC oFMRAR I BE L TR DY, /e
Fur 5i2X 95 v b bIER KB WD A A
HBTLEPFEER TV B, FEHE 5, 3H-
PK11195 o=y 2 i85 ERSHE B L,
DHFESMC Lf, BIE~OW YIRS BIERCHE L,
BN T BRI 72 B ATREME 2SR » 2 & 234
LD Co o ieiiEt s,

o x &

SH-PK 11195 (87 Ci/mmol) iz NEN L b A L
7z. Ro05-4864 13 v v 3 = # (Kamakura, Japan)
T v E#EEZ T . FooRIEHESE v
7.

SH-PK11195 oA M #E (1 pC) 02 ml <
v = (C3H, &, 8~ 9@k o BFlkL ViR E L,
1, 5,103 L U204 ic B L C, ik, o0y, i,
H, BIE, B, BMERYHL, thethoER
BIUBEHEZIEL .

i, VvETY-IRTHRENKEETHD S
BEPROSWTHRET 320, 5 L 20mg/

: - /CH3
O X O-N<Chich,
= CH,—CH;,

@)
PK 11195
Fig. 1
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kg Ro5- 4864 (Fm v v /Y a—p:ixx Y a—n, =& ) — VB HEERNCE
J—nT1:3,01m) #ERRCHEEL, S48 #51, FEigic H-PK11195 o#E 5 S EokE
SH-PKI11195 &##7E L T#RE S oS RBamEER L.

BRO. Flrarbu—nEELT, Futfr

Table 1 Biodistribution of 3SH-PK 11195 in mice

(% Dose/g)
1 min 5 min 10 min 20 min

" Blood 6.464+3.85 2114019 2.2241.58 0.994£0.10
Lung 137431.8 27.245.16 . 20.1+0.57 15.342.70
Heart 22.7+4.25 13.543.12 10.242.04 7.544-0.57
Liver 2434044 4.724+0.36 6.6240.36 6.52-40.68
Adrenal 37.34+7.04 56.84-21.5 . 66.343.49 71.5428.8
Kidney 7.244+1.19 13.241.56 T 17.440.94 ©15.24041

. Muscle 1.8540.18 2.584-0.21 2.0240.21 1.540.02
© Brain 3784145 . 2.124045 1.694-0.55 0.974+0.28

Three mice in each group; average-1s.d.

m
100 —
7 ’ ._..,.----—-———'--——-. Adrenal
- ./
~ & .
o \
A

c
S
g - \‘ ﬂ\
a i g Lung
a “
2 s
& 10— B
I
2 I ~0 Heart
3 &
= -
i
s o
d
B! -
G
~
" &

\\A Blood

T T T
0 5 10 20

Time after i.v. (min)
Fig. 2 Biodistribution of 3H-PK 11195 in mice.
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Table 2 Effect of pretreatment with Ro5-4864 on bio-
distribution of 3H-PK11195 at 5 min after
injection into mice

Control (12{6) 1511:?1?;)
Blood 3.154+0.38 2.054-0.08
Lung 49.24+4.79 6.514-0.85
Heart 18.04+7.44 4.114+1.91
Adrenal 94.74+14.9 84.54+5.07
Kidney 17.540.84 15.44-1.66
Brain 3.214:0.22 2.804-0.11

Three mice in each group; average+1s.d.

m. & B

SHPKIS o= R B BERNSHE
Table 1 iz57F. BEERIZBW T, BIB>H>
D>BOERELDTEHNESTHHL, e
I FOBURRRIER L. £ BT b B
WHEEOBITR R . Fig. 212, B, O, 8l
B T 3RO RRELE b o Zh & ik
LT3, BIFERCTEBEL bif L5
VAL L TR Y, HRPIEhiE s highi <
FRRBICBEET B LEFRBRLTWS, ZoZ
kv ey —EEERIET S ETEDY T
BREATHB EEDRS.

Fiz, L U CIERRED Ro5-4864 2 5 5
2 U b JUEE U 7o BEC R 2 & 1038 v TR i
EHOBETE W (Table2), Z o = Lix, =
DEWRITB T BN EOSF BT LSy —
LORRMEEICEBLOTHB I EERLTE
v, SHEHEED 5 BIICR8TY%, LMXTT%PL kR
RBEEAETHo .

— P EIE Gt Ro 5-4864 o BiALEE ¢ i3 Fot
FEDEMERZTNIEEOTILER ® 228, Ro
5-4864 L PKI11195 r ok~ 0BITHEEDEN
ZOMOGETEB UL VB FERERL
T, InVivo TORRFBEEVLEOBED B 1 IC-D
WT, REFZEDBIUERDHS .

. £ %

Fur &34 Cic 3H-PKI1195 % 5 v Mo L,
D~OBEFES PR L, 0, TORGEE

D5 bAriz & 805 LL kA, KAHM: Bz receptor
EHTEREZBETHDILERLTWS, D
X5 v MZBITFBLOT S b —BREREIIZISST
LB EEBMELTVWSY, bhbhoxvzk
Ao R CRBBEESE SO EO -2 Th
oft. TOEPEEZERID LD THEINENCD
WTHSHORNEETHS ). SEOERER
TROLAEETREHAL, O, HiCEFzo by
—P—RELHTELIDHL, Larbdialtdb
DEFICBWTE, FOKEB4 255 M1k Bz re-
ceptor L DIFRFEAR LB LD THB LW H =

LEHB., LichoT, LHEEOHED R LT
R L LT oo REC L 4B OGRS
HHFERE P L—F—ThBLWVWE5THSH.
—7, MREIFICR W TRIEREFBAOEE VR
T&inip o 72As, BIBICH T %R Bz receptor
X 50 pmol/mg protein Ll EE &b THEWI &
P HREREOREVEVAREESHSH 5 E
abiha.

B, BB v=2 /8L LT, By F
A7 e —rBERvbh, BEEEEESOBEIT
FEREELGTHD L bR TS, LHLEARd,
AR RTB vy 5o FREwZ L
By rF 7 MERICEEREBEMORBHE R <
HERDS.

Fie, fIFCEENBZ T A a—N I X ZEWER
DEHLMPTE V. —JF PKILIIS 12 B ~
DEFPEDLDTHEL, o, BEEED» LIRE
TRECH D, BIFRECBHA N —y—&
LTEDLDTEWRF vy 2T R
bh 3.

70, BIZRB W CIIsRRYME: Bz receptor }3 3 1T
Y THBIEAHLTWS Z E3HESh TR Y,
7Y THIBOESE L b2 B2 L SEREL R,
FOERTELDTHVLEDIS. 418, EMH
4 Bz receptor M AEEBEEICOW TP E L =
LHRFHENDL, EWOnoEEE I
W& Fiv iz In Vivo ToENEIERTT 28 L T
AL LCoBRMEEHEIL T E WL S
ZTW5,
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Summary

Evaluation of 3H-PK11195 as a Radioligand for the In Vivo Study
of Peripheral Benzodiazepine Receptor

Osamu INOUE*, Toshio YAaMAsaki*, Kenji HASHIMOTO**
and Masaharu Konma**

* Division of Clinical Research, National Institute of Radiological Sciences
**Faculty of Pharmaceutical Science, Kyushu University

The potency of PK11195, which is a potent
antagonist of peripheral type benzodiazepine
receptor, as a radioligand for the in vivo study was
evaluated by using 3H-labelled compound. 3H-
PK11195 was highly distributed into mouse lung,
heart and adrenal within 1 min after intravenous
injection, and radioactivity in lung and heart
rapidly decreased, while radioactivity in adrenal
slightly increased. Saturation study using carrier
Ro05-4864 indicated that more than 75% of total

radioactivity in lung and heart was due to the
specific binding with receptor, however the specific
binding of this tracer in brain and adrenal was
not clear in this study. This preliminary results
strongly suggested that 'C-PK11195 has a high
potential as a radiopharmaceutical for the in vivo
study of peripheral type benzodiazepine receptor
function especially in lung, heart and adrenal.

Key words: Peripheral benzodiazepine re-
ceptor, PK 11195, Lung, Heart, Adrenal.
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"C-Ro 15-1788 DEIFREEIZ BT 2F%ME L
ZEPEDFHE
Preclinical Evaluation of 11C-Ro 15-1788 Solution
for Injection as a Radiopharmaceutical

(R
guAR AneE*

HE
HE v

w1
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LR e RR*
LU D %***

Osamu INoUE*, Kenji HASHIMOTO*, Toshiro YAMASAKIT*
Hitoshi Sumvoto*, Yukio TATENO*, Kazutoshi SUZUKI®*,
Hiroshi Yamacucer*** and Yoshihiko K AsHmDA®#*#

* Division of Clinical Research, **Section of Cyclotron, *** Division of Physics,
w#4% Senjor Research Counselor, National Institute of Radiological Sciences

L F il

Ro 15-1788 13 Roche #hic X ) % S e 307
BRIV TFEELDT AT N CHY, B
BHRRZRORV YU P¥E v 7% — ELTF
BzR (B H LTI, 20977 532 &Mb$
ERCENEMMEEE TS 2 LR ER TV B,
+Glz Comar 5Ii2k ) UC Iz k 2 ERARS T
Eh, AT—rERCWCERBRE» RO
BBORBRIEVET Y~ T 5RERETHS
ZERRERTNED, EFEbie MNEREB T 3
BzR oA ERAL, £EENTHACEE
REOREZEET A2 L 2B L LT, “CRo
15-1788 BEitk oBE & fesr L, AIFERERME I 38
TEAEMEL RS L OFHET o0 TEDOR
BE@ET 5.

* BSRE AR A TSR R IR S

o 3 VA 7w | w R
e o SR
HEE 7 ERITIER

ZH 6044 AI12E
BT 160426 H 20 A
BURIESR S | TIEMI 4-9-1 (D260)
. AR S A TR TRAER 2B
# £
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II. 1C-Ro 15-1788 (#iliE

Comar & O JEHE? < Ehrin & 0 FEY & —E
FEL, SEEEFR2ELB3 LItk o T, KiEEN
K UTHMT 22 LN TER. EKAICRETIL
jo$ls: % Fig. 1 88X U Table 1 27T,

ML ESEMIcBIT 25 EEOEE

1. =|RAE

FEoFERIC L h M U /e 1C-Ro 15-1788 &
0.2ml (1 100 2Ci) & = v = (CH, &) K& L,
BRI 2R L UIIRZ B Y H LER B XU
§HEE% JIRE Uiz, % 72%H-Ro 15-1788 &% (87 Ci/
mmol, 1 zCif02ml) iz, *+ Y7 —& LTIHRE
D Ro 15-1788 284 DEE W F 0 L (G4 ng/
kg, 0.1 pg/kg, 3 pg/ke, 30 pafkg, 300 peg/ke), =
v ABES S0, KBMERS X OMmEOREEE
SAERD . BHNRBERREERZ L V{To k.

2. &% E-=

11C.Ro 15-1788 D {ENZEH% Fig. 2 125 ¥ 25,
BIERECMIR, MABTL, DERE—RERER

11C-Ro 15-1788,

Key  words:
receptor.

Benzodiazepine
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—-OCH CH

CCH!

N-desmethyl derivative

-OCH CH3

(@gjﬁ

e _ro 15-1788

Fig. 1 Synthesis of 11C-Ro 15-1788 solution for injection.

Table 1 $iE

1. BHED Ne 2% F—Fy M HET S (F—F
v FE 10-20 kg/cm?)

2. RIS E X EiRT 5.

3. 2-20 pA @ Proton (10-16 MeV) % 1040 43S
¥ 5.

4. 11CO;z BTl LiA1H4-THF #A¥ (0.1-1.0 m/) #
HEAT 3.

5. Hl i HI (0.2-1 ml) #FE AT 5.

6. K548 iz N-desmethyl {4, NaH, » DMF K&
0.2-0.5ml) ¥EAT 5.

{N-desmethyl {4 4 mg/m/, NaH-DMF (0.1 g/m/,
100}

7. MCO: R FETHICHAL, DB BTEREEICLY,
1C-Ro 15-1788 k& B+ 5. (T h=F Y-
0.1M Y V@ y 7y —RBAWK FHEHERES w
< b H T 5 C-18)

8. B EEET S (100°C EUF -15 4320

9. BHAAEARIKIE G-11 ml) i THHET 5.

10. RSB, 723V RT 74 VFICTEEAA
TARICEBT 5.

IR B L. = oS EORA I,
MPHHEOHS L EbD T LARELT
BY, Z0Obr—F— RN CHENEL, EE
fRREBICERET Sz L HEE SRS, %/ Fig. 3
Rt X S, JEREEtED % vy 7 — Ro 15-1788
OBRERFETIM>T, KMEEOKNETE
BicHd+ 52, mPiERiEL A Bkl
v, ZofRERIC X 5 KEEEOKEEORIE,
“BzR L O TAIHAMEECLSZ LD TH
Y, BzR b EBECSF LT WS KL B
Cix, FOHEED 0% M I EENES I
B5LOTHBZEREALE. Eokdie, T
O v—Y—id, BER, BOrEA~BITL,
BzR L BRMEEETIZ L BHL Mtk o,

20 |~
@
10 N\
o " ®  Brain
-
° |
2 ]
a
o
1 — Blood
B ) 1
(4] 10 20 30

Time { min )
Fig. 2 Biodistributions of C-Ro 15-1788 in mice
(n=3).

V. RERRER

Table 2 I57%3 X Hic, 1C-Ro 15-1788 #ii%
BIURBFELZED, 3 Lot oflflic> & Rk
BT o R, WThoEHI bEA L. Table
SEREREFERICOWTORBRRERETRT.

V. SEEHMHEER

A ELEEBRS
ERATHB Ro15-1788 D=y Ak TciE 5 v
MZB i 3 LDSO fE i 7 hu 7 h 100-300 mg/ke
iv.(= 9 ), 100-1,000mg/kg iv.(5 v ) Th
%9, 10mCi (100 mCi/gmol) % 5 60kg ® t
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$Dose [ g

20 |

Cerebral Cortex

Radioactivity at 5-min after injection

10 =
]
O e e O = = = o e w0
Bload \
: i I I I
0.3 3 30 300

Carrier Dosage ( Halkg )
Fig. 3 Effect of carrier Ro 15-1788 on the biodistribu-
tions of 3H-Ro 15-1788 in mice (n=3).

MCEE LIFa i< &b 30,000 5Ll E o %
eREEE T LiIchB.

SEEREI O BB THERTE L T < 5 N-des-
methyl fiZ>WTiE, <=7 22 TiE 5 mglkg
iv. 0BEETIE, RALEEEREDRI o .
Z o Smgkeg ERAEERBLEET 5 L A&
HEIOFE (30 pg/10mCi PATF) iz v Tk, 10
mCi #{6FE 60kg ot bz 5 L 72 8 4 10,000
U EoR2&FREET 5.

B. BREFIOSMEEK

#E CsH <= v = (7-8 ks, FERW 30g) AW,
% Lot oERKRBEA 02m/ 2 BEIREVEE L,
1 BB TEBYEEL = 0=10), = o
fER 3 Lot L LICETHIREL, RALDEFEE
Kooz, oA L IOmCiEELEES
LRBWT L EER 10 EL E0RSREEETS
T EAEE L.

Table 2 21.C-Ro 15-1788 EHIEHK B L URBRFE

BEShicFal —2—F—CHETS L & 3mCi PLETHS
DAEFAC T, Nal (T1) % 7ot Ge (L) BHES FWTH v<@2~s h ki

OFFBIC oS EFHEAET S L &, FTOER 1921 54ThHB

E7z, 080RMEMBICRIT BBERE 47-53% TH 5
OHEHEEEY  RERBE O X VRBETHI L &, S1IKeV B €—7 %

OHHEERY . SV WE s e < 2 75 7 HE(C18 L T & CHCN-0.01 M
HsPOs 111 £701 3: 2) W TRET A L &, 1CRo15-1788 Ll o R #yix

@N-desmethyl & | HERBROI L VRBETo/c &0 UV (2540m) o 1
HELRERIVERTS L& 302/10mCi LT THD
FERRBROIZ L VRBEEITY, UV 254mm) okELBERIVERTD L&,

HREHERLEEOEBERBE, Sl Av Ty /RRERIVRRETI L &E

(1) % IR EEBHOWRERE
2y & i 3-11 ml
(3) pH PHEBKICLY pHZHET 2L & 2.5-60 ThH D
4y B o] ARTEET LEZhERDRV
(5) B & &
(6) mAEHRER

{E&, SLIKeV ERBWTE—228D3
(7) ERR

B izwn

4% LT TH S
(8) Ho il &8

50 Ci/mmol LI FTH 5
(9) & B &

BTh3
10y # B

FREERLEEO =V F 2V rRBREBIC I VRBREIT) L &, RLEREMY
BEEERLN :

FHEEO DB, 9), (10) OHBIOWTRBEERERITI ZLAFETHS
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Table 3 11C-Ro 15-1788 Ik aRERRR %

Lot No. BAfEE

OB b B

N-desmethyl {&

(mCi) (¢g/10 mCi)
Ro-001 68.2 417 >99% =992/ 3.0
R0-002 32.0 196 >99% >99% 2.2
Ro-003 40.2 673 >99% >99% 1.0
Table 4 SH-Ro 15-1788 o< & A{EP4 (n=3)
VI #ifigEOHE Ydose/lg
1. % 5 1 min 15 min 30 min 60 min -
. 3% 4.65 1.10 1.49 0.233
SH-Ro 15-1788, 0.2 ml (1 x£Ci, 0.01 nmol) % < i Sos Se L7 0268
v 2 (CeH, 8, 8-9 #ih) o BfFIR: v &5 1, A 2.40 0.657 0.439 0.194
ERdyic g, BF. D B OB, BEREEL, 2 N 6.80 36.95 13.81 6.72
© T O 2 TR L C R A5 2 LT .13 6.81 3.58 0.85
DERB & UHHEE T A O 557 0819 0374 0122
Liz. FORRILESNT, £EBICBT34Y it 5.99 1.07 0.485 0.165
2 L, MIRD iz X vt + (252, 25, 1.88 1.13 0.595 0.197
%%fﬁm 5‘:%_@ A & " ¢ % i 3.74 1.35 0.462 0.107
FE Oke) KBS HEBEFHE L. B, [ 1.66 7160  63.28 11.91
EERNES AR REL AL > Rz nTE, i 9.71 5.47 1.93 0.229

F OESEBREZ KT ORMELRH—TH5 L
FELTHELE.
2 8 R

Table 4 iz 3H-Ro 15-1788 D= ¥ 2281 54k
WA ETRT. TOBRRESHT, FERCE
17 % residence time An 23R, TR - T
B lCB 3 EREREHEE LK.

D (r)= %AZ.S (rie—Tn)

n=§khmm@m (hr)

T

~

Ap=Aory: 2 m IC BT 5 the cumulated
activity,

S (rx<T1n): Absorbed dose per unit cumulated
activity,
(rad/Ci-hr)
(MIRD pamphlet No. 11),

* HAAD S (rrem) 12 MIRD o HRInE&
(ICRP. Pub23) 22 b HARAOEBEEEK L LT
FgcEk, CRELE.

Z DR % Table 5 iZR7. .
BASmCif#E Lk LREL T, HbHRR

Table 5 11C-Ro 15-1788 iz & 5 O HEEHIRG
B (AR 1 mCi 2%RBEL-E &)

mRad
&l 23 6.2
B Bt 51
N OB OEE 78
KB O 6.3
Jiad 9.7
L3 12
Jiii} 4.3
i3 3.8
J:i:d 3.6
2 . 2.9
5B B 5.8
B R B 4.8
L i3 0.9
O (7)) 4.8
g 8.5
FEETV 3.1

BEREZWMNRZRBWT b £ OfEIHK 300mR L JE
Biebhhnwz L hbbh ol

V. & %
LC-Ro 15-1788 1%, BPI® Bz-R LR H
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AL, 228l ERBEENILLATLIER2MOR
WHHEEAITHB LWL B,

R0 15-1788 33 X UF N-desmethyl k¥ 65 LT F& »
eBEe vV BRSO UK BRERBERZ WZEn
s, MEH—HERIcERELET

X ®m

1) Hunkeler W, Mohler H, Pieri L, et al: Selective
antagonists of benzodiazepines. Nature 290: 514—
516, 1981

2) Maziere M, Hantraye P, Prenant C, et al; Synthesis
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of Ethyl 8-Fluoro-5,6-dihydro-5-1*C methyl-6-0x0-
4H-imidazo 1,5-a 1,4 benzodiazepine-3-carboxylate
(Ro15-1788-11C): A selective Radioligand for the
In Vivo Study of Central Benzodiazepine Receptors
by Positron Emission Tomography. Int J Appl
Radiat Isot 35: 973-976, 1984
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A CENTRAL SYSTEM FOR THE
SIMULTANEOUS CONTROL OF

SEVERAL ITEMS OF EQUIPMENT FOR THE
PREPARATION OF RADIOPHARMACEUTICALS

K. SUZUKI
National Institute of Radiological Sciences,
Chiba, Japan

Abstract

A CENTRAL SYSTEM FOR THE SIMULTANEOUS CONTROL OF SEVERAL ITEMS OF
EQUIPMENT FOR THE PREPARATION OF RADIOPHARMACEUTICALS.

A new control system was developed for the pfeparaticn of short-lived radiopharma»
ceuticals. It has the following characteristics: (1) control and measurement of a large number
of equipment components (digital output 480 channels, digital input 120 channels, analogue
input 128 channels, analogue output 16 channels); (2) parallel control of maximally five items
of equipment located in separate places; (3) easy programming procedure; and (4) easy
construction of new equipment. To demonstrate the effectiveness of the system, two sets of
equipment were constructed and connected to the system for the preparation of U abelled
Flumazepil (Ro 15—1788) — a benzodiazepine receptor antagonist — and *N-labelled
ammonia. The ! C-labelled Ro 15—1788 (125 mCi) was obtained in 30 minutes, witha «-
specific activity of 670 Ci/mmol and a radiochemical purity of > 99%. During the synthesis
of YC-labelled Ro 15--1788, the **N-labelied ammonia ( 180 mCi) was prepared in 5§ mmutes
with > 99% radiochemical purity.

I. INTRODUCTION

Recently, some automated equipment has been developed for the production
of cyclotron-produced radiopharmaceuticals [1—5]. This equipment is suitable.
for the routine production of selected compounds, such as 500, '1CO,, *NH,
and '®F-FDG. It is often necessary to modify the equipment at hand or to
develop new equipment in order to meet the requirements of nuclear medicine
for new radiopharmaéeuticals. For the user himself, it is nearly impossible to
do this without special knowledge of computer programming, electronics, and
so on. Furthermore, it takes a long time to develop new equipment, and it is
expensive,

This paper .presents a new control system which enables the user to develop
or modify an automatic synthesis equipment for investigation or routine production
of radiopharmaceuticals. The system can control several items of equipment in
parallel, so as to use the cyclotron efficiently.

121



68 SUZUKI
2. THE CENTRAL SYSTEM

A block diagram of the central system is shown in Fig.1. The system can
deal with a large number of equipment components, such as electric valves, heaters,
flow meters/controllers and radiation detectors, corresponding to the hardware
of more than five standard items of equipment, for the production of various
radiopharmaceuticals, e.g. **CH;I, "*NH;, *F-FDG. Fast control and data
transfer are possible (200 us per analogue input) since the computer HP9816
(16 bits) is used as a system controller and is connected to an interface having
its own CPU with ROM and RAM through the GPIB bus. The system is fixed
and cabled; only the items of equipment are exchangeable. Several items of
equipment can be connected simultaneously to one or more terminal boxes
established in the working areas (hot cell, irradiation room, etc.), as shown in
Fig.2. To prepare an automatic equipment, all that is necessary is to assemble
the components of the equipment, such as sensors and electric valves, and to
connect them by cables to the nearest terminal box.

The system program is designed to control maximally five items of equip-
ment (corresponding to five jobs) in parallel. The central system is fixed and
need not be changed, even if a part of an equipment item is modified or new
equipment is installed, since all information required for control is given in
tabular form for the corresponding job. Each job can contain at most six tables
for control and one table for display. The display-only table is transferred
internally to job six and is executed there when it is selected on the keyboard.
Table I shows an example of a system program table, which can contain a
100-step program. The meaning of each command is described briefly. The
commands are performed in the order of step number. The order can be changed
when the commands Al (analogue input), DI (digital input), TM (timer),

BR (jump without any condition) are carried out. Up to eight components can
be controlled in one step by the commands Al (analogue input), BS (background
subtraction), AO (analogue output), DI (digital input) and DO (digital output).
One or two program tables are usually sufficient for the synthesis of a radio-
pharmaceutical, Other program fables are used for preparatory work, such as a
leak check of a production system. The tables can be connected with each other
by the NX command.

The flow of keyboard operation is shown in Fig.3. The system program can
manage only one table for each job at a time, which is selected by the user from
six tables for the corresponding job. Start/stop for each job and other commands
are carried out by pressing the respective function keys. The meaning of each
function key is displayved on a CRT and the proper meaning can be assigned to the
function keys according to the stage of operation. Manual opération is also
possible with the commands described in Table I. Each job has individual para-
meters, such as job number, table number, step number, start and end flags and
timer-counter, to describe its present situation. The system program monitors
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FIG.2. Central system connected to the equipment for the production of M labelled
Flumazepil (Ro 15-1788) and **N-labelled ammonia.

T1, T2 — target boxes for \'C and 3N production; EA 1, EA2 — equipment for ! C-labelled
Ro 15-1788; EBI1, EB2 — equipment for BNH, production; TA to TF — terminal boxes with
amplifier, linearizer, etc.
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TABLE I. CONTENTS OF A TABLE USED IN THE SYSTEM PROGRAM
Step Command Auxiliary Branch Parameter Channels
i command 1,2,3,...,8
1 Al DS, LM, etc. 20 120 13,24, ...

Analogue data input, scaling, jump to specified step if the condition is satisfied

2 BS 5,8,13, ..
Set present analogue data of selected channels as background

3 AD .., D8 2500 5,10,
Analogue data output and scaling for selected channels

4 Di .., DS - 15 ()orl 7,3,89,...
Jump to .rpecnf ed step according to ‘AND’ or ‘OR’ candttmnx of
digital input for the sel‘ected channels

5 DO .., DS Qorl 6,35, 7,15, ...
Ouiput DC 24 Vor AC 100 V to the selected channels

6 ™ .., SE 70 130
Set timer and jump to specified step when time is up

7 BR ..,cL 10 3
Jump to specified step for a given number of repetitions

8 us . o 25 70
Subroutine command for more complicated control

9 PA
Interrupt program execution of the present table for user’s intervention;
other program execution is not affected

10 NX 3
Jump to the first step of specified table
100 - .o .- .- way e e oo
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FIG.3. Flow of keyboard operation for the parallel control of several items of equipment.
K0-K 9 — function keys; Table 1 to Table 6 — sequence of program tables described in Table I;
manual — manual operation for AI, BS, AO, DI and DO commands; start/stop — start/stop

of the program execution for the job; jump/step — go to next step in the sequence table

before and after executing the present step. ‘

and changes the parameters of each job, performing a one-step program for each
job, successively in circles. When a function key is pressed, only the fact of
intervention and the key number are memorized by the system and the command
is carried out as soon as the system program comes to the corresponding job.

The time required for the system program to make one cycle is about 0.3 s;
because of this very short time interval, several items of equipment appear to be
controlled at the same time.

3. APPLICATION OF THE SYSTEM

‘To demonstrate the effectiveness of the present system, two items of
equipment were prepared by manually assembling electric valves, heaters,
pressure sensors, etc. One is for the preparation of ''C-labelled Flumazepil
(Ro 15--1788) — a benzodiazepine receptor antagonist (Fig.4) — the other for
13NH, production (Fig.5). The labelling procedure is similar to that described
by Ehrin et.al. [6]. ‘
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FIG.4. Diagram for the production and purification of Ro 15-1788 with ** CH,I.

1 to 27 — electric valves; P1, P2 — pressure sensors; FM[FC — flow meter and flow consroller;
R1 to R4 — reaction vessels; Il to I3 — injectors; SI to S4 — solutions; C1 — CuO column
(800°C); C2 ~ HPLC 8o reverse-phase column; R - radioactivity sensor; VTI, VT2 — cooling
tubes (-10°CJ; Al to A3 — air cylinders; HI to H4 — heaters; RGI to RG3 — pressure
regulators; UF — ultrafiliration equipment [8); =is AL, § is AO; +is DI; % is components
assembled in EA] (Fig.2); other components are in EA2.
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FIG.5. Diagram for > NH3 production.

1 to 18 — electric valves; R1 and R2 — radioactivity.sensors; Il and I2 — injectors;, Al and

A2 — air cylinders; S1 — 10N -NaOH; S2 — 10% TiCls; RV — reaction vessel; * — components
assembled in EBI (Fig.2); other components are in EB2; +is DI; =is AL

Pure nitrogen gas (purity > 99.9998%) was introduced into the target box
(inner diameter: 20 mm at inlet, 30 mm at outlet; length 150 mm) at a pressure
of 14 kg/cm? and the target was bombarded by 14 MeV protons from the NIRS
isochronous cyclotron. The irradiated gas was led into the reduction vessel
(containing 1 mL of tetrahydrofuran (THF) with LiAlH,) after passing through
the CuO column (800°C) at a flow rate of 200 mL/min. One millilitre of water
was injected into the vessel after evaporation of THF. The generated !!C-labelled
methanol was evaporated into the second vessel, containing conc. HI, and
converted to 1 CH,I, which was trapped in the third vessel, containing 500 uL
of dimethylformamide (DMF) with 2.5 mg of NaH and 2.5 gmol Ro 15-5528
at —2°C. The mixture was allowed to react for one minute at 50°C and was then
transferred into the reservoir for HPLC. The reaction vessel and the tube line
were washed with 1 mL H,0. The product was purified by *C reverse-phase
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column chromatography (Nihon Bunko KK, Tokyo), using acetonitrile: 0.01M H;PO,
(40:60) as the mobile phase, at a flow rate of 3 mL/min. Up to this point, every-
thing proceeded automatically. Evaporation of the solvent, addition of § mL sterile
isotonic saline and filtration were carried out manually because of the slow speed
of evaporation. The synthesis time was about 30 min. The !'C-labelled Ro15-1788
(125 mCi) was obtained with a specific activity of 670 Ci/mmol and > 99% radio-
chemical purity.! Pyrogens were not detected in the product.

The '*NH, was synthesized by the TiCl; method [7]; the diagram for 1*NH,
production is shown in Fig.5. Distilled water was introduced into the target box
by helium gas pressure, The water level was determined with a conductivity
sensor. After filling, the water level was somewhat lowered by applying a pressure
from the opposite direction, in order to avoid electric noise during irradiation.
Only a concentrated fraction of ®N activity of the irradiated water was collected
in the reduction vessel and then 5 mL of 10N NaOH and 5 mL of 10% TiCl,
solution were injected into the vessel. The '*NH; generated was evaporated into
a sterilized vial. The synthesis time was about 5 min. The radiochemical yield
was about 80% and the radiochemical purity was > 99%.

By using this central system, the equipment for the production of 'C-
labelled Ro 15-1788 and '>NH; could be controlled as if two specially designed
separate controllers had been used. The programming procedure required to make
the equipment work was to fill in the program tables, as demonstrated in Table I,
and to fill in an I/O condition table determining the scaling parameters of time
span and offset for analogue input and output. The tables for the two different
items of equipment are not interdependent. The heating and cooling devices, the
glassware and the solvent injectors, etc., used in the development of the equipment,
are standardized. v ‘

With this central system and the standardized components, it is easier and
quicker for the user to modify equipment for the preparation of shortlived
radiopharmaceuticals and to develop new equipment; also, the costs involved are
lower. :
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Table 1 Handling procedurelof the -system
for *°F labelled compound production

(example) «
Step Action Elapse ‘time(min)
1 Target water recovery 3
2 Evaporation 20
3 Cooling 5
4 Injection of solvent with crown ether 1
5 Heating and stirring 15
G Solvent recovery 1
7 Enriched water recovery 1
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Fig. 1 Scheme of the synthetic system for the production of

1F.Jabelled compounds.

(a) Left: Synthesis (b) Right: Operation
system controller
Fig. 2 Photographic view of the synthetic
system for the production of *F
labelled compounds.

Table 2 Recovery yield data of as '*F-fluoride
(K'F) in organic solvent and **O water

18 Recovery 80 Water recovery
Run Activity Yield - Yield

(mCi) By (%) (%)

1 4.0 1.6X10° 45 95
2 7.9 2.9X10° 70 - 85
3 3.9 1.4X10® 35 92
4 73.0¢  2.7X10° 42 90
5 4.3 1.6X10° 53 88
Av. 49 90

Note: Nuclear reaction: *O(p, n)*°F
Particle: p 18 MeV
Irradiation: 10 A, 110 min
Target volume: 7 ml
Target: 1.5% of **0O enriched water
(*: 20% of **O enriched water)

5 K¥F ik, BEFOELOXEDH5 L DD 49% &
B HE-EREh, 2E¥ORTF ., ORI
fEE R, Fro, PO PR L BEUETFIY 90% s &)

BEKF with carrier KF 10 gmol/crown ether
100 gmol in DMF 6 ml
«Trimethylpurin-G-ylammonium chloride
34 pmol
Heating 30 min, 100°C
|
Filtration (Silica Scp Pak)
|

Elution with ethanol-ethyl acetate

|
Evaporation with 3 ml of toluene below 60°C

|
‘°F-6-Fluoropurine )
«~-DMSO 200 ¢, K:CO: 30 mg,
benzyl chloride 50 zl

Stirring at 50°C, 60min
!

Separation silica gel coluinn with benzene-
ethyl acetate (3:2)
|
18F.6-Fluoro-9-benzylpurine
Fig. 3 The scheme of handling procedure for
188 6-fluoropurine and  **F-6-fluoro-9-
benzylpurine preparation.
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Development of the Synthetic System for the
Production of **F-Labelled Compounds. Naoki ZAIMA,
Toshiaki IRIE*, Kiyoshi FUKUSHI*, Toshiro YAMA-
SAKI* and Yoshiaki NISHIHARA®**: Tokyo Nuclear
Services Co., 15-14, Higashi Ueno 3-chome, Taito-ku,
Tokyo 110, *National Institute of Radiological Sci-
ence 9-1, Anagawa 4-chome, Chiba-shi 260, **Sumi-
tomo Heavy Industries Co., 1, Kandamitoshire-cho,
Chiyoda-ku, Tokyo 101.

A synthetic system for the preparation of °F-
Fuorinating reagent from F anion was developed.
This system is also equipped with a device to ve-
cover the expensive '*O-enriched target water. By
using this sysiem, we have effectively prepared
R-KF/crown ether as a fluorinating reagent, and
at the same time recovered ‘“*O-enriched water in
good yield. Furthermore, the synthesis of F-
Sluoropurine and *°F-6-fluoro-9-benzylpurine was
performed by this system.
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UTILIZATION OF NON-NEGATIVITY CONSTRAINTS IN RECONSTRUCTION OF EMISSION
TOMOGRAMS

E. TANAKA, N. NOHARA, T. TOMITANI and M. YAMAMOTO
National Institute of Radiological Sciences, Anagawa, Chiba-shi, Japan

1. INTRODUCTION

Emission computed tomography (ECT) has gained recognition in the past
decade as a valuable tool in nuclear medicine imaging. The ECT falls into
one of two categories: positron ECT and single-photon ECT(SPECT)([1]. The
ECT has the advantage of higher object contrast than planar imaging, but at
the same time has often suffered from a lack of sufficient count densities

to achieve statistically smooth images. The poor counting statistics is
due to limited isotope dosage to patients, limited counting time and limit-
ed count rate capability of the imaging devices. Fast dynamic studies

require reduction of total number of counts to be accumulated per image,
and high resolution imaging further reduces count density per resolution
cell. The magnitude of statistical noise of an image depends on various
factors such as the radionuclide distribution, the total number of counts,
the number of resolution cells in the object area, etc., but it also
depends on the reconstruction algorithm, because the statistical noise is
amplified in the stage of image reconstruction.

A common problem in the reconstruction of ECT images is the correction
for attenuation of photons in patients. For positron ECT, the attenuation
is dindependent of position along a projection line and the correction is
performed for projections using transmission scan data:. Then, convelution—
backprojection algorithms are widely used for image reconstruction. In
SPECT, the correction is more difficult, because the attenuation of photons
depends on the depth in the body. For non-uniform attenuation objects, an
adequate correction 1is performed by means of diterative reconstruction
techniques. In most of the clinical applications, however, algorithms
based on the convolution principle with approximate attenuation correction
are used assuming a uniform attenuation in the body contour[2-4].

It has been pointed out that the incorporation of a priori information
on radionuclide distribution in the reconstruction process may be effective
to reduce the statistical noise artefacts[5]. The most useful a priori
information 1is the non-negativity constraints, that is any reconstructed
radionuclide image should not have negative densities. The convolution
method with poor counting statistics may produce many negative pixels so
that it d4s expected that a modification using the non-negativity con-
straints will be useful to improve signal-to-noise ratio in the low density
area of an image.

The non-negativity constraints are used in some diterative recon-
struction algorithms. In EM (estimation maximization) algorithms based on
maximum likelihood concept, the constraints are automatically dincluded[5-
8], but its performance on statistical noise has not been fully investi-
gated. The method also has a drawback of computational slowness.

The major objectives of this paper are to find a practical recon-
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struction method involving the non-negativity constraints, and to evaluate

its effectiveness in terms of improvement of image quality. The methods
discussed are a modification from a convolution method, the EM algorithm
and a hybrid method of convolution and EM-algorithm. Throughout this

work, we assume that the detector system has an ideal spatial resolution
and effects of scattering and attenuation of photons in patients are neg-
lected.

2. MODIFICATION FROM CONVOLUTION~BACKPROJECTION IMAGES
2.1. Negative smoothing and image dividing technique

In an image reconstructed by a convolution method, statistical fluctu~
ation of a pixel density has a negative correlation with those of the
surrounding pixels[9]. If a pixel has a negative density it may be compen-~
sated with positive densities of the surrounding pixels. The compensation
can be performed by convolving a two-dimensional filter to the negative

pixel. The treatments for all negative pixels will result in local com-
pensations between positive and negative fluctuations without excessive
loss of spatial resolution. In the simulation study shown later, the

filter function shown in Fig. 1 was used and the filtering was performed 8-
times repeatedly. We call this procedure ''negative smoothing'.

1121176 [1/12

FIGURE 1. Filter used for negative
1/6) 0 |1/6 smoothing.

112176 |1/12

The simple negative smoothing is effective in the image area where the
true density is zero or very low, but not in high density areas.  If the
image is divided into a number of sub-images and all the sub-images are
summed after being treated by the negative smoothing individually, the non-
negativity constraints may become more effective, because the number of
negative pixels increases with decreasing the total number of events din-
volved. This method is named "image dividing technique”.

A series of sub-images may be obtained as time lapse images in a

dynamic study mode. This 1s applicable when we obtain an average image in
a certain period of time from a series of dynamic images. Another simple
method is the division by angular views. For example, the total number of
views 1s even and is sufficiently large, two sub-images can be recon~
structed from even number views and odd number views, respectively.
) When only a set of projection data is available and the number of
views is not sufficiently large to perform the angular division mentioned
above, the set of projections can be divided into two sub-sets by a binomi~
al distribution law. The law states that a count number, n, dis divided
into n; and njy (np=n-n;) with a probability:

(57 4 &

n!

N
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In practice, a read-out table producing n)] from a given value of n and a
random number generated by a computer is prepared once and 1is stored in a
memory. For a large n-value, eq.(l) is approximated by a Gaussian proba-
bility distribution function, and mj and n, are obtained by

n; = n/2 + q/n/2, Iy = n - 1nj, )

where q is a variable following a Gaussian probability distribution with a
standard deviation of unity and zero mean. A read—-out table producing q-
value from a random generator is also stored.

By repeating the "binomial dividing method", an original set of pro-
jection data can be divided into 2,4,8+- sub-sets, from each of which an
image is reconstructed.

2.2, Simulation experiments
Simulations were performed with two mathematical phantoms shown in

Fig. 2. The phantoms are 20 cm in diameter. Sixty projections are gener-
ated from the phantom with a bin width of 0.42 cm, and images are recon-—
structed in a 60 x 60 matrix. The pixel size is 0.42 cm. Shepp~Logan

filter is used as the convolution kernel with linear interpolation.

FIGURE 2. Mathematical phantoms
@ 5 used for simulation experiments.
1 The diameters of the phantoms are
1 <:> 20 cm. Values in the figures
are the relative activities.

Phantom #1 Phantom #2

Figures 3 and 4 show the results of the simulation. In both the
figures, (a) 1s the image reconstructed by convolution method without
noise, (b) is the comvolution image with noise, (c) is the image obtained
by cutting negative pixels from (b). Image (d) is obtained by the
negative smoothing from image (b). Images (e) and (f) are obtained by
image dividing technique from 8 sub-images using the binomial dividing
method. Image (e) is the simple sum of the 8 sub-images treated by the
negative smoothing each, and (f) is obtained by additional negative
smoothing from (e).

It dis seen that the simple negative smoothing is effective to reduce
the noise at low density areas but positive streak-like artefacts still
remain. On the other hand, the artefacts decrease by the image dividing
technique. A major drawback of the image dividing method is, however, that
it needs a longer computation time for convolution reconstruction in pro-
portion to the number of sub-images.
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FIGURE 3. Images obtained by modifying convolution image of
Phantom #1.

(a) Convolution image without noise.

(b) Convolution image with statistical noise. The total
number of events is 100,000,

(¢) Image obtained by cutting negative pixels from (b).

(d) Image obtained by negative smoothing from (b).

(e) Image obtained by summing 8 sub-images treated by

negative smoothing. The sub~images are obtained by
binomial dividing technique.

(f) Image obtained by additional negative smoothing from (e).
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FIGURE 4. Images obtained by modifying convolution image of
Phantom #2. (a)-(f) are the same as those in Fig. 3 except
that the total number of events is 30,000.
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3. EM ALGORITHM AND ITS MODIFICATION
3.1. EM algorithm (Mode A)

The EM algorithm proposed by Shepp and Vardi and others[6-~8] 1s an
iterative reconstruction technique for finding a maximum  likelihood
estimate. Letting s(b) be the image density in a pixel b (see Fig. 5), the
iteration process is expressed by

old
=8

" (b) (b) c), 3

where C(b) is a correction factor to be multiplied to an old image. The
correction factor C(b) 1s obtained by

c®) - ] 2 o v,a), @)
n) =] Mo po,a), (5)
b!

where d is a "detector tube" or a 'projection bin', n(d) is the number of
detected events in bin d, and m(d) is the "forward projection" on bin d
calculated by eq.(5) from an old image. The function p(b,d) is the proba-
bility that emission in a pixel b is detected in bin d. -

FIGURE 5. Illustration of pixel,
b, and detector tube, d. x is
the central distance between the
pixel and the detector tube. ]
is the view angle.

The choice of p(b,d) is important to discuss the performance of the EM
algorithm. We assume that emission density is uniform in a square pixel,
and that p(b,d) is proportiomal to the overlapping area between the pixel b
and the detector tube d. The probability p(b,d) can be expressed as a
function of the view angle 6 and the central distance x between the pixel
and the detector tube on the projection (see Fig. 5). Then we have

p(b,d) = p(e,x). (6)

We can calculate p(8,x) for all view angles and various values of x, and
store it as a two-dimensional table in a computer. The size of the table is
not large because p(8,x) has non-zero value only for a limited range of x.

* In practice, for each view angle, forward projection of an image is
obtained with a sufficiently fine pitch (1/15 of the bin width) assuming
that the emission of a pixel is concentrated at the center of the pixel,
and the obtained projection is convolved with p(6,x).
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A simpler p(6,x) function, which is independent of view angle 6, was
tested, but it produced small artefacts in images due to the interference
between pixels and projection bins. Then, the following studies are
performed with the more sophisticated p(8,x) function described above.

General features of the EM algorithm are as follows. (a) Non-nega-
tivity constraints are automatically involved as long as the initial image
is positive. (b) Speed of recovery of a source distribution is inversely
proportional to the spatial frequency of the distribution, that is, a lower
frequency component 1is reconstructed by a fewer iteration cycles than a

higher frequency component. (c) The DC component is recovered by the
first iteration, and the total number of events is preserved in the follow-
ing iterations. (d) Spatial resolution generally increases with added

iteration cycles, but it depends on many other factors such as the source
distribution, the number of pixels in the reconstruction area, the average
density of the point of interest, etc.

3.2. Speeding up of EM algorithm and simulation experiments

A drawback of the EM algorithm is slow speed of execution. Most of
the computation time is spent in the calculation of forward projections and
a matrix of correction factors C(b) for all the pixels. A simple method
of speeding wup is "angle skipping". For example, if diterations are
performed using only odd number views and even number views in turn, the
computation time per iteration is roughly halved.

Another effective method is the amplification of C(b) by replacing it
with C(b)k in eq.(3) where k>1, With this amplification, however, the
total number of events is not preserved and the image tends to oscillate at
a low spatial frequency for a large k-value. To prevent the oscillation
of the D.C. component, eq.(3) is modified as follows:

) = %) [cm1my, /] I, ™
bl

where Np is the total number of events of the observed projectioms. With
this modification, the iteration was quite stable for a k-value less than
about 3.5. The total number of events is preserved in the estimate at each
iteration. The speed of convergence is almost proportional to the k-
value. Thus, combining the angle skipping and the C(b) amplification, the
computation time is effectively reduced. Following studies were performed
by odd-even angle skipping with the C(b) amplification with k=3,

Computer simulations have been made to investigate the performance of
the EM algorithms for mathematical phantoms. We assume that 60 pro-
jections are measured with an equal angular interval in an angular range m,
and we assume 60 detector tubes equally spaced and closely packed din a
projection. The ‘'measured” data, n{(d), are generated by calculating
emission density in each detector tube. Blurring due to spatial resolution
of actual photon detectors or collimators is not taken into account. At~
tenuation and scattering of photons in the phantoms are again neglected,
Images are reconstructed in a 60 x 60 matrix. The pixel size and the bin
(detector tube) width are 0.42 cm.

First, we have studied the convergence rate. Figure 6 shows the rms
error of images as a function of iteration cycle for Phantom #1 shown in
Fig. 2 without noise. The iteration was started from a uniform image. The
curve A 1is obtained with the original EM algorithm, and curve A-S is
obtained by applying 1:6:1 smoothing in the measured projections before
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FIGURE 6. Root mean square error of noise free images obtained by EM
algorithms as a function of iteration cycle. The iterations are
speeded up with k=3, The phantom is Phantom #1 shown in Fig. 2.

Curve A : Mode A (Original EM algorithm)
Curve A-S : Mode A with projections smoothed by 1:6:1 filter
Curve B : Mode B (Modified EM algorithm) ’

Curve B-S : Mode B with projections smoothed by 7-point averaging
after 5-point expanding
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FIGURE 7. Root mean square noise of images obtained by EM algorithms
as a function of iteration cycle. The phantom is a uniform disc of
16 cm in diameter. Total number of events is 300,000. The rms
noise 1s calculated in a circular area of 12 cm in diameter.

Curves A, A-S, B, and B-S are the same as those in Fig. 6.
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iterations. The rms error shown in the figure is the difference from the
convolution image. The value is the average of all pixels in the object
region, and is normalized by the maximum value of the emission density.

Figure 7 shows the rms noise of a uniform disc phantom of 16 cm in
diameter. The rms value is an average value in the area of 12 cm in
diameter., The number of total events is 3 x 10°. The curve A is the
original EM algorithm and A-S is obtained with the smoothed projections.
The rms noise of the convolution image is 18.1 % (shown by an arrow in the
figure). Figure 8 shows the images after 40 iterations.

These results indicate that the original algorithm enhances the edge
of the phantom excessively with the increase of iteration cycles unless
suitable smoothing is applied to the projections. With noisy projections,
the root mean square noise of the reconstructed image increases beyond the

noise level of the convolution image. The main reason for this is con-
sidered as follows. An iteration cycle involves two steps of interpo-
lations of data points represented by p(b,d) in eq.(4) and p(b',d) in
eq.(5), respectively. Nevertheless, the iterative correction works in

such a way that the "smoothed" forward-projections agree with "un-smoothed”
measured-projections, and accordingly the image converges to the one having
excessive high-frequency component.

FIGURE 8. Images of a uniform disc phantom without statistical
noise, The phantom diameter is 16 cm and pixel size is 0.42 cm.
Number of iteratioms is 40 (k=3).
Conv.: Convolution-backprojection method with Shepp-Logan filter
(linear interpolation)
A : Mode A (Original EM algorithm)
A-S : Mode A with projections smoothed by 1:6:1 filter
B : Mode B (Modified EM algorithm)
B-S : Mode B with projections smoothed by 7-point averaging
after 5-point expanding
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3.3. Modified EM algorithm (Mode B)

To overcome the drawback of the original EM algorithm, a modified
algorithm has been developed. As shown in Fig. 9, we consider an imagina-
ry detector tube array, in which one of the detector tubes directly faces
to the center of the pixel b. Letting di be an imaginary detector tube,
eqs.(4) and (5) are replaced by

Cb) = J —— p(b,dy), 8

) Lt p(b,dy) (8)

m@;) =1 Mo pov',ap), )
b‘

where n(d4) is the number of counts in bin dj estimated from measured
counts n(d) by linear interpolation.

FIGURE 9. Illustration of imaginary
detector tube array, di, for a pixel,
b, in the modified EM algorithm. A
detector tube, d,, faces directly to
the pixel.

For a projection at a view angle, p(b,di) has the largest value for
the directly facing bin, d,, and the p(b,di) for the other bins is negligi-
bly small compared to p(b,dg) as long as the pixel size is equal to or
smaller than the bin width. Then, we can assume that p(b,d,) is constant
for all view angles and is equal to 1/N where N is the number of views.
Under this condition, eq.(8) is further simplified and we have

i}

c(b) = (/M) I n(dy)/m(dy), (10)
d

(¢}
mdy) = § Mo po,4,). (11)
bl

With this modification, the smoothing effect in an iteration cycle is small
and the correction factor C(b) is obtained from the ratios of ‘'smoothed"
measured-projections to "un~smoothed" forward-projections. We call this
algorithm '"Mode B" and the original one '"Mode A" in the following discus-
sions. The computation time is nearly equal for both the modes.

* The results of simulation experiments using Mode B are shown in Figs.
6 and 7 as curves B. Note that the rms noise in Mode B tends to saturate
more rapidly to a smaller value than Mode A. Even with Mode B, however,
the rms noise increases beyond the noise level of the convolution image as
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the number of iterations increases. Edge sharpening effect is still seen
in the reconstructed image (see Fig. 8). The reason for this is considered
as follows. The pixels have a finite size, in which emission density is
assumed to be uniform, and hence neighboring two projection bins should
have a certain correlation in their values, while the statistical fluctu~
ations occur independently. This results in the excessive enhancement of
high frequency noise.

To reduce this effect, an additional smoothing of projection data is
required. The observed projections are expanded in a finer pitch (1/5 of
the bin width) by linear interpolation, and 7-point running average is
applied to them, The rms error and the rms noise are shown in Figs. 6 and
7 as curves B-5, and the 40-th iteration is in Fig. 8. It is seen that
Mode B with the smoothed projections gives comparable noise and resolution
as the convolution method,

4, HYBRID METHOD OF CONVOLUTION AND EM ALGORITHM

The EM algorithm needs a large number of iterations to recover the
spatial resolution even with a suitable speed-up method if the dterations
are started from a uniform image. The required number of iterations will
be greatly vreduced by starting the iteration from a convolution image.
The initial image must be positive, then the convolution image is treated
by a mnon-linear operation to remove negative or zero density. In this
"hybrid method", the spatial resolution is fully recovered by the convo-
lution reconstruction and the density distortion caused by the non-linear
operation will be corrected by a small number of iterations,

The non-linear operation used here is expressed by

(o528)

(12)

it

s, expl(sy/sg) ~ 1] (55 <8 ),

where s4 and s, are the pixel values before and after the operation,
respectively, and sy is a threshold value. Ve call this operation 'Diode
cut"” from the similarity to the diode characteristics. Note that the
distortion produced by the diode cut occurs mainly in low spatial frequen-
cies for which the iterative correction is very fast.

Examples of images of Phantom #1 reconstructed by the hybrid methoed

are shown in Fig. 10. In the figures, (a) is the phantom, (b) is the
convolution image, (c} is the initial image of iteration (processed by the
diode cut) and (d)-(f) are the images after 2, 4, 6, 8 dterations. In the
EM algorithm, Mode B is used with smoothed projections described before (7=
point averaging for expanded projections). The threshold value sy in the
diode cut is a half the maximum density. Figure 11 shows another example.

The lower-row images were obtained by applying 9-point weighted smoothing
to the upper-row. Note that &4 or 6 iterations yield reasonable images, and
that the signal-to-noise ratio in the low density area is greatly improved
compared to the convolution method.

5. NOISE REDUCTION BY MEANS OF NON-NEGATIVITY CONSTRAINTS

It d4is of interest to compare noise magnitude between images recon-
structed with the EM algorithm and the convolution method with an identical
spatial resolutionm. The reconstruction resolution of the EM algorithm can
not be uniquely defined, but in the present test, Mode B with 40 iterations
from smoothed projections seems to yield almost the same'resolution as the
convolution method (see Fig. 8). As shown in Fig. 7, no appreciable
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The

FIGURE 10. Images of Phantom #1 obtained with hybrid method.

total number of events is 100,000.

(a) Convolution image without noise

(b) Convolution image with noise

(e)

(d-g) Images after 2, 4, 6, 8 iterations, respectively
N

Initial image of iteration obtained by diode cut from (b)

The

(a")
FIGURE 11. Images of Phantom #2 obtained with hybrid method.

total number of events is 30,000.
Convolution image without noise

(a)
(b)
(c)

Convolution image with noise
Image after 6 iterations with noise
(a')-(c') are obtained by 9-point weighted smoothing from (a)-(c).
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difference is observed in the rms noise between the two methods where the
non-negativity constraints are not effective. The texture of noise is also
similar in the two images. In low density areas in Figs. 10 and 11,
however, the EM algorithm produces much less noise than the convolution
method, which is apparently due to the non-negativity.

To estimate the effect of non-negativity on the noise, we shall con-
sider a simple model. When the constraints are not involved as din the
convolution images, the density, s, of a pixel tends to fluctuate around a
mean value, s, according to a Gaussian probability distribution:

s "'Sm

Fle) el (5

)1, 13)

21 ¢

where ¢ is the standard deviation.

When non-negativity constraints are incorporated, the negative pixels
are forced to be zero or a small positive value, and the positive values of
pixels are compressed toward zero value in such a way that the mean value
is kept comnstant. Assuming that the compression occurs linearly, the new
distribution will be expressed by:

s = YSp

Pi(s) = :éigzgf exp[—~%ﬂ( 7 %] (s>¢g )
€
= J P(s) ds (s=1¢) p (14)
=0, (s<e))

where ¢ 1is a sufficiently small density and y 1s the factor of compression
defined by

o0
J s P'(s)ds = s, (15)

The factor of reduction for rms noise is then expressed by

oo
J (s-sm)2P‘(s) ds 1/2
0 ]

Frms - oo (16)
J (s-—sm)2 P(s) ds

The value of Fypg is plotted in Fig. 12 as a fynction of sp/o.

To check the validity of eq. (16), simulation experiments were perform-
ed with two mathematical phantoms. The one is a uniform disc phantom of 20
cm in diameter, and the other is a 20 cm diameter disc with an annular hot
area of 2 cm width at the periphery. The rms noise is calculated in the
central area of 12 cm in diameter. The two experimental points are plotted
in Fig. 12, which indicates reasonable agreements with the theoretical
model. The distributions of pixel values are shown in Fig. 13.
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FIGURE 12. Factor of reduction for rms noise, Fypg, and for
variance, Fygr, by the use of non-negativity constraints.

Points A and B represent the results of simulation experiments.
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FIGURE 13. Distributions of pixel densities in the simulation
experiment shown as point B in Fig. 12.

(a) Convolution image

(b) EM algorithm (Mode B with projection smoothing)
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6. SUMMARY AND CONCLUSIONS

We have tested various methods of image reconstruction involving the
use of non-negativity constraints. The negative smoothing of convolution
images is the most simple and rapid method, but it is difficult to suppress
positive streak artefacts. The image dividing method with the negative
smoothing is effective to improve the above drawback. The method may be
useful when an average image is obtained from a series of dynamic images.

The EM algorithm essentially satisfies the non-negativity constraints,
but the convergence is very slow. To improve the computation speed, two
methods have been developed; the one is angle skipping and the other is the
amplification of correction factors. The original algorithm has an effect
of edge sharpening, and it causes excessive increase in the noise magnitude
in high density areas. To improve the convergence characteristics, a
modified algorithm, Mode B, has been developed. With this mode, however,
the rms noise still increases beyond the noise level of the convolution
images as increasing iteration cycle. This fact implies that the maximum
likelihood estimates achieved by the EM algorithms are not the most likely
as practical emission images. A suitable smoothing must be applied to
the measured projections to suppress the excessive noise amplification and
to make the reconstruction resolution comparable to the convolution method.

In the present studies, the most promising method is the hybrid method
which is composed of a convolutional reconstruction, a non-linear operation
for removing negative pixels (diode cut) and several cycles of iterations
of the modified EM algorithm. By using the speed up techniques in the
iterations, the computation time is about 3-4 times longer than the simple
convolution reconstruction.

The relative magnitude of rms noise has been evaluated between the
convolution method and the EM algorithm with a similar. reconstruction reso-
lution. The rms noise in low density areas is apparently reduced with the
EM algorithm by virtue of the non-negativity constraints, although no
essential difference has been observed in high density areas.

It is concluded that the use of non-negativity constraints dramatical-
ly increases the signal-to-noise ratio in low density area of images and it
improves the quality of high contrast images obtained with poor counting
statistics. This is particularly important in the future developments of
ECT technique because the count density per pixel decreases appreciably as
one attempts to develop higher resolution imaging devices or to perform
faster dynamic studies.

This work was supported in part by grants from the Ministry of Edu-
cation and the Ministry of Health and Welfare, Japan.
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A Proposed Method for Distinguishing between
BaF, Detectors Coupled to a Photo Sensor for
High Resolution Time-of-flight Positron Emission Tomographs

Mikio YAMAMOTO*

< Abstract> A method is proposed to identify which of a group of photo emitters coupled
to a photo sensor is actually emitting. It is suggested that the method presented may be applied
to BaF: scintillation detectors for high resolution time-of-flight positron emission tomographs .
(TOF-PETs). Small BaF; scintillators are coupled to an available size of photomultiplier(PMT)
and optical filters are inserted between them. The filters differ from each other and each filter
corresponds to an emitter, resulting in transmission of different and identifiable ratios of emitted
photons to the PMT. The ratio of the numbers of received photons of the longer wave lengths
to shorter wave lengths can be used to distinguish the photo-emitting emitter, even if the total
number of photo emissions change.

INTRODUCTION

It is necessary in certain fields to identify which of a group of photo emitters coupled to
a photo sensor is actually emitting. An idea for the above purpose is presented in this paper.

For example, in positron emission tomographs (PETs), the highest possible spatial resolu-
tion that can practically be achieved is at a half of the detector width in discrete detector
systems. Thus, there is a growing trend forward the use of narrower detector widths (for
example, 4 mn width of Bi;GesOys scintillation crystal [11).

However, there is no photomultiplier tube (PMT) of acceptable quality small enough to
couple to the crystal one to one. Thus, crystals are coupled to PMTs, and output signals
from the PMTs are used to identify the scintillating crystal (coding method (2, 3]). Ano-
ther method used is to couple the crystals to a special position-sensiive PMT (1, 4J.

In time-of-flight positron emission tomographs (TOF-PETs) (5, 6], information concerning
the time-of-flight difference between a pair of annihilation photons is important, and the
order of accuracy needed is 10-1° seconds. Therefore, the three TOF-PETs in operation use
one-to-one type detectors (a CsF or BaF, scintillator coupled to a PMT) so as to collect
as many scintillation photons as possible and to make the timing information more accurate.
However, the one-to-one type can not be used for high resolution TOF-PETs.

It is suggested in this paper that the method presented may be applied to BaF; scintillation

* Division of Physics, National Institute of Radiological Sciences [9-1 Anagawa-4, Chiba 260 Japan]

Key words: barium fluoride, positron emission tomography, emission tomography, time-of-flight,
scintillation counter )
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detectors for high resolution TOF-PETs.
Photo Emitters

PRINCIPLE frr(Ban Scintillators)
04|
Photo .emlt'ters alte coupled to a photo rra [T A Photo Sensor Output
sensor. Linearity of input and output of the AAAANA G (A PMT)
photo sensor is assumed here. The photo- 2 ”

emitting emitter can not be distinguished T
Optical Filters

from the others without modification of the .
Fig. 1 Configuration of a high resolution detec-

configuration, because the qualities of all .
tor unit.

the photo emitters are the same.

Therefore, optical filters are placed between the photo emitters and the photo sensor, as
shown in Fig. 1. The filters differ from each other and each filter corresponds to an emitter,
resulting in transmission of different and identifiable ratios of emitted photons to the photo
sensor.

The photo-emitting emitter can easily be identified by simple analysis of the output of the
photo sensor if the numbers of emitted photons are constant, except sor minor fluctuations.

However, in most cases, the number of emitted photons has a dynamic range and the
number is not constant. In these cases, the following conditions are necessary for photo
emitters: at least two different components of photons having different wave lengths (Fig.
2), and different decay times (Fig. 3). The ratio of numbers of photons of the componentse
is constant except for statistical fluctuations. '

The optical filters used for the above cases should absorb or transmit special wave length
ranges. The filter functions should differ from each other and correspond to the emitters
as illustrated in Fig. 2. The filters shown in Fig. 2 absorb the longer wave length com-
ponent.

Thus, the photo sensor receives different numbers of the longer wave length photons from
each photo emitter, though the numbers of the shorter wave length photons are not affe-
cted significantly by the filters (Fig. 3). The ratio of the numbers of received photons of
the longer wave lengths to shorter wave lengths can be used to distinguish the photo-

emitting emitter, even if the total number of photo emissions change.
BaF, DETECTOR

BaF, scintillation counters are the best detectors available for the TOF-PETs at present
[7-10].

Two components of scintillation photons are emitted from Bak when positron annihilation
photons (511 keV) interact with the BaF;. The longer wave length component has a peak
at 310 nm and the shorter component at 220 nm (8] as illustrated in Fig. 2. The decay
time cohstant are 620 ns for the longer wave length component and 0.6 ns for the shorter
component (8). The reported total number of photoelectron yield due to 511 keV photon’s
incidence ranges from 700 to 1000, and from 70 to 200 for the shorter component (7-
10). BaF, fulfills the conditions necessary for photo emitters, as mentioned in the previous
section.

BaF, scintillators are coupled to a PMT equipped with an ultraviolet window and optical
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filters are inserted between them, as shown .
Fig. 3 (a) Illustration of current intensity of

in Fig. 1. the PMT output due to the photo emis-

It is very easy to find filter materials sions of the fast and slow decay com-
. . ponents.
(for example, silicon oil) to absorb photons (b) Tllustration of the integrated value

of the shorter wave length. Photons of of the total PMT output and the hold-
the fast decay component are absorbed by ing. )

the filter in this case. Thus, it is difficult to get good timing information in gamma-ray
detection.

It is not easy to find filter materials to absorb only the long wave length range. A
possibility is a multi-layer thin film of dielectric substances (S0, and AlLO;), which is
presently under development.

An easy explanation of signal processing of the output of the PMT is as follows: the
output current is integrated as shown in Fig. 3 (B). The integrated value I is held at t,
where tr is longer than the decay time constant of the shorter wave length component. The in-
tegrated value Is at t; is held again. The expected value is I, I; or I, which corresponds to
the scintillator. The selection of ts becomes a trade-off between the level of precision of I
and the count rate capability. The ratio Is/I; can be used to identify the scintillating scintillator.

Techniques of a pulse shape discrimination will be used to distinguish the scintillator in

practice, instead of the above mentioned signal processing.
CONCLUSION

The presented idea may make possible identification of the photo~emitting emitter in a
group of photo emitters coupled to a photo sensor.

It is suggested that the idea may be applicable to BaF, detectors for high resolution time-
of-flight positron emission tomographs with available photomultipliers. Statistical considera-

tions and experiments are being prepared.
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ADVANTAGES OF THE UTILIZATION OF TIME-OF-FLIGHT

INFORMATION IN POSITRON EMISSION TOMOGRAPHY

Mikio Yamamoto

Division of Physics, National Institute of Radiological Sciences

9-1, Anagawa-~-4,

INTRCDUCTION

Time-of-flight positron emission tamograph (TOF-PET)
utilizes additional information not utilized by con-
ventional PET (1-6). It gives the annihilation position
between a pair of detectors. In this paper, advantages
of the utilization of TOF are discussed, and simple
equations to assess a couple of them are given. The
equations explain the experimental tendency of the gain
of the variance reduction ratio of images achieved by
the utilization of TOF to increase as activity in the
cbject increases. The model is based on the random
coincidence reduction effect using TOF. It is shown
that the gain asymptotically approaches a saturation
value as the activity increases. The effective coinci-
dence time window of TOF-PETs can be defined sinply as
1.5 times FWHM of the TOF time resolution.
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IMAGING FROCESS

Ceordinates and the principle of optimal imaging (2)
for TOF-PET are shown in Fig.1l-2.

Coincidence event information is converted to an
address on a three dimensional (3D) projection, the so
called 3D sincgram (t,d,8), and a count is added on the
address. The sinogram is corrected for the attenuation
by an object, randem coincidences and other factors.
The corrected sinogram is convolved by a measurement
error function along the t-axis to optimize the signal-
to-noise ratio images. This convolution is performed
with the cne dimensional optimal function (2). The
corrected 3D sinogram is 3D backprojected on a 2D
pre-image array. The preimage is filtered with a point
symretric function to get a final-image with a desired
point spread function. The optimal filter is shown in
reference (2.

NOISE REDUCTION

Localization Effect of TOF in Reconstruction

Effects of statistical noise reduction with TOF in
imaging is indicated by TOF gain (Eg.l). It is a ratio
of variances, V, 0 V., where V. " (OON = convention-
al) is the Vari%e of rQ&mstruc:t;iggww:?.*cl’:ot.lt utilizing
TOF and V'IOF is the variance of reconstruction utilizing
TOF .

On optimally processed images of a cylindrical
uniform phantcm whose diameter is W, the gain explained
by Fig.l can be represented simply By the following
equation based on references (7,8).

v W.C A
s con o)) o)

TOF gain® —— = e = e (1)
Voo 15 w.C, 1.5 W,

where C_ is a measured count density at the central part
of the tom (£ig.3) and W, is FWiM of TOP resolution.

—— Wy
F_1u 3
¢ ]
w!
Fig.3 Count density along TOF axis.
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PSF in Final Images

Fig.2 Principal differences between
image reconstruction with and without
TOF utilization.
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The unit cf all W's should be the same, i.e., length or
time, where 1 ns correspens to 15 am.

Randem Coincidence Reduction Effect

Randam coincidences are accidental coincidence counts
of photons from different atems. The count’ density C
is flat in the coincidence window W, except for statibti-
cal noise as in Fig.3. Even if the"average value of
randam counts are subtracted, the effect of statistical
roise due to random counts remains. Thus the random
reduction with TOF is important, especially for high
activity studies.

The effect is estimated using an analogy of the Co
and C_ and the width, W_ and Ww. The effect of differ-
ence In shape at the edSe is neégligible to the center of
the images. Thus Eq.l is easily extended to include C.
as follows.

WOCO * Wrcr
TOF gain =7 - o 2 o (2)
1.5 Wt(Co + Cr)
R+ T - 1+ R/T (3)
LS W TM, + R~ o (L1 RIT
tOW W

where true coincidence counts T and randcm counts R
without TOF are represented as follows.
T = fC (t)dt = C W
° oo ()
R = fCr(t)d.. = Cer

In the extreme case of R = 0, Eq.3 goes to Eq.1l, and
in the case of R = = Eg.3 goes to Eq.5.

' R/T W,
(TF g2l pee = T W WA, - 15 W, &2

This means that the value of TOF gain asymptotically
approaches the value given by Eq.5, and the effective
coincidence window for TOF-PET is 1.5 times of FWHM of
the TOF resolution. This value is 1.5 times larger than
the definition in (9), and fits closely to experiments
as follows.

In Fig.5, experimental data on Super PETT I (3)
closely fits the carve of Eq.3. The TOF resolution W,
is 500 ps (7.5 am) and the coincidence window W is 15
ns. The uniform cylindrical phantom (35 cm in Hiameter
x 11.5 an high) is measured at three activity points.
The error bars show the estimated standard deviations.

A point at zero activity is the result of a camputer
simulation.

In fig.6, the random to true ratio dependence of the
TOF gain given by Eq.3 shows the theoretical tendency.

A uniform 35 cm diemeter phantcm, W, as 500 ps, W as 12
ns and 20 ns (typical for c(xxventiogal PETs) are
assumed.

Random Reiection fram Transmission Data

Transmission scans are performed using an external
source to correct photon attenuation by a bedy. The
shape (such as a ring) of the source is known, thus the
part around the source can be distinguished fram the
other (noise anly) by TOF and the latter can be thrown
away (2). This method significantly improves image
quality, especially for bodies.

Scattered Coincidence Reduction Effect
Scattered coincidences can not distinguished from
true coincidences when the coincidence line passes
through the object unless TOF is utilized. Scme of them
are addressed out of the cbject with TOF and they can ke
rejected (2,6).
N

OTHER ADVANTAGES

On-line Monitor Imaging

A coincidence event with TOF gives an address on a 2D
image array. Thus, on-line tomographic imaging is
possible without using the image reconstruction process.
However the present status of TOF resolution is broad (3
to 10 am of FWHM) and the image resolution is very poor.
Thus this is only for an on-line monitor.

Three-Dimensional Imaging

On a multi detector-ring PET, all inter ring coinci-
dences can be used with TOF (5). Localization effect
along the coincidence line can be applicable to true 3D

Simultanecus Measurement of Emission and Transmission
Data

Emission data and transmission data can be measured
similtanecusly. The two kind of data can be dis-
tinguished by TOF.

Reduced Number of Angular Samplings

On the TOF-PET, the writing function is shorter than
the canventional PET (Fig.2). Thus, a reduced amcunt of
angular sampling is sufficient to reconstruct an image
without star-like artifacts. The ratio of the numbers
of sampling needed for TOF-PET and the conventional
method is Wt/w . This figure is consistent with the
images of a simulational study (10). This advantage is
applicable to a fast imaging process (8).

Software Correction of Timing Offset

Each coincidence pair has a timing offset due to the
cable length difference and the electronics carponent
difference. However, it is very difficult to adjust
them individually by hand, because number of coincidence
lines is nearly 10" in multi-ring PETs. This adjustment
is easily realized using software with TOF (2).

DISCUSSIONS AND CONCLUSION

Utilization of TOF in PET has several advantages, as
discussed in this paper. The disadvantage is the
carplexity of both the system and data processing. At
present, detectors good for TOF (Ban and CsF) have
about 70 % of coincidence efficiency of BEO. Thus TOF
gain is 0.7 times the given value when campared to BED
PET.

TOF-PET is especially good when high activity dosage
is given, such as in dynamic studies. :

The auther gratefully acknowledges useful suggestions
on TOF-PET by Drs, E.Tanaka, N.Nohara and T.Tauwitani of
NIRS, and Dr. M.M. Ter-Pogossian and D.C. Ficke of
Washington University, St.Louis.
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A DECONVOLUTION FUNCTION FOR SINGLE PHOTON EMISSION
COMPUTED TOMOGRAPHY WITH CONSTANT ATTENUATION

Takehiro Tomitani

Division of Physics
National Institute of Radiological Sciences

9-1, Anagawa 4-Chome, Chiba-shi,

Abstract

A shift-invariant spatial deconvolution function for
single~photon-emission computerized tomography with con-
stant attenuation is presented. Image reconstruction
algorithm is similar to conventional convolution-back-
projection algorithm except that exponential weight is
applied in backprojection process. The deconvolution
function was obtained as a solution of a generalized
Schismileh's integral equation. A method to solve the
integral equation is described briefly. The present
deconvelution function is incorporated with frequency
roll-off and image resolution can be preset. At the ex—
treme of ideal image reconstruction, the deconvolution
function is identical to that deduced by Kim et al.
and its Fourier transform was proved to be identical to
the filter deduced by Tretiak and Delaney6 and Gullburg
and Budinger®. Variance of the reconstructed image was
analyzed and some numerical results were given. The al-
gorichm was tested with computer simulation.

Introduction

The difficulty in the quantitative imaging with
single photon emission computed tomography arises from
the fact that the measured projection data are line in-
tegrals of the product of two unknown functions in two-
dimensional space, that is, radicactivity concentration
and the photon escape probabilicy out of the body. The
fact that gamma ray attenuation coefficient of the body
is not constant makes the problem more complex. However,
most of the existing reconstruction algorithms assume
that gamma ray actenuation coefficient is uniform
inside the body and that the shape of the body is known
and convex.

The attenuation compensation was first carried out
by iterative convolution method =3, Tretiak and Dela-
ney4 investigated an analvtical way and showed that, if
the measured projections are modified to the fictitious
projections measures on the lines which pass through
the center, the modified projections are independent of
the shape of the attenuation medium. Tor this reason,
this modifiad projection will be referred to as center
projection” in this paper. They also showed that the
image can be reconstructed by backprojection with expo-
nential weights after deconvolution of the center pro-
jections. The deconvolution function is shift-invariant
and is given as a solution of an integral equation,
which they solved in a numerical way.

Gullberg and Budinger5 and Tretiak and Mecz® con-
currently solved this problem in frequency domain. The
former group tested various filters by computer simula-
tions and the latter group investigated mathematical
properties from the view ?oinc of the theory of distri-
bution. Bellini et al./»8compensated for attenuation
on the two-dimensional Fouriler transform of projection
data. Kim et a1.9 deduced an inversion formula by use
of the solution of Abel's integral equation,

This work was supported in part by a Grant-in-Aid for
the Cancer Research from the Ministry of Health and
Welfare, the Japanese Government,
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The authorl0 solved the integral equation analyti-
cally by means of series expansion with respect to lin-
ear attenuation coefficient.

Formulation of the problem

The formulation of the problem of the image recon-
struction of single photon emission computed tomography
will be outlined after Tretiak and Delaney.A Detailed
descriptions should be referred to in the original
paper.

The algorithm assumes that gamma ray attenuation
coefficient of the absorbingmedium is constant and its
shape is known and convex. Let 1(r) denote two-dimen—
sional radioisotope distribution. Referring to Fig.l,
the measured projection, pp(t,8), through uniform atte-
nuation medium of p,at a direction §=(cosé,sin8), with
the lateral distance,t, measured from the center is

pm(g)e) = —2-3;—! ds.i(i-) ~G(t-—<§'§>) N

exp{—u(d(c,e)~<5‘§‘>)} (1)

where §(-) indicates Dirac's delta function, while b4
and 8' are defined as r=(x,y) and (-siné,cos8), respec-
tiveiy. < « > denotes dot product and d(t,8) denotes
length of the attenuation medium along the direction 8',
measured from the line crossing the center. Since
d(t,8) is known for any t and §, then multipling both
sides of eq.(l) by a factor exp{nd(t,8)}, we get the
center projection p(t,8).

ple,8) = 5%] dr-i(c)-6(r-<z-§») exp{ u<r-g'>} )
R

Let f(t;p) denote a one-dimensional deconvolution
function, then the filtered projection is p(t,8)=£(r;u).
By backprojecting it onto the image plane with the expo-
nential weight, we get the reconstructed image, i(g),

i) = fﬁw ds-{p(c,e)x2(csu) }-exp{-ucg-g'>}. 3
Y
s
t
g X
0
Q(
Q

Fig. 1. Definitions of coordinates (x,y) and (t,s).
Q indicates the domain in which radicactivity dis-
tributes and Q' indicates absorbing medium.



The point spread funccion, h(r) is

h(r) = —~
l

3l 2“ d8-£f(r.sind;p) rexp{~pr.cose)}.

T de- £(<r-8>;u) -exp{~p<r-8'>}

4)

In order to avoid excessive noise enhancement through
reconstruction process, image reconstruction with £i-
nite spatial resolution will be considered. When h(r)
is specified and, as such, the spatial resolution is
specified, the problem is to solve an integral equation
(4) with respect to the unknown function f(t;u).

It is assumed here that a one-dimensional deconvolu~

tion function f(t;u) is even so as to obtain shift-in-
variant filtering. Then eq.(4) is modified to

h(t)A' %J:/z f(r-sinb;u)-cosh(ur-cos8)ds. (5)

When u=0, the problem is a simple reconstruction with-
out attenuation and eq.(5) is
h(r) = %jg/z £(c-sind)de. ®

This equation is known as Schltmileh's integral equa-
tion and the solution is

£(5) = h(0) + x [1/2 h(z-sine)ae, I6)
where h(.) indicates the first derivative of h(-).

Derivation of analytical expression of one-
dimensional deconvolution function

Generalized Schldmilch's integral equation

A generalized Schldmilch's integral equation is to
solve the following equation with respect to f(x;u),
when h(*) and g(-) are given.

h(r) = %{g/z f(r-sinB;n)-g(ur-cosd)ds. (®
Here we asume that both f(x;u) and g(ux) can be expand-
ed into power series of u and the expansions are uni~
formly convergent with respect to yu, if.e.,

® «
£(x;u) = X fn(x)u“, gl = § g - uo)™
=0
with these expansions, eq. (8) can be rewritten as

9

h(z) = —f"/2{ Z £ (x sing)u" M Z 8, (ru-cos8) }ds. (8')
m=0
By equating the same power of p on both sides of eq.
(8'), we get the following set of equations.

B = 85 27/2¢ (x-s1n0)a, 10

~Xg}ds.

2w 2 n-k
o= I
o img v (1)

fk(r-sins)-cdsn

Eq.(10) is a Schldmilech's integral equation with respect

to f4(r), whose solution is given in eq.(7). Eq.{11)
can be modified to
Z g, T F 2]“/2f (r-sind).cos® ¥g.dp
30 k=0 ©
;J"/Z,fn(r-sine) ds. an

1f fi's are known up to k=n-1, then the left hand side
of eq.(11') consists of integrals of knmown functions,
so that eq.(l1l') is also a Schlomilch's integral equa-
tion with respect to unknown function £, and can be
solved in the same way. By mathematica? induction, all
fn's are solved and, hence, £(x;p) is obtained with eq.
(9).  Thus generalized Schl¥milch's integral equation
wag formally solved.

Derivation of a one-dimensional deconvolution function

Here, a special case of the generalized Schl&-
milch's integral equation in which g(x) is equal to
cosh(x) will be considered. Expansion coefficients are
89n =1/(2n)! for n=0,1, -, Specifically, when n=0,

O‘l and eq.(10) is iden:ical to eq.(6). Since we are
looking for an even deconvolution function, all odd
terms of fy's can be excluded. Then eq.(1l) is

o -2 2n-2k,

0= z ?EEZEETT wf /2 £, (x-sing).cos 8 do. (12)

To simplify the expression, let us introduce the follow-
ing operator.

R [¥1(x) = E%JE“ ¥(r-sing)-cos™s do. 13)

In the case that ¥(-) is even, it can be written as;

2
R [¥](x) = ;fglz ¥(r+sing)-cos™e de. (13")
When n=0,
lpaw
Ry (9] (x) Z"% ¥(x-sing) do,
which can be interpreted as ''rotational mean", since

the right hand side means that the function ¥(-) is
rotated around the origin and summed up over 0 to 2w
and the resultant sum is divided by 2w.  When n#¥0, the
operator .can be interpreted as rotational mean with the
weight cos™@.

With this operator notation, equations (10) and
(12) can be rewritten as

h(r) = R [£,1(x), (xo")
Qn—Zk
0 Z o@nTT Ron-aic i () azn

The operacor in eq.{13) has the following property.

Ry [£,,1() = a4)

I‘
~ Ta(aeD) Raweafapp1 (0

When n=0, the inversion is given by eq.(7) and may be
defined as

R, A1) = n(0) + rfzfzi(:-sine) ae, (s)

which has the. property (appendix 1)

B MR L0 1100 = Feenr r R0y 1100 a6)

From eq.(12), £5,(r) can be written as

n~l 2n—2k

't Z Nerersp MEN MR an
By applying eq. (14) and eq.(16) to eq.(l7) successively,
the function on(r) can be represented by f (r) as

on(F) = —R

-1.(=)"r
Bpn(r) = By [(2n)! Ronlfell(®

T (5)8(2n-1) -1
T Em T T RelT T Ry lENI ().

Finally, by inserting it into eq.(9), f(x;u) can be ob-
tained. (appendix 1)

(18)

Derivation of the deconvolution function for Gaussian
point spread function

When the point spread funcrion, h(r), is a Gaussian
function, h(r)= 1/(2no?) exp(-rz/(Zcz)}, where ¢ is the
standard deviation, then the solution of the integral
equation (10) is calculated to be

£ (r)

2.2
T r’=v
*;;7[1 -zfoexp{w Soor-tav]

165



L )"

T (2k+l)" u

1 3 2 r2cos?o a8
= 3R ae rf / exp{ gz 1rcos8

19

This function is a deconvolution function without atte-

nuation which was deduced by Tanaka et alll:lsz substi-

tuting £4(r) into eq.(18), we get eq. (20). (appendix 2)

2 2

z cgi 8y sinznaccsads
(20)

By inserting it into eq.(9), the deconvolution func-

tion, £(r;u), turned out to be eq.(21).(appendix 2)

E(riw) =

13 r2n+lrﬂ/2
w0l ar (Zn) 1y exp{~

on(r) =

exp{- E"Egg—é%cos(ur sind)cos8ds

(21)
Note that this deconvolution function coincides with eq.
(19), when u=0 i.e. no attenuation, as is expected. The
deconvolution function f(r;p) is shown in Fig.2.

~__7.__ rj /2

Fourier transform of the deconvolution function

Direct calculation of one~dimensional Fourier
transform leads to the following expression

F(X) = fmf(x)»eZWKXidx =n|Xfe(|X]|~v)exp{~212c2 (x2-v?)}
‘ (22)

-

where u=27v and

e(x) = 0
1

This result coincides with the £ilcer deduced by Metz
and Tretiak® in the limit ¢»0.

for x<0

for x20. (23)

Steep jump of the filter at [Xl-v can be understood by
the analogy of the mechanical oscillation with dumping.
The system cannot propagate waves whose frequency is
below the critical dumping frequency.

The factor m|X| om the right hand side of eq.(22) is
related to the perfect reconstruction with p=0. The fac-
cor exp{-2r20?(X2-v2)} is due to frequency roll-off. The
factor £(|X]|-v) is specific to the recomstruction with
attenuation.

5.50 0.2 1w
RADIAL OISTANCE

Fig. 2, Deconvolution functions for linear attenua=
tion ceeffliclents of 0, 0.05, 0.10, 0.15, 0.20 and
0.25 em™! (from top to bortom).
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Variance of the reconstructed images

Using the parameters t,s,d and 8 shown in fig. 1,
reconstructed image intensity i(x,y) is calculated as

1y) = [27p, (6,00 -exp(nd (e, 0) bxe (e - ™S00, (26)

and its variance is calculated to be;

var 1(x,y) = fzﬂpm(t.e)aexp{Zud(t,e)}*fz(t;u)-e_zusdﬂ.
(25)
Let us consider a uniform disk source of radius, p cm,
which emits « photons/em?. If detection efficiency of
the system is ¢, then the measured projection(/radian)
is calculated as;
-2ud
Pp(80) = 5is (1= &M, (26)
where dzw/pz--t2 Let ig denote ag, then 1 /27 indicates
event rate on the projection line withouc attenuation.
In this case, the reconstructed image intensity i(x,y)
is calculated as
- i0 2m -ys
ix,y) = E——{ 2sinh(pd)xf(t;u).e ' de, 27)
EI
and its variance is

._9 2“(

2us

var 1(x,y) = Gryas2(eiuy-e S s, (28)

Image variance at the center of a disk is

- e2WP_y
var 1(0,0) = 0.0353 —~;33~.10. (29)
This expresion holds for p>»>g.
attenuation, that is, u=0,

lim var 1(0,0) = 0'0333(2° i
)

which coincides with the expression in referemce (13).
The image variance is plotted as a function of disk
radius with attenuation coefficient as a parameter in
fig. 3. The image variznce as a function of position
is plotted in Ei% 4 for fwhm resolution of 1,0cm, p=10
cm and u=0.15em™ The varilance increases as the point
moves awvay from Lhe center of the disk due to exponen—
tial weight applied in the backprojection process as
was pointed out in the discussion in ref.(4).

When there is no

(29%)

Total observed counts, N, was calculated asj
N - jz“defppm(t,e)d: - Q%QIZ”{l-exp(~2p/oi-c1)}dc
0

= i vo @(up), (30)
where é(x)’(Il(x)—Ll(x)}/x, in which I3{(+) and L3()
are the first order modified Bessel function of the
first kind and the first order Struve function, respec-
vively. With eq.{30), i, can be calculated from given
total counts, By inserting i value into eq.(29), the
image variance at the center can be calculated.

Computer simulation

The proposed deconvolution function was tested with
computer simulation. Projection bin size was set at 2mm.
The number of views are 256 equally sampled over 360 de-
greeg. All reconstructed images consist of 128x128 pile-
ture elelments with 2 wm bin width. Detector response
was assumed ideal. Ta the case of nolse-free test,
center projections were calculated direccly. In fig. 5,
the point responses are shown for image resolutions of
0.5, 1.0, 1,5 and 2 cm full width at half maximum. Full
widths at half waximum measured from the reconstructed
images are plotted in fig. & virsus preassigned widths
and are in good agreement with the latter. Point images
are shown in f£ig. 7 for y of 0.10, 0.15, 0.20 and 0,25



cm‘l, in which image resolution was assumed as 0,5cm
fwhm. Artifacts outside the peak area increase as u
increases due to larger exponential weight, but are not
serious even in the largest value of u:

Uniformity of the reconstructed image was tested
with a noise-free flood phantom of radius of 9ecm. The
results are shown in fig. 8 for u=0.10, 0.15, 0.20 and
0.25 cn™! in which resolution was assumed as 0.5cm
(fwhm). This test ensures that image restoration of
D.C. and low frequency components are satisfactory.

The reconstructed images of pile phantom with noise
are shown in fig., 9 as a function of total counts, im
which u is assumed as 0.15cm~! and image resolution is
assumed as 0.5cm fwhm. Hot spot diameters are 2.5, 3,
3.5, 4, 5 and 6.2 mm. The separation between hot spots
is four times the diamter.

10 1 1. 1 1 { 1

3
)
g .
-l
h Linear
g Attenuation
g Coefficient }-
b 3 in em~} -
e 4 L
] -] -
-
bl - -
d
> - L
0.1 L B e L
0 5 10
Disk Radius (cm)
Fig. 3  Variance at the center of a disk as a func-

tion of disk radius.

The image resolution is assum-
ed as 1l.5cm fwhm, :

400 i i 1 i i " 1

w

(=]

o
1
T

i(r)/ie)

[

o

[=3
1
T

1004 o

VARIANCE (var

0 T T T
S
RADIAL DISTANCE (cm)

Fig. 4. Variance of a disk source as a function
of distance from the center, where linear attenua-
tion coefficient is assumed as 0.1l5em™! and image
resolution is assumed as 1 cm fwhm.

Fig. 5. Bird's eye views of a point source with fwhm
of 0.5cm(upper left), Ll.Ocm(upper right), 1.5cm(Llow-
er left) and 2.0cm(lower right), respectively. Lin-
ear attenuation coefficient of 0.15cm~! was assumed.

25— 42
Zz 20 ~|
2 .Y
=
2
P=
a =
§ 15 ~ ;
8 - ooz
2 5
Y10 A a
& 8
B
8
= b =1
H 5 -
3
2 o
o

0 T T T T 2

5 10 15 20 25

FILTER RESOLUTION (mm)

Fig. 6. Comparison of the preassigned image resolu-
tion and that measured from the reconstructed image.

Fig. 7. Bird's eye views of a point source with fwhm
of 0.5cm for linear attenuation coefficient of 0.10
(upper left), 0.15(upper right), 0.20(lower left)
and 0.25(lower right) (em™!), respectively.
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Discussions and Conclusions

A solution of generalized Schl®milch's integral
equation is given. By applying it to the attenuated
Radon transform, a deconvolution function was obtained.

The function is equivalent to those presented in ref. 5,

6 and 9 except frequency roll-off factor. This kind of
algorithms has a tendency that noise is enhanced toward
the periphery of the image due to exponential weight
in the backprojection process. A merit lies in shift-
invariance. Meanwhile, Tanakal® derived a space-depen-
dent deconvolution function with space-dependent back-
projection weight numerically and showed that noise de-
creases toward the periphery, This suggests that there
may be another solution to the problem, if the restric-
tion of shift-invariance on the filter is abandoned.
Since single photon ECT data is redundant with respect
to the angle, so plurality of solution might exist. The
solution presented by Bellini et 21.7:8 has somewhat
different aspects, so that interrelationship as well as
noise characteristics of their algorithm has to be in-
vestigated.

Fig. 8. Bird's eye views of a disk phantom with lin-
near attenuation coefficient of 0.10(upper left),
0.15(upper right), 0.20(lower left) and 0.25(lower
right) (cm~!), respectively. Image resolution was
assumed as 0.5cm fwhm.

Fig 9. Reconstructed images of a pie phantom as a
function of total counts, N. p=0.15cm™! was assumed.
Upper left: without noise, upper right: N=10%,
lower left: N=10%, lower right: N=108.
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- Proof of theorem 2.
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Appendix 1

Proofs for equations (14), (16) and (17) will be
given below.

Theorem 1. Let £(r) be a function, whose n-th order ro-
taional mean exists, then for n>2,

BRI = J-eRg TR (511 (o).

Proof: By inserting h(r)=r"R [£]1(zr) into eq.(7) and by
performing the integration by part,

(a-1)

Ry~ L™ R [£]1(x)

= R @] g + rj"/z(x“a LE10OI | oo gng®®
= [ 100 PRI 1 de
n—l

= —(n—l)rR [r 2[f]](r). q.e.d. (A-2)

Theorem 2.

For fz (r) defined by a set of eq.(ll') and
for w1, &

£h,08) = - —- rj £, (8) de. (A-3)

Proof will be given after the following lemmas,

Lemma 2-1, Under the same condition as thorem 2,

2

T
@Dy RorezlF20-21 (@) (40
This lemma can be deduced by the integration by part.

Lemma 2-2,
holds, then

RZk[rL; £o p(D)del (D) =

(Descending relationship) If theorem 2

2

I
TR Rz lfon-] (0. (a-3)
Proof: By inserting eq.(A-3) into the left hand side of
eq.(4-5), the right hand side of eq.(A-5) results.

Rowlfopl (@) = -

Lemma 2-3. Assume that theorem 2 and hence lemma 2-1
hold for n>1, n>k and k>0, then,

(202
: kRzn ai g ] ()
(2no2ky ]

k 2
()5, 1£,1(0)
(Zn-Zk)!!(Zk)li(zn-l)!!

(4-6)

This lemma can be proved by application of lemma 2-2
successively.

Since £, 's are the solution of
the integral equation (12'), i% is sufficient to show
that the right hand side of the theorem satisfies inte-
gral equation (12')

For n=1, the integral equation (12') reduces to
Ro[le(r) +

3%»:2R (2,10 = 0. (4-7)

By replacing f (r) to the right hand side of eq.(A-4)
and by applying lemma 2~1 to the first term of eq.(A-7),
the left hand side of eq.(A-7) is equal to O.

Assume that eq.(A-3) holds up to n-1, then eq.(A-6)



holds up to n-l. By replacing f, (r) to the right hand
side of eq.(A-3), the first term“0f eq.(12')

1 T 2
== 3 Rl £ p (DRI = - R[5y )1 (0)

(-)ann
T @yt
By inserting this for k=n and lemma 2-3 for k<n-1 into
eq.(12'), then the right hand side of eq.(12')

Rzn[fol(t). (A-8)

(_)ntzn
= @m1 Raalfel (0
n-1 (_)ern
k§0(2n—2k) TEO (DT Ranlfpl ®
r2n n x
- GT RZn[fO](r)kzoan (=)~ =0. (4-9)

By mathematical induction, theorem 2 holds for any n>l.
Appendix 2
Deduction of equations (20) and (21) will be given.

By replacing fo(r) in eq.(18) to the second expression
of eq.(19),

RO R e 2n-1
B0 =Ty Relt TRyl

@ x
1 (= 2k
2na? kzo(Zk'i)!![EJ 11(x)

el 20D n§ (3% ryax,
7m0l 7 (2n)! k=0 (2k-1) 11\’
f;lzsin2n+2k-l¢ d¢ fﬂ/zsinZKG-coszn—za ds
f 0
S L i S 2%
2na’ (2n) !t (2n+2k~-1) 11 ‘o
k=0
1 1 ) 3. 2
= 27cZ (2n+l)! 3r r F{l,n+ 277 EETﬁ
2n+1
1 3 r ks r2cos?8, . 2
*W'ﬁ‘mfo /2axp(- -—ﬁr—}sm P5c0s8d6.

(a-10)
in which F(e,£;z) denotes confluent hypergeometric
function. Thus eq.(20) was deduced: The deduction
of eq.(21l) is rather straight forward.

- = 7 b " zn
frw) = ] £, (1) &

n=0

1 3 /2 . _x? N
= 3707 3% rfo/‘expw —Z—C—Zcoszer
I
n=0 (2n)!

L1 3 gwyy o x2 ;
2wal 3;‘& exp{~ 5o7cos?6} cos(ur sing)cost do

(ur sine)zncose dae |

. q.e.d. (A-11)
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11 BODY EDGE DETECTION FOR ATTENUATION COMPENSATION

BY CALCULATION IN EMISSION CT
Takehiro TOMITANL

Div. of Physics, National Inst. of Radiological Sciences

Introduction

In emission computed tomography(ECT), measured projection data are modulated by
attenuation inside the body. In SPECT, attenuation compensation by calculation is
a standard practice. In PECT, separate attenuatlon measurement with an external
source is widely adopted, since it measures exact body attenuation factor. Addi~
tional noise is iIntroduced due to finite statistics of transmission measurement and
attenuation compensation by calculation may be preferred in some instances. Attenua-
tion compensation by calculation postulates that attenuation coefficient is uniform
inside the body. Attenuation factors are calculated from a body edge contour .whose
accuracy critically affects final result. This article presents a new edge detec-
tion algorithm which, based on differentlal geometry, enables direct calculation of
object edge contour from the edge informations obtailned on a sinogram.

Contour Detection Algorithm

Relationship between Edge on Sinogram and That of an Object Assume that the edge
contour of an object is convex, then an edge point on the sinogram determines a tan-
gent of an object edge. In Fig. la, a point P on the edge of a projection with

lateral distance t from the origine with an angle 8 relative to y-axis, determines
a tangential line 1 which contacts with an object at a point Q. A tangential line
can be represented as

y - t sin = -cot® (x - t cosB). (1
Also a tangential line with a view angle 0+A6 and with a lateral distance (t+At) is
y = (& + at)sin(® + 40) = - cot(0 4 A6){x - cos(0® + AB)}. (2)

A cross point of the lines in eq.(l) and eq. (2) approaches, on the extreme of A6+0,
to a point of contact, which is calculated to be;

X = t cos§ - £ sind 5

. (3
y = € sin® + t cosf .

Eq. (3) indicates that a point of contact cen be calculated from a series of edge
points t(8) on the sinogram and its O6~derivative. Note that equations (3) hold for
a concave object. If there were a means to find out an edge of a concave object on
the sinogram, equations (3) would allow calculation of an edge contour of a concave
object.

Smoothing of an Edpge Contour and Calculation of Intercept The edge contour on the

sinogram is periodic and bounded, so that its Fourier transform exists. The edge
contour can be smocthed away by retaining lower order Fourier coefficients. This
procedure 1s similar to the phase analysis in cardiac studies. £(8). can be calcu~

lated in a similar way. To calculate an intercept of a projection line with a body
contour, filrst, rotate body contour, (x(8),y(8)) by -0, then calculate intercept of
x=t with the rotated body contour.

Compensation of Skull Effect in Brain Imaging 1In the case of brain studies, linear
attenuation coefficlent of a skull 1s substantially higher than that of soft tissue.
What matters is not its shape but rather its length intercepted by a projection
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line. The latter can be approximated by the difference of two ellipses. Note that
a projection of an ellipse dis also an ellipse regardless of the directions of the
major and minor axes, so that major and minor radii along with its center can be
calculated easily from the minimum and maximum of x-corrdinate of the contour data,.

Results

Edge Detection on Sinogram and Number of Fourier Coefficients Thresholding method
was adopted due to its simplicity. The threshold is determined as ((mean sinogram
intensity over angle along a center of sinogram) - (mean sinogram intensity outside
the object over angle))x0.2, where a factor 0.2 is determined by experience. Using
lenth of a contour as a measure of its "smoothness', necessary number of Fourier co-
efficients was turned out to be 5+6.

Algorithm Test on a Sample Data An example of contour detection is shown in Fig. 2

superimposed on the reconstructed image. The image is a head section of a rabit in-
jected with !lC-labeled Ro 15-1788, a recepter ligand imaged with a high resolution

PET for animal studies the characteristics of which 1s presented in the preceding

presentation. Image shape is rather singular, yet the present algorithm reproduces

its edge contour clearly. Total counts of projection data is only 24k, which indi-

cates that the algorithm is fairly robust against noise. The algorithm was also

tested on head tomograms measured with POGITOLOGICA I and worked as well.

Conclusions

The proposed algorithm enables calculation of a body contour directly from the
edge found on a sinogram and is persistent against noise. In the case of brain
studies, the effect of heterogenity due to skull can be mostly compensated for by
approximating it by two ellipses. The proposed algorithm is applicable equally to
SPECT data with slight modification, In the latter case, projection data are mea-
sured over 2w radlans instead of w radians in the former case, so that two edge in-
formations are available in the latter case.

\, 46

1+A¢

o
x
o
x
P

Fig. 1o Fig. b Fig, 1c

Fig. 1. a)Relationship between an f&
object edge, a tangent and an edge
on a projection, b)tangents with [
an angle 6 and 6+A6 and c)rela-
tionship between t(8),£(8) and

a point of contact.

Fig. 2. A detected projection
edge superimposed on a sinogram
(left) and a synthesized contour
superimposed on a reconstructed
image(right). )
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Table 1 Maximum energy of positron and

its maximum range in water

Isotope * E:ﬁx/{(iﬂ\;;;)im Maxir?rtrll::xn)range

BF 0.635 2.42
84Cu 0. 656 | 2.55
ne 0.959 ’ 4.18
BN 1.197 5.40
B0 1.723 8.19
88Ga 1.898 9.32
82Rb 3.148 16.3
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FL e v CT EREIRETERAEY bev
mfﬁ&ﬁ@i 11(‘)7 13N’ I50’ ISF’ 68(;&’ 82R b 71£ &
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Table 2 Parameters giving the point spread

function in projection {2)

Isotope ue %Ga 82Rb
B* end point 0. 959 1. 898 3.148

(MeV)

A 0.916 0.811 0. 898

7, (mm) 0.078 0.162 0.301

r, (mm) 0. 457 1.15 2.99

qg(r)=A4 exp(—7r/r)+(1—A4)x
exp(__r/rz) ............... ( 1 )
TR, v XBREME»HES b e YHERA
FCORYETOERETHY, ARaEd
THRGDERF KT HHABE, r & il

ThEhORG OV 52 B 5 2 =4

ThBH. IHhDBDASA—ZDEIE, AL br v
DR AF - 3E 1 MeV FORL =00
B 1'C, %Ga, 82Rb o\ Ti3 Table 2 iR
LicZ &L ThHB, ¥z, HBESHEOBER
BhicBg LT, Colombino &3] DM EE
F— A LRDOIERAND B,

T, EBESBEORAY XS ey CT
¥EBOA S A ARCEBRCIHET 20D,
Fo b ryOREBR I CHEBEHGEOAERD
CHRSSEBEYHEROES e v BEECH LT
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Table 3 Spatial resolution achieved by de-

tector ring having detector pair
resolution of 2 mm FWHM and
3.65mm FWTM. Ring diameter

is 80 cm
FWHM FWTM
(mm) (mm)
Detector resolution t 2.00 3.65
Angular deviation 2.07 3.76
Ang-dev | 1C 2.34 4.57
+ |
Range | 68CGa 3.11 7.21
' 82Rb 3.27 11. 66
Ang-dev ne 3.16 5.97
Range 85Ga 4.05 8.43
-+ 82
 Detector Rb 4. 66 13.73
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<Summary>
Resolution Limit in Positron Emission Computed Tomography

Norimasa NOHARA, Takehiro TOMITANI, Mikio YAMAMOTO,
Hideo MURAYAMA & Eiichi TANAKA

Division of Physics, National Institute of Radiological Sciences

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

There are two fundamental factors limiting the spatial resolution in developing high resolution
positron emission tomographs. One is the finite range of positrons before annihilation and
the other the deviation from 180 degrees of annihilation photons. The purpose of this paper is to
evaluate the effect of the factors on the spatial resolution in reconstructed images. Since line
spread functions allow to make the evaluation free from slice thickness, the line spread functions
in projection for positron range and angular deviation were calculated from experimental data
in leteratures, The physical limitations of the spatial resolution in reconstructed images were
estimated for line sources of !!C, %8Ga and #Rb positioned on the central axis of circular ring

detectors, as a function of ring radius ranging from 10 to 50 cm.
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I. INTRODUCTION

Positron CT is rapidly growing in clinical importance,
as new tracers including specific ligands for neuroreceptors
are developed (1-4). Although practical results are still
preliminary, these new tracers will enable us not only to
diagnose biochemical derangements occurring in the diseased
human brain, but also to make direct measurements of
psychological states of mind.

Stress plays an important role as a trigger or as an
effector in some kinds of disease. 1In animal experiments,
significant changes in the deurotransmission system in the
stressed brain have been reported (5,6). In addition,
several reports indicate that central
benzodiazepine~receptor binding with its ligand was
changeable 1in response to physiological stimulation in
animal studies (7-9). However, there is no direct method
for measuring such alterations caused by stress in a living
brain.

Copyright © 1986 by The Takeda Science Foundation
BIOMEDICAL IMAGING 319 All rights of reproduction in any form reserved.
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In this study, the biodistribution of a central type
benzodiazepine antagonist, (H-3)-Rol5-1788 (10) (FIGURE 1)
in control and stress-loaded mice was measured, and a method
to detect changes of benzodiazepine-receptor function in
human brain in several conditions using (C-11)-Rol5-1788
(11) (FIGURE 1) is presented.

8
~ »C-OCH
N 2CH;
F N
4 “CH?

M.w. 303.3

FIGURE 1. Rol5-1788.
IT. ANIMAL EXPERIMENTS

Before the human study was undertaken, the
biodistribution of (H-3)-Ro15-1788 in control and
stress—-loaded mice was compared; the details of this study
will be reported in another paper (12). The stress was
produced by forcing the mice to swim in a water basin at 16
°C for 5 min. Within 3 min after the forced swimming was
terminated the tracer was injected.

In control mice, carrier-free (H-3)-Rol5-1788 was
selectively and highly distributed in the brain. There were
significant differences in radioactivity among various brain
regions; the highest level was observed in the cerebral
cortex, which 1is the benzodiazepine receptor rich area
(13,14). The brain kinetics of (H-3)-Rol5-1788 in control
experiments showed a high uptake by the brain, immediately
after the intravenous injection; the maximum was reached
after about 5 min, then a relatively rapid decrease occurred
(FIGURE 2, left).

In stress-loaded mice, significant changes of the
time—-activity curves using carrier-free tracer were observed
(FIGURE 3, left). Brain radioactivity increased over a
period of 15 min after the tracer was injected, whereas
radioactivity in the blood decreased. Moreover, a
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Carrier-free Carrier(10 mg/kg)-added
20

10

Radioactivity { % Dose / g )

L | | | |

0 10 20 30 0 10 20 30
Time{ min ) Time( min )
FIGURE 2. Biodistributions of carrier-free (0.01l1

nmol/mouse); (left), or carrier-added (10 mg/kg); (right)
(H-3)-Rol5-1788 in control mice after intravenous injection.
Radioactivity in cerebral cortex (@-—--@), cerebellum (A---A),
pons-medulla (O---() and blood (®@---®) was expressed as
percentage dose administered per gram of organ. Values are
presented as avarage * 1 s.d. of three mice at each point.
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Carrier-free Carrier(10 mg/kg)-added

20 20

10 =

Radioactivity ( % Dose [ g )

ﬁl!'

| 1 [ ! ) !

0 10 20 30 0 10 20 30

Time (min) Time {min)

FIGURE 3. Biodistributions of carrier-free (0.011
nmol/mouse); (left), or carrier-added (10 mg/kg); (right)
(H-3)-Ro15-1788 in stress-loaded mice (forced swimming)
after intravenous injection. . The tracer was injected within
3 min after forced swimming as described in the text.
Radioactivity in cerebral cortex (@-——@), cerebellum (A---A),
pons-medulla ([J---{) and blood (®---®) was expressed as
percentage dose administered per gram of organ. Values are
presented as avarage * 1 s.d. of three mice at each point.
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smaller amount of the tracer accumulated in the brain at 1,
and 5 min after administration than accumulated in the
control mice.

In control and stress—loaded experiments using
carrier—added tracer, tracer accumulation in the brain was
very low and no significant changes were observed(FIGURE 2,
3-right).

ITI. HUMAN STUDIES

For the human study, Rol5-1788 labelled with a high
specific activity (0.3-1 Ci/ pmol) with (C-11) by a

mehthylation process was used. Approximately 5 wCi of
(C-11)-Rol5-1788 was injected intravenously into each normal
volunteer, Sequential measurement of the brain

radicactivity was performed at 5 slice levels, for 20, 30 or
40 min after the tracer was injected, using a positron CT
system ''Positologica-II" originally developed by our
Institute (15). While external measurements were being
made, venous blood samples were collected in all cases. 1In
one case, a saturation study was carried out using 30 mg of
non-radicactive Rol5-1788 as a carrier., " In this series 9
human studies were performed on 7 normal volunteers.

In a typical case a high and homogenous distribution of
(C~11) labelled ligands in the cerebral cortex was observed

soon after the tracer was administered. (C-11) was also
highly concentrated in the cerebellar cortex and moderately
distributed 1in the basal ganglia and thalamus. A low

concentration of activity was observed in the brain stem and
white matter (FIGURE 4).

FIGURE 4. Normal
human brain images using
{C~11)~Ro15~1788, - The

interval of each slice is
18 mm.
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FIGURE 5 shows sequential images of the cerebellar level
in a normal volunteer in a resting state. These images were
taken during the 30 min period immediately after the
injection. Kinetic curves of these two areas, cerebellar
and frontal base, are shown in FIGURE 6. The peak time of
the two curves is different: the peak of the curve in the
frontal area is later and higher.

FIGURE 5. Sequential
images of cerebellar and
frontal base level in a
normal wvolunteer wusing
(C-11)-Ro15-1788. 2 min.
per frame.

FIGURE 6. Kinetic
curves of
(C~11)~Rol5~1788 in

frontal Dbase (1) and
cerebellar cortex (2).
0 -~ 20 min.
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FIGURE 7 also shows the brain kinetics of
(C-11)-Rol5-1788. These time activity curves were recorded
in another normal volunteer in a resting state. The maximum
accumulation of tracers in the brain occurred within 10 min.
After that, the activity decreased gradually until the end
of the study. FUGURE 8 shows the kinetic curves in another

case. In this experiment, the volunteer was very nervous,
because it was the first trial wusing (C-11)-Rol5-1788.
Furthermore he had received painful manipulations

accidentally before the study. 1In this case activity of the
cerebral cortex continued to increase for more than 10 min
after the tracer was injected. This pattern of the cerebral
cortex time activity curve is the same as that observed in
the animal with stress loading.

Besides these wusual tracer studies, a saturation
experiment was performed in one wvolunteer. Thirty min
before the tracer was injected, 30 mg of non-radiocactive
Rol5-1788 was administered orally, afterwards, the study
with (C-11)-Rol15-1788 was carried out. In this study almost
no specific brain uptake was seen; so the activity in the
brain seemed to reflect mainly blood perfusion and
non-specific binding of the tracer (FIGURE 9). FIGURE 10
shows sequential brain CT images of this individual from O
to 20 min after the tracer was injected.

FIGURE 7. (C-11)-Rol5- \ FIGURE 8. (C-11)-Rol5-
1788 time activity curves 1788 time activity curves
in human brain (0 - 20 min, in human brain (0 -~ 20
in resting state, 1 . min., in stressful state, 1
frontal cortex, 2 . frontal <cortex, 2 :

striatal region). striatal region).
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326
PASLZM N
NI
B
FIGURE 9. (C~-11)-Rol15-1788 time activity curves in
human brain, after saturation wusing carrier doses of
Rol5-1788. ( 0 - 20 min., 1: temporal cortex, 2 :

cerebellar cortex).

sequential images of
after saturation using

(C-11)-Rol5~-1788

cerebellar level in a normal case,

FIGURE 10.

carrier doses of Rol5-1788. 5 min. per frame.
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IV. DISCUSSION AND CONCLUSIONS

Before the study, the in  wvivo stability  of
(H-3)-Ro15-1788 after intravenous injection was evaluated
using animals; it was found to be stable in the brain for at
least 30 min. :

The brain radioactivity observed after the tracer was
injected after a large amount of carrier ligands was
administered is due to the nonspecific binding plus free
ligands in the brain. The specific binding of ligands in
each brain region could be estimated by subtracting the
radicactivity in the carrier-added state from that in the
carrier-free state. However, the total radioactivity
observed using the carrier-free tracer seemed to be almost
the same as that of the specific binding, because of the low
levels of nonspecific binding and free ligand in the brain.

The distribution and concentration of the tracer was
highest in the cerebral cortex; the concentration in brain
stem and white matter was low. This in wvivo distribution
pattern of the tracer is consistent with benzodiazepine
receptor distribution in the brain reported previously (10).

The most important and interesting finding in this study
is the significant different time course of cerebral
activity observed between the stressful and resting states
after the dinjection of the carrier-free tracer; this
difference was observed in the human and animal studies.
These alterations seem not to be due to changes in a
physioclogical condition, such as blood flow, but to changes
in benzodiazepine receptor function in the brain,
assoclation or dissociation rate, or the numbers of
benzodiazepine binding site available, because no such
difference was found using carrier—added tracers.

From these vresults, it will be concluded that the
positron CT study using (C-11)-Rol5-1788 with high specific
activity will become a new technic to detect changes of
psychological conditions in the human brain and to diagnose
certain kinds of neuropsychiatric disease.
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Fig. 1 Fractional spillover from blood to myocardium
(FBM) was determined by assigning regions
of interest to the right ventricular blood pool
(CB) and the area surrounding CB (CM).

14-120 ~130—160 SEC

Fig. 2 Serial 6-second PCT images obtained at the midventricular level after bolus venous
injection of N-13 ammonia in a normal case. RA=right atrium; RV and LV=
right and left ventricles; DA =descending aorta; ant=anterior; lat=I|atera} wal}
of the left ventricle; septum=interventricular septum,
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EREODEERD, TOBRBIKERLHERCK
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RO ORI RO 25 L, AEIEHEEE
BE (CB), (AR RERE (CM) 23k, Z
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TREBRICEO N EBNBNERE ), £%
DR REIREE (Y) 7 b, BELOERE O U 8B
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(1) TR _
SPITREEE NS 6 h, NH: BHEE
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FEEBIRE v~V O Gk (Fig. 2), 0 ~ 6 BT
R, BERER M v—%—235Y, MzgTi2~

7 e6~-102

LA=1left atrium.
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Fig. 3 Serial 6-second PCT images obtained at the highventricular level in the same case.
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Fig. 4 Blood pool time-activity curves were obtained from these serial PCT images by
assigning a region of interest over the left atrium.
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Fig. 8 Myocardial time-activity curves before (solid circles) and after (open circles) cor-
rection for cross-contamination from blood to myocardium.
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Summary
Usefulness of Fast Dynamic Study in Cardiac Positron CT

Katsuya Yossipa*, Toshiharu Hivr*, Yoshiaki MAsuDA¥,
Yoshiaki Inagaxr®, Nobuo FUKuDA**, Toshiro Y AMASAKI®®
and Yukio TATENO**

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

The purpose of this study is to evaluate the use-
fulness of the Positron CT (PCT) approach to the
investigation of dynamic physiologic processes of
the heart. Serial 6-second PCT scans for 2 minutes
(fast dynamic study) were performed in 4 normal
cases after bolus venous injection of 1¥NHa.

On the first image (0-6 sec), 13N activity was
primarily in the right atrium and ventricle. On the
third image (12-18 sec), it was primarily in the
left atrium and ventricle. After clearance from
blood, the left ventricular myocardium was well
visualized. Myocardial time-activity curves were

derived from these serial PCT images after cor-
rection for cross-contamination from blood to
myocardium. Blood pool time-activity curves were
determined by assigning a region of interest over
the left atrium that had no effect of spillover of
radicactvity from myocardium.

Our preliminary work indicated the potential
usefulness of fast dynamic PCT for the observa-
tion of physiologic processes of the heart.

Key words: 3MHgs, Fast dynamic study, Car-
diac positron CT.
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1C-Ro 15-1788 1%, Ro 15-1788 ¢ N-desmethyl
oA FABIZE D ERLBERREIT- Db
BERIC kX h e, Heh R i RS SRR R 1 280
~3,180 mCi/g mol Tdh - 7.

REABIE ORI RS b e U p I X DT>
7o, BBREER X v 7 —HIEHBIRRKE T
BAL, SA7A4 2D BRLTADORT A 2NIR
BHEALHE 10mm LA LS5BED + B 2
Bol., BRAX Y EfTokDDL, HHNLD
RS NICBIRE D 2.1 ~9.5mCi (B ER I
4k 64~1,740 mCi/p mol, 0.9~16.2 g) ®» 'C-Ro

22 12 5 (1985) .

15-1788% 485 Lic. b L— —HEHHB LY 14
OFAFI v 7 2% v 220~40mE VI Lz,
ZhbDF—&— X DRINBOBERMTE, ER%
IHHIE, BREFBHEOMIEC % I8mm I L5
2T A A DOEREREREIT - 7o, FHREGTH
ST — & —JUEREERE HARP IR U, HER
EEITolctk, MPEFEEICT 1 b2 i THRD
T R T R RO REE AR 2 PERR L7z, &7 1 4
MOFAF Iy 7 2Fx v v OlGEEEERED
T3 LiCk VIEBEOWMERM OB E ER L 2.
FL—t—DREH 15X Y, BRI 4~15
EIfEAREE M 27y, MiEPREEHES LY s m
uAFrERE e 7 AL VIl E N
SEOKEEEE Y A By Y o7 — TIIE L.
8Ge-53Ga EHEVSIE % BV ERICE D ¥ v U

Fig. 1\ PET scan of a 24-year-old male volunteer following intravenous injection of

carbon-11-labeled Ro 15-1788. Initially (0-5 min.), the cerebral cortex, the basal
ganglia and the thalamus were clearly visible. The radioactivity increased in the
cerebral cortex at the later time of the study (16-20 min.), whereas the accumula-
tion of 11C in the basal ganglia and the thalamus began to decrease. The radio-
activity in the cerebellar cortex was initially (0-5 min.) higher than that in the
temporal cortex. This pattern was reversed later (16-20 min.). These images were

cross-scaled.
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UC-Ro 151788 EY b r v CTIR LB invivo Uy U7 EEY - L& 77 —DOR%

Trv—va R R, HABRHERERS IO
MR PRSBRIREE 235 L b v —3 — Ok
& DRIz X DI L (% DOSE/ml).

2HOEBEFILBE, br—¥—R5%02Yy
Ak W v<H A5 (GE % # Maxi Camera 400
ACTICTHRE LR, 53 Y 2 —F—RBETHLY
—H o4 o (MG 2503 BB) # v 7z,

SHOBWREFE T, RERTRICHERS RSP
JHATRE R IE L.

3AOET F 4 TR P Lv—3— 530455
I 3EERL D Ro 15-1788 # #1171 0.3 mg/kg, 0.5
mg/kg, 1.1 mg/kg #OICTIRA & ¥ RAENEE =
b e — VR HelE L7

L E

b V- — i UC o KR A,
HER, BEBIVMNHETE, . 20#%0
L EASEEO Py - —OBEREL D, LEw
IKRBERICI T 5 UC DEMAHIS L STk
o7, KBEE O CREFEEAAILEIE TRRH
WirRBBLE—RoSmB Rbhi (Fig 1.
KRR oBBRHERRoC— 23 Fr—F—
BERI~ S 0=13)icdhy, &b s5~114
g ERoTc R, RaET L. MERE TR
v — 2 ¢ 9.342x10~3%, DOSE/m! OB A%
Rbhie. BERK, BE NREOKREERE—2
B2~T R Y, HEER BRI 1~6 45X
B R, BT 3~9 SHEHE R,
KRR & Hlr LT A2 2T L (Fig. 2).
BRor—r7B1~348Kbve—sETY 3.3+
LIX1039, DOSE/m! LB - k. BE O
ZE2~THIEHY, E— 2 T 5241.6X1078Y
DOSE/m! OFL v AR B R & iz (Table 1),

MEEPRERTER 6 PREZ TTALASMIET
L, To#Hika KIET £ o —avE iR L8+
550 H o7 (10~20 43 DIEHEF 1141159
min™!, n=11). P RBRETRE & AR I
HEN W OMEEE L 0% 3~8 It Tihx
BAR Ulc. BRSSP IChE & h e 0B o5
BED 10~20 431z 353 3 SR AL 3.2-401.2%
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Fig. 2

Fig. 3
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%DOSE/ml x 107°
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Time (minutes)

Time activity curves in some regions of the
brain and the blood. The data shown are from
a 24-year-old male and are a qualitative repre-
sentation of the entire group. ROI (region of
interest) of the frontal cortex and the basal
ganglia were placed in the left hemisphere at
the OM 46 mm level, as no asymmetric
accumulation of 1*C was observed. ROI of the
cerebellar cortex was placed at the OM
-+10 mm level.

(®—® ) Frontal cortex, (l— B ) Basal ganglia,
(&~—a) Cerebellar cortex, (O----0O) Total
blood and ([7----- 1) Organic solvent extracted
fraction.

©

Cortex/Blood
o -4

23

o

A\

20 30 40 50 50 70
Age (vears)

Age related-decline in Frontal cortex/Blood
ratio of 1*C radioactivity at 20 minutes post-
injection. The data was fitted to a straight line
(Y =9.38—0.07X). The lines (-=-=--- ) CEITPRIen )
show 99 and 95 percent confidence limits to the
regression line respectively.
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Fig. 4 Whole body scan of two 24-year-old male volunteers after the intravenous injec-

tion of carbon-11-labeled Ro 15-1788. At 0-12 minutes postinjection, high ac-
cumulation of 1C was in the head, the lower thoracic and the upper abdominal
region. At 15-27 minutes, high accumulation of 1*C was observed in the brain
and the liver. Small amount of ¥1C was observed in the gallbladder and in the
urinary bladder. At 35-47 minutes, the highest accumulation of 1*C was in the
urinary bladder and small amount of Y'C was accumulated in the galibladder.
The relative distirbution of 11C in the brain and the liver was considerably low
at this time. The decay correction of 11C was not performed in these images.

min~3 (n=11) Tholk. +r—¥—EE5H 2045
Gl L S BB i 3.241.0% 1073% DOSE/m!/
Th Y, FEBEED L ENRCAE ORI
1.34+0.2x 10-3% DOSE/m/ T 3 - 7. 204y D%
2B B RTEEE & B R A O U RE
i 65+1.6(n=11)Tholz. LPEHBEL 205
£ (n=5) L SOEELLE (n=4) L ORI B &
BIERH & B BRI A O SRR Hoix 7.9
4+09 Ch v, $%FETIX514+0.6 Th -7 (Fig. 3).
42 OPWREICRIT B b —F —ORPYRERE
i, Fu—F 5% 0304 O A T 10y
(n=2), 40 3 DEEAT 36% (n=1), 1 RFRIOREA
T 47% (n=1) CTh o 7c.
R E A% LT 0~12 40T NE X O TR
L0 EESIC T TR L —F —0EHE SRR

n, 15~27 BB LU & W b r—F—
OERMPRA O, —ERLABEER X OB i HEi 23
BRE N TWie., 35~47T IR MBI O T O b
V=Y L TR 0 £ IR L, —
R IR L T v/ (Fig. 4).
fAMERIZHB VT, 0.5mgke, 1.1 mgkeg O
B Ro 15-1788 #[RF L7 2 £ 0k B & T2,
AEEIR L LR E— 2k b v—t
— 5% 2HEHY, THRMPET L. 204}
DR IZR T B HASFIRO BN ES itk X
F—4f Lt > Tz (Table 1, Fig. 5). 204k
RICRB T BRIEER OB ERIE = v b e — 528
Ll L, 0.3 mg/kg, 0.5 mg/kg, 1.1 mg/keg # B
BLz3AoEgELRsEEhER 48%, 22%
MY ICE TR L. 20 3OS BT B K
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Table 1 Brain uptake of 11C and its peak in control experiments and saturation experiments
Structure (%DOSEX109)  (minion)  (DOSEAT00) (DOSEX10-0)

Frontal cortex (control) 7.34+1.9 8.342.0 93423 8.14+2.0
(saturation) 6.1+2.3 2 6.14+2.3 1.9+40.8

Temporal cortex (control) 7.74+2.0 9.24-2.1 9.7-4+2.5 8.7+2.2
(saturation) 6.442.0 2 64420 2.24-0.8

Occipital cortex (control) 8.6+2.2 8.3+1.7 10.84-2.7 9.2+2.5
(saturation) 7.042.1 2 7.0+2.1 2.240.8

Basal ganglia (control) 7.54+1.8 44413 8.4+1.9 5.6+1.2
(saturation) 5.842.1 2 5.8+2.1 1.540.7

Thalamus (control) 6.8+1.9 42+1.3 7.6+2.1 5.1+1.9
 (saturation) 6.14+2.0 2 6.14+2.0 1.940.8

Cerebellum (control) 7.141.7 4.141.0 7.6+2.1 55419
(saturation) 59+1.1 2 5.9+41.1 1.940.8

Brain stem (control) 34412 2.14+0.5 3.341.1 2.140.8
(saturation) 2.940.1 2 2.940.1 1.840.9

White matter (control) 4.6+41.2 4.5+1.5 5.24+1.6 3.6:+1.0
(saturation) 4.24+1.2 2 4.241.2 1.940.5

(mean+S.D., control experiment; n=13, saturation experiment; n=2)

Fig. 5 Serial images in the saturation experiment. This subject, a 53-year-old male, took

1.1 mglkg of cold Ro 15-1788 30 minutes prior to injection orally. These images
show rapid decrease of 1'C through out the brain.
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UC-Ro 15-1788 Frikth, MPAVEUHBRIL T A0
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BV OREASAHDRICIVRAESEAT A
bEEXLRE.

Ro 15-1788 12 IEH AMCBIR TR & &hic i &
IfER & b 2, BEE ICAIE A g I
BFMEREPITI 2 LN TER. BTV T —
% N & 7o SRR O BV AR [l + 7
Y —+IEERAREET] © b v— Y —OREEREE K
MLicbDEEXOND., £z bw—LEER

EOEIFHREAERLIE LD LEXDND.

toZEkY, v r-AERICBEVT L —
- i Uigh+ 7 ) —+ IR ROH
&) O F L=V —OBEEDED 2EE RV
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22 34 12 5 (1985) .

Table 2 Estimated exposure dose by injection of
11C.Ro 15-1788 in human (MIRD method)?V

Organ mRad/mCi
Adrenal gland 6.2
Bladder 51
Small intestine 78
Large intestine 6.3
Kidney 12
Liver 9.7
Lung 4.3
Pancreas 3.8
Spleen 3.6
Testis 2.9
Ovary 8.9
Thymus 3.2
Thyroid 4.8
Uterus 5.8
Breast 0.9
Skull 5.8
Ribs 1.6
Spine 5.8
Pelvis 3.6
Arm bone 4.8
Leg bone 8.5
Red marrow 3.1

05D LRSI T0~80Y LELZLRL, 5B
KBEOFX v ) 7 — 22 56 I P e
DRI E BT R BAFENE S B % 25,
FFEBRORERT v — o — % 5 1% 104 0 B
< 0.05 mg/kg DIEFEHE Ro 15-1788 2 H L T
displacement %47 - 7= Samson & OF5E2 & —F
LTwa, 1NC-Ro 15-1788 i3 Holem v s i [
RWTRENFGOEE B I MEH L
BCE, L7y —ORE, Bl brxini
BEhicbrv—Y—Tbr i L.

FRAR ML= — IS mC O EICL Y4
BAERERS L TEHRREIL T
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Summary

A Study of Benzodiazepine Receptor in Human Brain Using
MC-Ro 15-1788 and Positron Emission Tomography

Hitoshi SamnoTon®, Toshirou YaMasaki®, Osamu INous*, Takashi Itoa®,
Kenji Hasamoto*, Yukio TATENO*, Hiroo IKEHIRA¥,
Kazutoshi SuzukI** and Yoshihiko Kasuma***

* Division of Clinical Research, ¥*Section of Cyclotron, ®***Senior Research Counselor,
National Institute of Radiological Sciences
Address correspondence: Dr. Hitoshi Shinotoh
Division of Clinical Research, National Institute of Radiological Sclence
9-1, Anagawa 4-chome, Chiba-shi 260, Japan

A study of benzodiazepine receptor was per-
formed in 15 healthy normal volunteers using
carbon-11 labeled Ro 15-1788 and positron emis-
sion tomography, The brain kinetics of 1*C-Ro 15-
1788 showed a high uptake of the tracer by the
brain, the maximum of which was within 20
minutes. The early distribution of the tracer after
injection showed a regional distribution similar to
that of any perfusion tracer with high activity in
the cerebral cortex, the basal ganglia, the thalamus
and the cerebellum. The peak of the radioactivity
was reached earlier in the basal ganglia, the thala-
mus and the cerebellum than in the cerebral cortex,
The accumulation of C was highest in the
cerebral cortex, moderate in the thalamus, the basal
ganglia and the cerebellum and low in the brain
stern at 20 minutes post-injection. The distribution

192

of the tracer at 20 minutes post-injection was ap-
proximately parallel to the known distribution of
benzodiazepine receptors (Bmex) in human in
vitro,

Cold Ro 15-17388 was administered with the dose
of 0.3 mg/kg, 0.5 mg/kg and 1.1 mg/kg in three
volunteers 30 minutes prior to injection. The radio-
activity in the cerebral cortex were reduced to 48 %,
22%, and 31% of those in the control experiments
respectively.

About half of the injected tracer was excreted in
the urine at 1 hour after injection.

1C-Ro 15-1788 is a potent radioligand to study
benzodiazepine receptors in vivo in human.

Key words: Positron emission tomography,
Benzodiazepine, Receptor, Ro 15-1788.
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