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RADIATION RESEARCH 112, 426-435 (1987)

Radial Dose Distribution for 18.3 MeV/n « Beams in
Tissue-Equivalent Gas

TATSUAKI KANAI AND K1YOMITSU KAWACHI

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

KanNalL, T., AND KawAcH]I, K. Radial Dose Distribution for 18.3 MeV/n « Beams in Tissue-
Equivalent Gas. Radiat. Res. 112,426-435 (1987).

Experimental measurements of the radial restricted linear energy transfer (LET,) for « beams
of 18.3 MeV/n in tissue-equivalent gas were presented. The radial dose distribution for the «
beam was deduced from the restricted LET measurements. A differential W value for the «
particle in the tissue-equivalent gas was also deduced. The result for the differential W value was
29.0 = 0.9 eV/ion pair. The radial dose varied according to an inverse-square function with
distance from the track center for radii larger than 0.026 pm. The maximum extension of the
track, the penumbra radius, as 2.73 + 1.67 um, which was less than predicted by calculations
(7-9 pm). © 1987 Academic Press, Inc.

INTRODUCTION

Linear energy transfer (LET) is considered to be a good index for the biological
effectiveness of radiation (1, 2). Many authors, however, have pointed out that more
detailed track structure should be known to understand the relation between physical
quantities and radiation effects on living cells (3-6). Since the first derivation of the
radial dose distribution by Katz and Butts (7), many experiments have been con-
ducted on the spatial dose distribution on the nanometer scale by Varma, Baum, and
colleagues (8-11), Menzel and Booz (/2), Hodges and Marshall (13), and Kwok et
al. (14). On the other hand, theoretical works using the Monte Carlo method have
been developed to examine the track structure during the past 10 years by Berger
(15), Paretzke (16), Hamm et al. (17), and Zaider et al. (18). Katz et al. (3), Chatterjee
etal. (19, 20), Fain et al. (21), and Kiefer and Straaten (22) have developed ion track
structure models using relatively simple assumptions. The experiments on track
structure have been made at low or high incident energies of the heavy ion beams. A
theoretical conclusion that radial dose varies according to an inverse-square function
with radial distance was confirmed by the experiments in (9) and (/7). However, a
penumbra radius and-a core radius or those shapes were not uniquely determined by
those experiments. They are very important quantities for the analysis of inactivation
cross sections of living cells and for determining the extension of the critical target
in cells.

In this paper, we report the results of measurements of distance-restricted LET
obtained using tissue-equivalent gas for o« beams of medium energy (18.3 MeV/n).
Also, radial doses have been calculated from the LET measurements. From a com-
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F1G. 1. Schematic diagram of the experimental arrangement.

parison of ionization current in a large ionization chamber with a calculated stopping
power, a differential W value for the « ions in tissue-equivalent gas has been de-
termined.

EXPERIMENTAL METHOD

The experimental arrangement consisted of a collimator, a cylindrical ionization chamber placed in a
large vacuum chamber, a beam current monitor, and a Faraday cup as shown in Fig. 1. An 18.5 MeV/n «
beam, accelerated by the NIRS (National Institute of Radiological Sciences) cyclotron, was delivered into
a large vacuum chamber which was separated by a 30 um aluminum entrance window from the beam
transport system. A Mylar sheet 17 um thick was attached to the entrance window to minimize errors due
to differences in secondary electron production between the window and the gas. The beam was collimated
by the entrance window in 1 mm diameter. The beam size at an exit window of a beam current monitor
was less than 5 mm in diameter. The large vacuum chamber was filled with Rossi-type tissue-equivalent
gas (a mixture of 64.4% methane, 32.4% COs, and 3.2% nitrogen, by vol) (23). The pressure in the large
vacuum chamber was automatically controlled by a pressure control system which consisted of an electric
piezo leak valve and an ionization pressure gauge. The absolute pressure was monitored by two Baratron
gauges (1073 to 10 Torr and 0 to 1000 Torr).

The thickness of the aluminum exit window was 50 um. The parallel plate ionization chamber was placed
just downstream of the exit window for monitoring the number of the incident « particles. Aluminized 2.5-
um polyester films were used for the collecting and high voltage electrodes of the ionization chamber. Total
thickness of the polyester of the ionization chamber was 15 pm. The output of the ionization chamber was
calibrated by a Faraday cup.

Calibration of the Monitor

The Faraday cup consisted of a collecting electrode, a guard ring, a magnetic coil, and a vacuum cham-
ber. The diameter of the entrance window was 40 mm. The aluminum suppression ring was 45 mm long
and 45 mm in diameter: the Faraday cup was 120 mm long and 40 mm in diameter. The vacuum chamber
was evacuated to around 10~ Torr by a rotary vacuum pump. A magnetic field of around 150 G was
applied near the guard ring to keep secondary electrons from entering into or ejecting from the Fara-
day cup.

Figure 2 shows Faraday cup output versus the guard-ring voltage. The « particles passing through the
crylindrical ionization chamber were fully collected by the Faraday cup because the beam size is sufficiently
small compared with the Faraday cup, and beam loss due to nuclear collisions in vacuum windows, ioniza-
tion monitors. and air could be neglected. The Faraday cup output decreased when minus bias was applied
to the guard ring. The output increased when plus bias was applied to the guard ring. Secondary electrons
produced by the vacuum window and the Faraday cup itself or the ionizations of the residual gas in the
vacuum chamber affected the Faraday cup measurement. According to an analysis of the efficiency of a

2
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FIG. 2. The percentage change in the output of the Faraday cup as the guard-ring voltage is varied.

Faraday cup in high-energy proton beam dosimetry by Verhey et al. (24), the Faraday cup output at zero
guard-ring voltage was used for calibrating the ionization chamber monitor although their Faraday cup
was different from ours. We have assigned a 1% uncertainty to this quantity.

The Cylindrical Ionization Chamber

The cylindrical ionization chamber is illustrated in Fig. 1. The cylinder was divided by a plane which
includes the central axis of the cylinder. One part of the divided cylinder served as a high-voltage electrode.
The other part of the cylinder was divided into three parts by planes which were perpendicular to the
central axis of the cylinder. The central part of the divided cylinder was a collecting electrode, and the
other parts on both sides served as guard electrodes for shaping electric field. The closest gap between the
high voltage electrode and the collecting electrode was 5 mm. The guard electrodes were placed 1 mm
apart from the collecting electrode. The cylinder was 40 cm long and 14 cm in diameter and was made
from carbon. The length of the guard electrodes was 4.9 cm. Thus the sensitive volume of the cylindrical
ionization chamber was considered to be 30 cm long X 14 cm in diameter.

Figure 3 shows saturation curves of the cylindrical ionization chamber under high pressures of tissue-
equivalent gas. Solid lines represent the saturation curves when plus ions are collected, and dashed lines
represent those when electrons are collected. The shapes of the saturation curves of the ion current were
similar to each other. The same behavior was obtained for those of electron currents. The voltages above
which the ionization currents saturated were roughly proportional to the gas pressure. The saturated curves
for plus and minus polarity of the bias differed from each other in shape, especially at low bias voltages.
The saturation electron currents were around 2% lower than the saturation in ion currents. The ion currents
were used to calculate the restricted LET in this work. Figure 4 shows the saturation curves at low tissue-
equivalent gas pressures. Solid and dashed lines represent ion and electron current outputs of the ionization
chamber, respectively. The electron and ion currents coincided with each other at saturated voltages. At
pressures below 0.0272 Torr, the electron currents were much greater than the ion currents and both
currents did not satuate.

General recombination effects can be neglected for these beam intensities, gas pressures, and electric
fields.

RESTRICTED LET AND RADIAL DOSE DISTRIBUTION

From the saturation currents, LETs restricted to various radii were calculated. The
ionization charge measured by the cylindrical ionization chamber corresponds to the
number of ion pairs formed in a cylindrical volume, radius R = 7 cm and length L
= 30 cm, at various gas pressures when the incident beam passes through the central

3
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F1G. 3. The charge measured by the cylindrical ionization chamber versus voltage applied to the high-
voltage electrode (at high pressures). Solid curves represent the positive ion current, and dashed curves
represent the electron current.

axis of the cylinder. The ionization charge was converted to the energy absorbed in
the cylinder per « article track, E,,, as

Egas=Q-W/(N-€), (l)

where Q is the ionization charge measured by the cylindrical ionization chamber, w
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F1G. 4. The charge measured by the cylindrical ionization chamber versus voltage applied to the high-
voltage electrode (at low pressures). Solid curves represent the positive ion current, and dashed curves
represent the electron current.
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is a differential ¥ value of the tissue-equivalent gas for the o« beam, N is the number
of the incident « particles, and e is the charge of electron.

To deduce the radial dose distribution in tissue, we assumed a simulated small
tissue cylinder of radius r and length /. The energy absorbed in the small tissue cylin-
der, Ejise, should be equal to the energy absorbed in the gas-filled cylinder, Eq, if
the gas-filled cylinder can stimulate the small tissue cylinder. The energy deposition
in the gas or tissue cylinder per incident « particle is expressed by a product of two
parts, a total energy loss of the « particle in passing through the cylinder and a ratio
of the energy deposition in the cylinder to the total energy losses of the « particles, as

Egas = {LETR/(S )gas}(S/0)gaspgas. )
E ssue = {LET/(S)iissue }(S/0)tissueprissuel, (3)

where LET g and LET, are the LET of the alpha particle in the gas and tissue restricted
to radial distance R and r from the particle track, respectively. (S)gas and (S/p),.s are
stopping power and mass stopping power of the « particle in the gas, respectively, pg,s
is the density of the gas. For a determination of the simulated radius r and length I
of the tissue cylinder, we assumed that the first and second terms in Eqgs. (2) and (3)
were the same in both substances:

LETR/(S)gas = LET /(S Juissue | @
(S/p)gaspgaSL = (S/p)tissueptissuel~ (5)

Varma ef al. pointed out that there might be differences in é-ray emission and
electron transport properties of the two media beyond differences in density (9). As-
suming the number of § rays is proportional to the energy loss of the « particles, the
difference in the a-ray emission is corrected by Eq. (5). Thus the mass stopping power
in the conversion Eq. (5) should be that of « particles in our formalism.

Concerning the difference in secondary electron transport properties between the
gas and tissue, energy losses and deflection of the 6 rays in traversing the gas and tissue
should be the same after the conversion. The energy loss can be corrected by the
following equation (11):

Prissuel = (S/ p)gas/tissuepgasR- (6)

Thus the stopping power ratio in Eq. (6) should be that of electrons.

For the deflection of electrons, a scattering power should be considered. The mean
square scattering angle after traversal of a thickness X of the scattering substance of
density p, {8y, is proportional to (Z?/4)p X, where Z is the charge and 4 the mass
number of the scattering substance (25). The mean deflection distance, <Y2> ¥, 1S
given by X?(6*)x/3, which is proportional to (Z*/A4)p X* in substances of density p.
Multiplying by the square of density, p?, one can get the relation

pX(Y )y ~(ZPANpXY. ™

Substituting the relation (6) for the conversion into Eq. (7), we can conclude that the
difference of the electron transport properties cannot be corrected by Eq. (6) if the
following relation does not hold in the two media:

5
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(Z2 Agasl (S PYgas = (Z*] Asissuel (S/ psissue- (3)

In our simulation experiment, the tissue-equivlent gas was used for the gas substance
to prevent the above error in the conversion. Thus 1 was used for the stopping power
ratio in Egs. (5) and (6).

Then, substituting Eqs. (2), (4), and (5) into Eq. (1), LET, can be expressed as

LETr = {(QW/NLe)(S/p)tissue/gas}ptissue/pgas- (9)

The LET, as a function of the restricted radius r was differentiated to obtain a radial
dose distribution perpendicular to the incident a-particle path:

D(r) = {d(LET,)/dr}/2xr. (10)

RESULTS AND DISCUSSION

First we derived the differential 1 value, w, of the « particle for tissue-equivalent
gas using the absolute a-particle number, N, which was measured by using the Fara-
day cup. Quotients of Q/(N- €) by pg,sL were saturated for pressures greater than 50.5
Torr. The average number of the saturated ion pairs was 395.2 + 0.685 ion pairs/
(10~*g/cm?); this can be regarded as the number of ion pairs which contributed from
the unrestricted radius around the ion path. The stopping power was calculated using
a code developed by Steward and Wallace (26). The mean excitation energies for
methane, carbon dioxide, and nitrogen recommended by ICRU (27) were adapted
for the calculation of the mass stopping power of each gas. A sum of the fractions by
weight of the mass stopping powers of these gases was taken as the mass stopping
power of the tissue-equivalent gas. The incident energy of the « particle at the en-
trance of the cylindrical ionization chamber was 18.33 MeV/n, which was deduced
from the residual range measurements, the accelerated energy of 18.5 MeV/n, and
an energy degradation calculation. The calculated mass stopping power in the tissue-
equivalent gas was 11.46 keV/(10~*g/cm?). From the above calculation, the w value
of 18.33 MeV/n « particles for tissue-equivalent gas was 11.46 keV/395.2 ion pairs
= 29.0 = 0.05 eV. Considering the uncertainties of the Faraday cup measurement
(estimated as 1%), the mass stopping power calculation (estimated as 1%), and the
ionization charge measurements in the cylindrical chamber (estimated as 1%), it was
conclusively estimated that w = 29.0 + 0.9 eV. The W value of high-energy photons
or electrons for tissue-equivalent gas is 29.2 eV/ion pair (28). Therefore; the w value
of high-energy heavy-charged particles may be equal to the W value of high-energy
photons.

In deriving the restricted LET, we used the ¥ value 0f 29.0 eV. The energy spectra
of the & rays in different cylindrical shells coaxial with the ion’s path varies with radial
distance, and the w value of electrons depends on their energy. Thus the value of
LET, deduced with the constant W value may be underestimated near the ion’s path.
However, for electrons with energy greater than around 100 eV, the W value is not
so dependent on its energy (28). The range of the 100 eV electrons is estimated to be
I nm. Thus the effect of the variation of the W value will be very small in the distances
observed.

The mylar sheet was attached to the entrance window to avoid a large error due to
the incomplete secondary electron equilibrium. Low-energy electrons produced by

6
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FiG. 5. The restricted LET expressed as percentage unrestricted LET for 18.3 MeV/n «a particles in tissue-
equivalent gas. The radial distances were those at unit density. The solid line represents the results of the
least-squares fit of the data. The shaded area shows a 68% confidence band of the fitted curve. The dashed
curve was calculated by the method of Chatterjee and Schaefer (20).

the mylar sheet cannot reach the cylindrical chamber. The number of high-energy
electrons is roughly proportional to (Z/A4) (S/p) of the target materials (/0). Assuming
straight paths for the secondary electrons, we estimated that the error induced from
the difference of quantities of high-energy electron production was about 5% at lowest
gas pressure. At the gas pressure which corresponded to 0.01 pm radius, the error was
3%; for 0.1 um radius it was 1%.

Figure 5 shows the results of the normalized LET (=LET, /(.S )yissue from Eq. (4)) as
a function of radial distances. The radial distances were converted to those at unit
density (prissee = 1.0 Egs. (6) and (9)). The experimental and theoretical work of many
~authors (9, 11, 20-22) has determined that the radial dose varies according to an
inverse-square function with a radial distance from the track center. For comparison,
the experimental data which correspond to radii longer than 0.026 um were fitted to
the following equations:

LET,/(S)ssue = A{1 — K-In(r,/r)} forr<r, (11)
LET,/(S)ssue = A forr>r,. (12)

The errors in LET, and the radial distance r were taken into account in the nonlin-
ear least-squares fit of the parameters A, K, and r, to the Eqgs. (11) and (12). The
derived parameters were

A=0.998 +0.018

K =10.051 +£0.008 : (13)
rp =273 *1.67 pm.

The best fit value of 4 was different from unity by 0.2%. The difference is because
7
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F1G. 6. The dose as a function of radial distance for 18.3 MeV/n « particles in tissue-equivalent gas.
The radial distances were those at unit density. The solid curve was obtained from the restricted LET
measurements (solid curve in Fig. 5) by Eq. (10). The shaded area shows a 68% confidence band of the
deduced line. The dashed curve was calculated by the method of Chaterjee and Schaefer (20).

the observed LET, varied smoothly near the penumbra radius, r,. Contribution of
the dose beyond r,, was negligible compared to the total energy loss, so we defined the
penumbra radius as the r, deduced.

To deduce the radial dose distribution, D(r), the experimental data which corre-
sponded to radii smaller than 0.026 um were fitted to a third-order polynomial func-
tion of log (r). The solid curve shown in Fig. 5 is the fitted curve. The shaded area in
Fig. 5 shows a 68% confidence band of the fitted curve.

The radial dose distribution was obtained by substituting the LET function into
Eq. (10). The solid curve in Fig. 6 shows the obtained radial dose distribution. The
radial distances were those at unit density. The shaded area in Fig. 6 shows a 68%
confidence band of the fitted curve. '

The dashed curves in Figs. 5 and 6 show theoretical results of Chatterjee and
Shaefer (20) for the normalized LET, and D(r), respectively. Their formula for the
calculation used water, and in the present experiments tissue-equivalent gas was used.
The differences of LET, and D(r) between the two materials are not two large.

A penumbra radius of 2.73 + 1.67 um, beyond which no dose is contributed from
the track, was estimated by this experiment. The penumbra radius calculated by
Chatterjee and Schaefer (20) is 7.1 um for 18.33 MeV/n « beams and that calculated
by Kiefer and Straaten (22) is 8.65 um. Those values are fairly large compared with
our result.

For radii larger than 0.026 pm, the simple equation (11) can reproduce the experi-
mental results of the restricted LET. For these radii, the radial dose can be expressed
by the inverse square of the radius as
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d(r) = k(z/B)/r?, (14)

where k is constant, z is the charge of the incident particle, and 8 is the ratio of the
incident particle velocity to a light velocity. k obtained from this experiment was
(1.42 £ 0.25) X 107 Gy-(um)?. This value is very close to the values, ranging from
1.25to 1.5 X 107* Gy-(um)?, that have been obtained by others (9, 11, 20-22).

Chatterjee and Shaefer (20) predicted a distinguished core. Figure 6 shows that the
core may have a more extended structure than Chatterjee and colleagues predicted.
Zaider and Rossi (6) compared their results of Monte Carlo calculation for the track
structure with the theoretical results of Chatterjee and Shaefer. The Monte Carlo
calculation also showed that the core extended more and the penumbra radius
seemed to be smaller than Chatterjee’s result.

It can be concluded that the penumbra radius obtained by the present experiments
was smaller than that predicted by calculations; that the energy deposited in a cylin-
drical region from the obtained penumbra radius to the theoretical penumbra radius
was about 5% of the total energy loss of the « particles; and that the excess energy was
deposxted near the core. :
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Measurement of Relative Neutron
Sensitivity of Non—hydrogenous

lonization Chambers

K. Kawashima, K.Hoshino, T.Hiraoka
Y.Noda, Y.Nakamura and Y.Kumamoto
National Institute of Radiological Sciences

1. INTRODUCTION

NIRS has been installed a Thomson-CSF isochronous cyciotron Hodel 70 in Harch
1974. Since November 1975, the NIRS-Chiba Isochronous Cyclotron has been used
“three times weekly for the clinical trials of fast neutron radiotherapy. Neutron
beams are produced by bombarding 30 MeV deuterons on a thick beryllium target
with a current of 30uA. :

Neutron dosimetry intercomparison has been made between Japan and USA at NIRS
on April in 1976 [1]. In the intercomparison,in spite of good agreement in total
dose, fairly large discrepancy was found not only in correction factor for ion
recombination loss but also in relative neutron sensitivity of non-hydrogenous
dosemeters. : -

In neutron dosimetry intercomparison using ionization chambers, there may be
two kinds of factors that affect the final results. One is the basic constants
used in the calculation of the dose, such as W-value, stopping power ratios and
kerma values. The other class of factors is the physics ones,such as composition
of chamber wall, chamber size,gas composition and saturation characteristics of
the ion chambers. Some of these factors are unique to the chambers. Therefore,
when a chamber with different characteristics is used, those factors must be
taken into account. Specially, relative neutron sensitivity of non-hydrogenous
chamber is very much affected by both two kinds of factors. To determine the
neutron sensitivities experimentally, the lead attenvation method developed by
Waterman et al [2] was used.



2. METHODS & MATERIALS
a) Neutron beam production and dosimetric characterisics
" The neutron beam is produced at a thick beryllium target by bombarding 30 MeV
deuterons with a current of 30 A. Measurements were made using a fixed vertical
beam with a collimator system shown in figure 1. Dose profiles in air and depth
dose characteristics in a phantom are shown in figures 2 and 3.
b) Estimation of neutron sensitivity, kT, for TE chamber

Assuming the spectrum for d(30)Be+neutrons showing in figure 4 and using kerma
factors published_ih ICRU Report. 26 [3], the average value of kT for TE
fonization chamber is estimated to be 0.980 according to the following equation,

kT =JkT(E)s (E) K(E) dE '/ & (E) K(E) dE

where K is a kerma factor and ¢ is a fluence of neutron.
C) Neutron sensitivity of ionization chamber
The equation for the response, R,of any dosemeter to a mixed field is given by

R = hDg + _ kDn

Hence, D refers to the tissue dose,and h and k represent the dosemeler
response per unit tissue dose of gamma-rays and neutrons,respectively.

Neutron sensitivity function relative to cobalt-60 7 -rays as a function of
neutron energy has been obtained by the methods of Kuchnir et al [4] and of
Waterman et al [5]. In their methods, a pure neutron field is simulated by the
difference between measurements made at two angles in a n-7 mixed field in '
which the 7 -ray component is isotropic. A sophisticated technique for measuring
neutron spectra is also necessary. The lead filtration method,on the other hand,
developed by Attix et-al [6] and modified by Waterman et al [2] is also used to
measure the relatjve neutron sensitivity with a ionization chamber.

The spectral difference method [4][5] provides the n/> sensitivity of either
a TE or a non-hydrogenous dosemeter as a function of neutron energyl The ratio
of the response for heutrons to that for photons, k/ h for a particular
neutron beam can be determined from the n/7 sensitivity function if the energy
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spectrum is known. On the other hand, the lead filtration method directly
provides k/ h, for a non-hydrogenous dosemeter relative to that of a TE
jonization chamber for a particular neutron beam, without any knowledge on
neutron spectrum.

d) Measurement of kU by improved lead filtration method

Using the lead filtration method, we measured the n/ 7 sensitivity of non-
hydrogenous ionization chambers exposed to the neutron beanm from 30 MeV
deuterons on beryllium. These chambers were (1)a 2 ml magnesium spherical
chamber with flowing argon gas(Mg-Ar):(2) a 1.6 ml graphite thimble chamber with
air;(3) a 0.1 ml graphite thimble chambers with air;(4) a 1.3 ml thimble chamber
having a wall of mixture of graphite with teflon, with air and with flowing
carbon dioxide gas; and (5) a 3 ml thimble chamber of a wall of mixture of
graphite with teflon, with air and with flowing carbon dioxide gas (C+Teflon-air
~or C+Teflon-C02). A 1 mi tissue equivalent spherical chamber with flowing tissue
equivalent gas (TE-TEgas) was used with each of the non-hydrogenous chambers.

A lead filter of 5 cm thick is placed just behind the second 7 -ray shutter
as shown in figure 1. A field size used is 9x4 cm at a distance of 175 cm from
the beryilium target. The ionization chamber is scanned to obtain a dose profile
at a distance of 200 cm from the target perpendicularly to the neutron beam .

A value of k/ h for the dosemeter response to background was obtained by
using the extrapolation of the tails of the beam scans to the beam axis, as
indicated by the dashed lines in figure 5. The net response, R, of the dosemeter
in the unfiltered beam which is obtained from the reading in the center,Rec,
minus the extrapolated values Rb, is due to the gamma and neutron radiations
which come from the collimator aperture alone namely, a Dg and aDn. Then the
response, R, is given by

R=R¢ —Rb =h aDg +k aDn
Similarly, the net dosemeter response, R",in the filtered beam is

R’ =Rc¢'—Rb’=hA aDg +k aDn’
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The solution for k/

h is given by

kU/hU = (kT/hT)( hT/h¥U) (ARU —RU') / (ART —RT") ’ . s

where A is attenuatio

usually taken to be the total absorption coefficient for 4 MeV gamma-ray in lead

and x is the thickness
hydrogenous chamber, re
by exposing a ionizati
dose rate is known pre

3. RESULTS A
Typical scanned dos
shown in figure 5. Bac
cases. Low background
for various chambers w
theoretical kU" for i
“infinite cavity size.
given theoretically by

kl

n factor by the lead filter,that is, A=exp( —uX). & is

of the lead filter. T and U denote TE chamber and non-

spectively. The gamma-ray sensitivity, h, can be obtained
on chamber to cobalt-60 gamma field in which the dose or
cisely.

ND DISCUSSION

e distributions in air with and without a lead filter are
kground doses in the beam axis were les than 2% in any .
doses provides us reliable results on kU. Observed values
ith standard deviations are shown in table 1, with
nfinitesimal cavity size of a chamber and kU'" for

The values of gamma -ray sensitivity ,kU" and kU'', are

_(W)e . (Swide . (Kiwde

and

where S refers to am
The observed values

should be between kU’

calculations.

B (Wg)n (SWyg)n ) (KhW)n

_(We)e
NUAN

(Kewe

(SW)B)C (Kt,g)n

ass stopping power.
of kU which are averages of four experiments over a year
and kU’’. The results reasonably agree with theoretical
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Table 1. The values of ku for d(30)Be-neutrons. for various
non-hydrogenous chambers

Type of Volume theoretical Experimental ku *sd
chambers (ml) ku' ku" (kt=0.980)
Hg-Ar 2 0.159 0.045 0.143 £0.003
graphite-air 1.6 0.307 0.275 0.280 +0.002
graphite-air 0.1 0.307 0.275 0.306 +

- C+Teflon-air 3.0 0.321 +0.008

. Csteflon-air 1.3 0.312 +
C+Teflon-C02 3.0 0.318 +0.004
C+Teflon-C02 1.3 0.286 +
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Abstract

HIMAC is a heavy ion synchrotron facility proposed
by HIRS +dn order to introduce the advantages of heavy
jon treatment into 2 hospital environment. The proposed
facility 1is dedicated to the medical use especially to
the treatment of the tumor. A main accelerator of HIMAC
consists of a couple of separated function type
synchrotrons with the maximum magnetic rigidity of 9.7
Tm. The output energy of the synchrotron is as high as
800 MeV/u for light ions with q/A=0.5. Two synchrotron
rings are installed in the rooms of different floors and
will be operated essentially independent with each
other. An average diameter of the rings is about 40 m.

For the medical treatment, four irradiation rooms
will be available, two of which are equipped with both
of horizontal and vertical treatment lines. Other four
experimental rooms will be prepared for the biomedical
and .related experiments.

Introduction

High energy heavy ions have the therapeutical adva-
ntages over the ordinary radiations including protons
and neutrons. The superiority of the heavy ion therapy
is mainly due to the sharp dose concentration called
Bragg's peak in the tumor volume. The advantages of the
dose concentration and the resulting high LET
characteristics are very well demonstrated through the
biomedical experiments and the clinjcal trials at
Lawrence Berkeley Laboratory in United States.

As the further development of the existing
radiotherapy with an AVF cyclotron, NIRS has decided to
constry5§3) HIMAC (Heavy lon Medical Accelerator in
Chiba) for clinical treatment of the tumor,

The biomedical accelerators of heavy ions are also
proposed by European and Amechan groups. In the Euro-
pean proposal.called EULIMA, "/ the particle energy of
the accelerator is 400 to 600 MeV per nucleon for the
heaviest element of Ne. (The exact value of the output
energy is not yet determined.) The main accelerator of
the EULIMA project is a superconducting separated sector
cyclotron equipped with an ordinary type cyclotron as an
injector. An ECR source will be used to make very high
charge stagss of light ions.

LIBLA is a heavy ion "synchrotron facility
proposed by LBL.  The output energy of the synchrotron
varies from 70 to 600 MeV/u for light ions. An injector
of the synchrotron is a 200 MHz RFQ linac followed by a
short Alvarez type linac. An ion source for the
accelerator is a hot cathod PIG source.

These two projects are both in their preliminary
design stages. :

* National Institute for High Energy Physics, Oho-
machi, Tsukuba-gun, Ibaraki 305
** The Institute of Physical and Chemical Research,
Hirosawa, Wako-shi, Saitama 351-01
#* Institute for Nuclear Study, University of Tokyo,
Midori-cho, Tanashi-shi, Tokyo 188

shi, Chiba 260, Japan

Table 1.
Requirements for HIMAC facility

Ion species: from 4He to 40Ar

Maximum energy: ‘800 Mev/u for g/A = 1/2
Minimum energy: 100 MeV/u for q/A = 1/2
Beam intensity*: 1.2 x 10;0 pps for 1;He Ions
2.0 x 108 zoc
3.4 x 107 2BNe
4.5 x 107 405i
2.7 x 10 Ar
Beam duration: 400

ms
Repetition rate: 1/2 Hz for each ring

Beam emittance: 10 ¢ mm.mrad (unnormalized)
Momentum spread: < 0.2

Irradiation facility
Treatment rooms: 2 {Horizontal beam only)

2 (Horizontal & vertical beams)

4

Experimental rooms:

Beam characteristics

Field size: 22 cm (Max. diameter)
Dose uniformity: +2 % over entire filed
Maximum range: 30 cm

Dose rate: 500 rad/min (5 Gy/min)

Field broadning: Wobbler scanning method

* Extracted beam intensity per ring.

Qutline of HIMAC

Reguirements

The major requirements for the HIMAC facility are
gummarizgd in Table 1. The ion species are ranging from
He to " Ar and the output energy of the accelerator is
reqiured to vary from 100 to 800 MeV/u. The extracted
jon intensities in the table are required to realize the
dose rate of as high as 500 rad/min. The rate is
determined so that the irradiation of heavy ions will be
finished after the duration of a few minutes.

Main Accelerator

A main accelerator of HIMAC consists of a couple of
separated function type synchrotrons as shown in Fig.1.
The synchrotron rings are installed in the different
floors and will be operated independently with each
other except that the synchrotron magnets must be excit-
ed 180° out of phase.

The two ring structure of the main accelerator is
expected to increase drastically the flexibility of the
machine operation. The accelerator can provide the hori-
zontal and vertical heavy ion beams simultaneously. In
the future extension, two stage acceleratien of the
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heavier ions will be acceptable. It is also possible in
the future that one of the synchrotron ring is:used as a
storage ring, aiming the treatment and diagnostics with
radicactive beams and/or a single shot beam of stable
isotopes.

Clinical Treatment Rooms

Four treatment rooms are required in total. Two
rooms will be equipped with both horizontal and vertical
beam 1ines. These four treatment rooms are required in
order to increase efficiency of the beam time because it
takes rather long time to set a patient on an exact
fixed position.

The accelerated ions must be broadened with a set
of Wobbler scanning magnets to the maximum diameter of
22 cm. The uniformity of the dose distribution in the
irradiation field must be better than 2% to ensure the
effectiveness of the treatment.

Experimental Rooms

Four more irradiation rooms are required,. two of
which  will be prepared for the physics . and: general
purposes, and the biomedical experiments. The other two
experimental rooms are for the radioactive beams. A
thick Be target will be placed in a secondary ?gam

prodqﬁtian room, and the desired ions, for examples “Ne
analyzing magnets from the

or C, are separated with

primary and any other unwanted beams. Two experimental
rooms following the production room are for - the
diagnostics with the radioactive beams and for the
general purposes.

Injector System

Figure 2 shows a plan view of an injector system of
HIMAC, and the detailed parameters of the system is
listed in Table 2. L

In the first phase of the project, two ion sources
will be prepared: One is a PIG type ion source for light
ions, and the other is an ECR type source for heavier
ions, Through the 1low energy beam transport line of
about 7 m Jong, ions are injected into an RFQ linac with
an energy of B keV/u. The operation frequency of 100 MHz
is chosen for the linac so as to give a sufficient
focusing strength to these ions. An acceptance of the
injector is 0.6y mm.mrad in a normalized value.

RFQ Linac

The RFQ linac covers an energy range from 8 to 800
keV/u with a vane length of 7.3 m. ' The maximum surface
field of the linac is chosen at rather high value of
about 200 kV/cm, and about 1.8 times higher than the
well known Kilpatrick's limit. This value, however, is
Tower than that obtained experimentally with. an RFQ

Fig. 1. A bird's eye view of the HIMAC facility.

Fig. 2. A plan view of the HIMAC injectof system.
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cavity having almost the same geometry.s)

The linac has a conventional four vane type
structure separated longitudinary into four tanks. The
diameter of the linac is about 60 cm. The RFQ linac is
essentially the same as that construc,id at Institute
for Nuclear Study, University of Tokyo.

Alvarez Linac

The RFQ 1linac is followed by three Alvarez type
cavities with the same frequency of 100 MHz. The linac
tank 1is separated into three independent rf cavities.
Each tank is fed with about 800 kW peak rf power. The
maximum surface field is chosen at about 1.3 times
higher than the Kilpatrick's 1imit. The total length of
the Alvarez linac is about 25 m, -and the diameter of the
cavity is about 2 m.

Number of the drift tubes in the linac is about 100
in total. Each drift tube is supported by a horizontal
and a vetical stems and is equipped with a quadrupole
magnet for beam focusing. Ions are accelerated to 6
MeV/u by the Alvarez linac.

Charge Stripper & Debuncher

Around the output end of the Alvarez Tlinac, an
automatic changer of a charge stripper is installed., The
orbital electrons of the accelerated ions are stripped
out with the carbon foil, and only the fully stripped
ions will be injected into the next acceleration stage.

100 MHz debuncher cavity will be introduced in
the medium energy beam transport line. The debuncher
rotates the beam bunch in the longitudinal phase space,
and suppresses the momentum spread of the linac beam,

A layout of the synchrotron ring i$ shown in Fig.3.
A design specification of the synchrotron is given 1in
Table 3.

Magnet System

Numbers of unit cells and the superperiodicities
of the ring are 12 and 6, respectively. The betatron
wave numbers are chosen at 3.75 for horizontal and 3.25
for vertical direction. Twelve sector type bending
magnets have a bending radius of 6.5 m, and the magnetic
field changes from 0.11 T at the injection up to 1.5 T
at the maximum energy.

Beam Injection

Beams from the linac are injected into the ring
through an electrostatic  inflector. A multiturn
injection scheme is adopted to increase the circulating
beam current by ten times. The multiturn injection is
achieved during the decaying time of the bump magnets
for the duration of 77 s. The horizontal and vertical
acceptances of the synchrotron ring are respectively 30
and 3 ™ mm.mrad in normalized values.

A set of steering magnets and beam position monitors
is installed 1in -the ring for the correction of the
closed orbit distortion at the injection energy. A set
of the sextupole magnets are also. prepared for the
chromaticity correction.

RF Acceleration

The injected particles are accelerated with two rf
cavities placed 180° apart from each other. An rf cavity
is composed of a pair of ferrite Joaded /4 resonators,
and generates an acceleration voltage of up to 6 kV at

Table 2, -
Injector Specification
Ion source
Type . PIG & ECR
Ion species e to HOar '
a/A >1/7
Injector .
Frequency 100 MHz
Repetition rate 3 Hz Max.
Duty factor 0.3 % Max.

"Acceptance 0.6 mmm.mrad (normalized)
RFQ linac

Input/Output energy 8 / 800 keV/u

Vane length 7.3 m

Cavity diameter 0.6 m

Max. surface field 205 kV/cm (1.8 Kilpatrick)
Peak rf power 260 kW (70% Q)

Alvarez linac
Input/Output energy
Total length 28 m (3 rf cavities)
Cavity diameter 2,20 /2.18/2.16 m
Average axial field 1.8 /2.2 /2.2 W/m
Shunt impedance 34 - 47 MQ/m  (effective)
Max. surface field 150 kV/em (1.3 Kilpatrick)
Peak rf power 770 / 820 / 760 kW
Focusing sequence FFOD (6.8 kG/cm Max.)

0.8 / 6.0 MeV/u

Synchrotron

The synchrotron is a separated function type with a
FODO focusing structure. The output energy varies from
100 to 800 MeV/u for light ions. The repetition rate of
the acceleration is designed to be 0,5 Hz., The required
vacuum pressure is in a range of 10~ torr, and not so
difficult to realize with an ordinary pumping system.

Table 3.
Synchrotron Specification
General
Type Separated function

Qutput energy
Average diameter

Magnet system
Number of unit cells
Focusing sequence
Betatron tunes (H/V)
No. of dipole magnets
Dipole field (Min/Max)
Bending radius
No. of Q magnets
Q-field (Min./Max.)
Repetition rate
Rise/Flat-top time

Acceleration system
No. of cavities
Frequency range
Acceleration voltage
RF power input
Filling factor
Momentum acceptance

Vacuum system
Material of chamber
Baking tempereture
Average pressure
Pumps

Extraction system

Type
Length of beam spill

100 - 800 MeV/u (g/A=1/2)
41 m

12 (6 super periods)
FODD

3.75 / 3.25

12 (sector type, 3.4 m)
0.1 /1.57

6.5m

24 (0.4 m each)

0.51 /7.0 T/m

1/2 Hz
0.7/0.5s

2

1.0 - 7.5 MHz (harmonic 4)
6 kV per cavity (peak)

15 kW per cavity (peak)
0.8

0.2 2

SUS-316LN (3 mm thick)
200 °C

1 x 10‘8 torr
Sputter ion pumps

Ti getter pumps
Turbo molecular pumps

Fast & slow (1/3 resonance)
400 ms at 600 MeV/u (slow)
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the gap. The cavity is designed bakable at a temperature
of up to 300 °C.

The rf system must cover a very wide frequency
range from 1 to 7.5 MHz, where the harmonic number is
chosen at 4, Such a frequercy range is excellently
realized by an accg)eration cavity developed at INS,
University of Tokyo.

Beam Extraction

After reaching the flat top of the magnet
excitation, dons are extracted from the ring through an
electrostatic deflector followed by two septum magnets.
The bump orbit is formed with the combination of five
bump magnets. The slow extraction is performed using a
third order resonance excited with sextupole magnets
prepared for this purpose. The beam duration depends on
the output energy and 400 ms at 600 MeV/u.

fast extraction channel is prepared at the same
long straight section. The bump magnets for the slow
extraction scheme are also used for the fast extraction.
The bump orbit, however, must be formed to the opposite
directions to the slow extraction, The extracted beam
will be used by biomedical experiments.
In the future extension, the fast extracted beams
will be injected into the lower ring for the further
acceleration and/or the beam accumulation.

Beam Delivery System

A beam delivery system is required to switch heavy
ion beams from one treatment room to the other one
within a very short time of 5 min. The beam switching
may be performed only by exciting or deexciting the
switching magnet, The bending effects due to the resid-
ual field of the switching magnet can be compensated
with a small current source prepared for this purpose,
or with a pair of steering magnets placed around the
switching magnet. The discussions are now underway for
the detailed sequence of the beam switching.

Time Schedule
A part of the HIMAC project has been ap-

proved by the government and the research and
the development program of the machine compo-

industrial
Based on the
the construction of the

nents has started in cooperation with the
companies and with the public laboratries.
achievements of these R&Ds

injector system will be begun in this fiscal year.
In a long range schedule of the HIMAC project, the
preparatory experiments for the medical treatment are

scheduled in 1992 and the clinical trials are expected
to start from 1993.
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ABSTRACT
A heavy ion synchrotron complex dedicated to - the
medical use, HIMAC (Heavy Ion Medical Accelerator in
Chiba), has been proposed by NIRS. This paper describes

the brief review of the design study of HIMAC. The
acceleator complex consists of an injector linac, two
heavy ion synchrotron rings and a high energy beam
delivery system., Four irradiation rooms are prepared

for the medical treatment. Two of the rooms are equipped
with both of horizontal and vertical beam courses. Extra
four experimental rooms will be available for radiologi-
cal, biomedical and other related subjects.

A part of the NIRS proposal has been approved by
the government and the construction of the injector
system will be begun in this fiscal year. The preparato-
ry experiments for the cancer treatment are scheduled in

1992 and the clinical trial is expected to start iin
1993,
INTRODUCTION
The radiological effects of heavy ions on organic
cells are well suited for medical treatment of the

cancer. The formation of the Bragg peak in a human body
is one of the most remarkable properties of heavy ions.
In the very sharp peak, heavy ions loss most of their
kinetic energies resulting the high LET characteristics
Tocalized both in transverse and Tlongitudinal direc—
tions. The degree of the dose localization is far
superior to those of the neutrons and photons. The
oxygen enhancement ratio (OER), which is defined as a
ratio of doses required to kill the hypoxic and aerated
cells, is close to unity in the vicinity of the Bragg
peak.

hypoxic in the central region.
ion therapy

The superiority of heavy
is well demonstrated through radiological

experiments and <clinical trials at Lawrence, Berkeley
Laboratory, USA. As a further expansien of the long
experience on proton and neutron radiotherapies, NIRS

has decided to construct a heavy1jon synchrotron facili-
ty dedicated to the medical use.

In the proposed therapy, an output energy should be
higher than 800 MeV/u for Si ions in order to realize a
residual range of 30 cm in a human body. The high output
energy of the accelerator is also. very effective to
produce the radicactive beams of high quality for the
treatment and/or the diagnostics. The area of the heavy
ion irradiation must be enlarged to cover the whole area
to be treated. The maximum diameter of the irradiation
field is chosen to be 22 cm.

The major requirements for the HIMAC facility are
summarized in Table 1, and the main parameters of the
accelerator complex are listed in Table 2. A layout of
the HIMAC facility is shown in Fig.1.

ION SOURCE

Two types of ion sources are prepared for the
accelerator: a PIG and an ECR sources. The PIG . source
will be used mainly for light ions, whereas  the ECR
source is expected to improve drastically heavy ion

* National Institute for High Energy Physics,
machi, Tsukuba-gun, Ibaraki 305
** The Institute of Physical and Chemical
Hirosawa, Wako-shi, Saitama 351-01
*** Insitute for Nuclear Study, University of Tokyo,
Midori-cho, Tanashi-shi, Tokyo 188

Oho-

Research,

The low value of the OER is very much desired to
realize homogeneous effects on a tumor which tends to be:

capabilities of HIMAC,
produce heavy ions ranging from He to Ar.
ions, the source intensities are listed
together with the intensities at each
acceleration. Both types of the ion sources will
installed on a high voltage station of about 50 kV,

The ion sources are required to
For typical
in Table 3

stage of the

be
and

the remote control of the source parameters is possible
from the earth potential. The output beam energy is 8
keV/u.

The PIG source is of a hot cathode type and the

magnetic field of 7 kG is chosen. The magnet gap and the
maximum extraction voltage are 20 cm and 35 kV, respec-

tively. A test stand of the PIG source has been
constructed and beam tests are now in progress. The
pulse operation of the ion source, including the gas
feeding system, is expected to be very effective for

increasing the beam intensity and the source liftime and
is the major subject of the tests.

A plasma chamber of the ECR source consists of two
stages, both of which are fed by 10 GHz microwave power
with a sigle source of 2.5 kW. Three independent coils
with return yokes generate axial magnetic field, whereas
the radially sextupole field is produced by SmCo; perma-
nent magnet installed in the vacuum chamber. Tge bore
diameter of the multipole magnet is 10 cm, and thé
extraction voltage is about 20 kV. In this summer, the
R&D of the ECR source has been started in cooperation
with the accelerator people of INS, University of Tokyo.
The first beam test of the source is scheduled at the
end of this fiscal year.

INJECTOR LINAC

The injector system of HIMAC is composed of an RFQ
and Alvarez linacs. The operation frequency of the
injector is chosen to be 100 MHz in order to ensure the

sufficient focusing strength. The output energies of the
Tinacs are respectively 0.8 and 6 MeV/u. The injector is
designed to accelerate heavy icns with a charge to mass

Table 1
Requirements for HIMAC facility

Ion species: from 4He to 40Ar
Maximum energy: 800 Mev/u for q/A = 1/2
Minimum energy: 100 MeV/;f0 for q/A 3 1/2
Intensity per ring¥: 1.2 x 109 pps for 12He Tons
2.0 x 108 ZOC
3.4 x 107 ZBNE
4.5 x 10 Si
7 40
2.7 x 10 Ar
Beam duration: 400 ms
Repetition rate: 1/2 Hz for each ring

107 mmemrad {unnormalized value)
<+0.27

Beam emittance: ¥
Momentum spread:

Irradiation facility R
Treatment rooms: 2 (Horizontal beam only)

2 (Horizontal & Vertical beams)

4

Experimental rooms:

Beam characteristics
Field size:
Dose uniformity:
Maximum range:
Dose rate:
Field broadning:

22 cm diameter

+27% over entire field
30 cm

500 rad/min (5 Gy/min)
Wobbler scanning method

* Extracted beam intensity
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ratio of larger than 1/7. The maximum repetition rate
and the rf duty factor are 3 Hz and 0.3%, respectively.
The RFQ linac is of four vane type. The length of
the vanes and the cavity diameter are about 7 and 0.6
m, respectively., The entire cavity, including the vanes
themselves, is divided into four sections. The mechani-
cal setting of the vanes will be performed in a section
independently from the other sections. Through the set-
ting procedure, an error of the capacitance distribution
due to the vane misalignment is longitudinally smoothed
out, resulting the relatively small deviation of the
intervane voltage. The peak rf power of about 300 kW is
fed to the cavity through a single loop coupler. The
maximum surface field on the vane top is about 200 kV/cm
(1.8 Kilpatrick), which is well be]owzshe experimentally
confirmed value at this frequency. The transverse
acceptance of the linac is 0. }lmmnmrad in a normalized
value., A fast bunching method®’ is adopted in the beam

Table 2
HIMAC parameters
Ton source
Type PIG &ECR .,
Ton species from He to = Ar
q/A 21/7
Injector .
Frequency 100 MHz
Repetition rate 3 Hz Max.
Duty factor 0.3% Max.
Acceptance 0.6 mmmemrad (normalized)
RFQ Yinac
Input/Output energy 8 / 800 keV/u
Vane length 7.3 m
Cavity diameter 0.6 m
Surface field 205 kV/cm (1.8 Kilpatrick)
Peak rf power 260 k¥ (707 Q)

Alvarez linac
Input/Output energy
Total length
Cavity diameter
Average field
Shunt impedance
Surface field
Peak rf power
Focusing sequence

0.8 / 6.0 MeV/u

24 m (3 rf cavities).
2.20/2.18/2.16 m
1.8/2.2/2.2 MV/m

34 - 47 M/m (effective)
150 kV/cm (1.3 Kilpatric)
770/820/760 kW

FFDD (6.8 kG/cm Max.)

Synchrotron (for one ring)
Qutput energy 100 - 800 MeV/u (q/A = 1/2)
Average diameter 41 m (12 cells, 6 s-periods)
Focusing sequence FODO
Betatron tunes (H/V) 3.75 / 3,25
No. of dipole magnet 12 (3.4 m each)
Dipole field 0.11 (Min.) / 1.5 (Max.) T
No. of Q magnets 24 (0.4 m each)
Quadrupole field 0.51 (Min.) / 7.0 (Max.) T/m
Long straight sect. 12 (5.0 m each)
Repetetion rate 1/2 Hz
Rise/flat-top time 0.7 /0.5 s

Acceleration system
No. of cavities 2
Frequency range 1.
Acceleration.voltage
RF power input

0 - 7.5 MHz (harmonic 4)
6 kV per cavity (peak)
15 kW per cavity (peak)

Vacuum system
Material of chamber
Baking tempereture
Average pressure
Pumps

SUS-316LN (3 mm thick)
200 °C

1 x 1078 torr
Sputter ion pumps

Ti getter pumps
Turbo molecular pumps

Extraction system
Fast & sTow (1/3 resonance)

ype
Length of spill up to 400 ms (slow)

Table 3
Beam intensity schedule for typical jons
Ton species o5+ ne'0* 5118+
Intensity on target (pps)’ 1.8x'|0s 3‘1x107 4.0x106
Treatment delivery transmission 0.1
Beam transport transmission 0.9
Extracted intensity (pps) Z.OxlO9 3.4x108 4.Sx107
Synchrotron repetion rate (Hz) 0.5
Extraction efficiency 0.8
Acceleration efficiency 0.9
RF capture efficiency 0.8
Circulating ion intensity (ppp) 6.9x109 1.2x‘|09 1.6x108
Injection efficiency 0.5
Injection interval (us) 76.8
Injected fon intensity (pps) I.Bxlﬂld 3.1x10‘3 &.1)(10]Z
Injected ion current (euA) 170 49 9.1
Beam transport transmission 0.75
Stripper efficiency 0.93 0.67 0.52
(2464)  (3+*10+4)  (4++14+)
Alvarez linac transmission 0.9
RFQ 1linac transmission . © 0.8
Beam transport transmission a.7
Source electrical current (euA) 160 58 13
lons from source c2* Ne3* si%t

dynamics .design and a transmission efficiency is caleu-
lated to be3’bout 80%. The RFQ linac is essentially a
copy of TALL”/ developed at INS, University of Tokyo.

A drift tube of the Alvarez type linac is equipped
with a pulsed quadrupole magnet. A FFDD type focusing
sequence of quadrupole lenses is adopted to suppress a
required field gradient. A transverse acceptance of the
linac is 5.8 mmm.mrad with the highest field gradient
of 6.8 kG/cm and large enough to accept the output beam
from the RFQ. An effective shunt impedance of the linac
cells ranges from 34 to 47 M/m (80Z of calculated

value) and the peak rf power is estimated to be about
2.4 MW in total. A diameter and a length of the Tinac
are respectively about 2 and 24 m. The linac is sepa-

rated into three cavities to each of which an rf power
of about T MW is fed through a loop coupler. The average
axial fields of the cavities are 1.8, 2.2 and 2.2 MV/m,
respectively. After the Alvarez ligac, the heavy ions
are charge stripped with a 100 ug/cm” thick carbon foil.

SYNCHROTRON

The HIMAC synchrotron consists of two rings, which
are dinstalled in the different floors and operated
essentially independent of each other. The two ring
structure of the synchrotron is expected to make the
operation mode much more flexible. - The synchrotron can
provide the horizontal and vertical heavy ion beams
simultaneously for the different treatment rooms. The
treatment with multiple beams is also acceptable. In the
future extension, two stage acceleration of the heavier
ions will be possible. It is'also possible in the future
that one of the synchrotron ring is used as a storage
ring, aiming the treatment and diagnostics with radio
active beams and/or a single shot beam.

The synchrotron is a separated function type with a
standard FODO type focusing sequence. The numbers of
unit cells and superperiods are 12 and 6, respectively.
A diameter of the synchrotron is about 41 m. The makimum
magnetic regidity of the synchrotron magnets is 9.75 Tm.
A multiturn beam injection scheme is adopted to increase
the beam current by ten times. The horizontal and verti-
cal acceptances of the synchrotron ring are respectively
30 and 3 nmmemrad in normalized values. A set of steer-
ing magnets and beam position monitors is installed in
the ring for the correction of the closed orbit distor-
tion at the injection energy. A set of sextupole magnets
is also prepared for the chromaticity correction.
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The output energy of the synchrotron must be varia-
ble 1in a wide range from 100 to 800 MeV/u for Si ions,
Two extraction modes are prepared: a fast and a slow
extraction modes. The extraction septum magnets for
those modes are installed in the same Tong straight
section. The slowly extracted beam is directed to the
outside of the ring, whereas the pulsed beam is extrac-
ted to the inside. The slow extraction scheme will use a
third order resonance, and the beam spill time will be
Yonger than 400 ms at 600 MeV/u.

A current source for the bending magnets consists
of four sets of 12 phase rectifiers followed by a filter
circuit. High power thyristor blocks are adopted in the
rectifiers and controlled digitally by a computer. A
"feed forward loop" with the computer will realize the
precise tracking of the current pattern. Two similar
current sources are prepared for focusing and defocusing
quadrupole magnets. In a proposed current waveform, a
flat top and a rising time are about 0.5 and 0.7 s,
respectively. The maximum value of the time derivative
of the bending field is about 2 T/s.

An rf system of the synchrotron must have a wide
frequency range from 1.0 to 7.5 MHz, where a harmonic
number 1is chosen to be 4, An rf station consists of a
pair of ferrite loaded A/4 cavities, and can generate a
voltage of up to 6 kV. The input power for the cavity is
about 15 kW. A couple of the rf stations are installed
in a ring., The stations are operated with a feed back
loop in order to lock the rf frequency with the circu-
Jating beam bunches. The signal of the beam position
monitor is also fed back to the frequency control cir-
cuit., A feed forward_technjque of the beam position
signals developed at BEVALAC"’ is considered to be very

effective in the acceleration of heavy ions, and may be
adopted by the system. 8
An averaged vacuum pressure of an order of 10

torr is enough to accelerate fully stripped ions with a

negligible -amount of the beam loss. A combination of a
sputter ion pump, a titanium getter pump and a turbo
molecular pump may be the best choice to realize such a

pressure. The vacuum chamber of the synchrotron ring is
bakable up to 200 °C. A metal gasket will be used as a
standard vacuum seal. The chamber is made of 3 mm thick

SUS-316LN  1in order to suppress the unwanted effects of
the eddy current due to the varying magnetic fields.

BEAM DELIVERY SYSTEM

A beam delivery system of HIMAC is required to
provide heavy ion beams into four different treatment
rooms in- a very short time of about 5 min., The beam
switching s performed only by exciting or deexciting a
switching magnet. The high reproducibility of the magne—
tic field in the switching magnet may be obtained with
the specially programmed sequence of the magnet excita-
tion. The residual field, on the other hand, can be
compensated with a small current source prepared for
this purpose. The position error of only 2.5 mm will be
allowed at the target position.

A requirement of the simultaneous irradiation of
heavy 4ion beams makes the beam delivery system very
complicated and relatively large. This system is desig-
ned to accept an attempt of the medical diagnostics with
radioactive beams.
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TDF for the Clinical Use in High LET Radiation Therapy

- Especially Fast Neutron Beam Therapy

Yuzuru KUTSUTANI-NAKAMURA, Shigeo FURUKAWA
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National Institute of Radiological Sciences

In the clinical app-licatidn of high LET radiation for radiotherapy it is necessary to
establish a criterion as a basis on which assess the biological effect of the widely
varied fractionated regimes including mixed and boost use with low LET radiation
of photons. These assessements are based on a scale of the biological iso-effect
of normal tissues for dose measured both for high and low LET radiation. The
generalized NSD (GNSD) and TDF (GTDF) for normal tissues of skin, lung and
spinal cord were introduced. RBE formula estimated by the GTDF function is

' compared with experimental data published.

Key Words: TDF, Generalized TDF, Generalized NSD, Fast neutron therapy,
High LET radiation
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BTH B, KIKdOTOEZFiZdH-(1978)
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_ aoN 1-A, /A,
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i
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............ {11 ) ereeeeenne(l])
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CHRERITREBIETESN S, 6)X» 5 RHE
%%, BHEMRSEC TRESRI > 5S8R U
BEARTRELOMICIIOXTRIEFRIDH 5D
T, photon BLUELET KR O3 18 % 2h
Fn1BLU2EEL ERBE HBRF WK
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RBE =d,/d,
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......... (14)
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7zGNSDickbkdpo5n3 RBETHD, 1[H
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3. #R-E®E

B, Wik kUMD GNSD %25 FIicGTDF
it# 9 % photon BLUHERETFHEDa, B L
UGNSD Ofi% Table 1i¢, K, 1 /ABXUY
B/ A% Table 2 ik zhZhFd, V0
Mhick-T, ¥-B8EIE->THIES-T
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fED 0.24 ER7Y, 026 E1->TW3B, Orton-
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B0, MEICKEREOEI L O EPHFEROG
TDF 3K DfEihs 0.029 25 0.033 &R > T3,



284 BB ATLHFE 4
Table 1. Parameters of the generalized NSD formula for normal
tissues of skin, lung and spinal cord.
Photon Neutron -
Tissue
a A GNSD a A GNSD
Skin 0.26 0.11 1,640 0.04 0.11 910
Lung 034 007 970 0 007 620
Spinal 0.37 003 1,400 0.03 003 800
cord : R ’ ’ :

Table 2. Parameters

of the generalized TDF formula for normal

tissues of skin, lung and spinal cord.

Photon ‘ Neutron
Tissue
K 1/A  B/A K 1/A  B/A
Skin 79X10™* 159 017 | 33X107% 118 0.3
Lung 87X107% 169 012 | 99X107% 108 008
Spinal -4 -2
P 5.7X10 167 005 | 82X10 1.06  0.03

s L UBHOBIZOVWTATAHS ERBick
~, photon TH, aRIVAKXLSHFHIZRLK
%<4, PREVANEL, FESRE/NS L, Hih
MF# T3, photon IKH-X, FDOEREULTH
Ba DEMRITD, FE, B, MolRichx
{17y, L RMDHER0IRIE->TWA,

EEOBHR 7Y 2 — VB TEDTAHATHS
&, Photon 4, 1[E#E 200cCy, &5
M5 30 EBE LI EEDORBH R, Va — VDI
ADKRM, MiBLUEHO GTDF Bz heh,
100, 200 #BLT 116 L7150, FHTRREL
ff, BHIIEIMESKELD, HEBRERIBLD
Bl IE- TR EHBDD 5,

30

P HTROBAT 1 [B5RE 100Gy, B3 E
R5T 15 [E8S L 785, BTk GTDFIZ100
IT/3 308, M, BETRZOAETN 199, 160 &3
v, photon FRRRT->TWW3, —Hllid GTD
F % 100& L7354, 1EBE 95 Gy, B3
BTk 8 BIRE LD, BROGA 1ERE
94 cGy, B3 EIfEH T 10EIBE & 72555, Kl
TRENEFNS0, 62 E15h, MARRITELT
L\‘f;l,\o

RICHBEDRIE 158 %= AV 588D RBE
KDOWT, ZRTRBLINFA—FEHO, K
8, Wik XUBEHOHERERDTH B, /Y7 2
— 4 Z2WORICRAT 5 &2 Zh ) ~@DRNHsKD
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5n3, dy RELET KHKRD 1 ERETH 5,
OB :
RBEgkin = 10.03d,7%%® ¢%% oo @)
@i :
RBE ypg = 16_42dh~0.37 {003 ol @
@FH :
RBE ¢org = 19.64 dy, 036 4001,........ @)
Fig. 1 IKERTRT, |ERENIKEKLELE
RBE 3Eb L, BHERSAE{%LRBE
ROFHEMT 2 HMENDHKEIZDEV, 1 [EEg
BAVNSOFI T RBE BAE<, BRIAE ]
155 ERDT B, ERNIEHE, FIFELL,
B35/ S O, ERRTO RBE 5H, K
&, WMOIEE > TWBD, 400cGyLDELR
BEEBIBERLOEL X5, BHEBBE—EL
L7 RBE & 1 [HiRE & OBRAEMmXIE T 5 7

&
)

w
L]

N
]

Calculated

Relative biological effectiveness

------- Data published

ETCEROTLEBRICLE T B, THHD 34K
DEESNTHBXEY 1V V- DRBE % Fig.
LiIcHBTRT L EBEHBHE —BLTV 3,

RICFA CHETIANVFE—DPED > HBEEDGC
TDF koW TEZTASBE GNSD ORT, «,
A, GNSD ®32m/¥5 4 -5 DR 3>HLED
BHDEELBTEN—MTHBD, GNSD
DHEDD, a, FREDLSHENELTV B84
Y 20) 21)

Cohen iZ p (66 ) Be #EfHET#D GTDF,
T7bb (19) KIKBWTKDEE: 24 X107% %
AV, #0035 2 — 5 RELEEAVTO 5, D
% B OMEREO LB EL - 1EES3 D
D85 4 —~5 DR GNSD B8EDH 3 L4 55 h—
BHITH B, Ellis ®NSD OR%E Rk 38
57z Cohen D F — % IK 3\ TR MDA HE & it 75

Skin (Field)

1 s sl

50 100

'l L 'l
200 300 400500 700 1000

Dose per fraction of neutrons (cGy)

Comparison of RBE calculated and published for normal
tissues of skin, lung and spinal cord as a function
of neutron dose per fraction.
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BMEBLTRBEBRLVANVBRIEZH, o, FIIED
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A Design of theRadioactive Beam Line
in the NIRS Medical Accelerator

YUKIO SATO

Division of Physics, National Institute of Radtologzcal Seiences, 9-1, Anagawa-4-
chome, Chiba-shi 260, Japan

(Received 20 February 1987)
Research Code NO: 200

Key Words: Radioactive beam, Wedge degrader, Super-conducting coil, Shielding of
the neutrons

A design of radioactive beam line and the analysis of expected beam quality
have been made. 1In the heavy ion cancer therapy, radioactive beam (positron
emitter) can be used to verify the range of the charged particles in tissue,
because the radioactive nuclei which are produced by the peripheral fragmentation
of relativistic heavy ions, have a similar characteristics with the primary
particles. For example, about 1 % of 20Ne will be converted into 19Ne (half life
17.4 S) in a 5cm thickness of beryllium target. 19Ne are magnetically selected
and purified from other fragments, then transported to the experimental area. To

_increase precision of the range measurement, the momentum spread of the 194e beam
will be reduced to 0.2 % by a wedge degrader. Around 50 % of the primary
particles pass through the target, then are deflected by a super-conducting coil
and wasted at a beam dump. Other unuseful particles are stopped at slits. The
shielding of the neutrons produced at the target and slits are also discussed.
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BEHER T 3 —fRfic, MES W TOETHEISC BV TERS NG, B, BHEGRELY
2 FTF MBS0 T8 RIS b Z O ISREFRSID >TE T3 (1), Ko, BEHRI AR
DR BT ZORBENEH SN TS, BHTHRDOT 7 v 7€~ 7% A0 5 BARETIREES
B BREL T Ty e~ BHEEAREE 5, BHTHE | AICABRBAERI 3L
BTEBLVHIRIBEFEH SN, MEBEORX VS5 EEERICHT IHBBARE B0, L
DEEMBA~D ASREBHIC L BBEESATLE >0 5THS, Lichi-T. BRTERETR
Ty 7 E— 0 ZEERIC—B 1 B idic, B0 ERSAE R OCHED 2HEGR. Lo EEH
B E RS IRHERRST A 1T S BB ORI S ETH B, WEE TR, I XHRCTIR LB MED
Wi AKETDT 5 o S HEED & O RHBAOHE DM A DRI X BRI ONT 15, 1
SAEOEFEESBONTORVONERETH S, oF 0 MO 2 & 3 HIERED B D S BEE
ME COMRBOERBHBLTERONLLTH S, HICKEXNFOEIES S D HEICIE, REDF
oL <. MEBELSEC, ChEBEL, I BORBEEBS DI, BT FvE— Kb -
LEBRERY YA X TR MAASOETREAEHETIHLOMBEHBEAENSL B L TRES
N F2FEATVD (2), HEFERERTFIESHEZIC BT, “Ne, %0, "CEO# T T
O A AL — 4 & LTI - BERICHIV B C & AHEIS N T B, S—FICTh 5OM
SO LRI T

DU - BEGEOTIED 1 5% BRIC 3T 3 &
Table. 1 Radioactive Nuclei KDL S5 s, FlZE, NeMIEEHC — 0
B CNeE BWHERICAV B EHTE D, B

11

C 20.34. min
13 . IxNF-BRFRIIEBBRTEL XY oY
N 9.96 min
15 123 sec K% € D ERES HENE if:%@iﬁf}’i&
18n 109.7 min UHRIBEEDOZTNEIZEAEELLIENENIF
" Ne 17.4 sec EAFED, £-T, B~ LHnXRERFTTIHD 2

RT3, B 22 LTHEMSRL, 2R 4
ELTRCAC LD THETH D, £ 0V REATE Imm DT 30 ¥— 250, BT Ly
FUEEALTHETARICI LY bovo#ET AV F—IKHYT S 511 KeVOXTF % 2 KHNIC
R HRIC S 5o LTchs T ORTFORITHRZ RBRAIL T, ZOMBERDECENTE
%o Ne OAHEIEMNENS 2 RTEAY havHAFTELHShEE, “NeD AR RLE—%
WfkIc XD FBEIL T (T 40— FERMESHTITS C EPHETHZ) ELHI hi- Kot
DEEAEEO RS X5 1cE B, PNe & Ne i [l LR F BECHERERR LIETHS
DT, BFICHRES PNe © = 4V F— E ) BABED "Ne DL 2 V¥ DO EBIHESN S,
SEBUAIC I B = 19/20 X BygTb o &L TR LEBHURS IO T LR 75 » 7 E— 7 LRI DA B
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BBEVITETHD, IBETRT T » /-7 2EHC—REEBLENSBH, #IbovAAS
RAREA T 5. 2C T, 2 - MEUSRAORNIICC O EEMD, BELTP3LEMNSS, Chatt-
erjee SOER (2) itthid, 7597 -7 DFESIE., BERELIV 2~3mmE, ZDLD
1ihikic & PEBA (Posiron-emitting beam analyzer) EFRHEO B # I bo VA A F%H W o
PECHERE | mmALBLASERIQA TV, COMRBGHABHREL LTHETES60T
H5. E5ic, Ne OEBIIZE L (17sec) DTHEIEZHHRA 1 rad BUTICHA 72 2WiASTIHE
L3 -oTV3 (3) BEOKRORE (E— A0 AD) »SEHHRE coBBOKELER, EHT3
BRSO HERE T A0 F— LR IKS RV OT, ERARTOBENSATHS S L. FICER
O "Ne % ZWHICERETHC L bAETHS (BL. EHHLAELIAIEBICHSBE).L
L. ThHEMESRNT. RBRTFRET 20 F—icdd 3 MERBO U0 2 BbH+5E0
EMBRBERBLIED, FROMEBORARFRE LTEETH A,

BfE, LBLIZBWT10° ~10 '@/ oz (025Hz)D *Ne pi1 ke — s & LT H#Eh, 107
~10°@ 7 oz D PNe BER SN TV S, EROBRICINIE, E— AREMSHE 100 f5HMT
hig, E— AORBEDRVEHEBATHATESDT, FECBOERENBONBE T EHBR>TH
3 (4)0 F7o. BEHLE — 2OBRSEHHERAO— DR BADEERBETH S, ThiFibmhicHE
HROHBLZERAFTES 2 ) v tBHEH. EBHRP OFR T, BHADI004E0 L'~ LR E
HNEBLF B, 2V AL — AOFEMFIBHDI-HICIE, 1 RE— LBEHKEIWILTEETH S,
ZOMOEFRAE LT, BRTFHEEERICT 5AL, KRNEEET 2 BNTHSENERORT
BERIGL CTHERL - HUREEZ #Y o v 2 5 TEHT 5 BisdHLE: (Autoactivation) 4
R L 7 BEHHEREO BB ME L T, SERBOEBOBIEEAS LSO L-9-L LT
CBATEB(5), BLED XS i aHLY - A0 RERMAOERICEL 5 BN TITORIARRE. 1)
BEMLE — AR, 2) BEHLE— ABERORHA. O 2 DhSHRINTE D, BEBICHEIFlICH
HTBEELD, 1) BEHEE—20WE, 2) MRRBHOKA Y 12T LD B,

2. maHeE—L4

1) HSHE € — LfRE

 MEBIRP IGRA A VEHEECREA A VB, RFQRUTANSVY =T v I h5ins AR%RE
vvyabro kB EMERIOLBRINTVS, BIRK(6)ILZTDOLERNERT, TORMERICI
15x35m? BECHKOKMLE — ARIAEHSARIATYV 3,

i Can]e t*—/-xciiﬁ".%““ BIANF-BNFORARFERIGICLD, BTFEOL bk - Bk
D2 RMFO—E(TIE LTEBEIND, TORFERB2RICTT, ARBHNFHET A VF—0DI5
B, IRE-LEHBRLTHEDRENBVI I vF Y RERFD2RE - LEERTEBE T LEDBHS
NTV5, LELTIWREBELS Y -4 v bOPOEREPETEHE, HiE o3, AfiEOH
BEA AL, 9 -5y F OBEEEE At & L7354 Bradt-Peters OR&E LT,
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Fig.2 Peripheral Fragmentation

0=P ¢ 7RoZ(AIY3H AL V3= D)% (1)

L%¥3, Ro=1.45 x 107 %cm, b=17 T3,

xR — BERIC B 1 3 UM O MERIZ FEL WV F— # A1V AS, Tobias %h5Bes — 4y
FAEBVT UNDS "COERTARERL LT, P=003(8) 2BTV3, #Ybovighiikii, &
BRIGh O B EBEUS TR ShA0T BRI (A HAE  Miuf, PREDT 5L ELLNG, 2CT
""Ne tRkBERE LTP=0.02 #85EL, Ai=20, At=9 £33 o =14mb BEI 3, GEH
LQUBMER—S VDI — 7 » FORFRAENLE TS L obi—E (BOBMTHL) LLT,

LR, 2RHTERBERT, A, SemEOBe s — 7'y MicHL TR, N=0.7 - 10%T5
50T, 0=14mb £435LQ=1%&%%, X. LBLTOER (9) »5b5cm BELEOE
05 -4y bEBVIIELRE—- Ak 3 107 ° 04— 5—0 2 RE— AEERHE ONBT L5553
PoT5, 2EHITERIHB0mbTHY., 2HEERII6HLL5, 2FED 5ecmEDBesy — 4
v FRIRBOT, ABRTF (*Ne) DE¥{DBEOIOBRIGERL, #1 BHABEIEEMREHEL
WFL155. X, BY EQORFHARKEE CRETERT 5,

400 ~ 500 MeV/u DLED T 3 v ¥~ TR, BEGBRICBY 5 2 RE— 2D H RO Y
RBEBOMERD £~ LEERTERT S - LOEND THAZHANSNBHDTHB, TOT
L, 2RE- 554 Y ORIEEHEETD 100 MeVia LT O () ¥ /%470 koS
EEBZTEROGOLBRUBIILEBRLTCVE, — MR, 2KRKE-L5 4 YORIHDBBRICK
. LEDOSSEDORBRFLUED | RMTFOBTHRUDHTFIINT 2 BEWHS—BOMBEICILS &
BA%. 2RE-LDOUHELXZRDIBRIEELERI., BRIEZEL E# 29—y b thT
Drin¥—B%ICHb. COBBICHEUI S, T30 ¥— DA & B f0 A D 55 Hic
BRBE—L54 VRO A= 5155, BUADTENDAOBS -5 5 b hTOEEHE
(Coulomb Scattering) K& BIEH0D A0 & BKIG@FE (Fermi Motion)ics 32 bh A S,
DHTERENS, BT AN F—FHIRTOA G, BIEFI/NSH, 500 MeV/u ® *Ne D Af b —

L% 2cm BEOA! -4y MiTKBTHBAOKEA (0/¢e) 4.5mrad (10) HSAELT5em
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EEE 5,
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TEMHIT
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EEED, S=20MeV/u/cm THBT 5 E{=500MeV/u &4 % EEq= 400MeV/ub 5D TA
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Fig. 7. Momentum spread reduction by a wedge degrader

AP; / Pi : momentun spread before a wedge degrader
APo/ Po: momentum spread after a wedge degrader

8 : ratio of the beam size, X, to the
dispersion per percent, d, (d/X)
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ANDO, K., KOIKE, S., SHIKITA, M., HAYATA, |, OTsu, H., AND SATOH, S. Radiosensitivity
of Late Recurrences following Radiotherapy of Murine Fibrosarcomas. Radiat. Res. 113, 334~
345 (1988). ‘

Radiosensitivity of late recurrent tumors which emerged after radiotherapy was investigated.
Tumors observed were fibrosarcomas. Recurrences emerged in the irradiated area approxi-
mately 200 days after a 50% tumor control dose of radiation of ®°Co + rays or mixed irradiation
with fast neutrons and vy rays. The recurrent and radiation-induced tumors were differentiated
by karyotype analysis. Once transplanted into fresh mice, the recurrent tumors grew more slowly
than the original tumor. Tumorigenicity of the late recurrences was lower than that of the origi-
nal tumor. Radiosensitivity of the late recurrences, which was examined using methods to assess
control, tumor growth delay, and colony forming assays, was significantly higher than that of
the original tumor. D, values of hypoxic tumor cells were significantly smaller in two of the
three recurrences compared to the original tumor. Oxic cells, when irradiated in vitro, also
showed smaller D, values for the recurrent tumors than the original tumor. Hypoxic cell frac-
tions were between 0 and 14% in the late recurrences and 10% in the original tumor. These
results are consistent with the hypothesis that radiotherapy causes mutation of tumor cells which
results in increased radiosensitivity of surviving tumor cells. © 1988 Academic Press, Inc.

INTRODUCTION

Cultured mammalian cells regrowing after a large radiation dose are more sensitive
to ionizing radiations than the original cells (/). This increased radiosensitivity is
hereditary and is associated with various changes in biological characteristics. These
cells formed smaller colonies than the original cells. The mean colony size decreased
with increasing radiation dose. The doubling time of the regrowing cells was longer
than that of the original cells. Chromosome number changed from representing a
mainly diploid population to having characteristics of highly polyploid populations
along with a broadened distribution with respect to chromosome number.

In an animal tumor study, the TCDs, (the radiation dose necessary to yield a local
control in one-half of the irradiated tumors) of a tumor which recurred late after a
large radiation dose (TCDys) was reported to be smaller than the TCDs, of the original
tumor (2). We have also observed that a murine fibrosarcoma which recurred after a
.mixed neutron and y-ray radiotherapy was also more sensitive to vy radiations (3).
These observations have confirmed that mammalian cells irradiated heavily become
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RECURRENCES AFTER RADIOTHERAPY 335

more sensitive to subsequent irradiation than the original cells. It is likely that a large
radiation dose caused a mutation in the original surviving cells, resulting in the in-
creased radiosensitivity observed.

In this report, we have further studled along with radiosensitivity, the size of hyp-
oxic cell fractions and the oxygen enhancement ratio (OER) of tumors which re-
curred late after large radiation doses in a series of neutron RBE experiments. The
late recurrences most likely arise from a single tumor cell.

MATERIALS AND METHODS
Animals and Tumors

The original tumor was the 17th generation isotransplant of a fibrosarcoma which arose spontaneously
in a C3Hf/Kam female mouse at the Department of Experimental Radiotherapy, M. D. Anderson Hospital
and Tumor Institute at Houston, Texas (4). Animals were 8- to 12-week-old C3H/HeMsNrsf male mice.
The NFSa tumor is weakly immunogenic in its syngeneic host (4). Mice received an intramuscular injec-
tion of 10° tumor cells to the right hind legs. The procedure used to prepare single cell suspensions by
trypsin has been described elsewhere (5). Viability of tumor cells usually exceeded 95% under phase-con-
trast microscopy. Cell clumps were less than 1% of the total number of cells counted.

Late recurrences were obtained following radiotherapy of the NFSa fibrosarcomas in the legs. Three
tumors were examined: the R1137 tumor emerged 198 days after a single y-ray dose of 90 Gy; the R1260
tumor emerged 200 days after a mixed-beam scheme of two fractions of neutrons (8 Gy each) and three
fractions of ¥ rays (22 Gy each); and the R1268 tumor recurred 180 days after a mixed-beam scheme of
two fractions of neutrons (6 Gy each) and three fractions of v rays (22 Gy each). When the recurrences
reached approximately 15 mm in diameter, tumors were removed and cut into halves with scissors. One
half of the tumor was put into a 10% formaldehyde solution and processed for histological examination.
The other half was further minced with scissors and transplanted subcutaneously to new mice. The trans-
plantation was repeated once more to expand cell yield, and the second generations thus obtained were
stocked frozen under liquid nitrogen. Histological examination indicated that all of the tumors were fibro-
sarcomas. Third generations of isotransplants were used to determine radiosensitivity of the recurrences.

Irradiations

Fast neutrons and %°Co vy rays were used to obtain recurrent tumors. Fast neutrons were obtained by
bombarding a thick beryllium target with 30 MeV deuterons produced by the NIRS cyclotron. Dose rate
was 0.73 Gy/min. A %°Co therapeutic machine provided v rays at a dose rate of 0.96 Gy/min at a focus
surface distance (FSD) of 47 cm. The beam build-up was obtained by placing a 5- or 8-mm-thick lucite
plate on the surface of the tumor for y and fast-neutron irradiations, respectlvely A mixed-beam regimen
employed two neutrons and three v rays in daily fractions (3).

A '3'Cs y-ray unit was used to examine radiosensitivity of the recurrent tumors. The dose rate was
approximately 0.75 Gy/min at an FSD of 36 cm.

Legs with tumors were placed in a 20 X 3-cm field. Mice were anesthetized with an ip injection of 50
mg/kg sodium pentobarbital prior to irradiation and taped on an acrylic plate. For cell survival experi-
ments, tumor-bearing animals received whole-body irradiation without anesthesia. Irradiations were per-
formed when animals were breathing air or.15 min after they were sacrificed to induce artificial hypoxia
of the tumor. : .

Radiation sensitivity of oxygenated cells was studied by irradiating cells in vtlro One million cells were
suspended in 100 m! Hanks’ solution supplemented with 10% calf serum. The solution was poured into a
tissue culture flask (Falcon 3028, 175 cm?) and flushed with 3 liters/min of 99.9% oxygen during irradia-
tion. Oxygen flushing itself did not affect the colony forming efficiency of cells. Irradiation was performed
by the '¥’Cs-ray unit at room temperature.

Assays

(i) Tumor growth (TG) time assay. Leg tumors were irradiated when they reached an average diameter
of 7.0 £ 0.5 mm. Each dose group consisted of 8 mice, and a total of 200 mice were used. Three diameters
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of each tumor; q, b, and ¢, were measured with a caliper thrge times a week. Tumor volume was calculated
by the formula 7 abc/6. Days for a tumor to reach five times the initial tumor volume were determined on
the tumor regrowth curve, and the time required for half the tumors to reach five times the initial volume
was calculated by probit analysis (6). :

(ii) TCDs, (50% tumor control dose) assay. Tumors were irradiated as mentioned above. Irradiated legs
were palpated for recurrences once a week for 120 days, and the tumor control rate was scored. Each dose
group consisted of 8 to 10 mice, and a total of 176 mice were used. TCDs, was calculated by probit analysis.

(iii) Lung colony assay. Leg tumors were excised immediately after irradiation and single cell suspen-
sions were prepared. Two to four tumors were used for each dose group. The cell suspensions containing
an appropriate number of tumor cells and 10° heavily irradiated tumor cells in 0.5 ml were injected into
the tail vein of the recipient mice which received a pretreatment with 150 mg/kg cyclophosphamide 24 h
prior to injection. Heavily irradiated tumor cells and cyclophosphamide were used to increase lung colony
forming efficiency (7, 8). Five mice per group and a total of 305 mice were used. The times between iv
injection of tumor cells and lung removal were 10 to 13 days for the original NFSa tumor and 14 to 18
days for all recurrent tumors. The number of tumor nodules on the surface of each lobe was counted
macroscopically. The lung colony forming efficiency was 3 to 8% for the original NFSa tumor cells and 1
to 4% for recurrent tumor cells. Survival curves of oxygenated tumor cells following in vitro irradiation
was also determined by lung colony assay.

(iv) TDsq (50% tumor cell dose) assay. Single cell suspensions were prepared immediately afier irradia-
tion. Each suspension was serially diluted and injected subcutaneously into the inguinal and axillary re-
gions of each animal. Seven dilutions were made for each assay, and a total of 112 mice were used. Injected
sites were palpated for tumor takes once a week for 60 days. TDs, (the number of tumor cells to form a
tumor in 50% of challenged sites) was calculated by probit analysis. .

Histological Examination

The histology section of each tumor was obtained by the routine procedure and was stained by H
and E. .

Chromosome Analysis

The tumor cells were suspended in RPMI 1640 with 10% fetal calf serum and incubated overnight with
colcemid (0.01 ug/ml) at 37°C. They were then treated with 0.075 M KCl hypotonic solution for 25 min
at 37°C and fixed with a fixative solution (glacial acetic acid:methanol, 1:3). Air-dried slides were prepared
according to our routine method (9), and they were stained with the Q-banding technique (10). At least
seven cells per tumor were photographed. Rearranged chromosomes were compared by means of these
photographs. Chromosome pair numbers followed the mouse standard karyotype recommended by the
Committee on Standard Genetic Nomenclature System for mouse chromosomes ().

Chromosome analysis was done by one of the authors (I.H.).

. Statistical Analysis

Probit analysis was conducted to obtain TG, TDsg, and TCDs, values. For survival curves, experimen-
tal data were fitted to the multitarget-single-hit model by weighted least-squares estimation (/2), and the
D, (the radiation dose to reduce the surviving fraction by a factor of 1/e in the exponential portion of the
survival curve) and the extrapolation number, n, were determined along with 95% confidence limits. The
radioresistant (hypoxic) fraction was determined by comparing surviving fractions from the terminal por-
tion of the survival curve of controls to those obtained under artificial hypoxia. Student’s ¢ test was em-
ployed to evaluate significant difference.

RESULTS

Chromosomes of the three recurrent tumors, i.e., R1137, R1260, and R1268§, were
analyzed and compared with those of the NFSa tumors (Fig. 1). The rearranged chro-
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FI1G. 1. Chromosomes of the NFSa tumor. Arrows indicate rearranged chromosomes that were also
found in the late recurrent tumors.

mosomes, numbers 6, 7, 16, and 19, were found in both the R1137 and the NFSa
tumors. The other two tumors also possessed several rearranged chromosomes which
were identical to those of the NFSa tumor; i.e., the rearranged chromosomes, 6, 7,
and 15, and the largest marker chromosome (bottom of Fig. 1) in the R1260 tumor,
and the rearranged chromosomes, 6, 9, 15, 16, and 19, and the metacentric marker
chromosome (bottom of Fig. 1) in the R1268 tumor. These observations that at least
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four rearranged chromosomes of the NFSa tumor were also found in three late recur-
rent tumors indicated that the R1137, R1260, and R1268 tumors originated from
the NFSa tumor and were not induced by radiation.

The TDsq values of the three recurrent tumors were marginally larger than that of
the original NFSa tumor cells (Fig. 2). These values were 2.15 (1.18-3.92) X 103 for
the NFSa, 3.74 (1.31-9.13) X 10? for the R1260, 8.14 (3.92-41.8) X 10 for the
R1268, and 10.94 (5.50-31.84) X 10° cells for the R1137 tumor.

The growth times of the late recurrences were examined after transplanting a fixed
number (10°) cells into the hind legs of untreated mice. As shown in Fig. 3, times of
occurrence for all recurrent tumors were significantly (P < 0.05) longer than that for
the original NFSa tumor; e.g., the times for tumors to reach 1000 mm? after trans-
plantation were 14.7 (14.4-14.9), 19.3(18.8-19.8),21.8 (21.4-22.2), and 34.0 (32.6-
35.5) days for the NFSa, R1137, R1268, and R1260 tumors, respectively. Moreover,
volume doubling times for tumors to grow from 1000 to 2000 mm? were 3.9 (3.4-
4.3),5.0(3.9-6.1),5.9 (4.6-7.2), and 6.1 (5.4-6.8) days for the NFSa, R1260, R1137,
and R1268 tumors, respectively. Statistical significance (P < 0.05) was obtained be-
tween the original and all recurrent tumors.

The radiosensitivity of the three late recurrent tumors was investigated. First, the
R1137,R1260, and R1268 tumors were locally irradiated with graded doses of ¥ rays
when they reached 7 mm in diameter and the TG time was investigated. All three
recurrent tumors showed longer TG time than the original NFSa tumor (Fig. 4).

Second, tumor control probabilities of the recurrences were investigated and com-
pared with that of the original tumor. Third generation isotransplants in the legs were
irradiated with graded vy-ray doses when they reached 7 mm in diameter. As shown
in Fig. 5, higher tumor control rates were obtained for all three recurrent tumors
than for the original NFSa tumor. The slope of the dose-response curves was much

57



RECURRENCES AFTER RADIOTHERAPY 339

1041 . ; . -
AT
K« it =]
é» Lo’ ))
-
(]
E
E 403
A
[ ]
13
3
o
> o NFSa
E sR1137
N *R1260
0R1268

102

I n

/] 10 20 30 40 50 60

Days after Transplantation

FiG. 3. Growth curves of the NFSa and the late recurrent tumors. Third generations of 10° cells were
transplanted into unirradiated legs. Each point consisted of 10 tumors. Symbols and bars indicate means
and 95% confidence limits.

shallower for the recurrences than for the original tumor. TCDs, values are listed in
Table I.

Third, the radiation dose—cell survival relationship was determined (Fig. 6, Table
I). The original tumor irradiated in animals under air-breathing conditions showed
radiosensitive and radioresistant fractions (Fig. 6A). The breaking point of the two
fractions was at a radiation dose of ~10 Gy or a survival level of ~1072 The D, of
the radioresistant fraction was 4.42 Gy and was similar to that of artificially hypoxic
cells (i.e., 4.13 Gy). The radioresistant fraction was 10% in the NFSa tumor.

On the other hand, the three recurrences showed a variety of survival curves. The
R 1137 tumor irradiated in animals breathing air showed a single-component survival
curve (Fig. 6B). The Dy, i.e., 1.77 Gy, was significantly (P < 0.05) smaller than that
of the same tumor also irradiated under the condition of artificially induced hypoxia,
i.e., 3.20 Gy. The D, of the artificially hypoxic R1137 tumor cells was significantly
smaller than that of the NFSa tumor.

A single-component curve was also found when the R1260 tumors were irradiated
in air-breathing animals (Fig. 6C). Unlike the R1137 tumor, the Dy of the tumor
cells irradiated in air-breathing animals, i.e., 2.32 Gy, was similar to that of the cells
irradiated under artificially induced hypoxia (2.54 Gy). Thus the single-component
survival curve of the R1260 tumor irradiated in air-breathing animals may represent
a naturally occurring or acutely hypoxic cell fraction. However, a difference between
these survival curves was observed in the extrapolation numbers which were 1.4 and
6.7 for the tumor cells irradiated under air-breathing and artificially hypoxic condi-
tions, respectively. This indicated that the size of the radioresistant cell fraction was
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TABLEI

In Vivo Radiosensitivity of the Original and the Recurrent Tumors

Original
NFSa RI1260 R1137 R1268
A. Survival parameters
1. Artificial hypoxia® ’
D, 4.13%¢ 2.54* 3.20* 3.96
(3.51-4.75) (2.08-3.00) (2.90-3.50) (3.36-4.57)
n 1.78 6.71 1.04 2.77
(0.46-3.10) (0.21-13.2) (0.72-1.37) (2.15-3.39)
1. Air breathing®
1. Radiosensitive
fraction
D, 2.17 —_— 1.77 1.52
(1.84-4.75) (1.54-2.00) (1.10-1.94)
n 1.69 — 1.35 2.69
(0.80-3.38) (0.40-2.30) (1.94-3.43)
2. Radioresistant
(hypoxic) fraction
D, . 442 2.32* — 4.05
(3.12-5.72) (2.21-2.44) (3.12-4.97)
n 0.15 1.40 — 0.14
: (0.00-0.35) (1.00-1.80)
B. Size of radioresistant 10 "13.7 0 5
* (hypoxic) fraction
(%)
C. TCDsy® 78.9 58.8* 63.2* 62.6*
(74.9-84.8) (42.5-66.3) (54.1-72.2) (54.0-71.1)

® Tumor-bearing mice were whole-body irradiated 15 min after being sacrificed.

b¢ Tumor-bearing mice were either anesthetized (c) or not anesthetized (b) with sodium pentobarbital
during irradiation.

42 Gy, means, and 95% confidence limit.

* P<0.05.

13% in the R1260 tumor and was larger than in the original tumor (statistically not
significant). The D, values of both naturally and artificially hypoxic R1260 tumor
cells were significantly (P < 0.05) smaller than those in the original tumor.

The survival curve of the R1268 tumor was very similar to that of the original
tumor (Fig. 6D). Irradiation under air-breathing conditions resulted in a biphasic
survival curve with a break point at a radiation dose of ~7 Gy or a survival level of
~3 X 1072 The D, of the radioresistant cell fraction was 4.05 Gy which was similar
to that of artificially hypoxic cells (i.e., 3.96 Gy). The D, values of the radiosensitive
and the radioresistant cells in the R1268 tumor were slightly smaller than those in -
the original NFSa tumors (the difference was not statistically significant). The radiore-
sistant cell fraction of 5.1% was smaller than that of the original tumor.

Extrapolation numbers of the recurrent tumor cells ranged from 1.04 t0 6.71 (Ta-
ble I). The R1260 and R1268 tumors showed larger extrapolation numbers than that
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F1G. 6. Clonogenic cell survivals of the NFSa and the late recurrent tumors. For in vivo experiments
(O,®), tumor-bearing animals were whole-body irradiated without anesthesia. Open symbols represent
radiosensitivity of acutely hypoxic cells, while closed symbols are for air-breathing mice. For in vitro experi-
ments (V), cells were exposed to oxygen during irradiation. Symbols and bars are means and SE.

of the original tumor while the R1137 tumor exhibited a smaller extrapolation num-
ber. Differences between these extrapolation numbers, however, were not statistically
significant.

Cells irradiated in vitro under oxygenated conditions also showed different radio-
sensitivity between the recurrent and original tumors (Fig. 6, Table II). The NFSa
tumor cells showed the largest D, value and was sequentially followed by the R1268,

TABLEII

In Vitro Radiosensitivity of the Original and the Recurrent Tumors®

Original NFSa R1260 R1137 RI1268
A. Survival parameters
1.52b¢ 1.12* 1.21 1.28
D, (1.32-1.71) (1.03-1.20) (1.06-1.36) (1.14-1.42)
2.44 1.73 4.36 3.21
n (0.72-4.16) (1.02-2.44) (1.70-7.02) (1.10-5.32)
B. Oxygen enhancement
ratio? 2.72 2.27 2.64 3.09

® Cells were exposed with 99.9% oxygen during irradiation.

b¢ Means and 95% confidence limit.

4 Ratio of Dy values between artificially hypoxic tumor and oxygenated cells.
* P<0.05.
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R1137, and R1260 tumors. A significant difference (P < 0.05) was observed between
the D, of the NFSa tumor and that of the R1260 tumor. Extrapolation numbers of
the three recurrent tumors ranged from 1.73 to 4.36. The R1137 and R1268 tumor
cells showed larger extrapolation numbers than the NFSa tumor cells while the
R 1260 tumor cells possessed a smaller one (statistically not significant).

The OER of the recurrent tumors was different from that of the original tumor
(Table II). The OER was determined under in vitro conditions by comparing D, val-
ues of the artificially made hypoxic cells with the oxygenated cells. The R1137 tumor
cells showed OER values similar to the original tumor cells. A smaller OER than the
NFSa tumor cells was found for the R 1260 tumor cells while a larger OER was found
for the R1268 tumor cells.

DISCUSSION

This report has demonstrated that, when assayed by TCDs,, three late recurrent
tumors were more radiosensitive than the original tumor. A similar observation has
been reported by Kaneta and Muta (13) using the Yoshida sarcoma, i.e., that radio-
sensitivity increased after repeated irradiations in vivo. Increased radiosensitivity of
a late recurrent adenocarcinoma, when examined by TCDs, assay, has also been re-
ported by Suit (2). On the other hand, radiosensitivity of early recurrences which
appeared less than 50 days after TCDsq doses is unchanged (14). It appears to be only
late recurrences that acquire an increased radiosensitivity.

Irradiation under in vitro conditions demonstrated that the recurrent tumor cells
possessed smaller D, values than the original tumor cells. The D, values of the artifi-
cially hypoxic cells irradiated in vivo were smaller for the recurrent tumors than the
original tumor without significant changes in extrapolation numbers. Decreased Dy
values in the recurrent tumors may be attributed to a heritable damage induced by
irradiations. Sinclair (/) reported that irradiated Chinese hamster cells showed
smaller D, values than did unirradiated controls and that the small D, value has been
maintained for more than 10 months in vitro. However, the D, and extrapolation
number of the R1268 tumor were similar to those of the original tumor, although the
TCDs, of this tumor was significantly smaller than that of the NFSa tumors. This
may be due to low tumorigenicity (i.e., large TDs, value) of the R1268 tumor, which
suggests that the R1268 tumor could be more immunogenic than the original tumor.

The question we addressed is whether the surviving fractions (SF) at tamor cure
doses are identical for the original and recurrent tumors. We have extrapolated the
terminal portions of the respective survival curves down to TCDs, values and calcu-
lated the surviving fractions. SF (TCDs,) thus calculated were 3.8 X 1077, 9 X 107°,
2.8 X 107°% and 6.7 X 107'° for the R1268, NFSa, R1137, and R1260 tumors, respec-
tively. Since a 7-mm NFSa tumor contains approximately 10® tumor cells (15), only
one cell should have survived and recurred after a TCDs, radiation dose. It is interest-
ing to note that, among the four tumors, the highest value of SF (TCDs) was found
for the R1268 tumor, which possessed the lowest tumorigenicity (Fig. 2). On the other
hand, SF (TCDs) of the R1137 and R1260 tumors were suspiciously low. Since D,
values increase when irradiated tumors are kept in situ to repair potentially lethal
radiation damage (16), higher SF (TCDs,) than the present values could be obtained
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by employing a delayed assay as compared to an immediate assay. The original NFSa
tumors possess a marginal capacity to repair potentially lethal radiation damage (15).

Dy values of the radiosensitive fraction were larger than those of the in vitro oxygen-
ated cells but smaller than those of the artificially hypoxic cells. This intermediate
radiosensitivity between hypoxic and oxygenated cells was prominently observed in
the R1137 tumor which did not show a detectable radioresistant fraction. This does
not exclude the possibility that a very small hypoxic fraction could be contained in
the R1137 tumor. This type of tumor with intermediate radiosensitivity has been
reported by Wallen et al. (17); namely, intracerebrally growing rat 9L tumors showed
asingle-component survival curve with intermediate radiosensitivity between acutely
hypoxic and fully oxygenated cells. The intermediate radiosensitivity may originate
from partially hypoxic cells (18). Alternatively, cell-to-cell contact may also increase
D, values of oxygenated cells (19).
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RBE/Transformation/Neutrons/ 10T ~cells/Van de Graaff/Cyclotron Repair

In vitro cell transformation assay has proved to be a powerful means of quantitating the
neoplastic action of sparsely ionizing radiation and analyzing the relevant damage-repair and
expression processes 1-3) With respect to particulate radiations, however, transformation data
are rather limited. The oncogenic potential of neutrons has been studied most extensively, due
to the ready availability of neutron sources as compared with sources of other radiations.
Findings of this kind are undoubtedly needed to provide a basis for high LET radiotherapy and
for radiation protection standards.

Borek et al.) have reported that low doses of 430 KeV neutrons induced neoplastic
transformation of cultured golden hamster embryo cells with a relative biological effectiveness
(RBE) of ca. 8. Subsequent studies with mouse 10T% cells have shown that (1) RBE values
for transformation were larger for neutrons of low energy than high energy, and tended to be
larger at low doses than high doses>: 6J, and (2) with fission-spectrum nuetrons, transformation
was significantly enhanced either at a low dose rate or by multiple fractions as compared to
single equivalent total doses at a high dose rate”> 8, In this communication, we shall report the
RBE of two neutron beams available in the National Institute of Radiological Sciences (NIRS)
for transformation of 10T% cells.

10T% (clone 8) cells between the 7th and 9th passages were grown in Eagle’s basal
medium supplemented with 10% heat-inactivated fetal calf serum, which was selected because
of is contact-inhibition property. In order to alleviate serum batch-dependent fluctuation of
transformation®), every growth medium was supplemented with 108 M triiodothyronine and 6
ng/m! insulin (final concentrations). Transformation and survival assay procedures were
described in detail previously 19, In the present experiments, cultures seeded with 6.2 x 10*
cells per 25 cm? plastic culture flask were grown for 11 days. At the time of medium renewal
on the 6th day, flasks were filled with the growth medium and then kept undisturbed until the
start of the experiment when irradiation was carried out. Immediately after irradiation of these
11-day-old plateau phase cultures, the cells were dispersed with 0.1% trypsin, then replated into
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assay dishes for development of transformed foci. A total of 150 assay dishes were normally
used in each experiment. Scoring of type II and III transformed foci!!? was done after
cultivation for 8 weeks. The transformation frequency was given as the ratio of the parametric
mean of the Poisson distribution of transformed foci induced by a given dose to the number of
cells surviving the same radiation dose. For survival assay the same dispersed cells as used for

transformation assay were seeded into 100-mm dishes.
" Neutrons with a mean energy of 2 MeV were produced by bombarding a Be target with 2.5

MeV deuterons from a Van de Graaff generator. The dose rate was ca. 7 ¢cGy min™* with 2 10%
gamma dose component. The second experiment was done with cyclotron-produced neutrons
delivered at 78 cGy min™! with a mean energy of 13 MeV and a 5% gamma component. The
dose was measured at the position of a cell layer in the culture vessel by using the paired
jonization chamber ') for neutrons of either high or low energy. X-rays were delivered at 50
¢Gy min™! from the generator operated at 200 KVp and 20 mA with added filtration (HVL: 2
mmCu), as described in the previous report’o). In low-energy neutron experiments, flasks, filled
with the growth medium since the 6th day, were positioned vertically and cell-side forward to
be horizontal beam. In high-energy neutron experiments, flasks maintained under the same
growth conditions were set cell-side up and exposed to the vertical beam through a 6 mm lucite
plate placed directly on top of the flask. For neutron irradiation, the cells were kept at ambient
temperature for 20 to 40 min depending on the experimental design.

Frequencies of transformation induced by 1.5 Gy of neutrons from the Van de Graaff
generator and 2 Gy of neutrons from the cyclotron unit are given on a surviving cell basis in
Table 1. The values are indicated by a closed circle and a closed square, respectively, in Fig. 1 in
relation to the X-ray dose response curve which was reported previouslyw). The RBE values for
transformation were 2.9 with the Van de Graaff radiation and 1.8 with the cyclotron radiation.
The finding that low-energy neutrons from the Van de Graaff geflerator exhibited a higher REB
than cyclotron-produced high-energy neutrons is consistent with other data, as shown in Table
2, in which RBE values were calculated at the level of 1 to 2.6 x 10 transformation
frequency. From the table, we see that the RBE of high-energy neutrons is likely to be slightly
higher for cell killing (1.8 to 2.0) than for transformation (1.2 to 1.8) at approximately the
same dose range (2 — 3 Gy of neutrons; see footnotes 2 and 5), or at least the same for the two’

Table 1. Transformation frequency by a single dose of neutrons

- No. of transformed foci * Transformation frequency
Radiation Dose (Gy) No. of surviving colonies with S.E. per surviving cell
Van de Graaff .

neutrons 1.5 82.02/31,151* 26*+0.3x 10_3
Cyclotron :
neutrons 2.0 46.50/ 31,026* : 1.5+ 0.2x 10'_3

*  Sum of 3 repeated experiments.
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10

TRANSFORMATION FREQUENCY PER SURVIVOR

| l | I l | 1
0 1 2 3 4 5 6

RADIATION DOSE (Gy)

Fig. I. Transformation frequency of C3H-10T% cells induced by nautron beams in relation to
the X-ray dose-transformation curve. The closed circle and closed square with S.E.
represent neutrons from the Van de Graaff generator and the 30 MeV cyclotron,
respectively. The solid line shows the transformation response to 200 KeV X-rays reported
previously 0),
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Table 2. Comparison of RBE values of various neutron beams
determined with mouse 10T cells

RBE
s Authors

Radiation Mean energy Transformation Cell Killing5
Fission-spectrum

neutrons 0.85 MeV 2.6! 2.3 Han & Elkind, 1979
Fission-spectrum Balcer-Kubiczek

neutrons 0.5 MeV 2.8! 2.3 & Harrison, 1983
Cyclotron ' 2

neutrons 38 MeV 1.2 1.8
Fission-spectrum 3

neutrons 0.85 MeV 2.7 Hill et al., 1985
Cyclotron

neutrons 13 MeV 1.8 - 2.0 Ohara, 1985
Van de Graaff

neutrons - 2 Mev 2.9% Present report
Cyclotrons

neutrons 13 MeV 1.82 Present report

Determined at the level of 2 x 10~ 3 transformation frequency.
Determined at the level of 1.5 x 10~3 transformation frequency.
Determined at the level of 1.0 x 103 transformation frequency.
Determined at the level of 2.6 x 103 transformation frequency:
Determined at the level of 20% survival.

L AW

endpoints. Thus, the use of cyclotron neutrons may be preferable in radiotherapy practice.

Two-dose fractionation experiments were intended to see how subt{ansformation damage
caused by neutrons evolves after irradiation. This was carried out by administering two 1 Gy
doses of cyclotron-produced neutrons and two 0.75 Gy doses of Van de Graaff neutrons to the
plateau-phase cells at a 3-hours interval. Table 3 shows the results. The observed values were
slightly affected by a different batch of serum from the one used in the single dose experiments
in Table 1, and, therefore, the results seems to be rather inconsistent, additionally because of a
limited scale of the experiment shown in Table 3. It appears that subtransformation damage
caused by low-energy neutrons resulted in a 50% increase of the transformation frequency in 3
hours, whereas about 30% of transformation dafnage caused by high-energy neutrons was
removed during the same interval. In accordance with the sparing effect found with
cyclotron-produced neutrons when. 10T% cell survival was studied with a multifractional
design by Oharala), subtransformation damage caused by 13 MeV neutrons appears to be
reparable.

Hill et al. first demonstrated that fission-spectrum neutrons. at reduced dose rates” and in
fractions enhance neoplastic transformation. Our result with Van de Graaff neutrons seems to
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Table 3. Two-dose fractionation experiment on transformation by neutron beams

Transformation frequency with S.E.
per surviving cell (x 10—3)

Radiation Dose (Gy)
Interval between exposures
0 hr 3hr
Van de Graaff
neutrons 0.75+0.75 1.5=0.4 2.3+0.6
Cyclotron
neutrons 1+ 1 . 2.1+ 0.5 1.5+04

be consistent with theirs. To explain these results, we may suppose that two types of repair
reaction occur essentially in series; one acts to modify initial, subeffective damage toward
transformation, and the second involves a removal of resultant transformation damage which
leads to transformation through a fixation process. On this basis, the above resuits may be
interpreted by assuming that subeffective damage induced by low-energy neutrons is amenable
to modification but is not susceptible to subsequent removal, whereas damage caused by
high-energy neutrons is equally susceptible to the above two processes. Cellular repair of
low-energy neutron damage in such a way.as above may be called “error-prone repair” as
pumowdbyEmhMetﬂ}Q.

We thank Dr. M. Seki, Director of the Division of Physiology and Pathology, Mr. Z.
Murakoshi of the Division of Technical Services and the staff of the Section of Cyclotron for
their kind cooperation. One of the authors (T.T.) especially thanks Dr. T. Maruyama of the
Division of Physics for his helpful comments.
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Introduction surgery was performed within 3 weeks

There were 1171 patients, suffering
from locally advanced or radioresistant
cancers, were treated with 30 MeV (d-Be)
neutrons from November 1975 to March
1984. 921 of them had the tumours pre-
viously untreated.

. The sites involving over 100 patients,
were head and neck (196), esophagus (115)
and female gynecologicl organs (164).

Determination of the indication has
been the main theme for clinical trials in
order to confirm the effect of high LET
radiations. Progress of the studies is
discussed.

Method of studies

The clinical trials were performed with
a fixed perpendicular neutron beam,
which was produced by bombarding a
thick Bellylium target with 30 MeV deu-
terons. Dose distributions of the fast neu-
tron beam for 10 x 10 cm field at SSD
175 cm measured in a tissue equivalent
phantom were found to be almost the same

as those of Tele-cobalt y-rays for.

10x 10 cm field at SSD 80 em.

The doses for the individual cases were:

prescribed by use of a concept of biolo-
ﬁic'ally equivalent TDF (time dose and
ractionation) (1). In the cases treating
with a radical purpose, the doses equiv-
alent to TDF 100-110 were delivered to
the target volume; neutron only, mixed
schedule or fast neutron boost were
selected according to the indication.

The doses used in preoperative irradi-
ation were equivalent to TDF 60 and the

after the irradiation. ,
Postoperative irradiation with fast
neutrons was performed with the doses
equivalent to TDF 80 and was used in the
treatment of carcinoma of the esophagus.
To evaluate the results of the treat-
ment, scores consisting of five steps were
used, by which the normal tissue response
and the tumour response were recorded..

Results
a) Head and neck cancers .

Analysis of the results of the treatment
was performed for 150 patients, who were
suffering from advanced head and neck
cancers and have not been treated
previously.

Complete regression of the tumour was
seen in 56 cases of all (37%) who were
treated by radiation only, and the other 31
have had a local control of the tumour
after salvage surgery (Table 1).

Complications due to fast neutron
therapy has developed in 10 patients, in
which trismus was one of the marked late
effects. . :

The patients suffering from carcinoma
of the larynx were treated with fast
neutron boost after a 40 Gy of x-rays. -

The results show that, when fast neu-
trons were used, the tumours arising from
supraglottis of the larynx have been
controlled in hiﬁher rate (84.6%:11/13)
compared with those who received x-ray
treatment (25%:25/100), whereas the
results were almost even in the cases of.
glottic and subglottic cancers (Table 2)

Progress in Radio-Oncology III, Editor K.H.Karcher, Proceedings
of the Third Meeting on Progress in Radio-Oncology, Vienna, 1985,

ICEO 1987.
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Table 1

Result of fast neutron therapy for
advanced head and neck cancer (NIRS)
(Analysed at November 1984)
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them, one was controlled by radiation only
and the other three received salvage sur-
gery, one of whom had not active tumour
cellsin the surgical specimens.

In 17 cases involved by advanced car-
CR SR Compli- cinoma of the maxillary sinus, 4 patients
cation’ were suffering from osteosarcoma and
received salvage surgery after fast
FOM T3-T4 8 1 = 1  neutron only, and 3 of them resulted in
- local control. An additional effect of fast
Palate 3 2 2 - ! neutron beam could not be expected to
Gum T3-T4 10 1 4 1 manage advanced tongue cancer, where
interstitial irradiation and salvage sur-
Tongue T2-T4 17 2 1 2 gery has been used for a radical modality.
Mucosa . T3-T4 2 .- 1. - b) Lung cancer
Oropharynx T3-T4 3 1 - 2 Fast neutron beam was applied to 79
d patients who were suffering from lung
Nasopharynx T2-T4 5 2 - - cancer. Among them, 30 patients were T-1
and T-2 and 49 patients were T-3. The
Larynx T1-14 49 30 1 - results show thai(;l local control raftes were
H h T2-T3 . 9 3 5 1 20/30 (66.6%) an 21/49 .(42.8%) or T-1-2
ypopay™ - and T-3 tumours respectively and that 14
Max. Sinus 17 - 6 2 cases developed the complications of
- moderate through severe reactions
Parotid G1 : (Table 3). The doses equivalent to TDF
- Primary 4 1 3 - 100-120 were required to manage tumours
~ Postop 1oy - - under acceptable complication rates.
h 11 4 - -
Others Table 3
150 56 31 10 Local control and complication in the
(37%) (26.6%) (6.6 %) treatment of fast neutrons for lung cancer
87 (58%) (30 MeV,d-Be) NIRS
Local Control Complication
Table 2 Tt T2 T3 ]| Moderate Severe
Local control rates of carcinoma of the <100 | 273 3/9 1712
larynx treated with neutron boost*
100-120 12/20  14/32 9/52
T1
T2 ™ T4 >120 6/7 4/8 4/15
Glottic 3/5 5/8 0/2 01 20/30  21/49 14/79
(48/57) (8/19) " (3/27) or1) .
Supra- 22 33 4/6 22 Cumulative surviva} rates e}raluéa%e‘;i
fottic (4/8)  (12/38) (7/31 2127 at five years were 52% for stagel an o
i ) R v @2 for stageIl and 24% for stage III. For
Sub-glottic mn 01 Pancoast tumour of the lung, cumulative
(0/5)  (0/s) (five year) survival rate was 23%, and

( ): Treated by x-rays 1964-1971
*: Cancer Research Institute Hospital

Salvage surgery was necessary to
manage carcinoma of the hypopharynx,
because local control of the tumour was
observed in only 3 cases after the fast neu-
tron therapy.

There were 3 patients sufferin
carcinoma of the parotid gland.

from

mong
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mean survival time observed in the
patients expired was 11.6 months for fast
neutron therapy, whereas the time was
shortened to 4.2 months for the cases that
received photon beam irradiation. -

¢) Carcinoma of the esophagus

The results were evaluated in 115
patients with unresectable tumour of the
esophagus, 34 of whom were treated with
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fast neutron beam and the other 81 were
treated by photon beams. As shown in
Table 4, complete regression of the tumour
was observed in 15 of 34 patients (44.1%)
who received fast neutron therapy, and
was 24 of 81 patients (29.6%) in the photon
beam therap
tumour to radiations evaluataed according
to x-ray findings, effect of fast neutrons

was found to be better. for tumorous and -

serrated type cancers compared with the
photon beam treatment.

Table 4

Local control rates of esophageal cancer
treated with either fast neutrons or
photons. - TDF 90 -

- No of
Modalities cases CR (%)
F-N 34 15 (44.1%)
Mixed Schedule 20 7 (35.0%)
Boost Therapy 14 A8 (57.1%)
Photon 81 24 (26.9%)

CR : complete regression

Surgical specimens obtained from the
cases that received preoperative irradi-
ation with fast neutrons show that the
effects of neutrons were marked in the
well differentiated type of cancers.

d) Carcinomad of the uterine cervix

Carcinoma of the uterine cervix, stage
III-b and IV-a was treated with mixed
schedule and additional intracavitary
treatment. _ o

.The results show that, although an
improvement of local control rates has
been obtained in the. studies based on a
histological classification, there were not
significant differences between the sur-
.vival rates of the patients who received
either fast neutron or photon beam ther-
apy. .
p-yHowever, when fast neutron beam was
used in the cases with the recurrent
tumour in the pelvis, the survival rates
have -been improved in the cases that
received fast neutron therapy, where 5
year survival rate was 26.7%. For the
patients treated with photon beams, 5
year survival rate was found to be under
10%.

group. When responses of

Fast Neutron Therapy at NIRS

This fact suggests that intracavitary
irradiation has markedly contributed to
manage the tumours arising from cervix of
the uterus even when an additional effect
of mixed schedule would be expected.

Table 5 .

Local control rates of carcinoma of the
uterine cervix treated with either fast
neutrons or x-rays, evaluated according to

“tumour volume and histology

73

. Local Control (%)
Tumour |} Histol-
Volume | ogy* :
Neutrons X-Rays

Large L 73 (11/15) 53 (9/17)
(150 ml) R 55 (6/11) 50 (5/10)

S 73 (11/15) 66  (6/9)
Medium L | 82 (18/22) 61 (14/23)
(100 mi) R | 56 (5/9) | 55 (6/11)

S | 94 (17/18) 79 (19/24)

*L = Large cell type (WHO)
R = Radioresistant type (National Cancer Center)
$ = Radiosensitive type (National Cancer Center)

e) Malignant melanoma
There were 54 patients suffering from
malignant melanoma, 39 of whom had a
disease arising from the skin and the other
15 were with melanoma of the head and
neck region. When the residual tumours
were found in the course of fast neutron
therapy, salvage surgery and cryosurgery
were applied to complete the treatment,
The results were analysed for the patients
involved by malignant melanoma and pre-
viously untreated. There were 21 of skin
melanoma and 12 of head and neck mela-
noma, ‘
Of 21 patients with skin melanoma, 4
were stage I-a, 15 were stageI-b and the
other 2 were classified stage II and stage
III. Five year survival rate of them was
47%. As shown in Table 6, complete re-
gression (CR) was achieved in 2 cases, who
were treated with fast neutron only, and
the other 17 had local control after a com-
bination therapy-of fast neutrons and sur-
gery (N + S). The results suggest that fast
neutron irradiation has contributed not
only to improve local control rate of mela-
noma but also to reduce the surgical mar-
gin, where an en bloc dissection was re-
uired and the margin was decided 5 cm
rom the tumour. Hence, the policy was
modified to use fast neutrons for pre-
operative irradiation. The preliminary
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results show that 7 patients, excluding a
patient who expired by cardiac disease,
were surviving from 22 months to 47
months without local recurrence or remote
metastasis.

Table 6

Result of fast neutron therapy for the
pg_tients with malignant melanoma of the
skin :

Result
No
Site Case
CR(RT) | CR(N +S) | MT
ALM Sole 12 2 8 2
“Hand 4 - 4 -
NM Nose 2 - 2
Ear lobe 1 - 1 -
- Neck - 1 - 1
LMM Nose 1 - 1 -
Total 21 2 17 2.

ALM: Acral lentiginous melanoma
NM: Nodular melanoma
LMM: Lentigo maligna melanoma

Melanomas arising from head and neck
were far advanced and were treated with
fast neutron irradiation and surgery. Two
of 12 patients have survived over 5 years.
One of them was surviving without
disease in 8 years and 9 months and the
other expired by dissemination 7 years
after treatment.

Reactions of skin and mucosa were severe
in 8 cases (24%).

f) Osteosarcoma

The patients suffering from osteosar-
coma have been treated with a policy for
preservation of the function of the leg.
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In the beginning of the study, the aim
was placed on estimation of the effect of
fast neutrons on normal tissue and osteo-
sarcoma and the doses equivalent to TDF
120 were irradiated to the target volume.

" However, the efforts have not been re-

warded by the fact that the late effect of
the skin was more severe than expected.
Necrosis of the irradiated tumour tissues
were common in the histological speci-
mens. ‘

The second series of the trials was
opened in 1979 with the doses equivalent
to TDF 100 and was closed in 1981.

In this trial, an unirradiated area was
made in one side of the leg in order to
reduce the late reaction of the soft tissue.

In the third series, initiated in 1982,
preservation of the leg was decided for the
main purpose of the study and the doses
were reduced again to equivalent to
TDF 80 for making easy reconstruction of
the leg, where the bone involved was
replaced by an artificial material.

There were 54 patients suffering from
osteosarcoma treated with fast neutron
therapy between 1975 and 1984. Cumu-
lative five year survival rate evaluated for
47 cases, excluding 7 patients who re-
ceived palliative treatment only, was 67%,
which was markedly contrasted with the
rate of 19% for 18 patients who received
photon beam irradiation. .

The treatment for preservation of the
leg was applied to 29 patients, 5 of whom
received amputation due to marked soft
tissue damage. There were no local recur-
rences and the patients, excluding 4 who
expired, were surviving 5-96 months.

"~ In the third series, 15 patients where
involved and 13 were surviving without
disease.

Necrosis of the skin and soft tissue
developed in 4 of 8 patients (50%) who

Table7
Skin reaction developed after radiation therapy(n:43)
Early skin reaction Late skin reaction
Redden- Desquamation Ulceration |Atrophy Pigmen- Necrosis
ing dry moist tation )
60 H
xcr‘;yL'"a‘ 18/18 18/18 7118 1118 8/8 8/8 4/8
= [ [} o,
(18 cases) (39%) (5%) (50%)
Fast neutron |25/25 25/25 9/25 0/25 6/12 9/12 2/12
(25 cases) (36%) (75%) (75%) (17%)
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received 90-130 Gy of photon beams and
was seen in 2 of 12 patients (17%) treated
with fast neutrons (Table 7).

Prior to surgery, chemotherapy was
prescribed for the patients, through the
regional ‘arteries. When the disease was

advanced, general administration of the

drugs was performed in addition to the
local infusion. ’

Adjuvant chemotherapy was continued
_ during 18-24 months after surgical pro-
cedures.

Table 8

Results of radiation therapy for carcinoma
. of the urinary bladder evaluated with

reduction of tumour volume (cystogram)

Reduction of volume nez“::ct:ns Photons
>50% , 3 1
<50% ' 1 3
No change ‘ 2 4
Not evaluated 11 12

17 20

g) Carcinoma of the urinary bladder .
Preoperative irradiation with fast
neutrons was designed to 17 patients who
were suffering from carcinoma of the urin-
ary bladder, stage ¢. The effects were eval-
uated with reduction of the tumour
volume using cystogram and with histo-
logical finding. As to the tumour volume,
the reduction over 50% was observed in 3

Fast Neutron Therapy at NIRS

of 6 cases (50%) who received fast neu-
trons, and in 1 of 7 cases (12.5%) with pho-
ton beams. In this evaluation, cystograms
were of value for estimation of the tumour
volume (Table 8).

Discussion and conclusion
Clinical experiences suggest that the
tumours have been controlled in higher

rates by use of fast neutron beam,
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compared with photon beam irradiation,
but the effects of fast neutrons and
photons were found to be almost even in
the sites where brachytherapy was com-
mon for management of cancers.

As to the indications, carcinoma of the
salivary gland and esophagus, Pancost’s
tumour of the lung, osteosarcoma were
selected for fast neutron therapy.

Fast neutron boost was applied to
carcinoma of the larynx and glioblastoma
multiforme and has contributed to
improve local control of the tumour. For
glioblastoma multiforme, 22 patients have
received fast neutron boost, and 16% of
whom have survived for five years. On the
other hand, the data of the Brain Tumour
Registry in Japan shows that, when

hoton geam irradiation was performed
or 114 patients with glioblastoma multi-
forme, five year survival rate was 9.8%.

Preoperative irradiation with fast
neutrons is of value in the teratment of
carcinoma of the esophagus and urinary
bladder, osteosarcoma, soft tissue sarcoma
and malignant melanoma, The prelimin-
ary results of the treatment were {Jromis-
ing and will be evaluated by the following
clinical trials.



1584 AWREEE, 8%, 95, 19874

BISLIEE O B
TEAFELHRURENILE (X BE BHB)
MxrT B ik FH 2 BEEH  E

HARELBATRR R $HRED
B B N B T 18

RADIOTHERAPY OF PROSTATIC CARCINOMA

Susumu Akimoto, Hideki Fuse and Jun Shimazaki
Department of Urology, School of Medicine, Chiba University
: (Director: Prof J. Shimazaki)
Shinroku Morita and Hiroshi Tsunemoto
National Institute of Radiological Sciences
(Chief: T. Terashima)

During the period from 1976 to 1985, 28 cases with adenocarcinoma of the prostate localized in the
pelvis (Stage A,; 3, Stage B;; 4, Stage B,; 1, Stage C, Nx; 13, C, pNy; 5, C, pN; (D;) 2) underwent curative
external radiotherapy. 21patients were treated by 100~131 TDF of fast neutron combined with or without
Lineac X-ray and 7 cases were treated by 6,000~7,000rad of Lineac X-ray. The radlatlon fields were
‘prostate in 13, small pelvis and prostate in 13, and small pelvis in 2.

16 patients were well controlled by radiation therapy, but 12 patients relapsed and were followed by
endocrine therapy. The types of relapse were local growth in 3, distant metastases in 7, both in 1 and
unknown in 1. These relapses occurred in the cases of large prostate cancer, small radiation field in Nx
patients or low radiation dose.

The three-year disease-free survival rates of Stage A,, B, C were 100%, 53%, 52%, respectively, and
the five-year overall survival rates were 1009, 100%, 59%, respectively. Since 64% of the patients who
were added with endocrine therapy were controlled for more than 2 years, endocrine therapy seems to be
effective in the case of failure after radiotherapy. Severe comphcatlon which needed surgical treatment
was in 1 case of sacral decubitus.

It was concluded that external radiotherapy was a good modality for prostate cancer localized in the
- pelvis.

BY | TEAFEFMBRBINTIT, 19760 519854 ¥ TORIC, BAHEEREC TREYERL
TeRBHFEMIRED 5 b, BEACERET 5% (Stage A, 3, Stage B5, Stage CNx 13, Staging
Operation 4T C,pNy 5, Dy,pN;, 22D b DO FHEEKREF L, EhHTREMD LIV =7 » 2 X
MEOBEAN2L, V=7 » 2 XBBEMTTHY, BERED, EFHETHRTIXTDF100~131, V=7 v
7 X $8T136,000~7,000rad & = fn -7, BHEHEFREREORLS, /NEBEFIEHELS, NMEOL2
ThH5H, BEREECHETO L DRIET, BRLASIMEEZEM L DR12TH -7, BEOH
R, BROHEARES 3, ERER+RFTOHETES 1, EREBOXT, BRIV RH1
ThHH, HIRLEBLR»-FERIE, KELERE RBETREAR, EHECRRELIL, 3EEFR
X, Stage A, 100%, Stage B 53%, Stage C52%TH v, 54EAEFEEIL Stage A, 100%, Stage B
100%, Stage C59%TH -7, FSWMEEBINC L DA% EHTHD o & L b, BIERBERCER
LIcBE TS ASMEEDR A TH - 7. BHHABREET, ABHLESLETH - DX, IEHEE
D1IFIDORTH -7,

lEX Y, BRANCERESINIBECT 5 ReHRREO B2 R L2,
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Present Status of High LET Radiation Therapy—Fast neutron radioterapy in Japan: S. Morita,
H. Tsunemoto, Y. Aoki, S. Kubota, T. Nakano, H. Gomi, K. Kumagaya, T. Arai, S. Sato*, Y. Iino,
A. Kumazawa*?, S. Onoda, A. Shimazaki*, N. Takada*, S. Kamata*s, Y. Ogata*, H. Hanaoka*, T,
Kasamatsu*® & S. Mori*® (*1 National Insitute of Radiologital Sciences (NIRS), *2 Institute of Medical
Science, Tokyo Univ. (IMS), *3 Chiba Univ. Hospital, *4 Chiba Cancer Center Hospital, *5 Cancer
Institute Hospital, *6 Tochigi Cancer' Center Hospltal *7 Keio Univ. Hospital, *38 National Cancer
Center Hospital, *9 Gifu Univ. Hospital) - : o ’ C
More than 1,900 patients of advanced and inoperable malignant tumor were treated with fast neutron
radiotherapy using 30 MeV (d-Be) and 14 MeV (d-Be) beams at NIRS and IMS between 1975 and 1986.
Protocols were largely nonrandomized. Some results have -béen -obtained : 1} results with mixed beim
studies for advanced squamous cell carcinoma of the utrine cervix have been equivocal compared with
the photon controls. 2) some trends of local control have been observed in the trial of esophagial cancer,
early cases of adenocarcinoma of the lung and malignant melanoma. .3) significant better results were
observed in the pancoast type lung cancer and osteo sarcoma which was treated by the systemic multi-
modal treatment. It is concluded that neutrons are efficacious for certain specific tumor types owing to
some biological effects, however the problem of inferior dose distribution was the weakness of neutron
therrapy at present.

Key words: High LET radiotherapy, Fast neutrons

Jap. J. Cancer Clin., 33(13): 1647~1654, 1987.
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[*N]JAmmonia in Organic Solvents; a Potent
Synthetic Precursor for *N-labeling

TOSHIYOSHI TOMINAGA,"* KAZUTOSHI SUZUKI? OSAMU INOUE,?
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13NH, in an organic solvent was prepared and its utility as a labeling precursor was studied. [**N]adenine
((°NJADN), [*Ninicotinamide ({'’N]NAM), [*N]p-nitropheny] carbamate ({"NINPC), and [*N]L-glut-
amine (['*N]Gln) were labeled utilizing this precursor. ["NJADN and [“N]JNAM were labeled in much
better yields than from an aqueous solution of "NH;. [*NINPC and [*N]Gln, which could not be labeled
in an aqueous solution, were labeled in high radiochemical yields. Thus, the advantages of this precursor
are the improvement of the labeling yield and the feasibility of labeling compounds unstable in aqueous

conditions.

Introduction

As previously reported, we have developed the syn-
thesis of *N-labeled compounds (["*N]adenosine and
[*N]nicotinamide) by ammonolysis in an aqueous
solution (Irie et al., 1985). Since *NH, is supplied in
the form of a dilute aqueous solution, the labeling
reactions using NH, as a precursor have generally
been carried out in water (Irie et al., 1985; Tominaga
et al., 1985; Finn et al., 1980). However, the yield of
ammonolysis is known to be better when the reaction
is carried out in an organic solvent such as ether or
methanol. Ammonolysis in a non-aqueous medium
also enables the labeling of compounds unstable in
water, which enlarges the scope of this reaction.

Therefore, we developed *NH, in an organic sol-
vent in order to gain better yields in ['*'NJ-ammono-
lysis and evaluated its potential utility as a synthetic
precursor. We selected adenine (ADN), nicotinamide
(NAM), p-nitrophenyl carbamate (NPC), and glut-
amine (Gln) as target compounds and studied [>N]-
ammonolysis in an organic medium.

Materials and Methods
1. Materials

6-fluoropurine was synthesized according to the
method of Kiburis et al. (1971). Nicotinic acid
chloride hydrochloride (NACIHCI) was synthesized

* Al correspondence should be addressed to the National
Institute of Radiological Sciences.
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from nicotinic acid and thionyl chloride (Mayer and
Graf, 1928). Tetrahydrofuran (THF) and triethyl-
amine were distilled prior to use. Other chemicals and
solvents were of the highest grade commercially
available.

2. Methods

2.1. Preparation of [*N]ammonia

The aqueous solution of “NH,.was prepared
according to the modified method of Suzuki and
Tamate (1984); briefly, proton-irradiated water was
introduced into a reduction flask containing an
aqueous solution of titanium chloride and NaOH,
and the radiolabeled ammonia was distilled with
water in a stream of helium.

2.2. Synthesis of [°N1ADN

2.2.1. Preparation of “NH,HCI. To 500 uL of
BNH, (5-10 mCi)-containing water, 10 L of 0.1 N
HCl was added, and the mixture was thoroughly
evaporated in a microwave oven.

2.2.2. Labeling of [*NJADN (Scheme 1). The sub-
strate (6-fluoropurine, 6-chloropurine, or 6-methyl-
mercaptopurine), NaOH (0.1-10 umol in 5uL of
aqueous solution) and carrier ammonia (0-10 umol
in 5pL of aqueous solution) were added to the
methanol solution (400 uL) of *'NH,HCI. The mix-
ture was sealed and heated for 10 min in a boiling
water bath. The radiochemical yield of [*NJADN
was determined by thin-layer chromatography (TLC,
silica gel, ethyl acetate:methanol (2:1)).
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2.3. Synthesis of [”N]NAM

2.3.1. Preparation of *"NH,HCI. To 1 mL of 13Nl—I
(10-20 mCi)-containing water, 5 uL of 1 N HCI and
about 20 mL of benzene were added, and the mixture
was evacuated (about 10 mmHg) using a rotary
evaporator in a boiling water bath to remove water
as the benzene azeotrope.

2.3.2. Labeling of [PNINAM (Scheme 2). To
BNH, HCI, 200 1L of 20 N NaOH, 2 mL of acetone,
carrier ammonia (5-10 gmol in 1IN solution, except
in non-carrier-added synthesis), and freshly prepared
NACIHCI were added. then the mixture was stirred
vigorously for 30s. The labeling yield of [*'N]JNAM
was determined by TLC (silica gel, acetone).

2.3.3. Isolation of [PNJNAM. After the reaction
described above (non-carrier-added state), the upper
layer (acetone) of the mixture was loaded on the
column of silica gel (10 mm¢ x 40 mm) and eluted
with acetone. ['*’N]NAM was obtained in 4-10 mL of
eluent. Removal of the eluent afforded [*NJNAM.
The radiochemical purity of the product was deter-
mined by TLC (silica gel, acetone) and high perform-
ance liquid chromatography (HPLC, adsorbent : Fine-
pak C-18 (JASCO), eluent:acetonitril:0.04% H, PO,
(6:4), 1 mL/min).

2.4, Synthesis of [P°NINPC

2.4.1. Preparation of anhydrous organic solution of
BNH,. The anhydrous organic solution of *NH;, was
prepared either with a remote-controlled micro-scale
distillation apparatus (Fig. 1) or with a manually-
controlled device made up of normal laboratory
glasswares. The former duly afforded better recovery
of "NH,. The distillation apparatus was controlled
as follows. The irradiated water was introduced in a

TosHIYosH! TOMINAGA et al.

reduction flask containing Devarda’s alloy (200 mg)
and NaOH (400 mg); the flask was heated to about
400°C and the radiolabeled ammonia was distilled.
Only the distilled fractions containing much radio-
activity (detected by RS2) were dehydrated by pas-
sage through a drying column containing about 10 g
of ascarite (8-20 mesh) heated by a stream of hot air
(200°C). Other fractions containing less radioactivity
(and much water) were introduced to the waste vessel.
BNH, trapped in the drying column was expelled by
a stream of helium (100 mL/min) after the distil-
lation. The process of this apparatus corresponding
to the outputs from beam ‘current and radioactivity
detectors is shown in Fig. 2.- The dried "NH, was
trapped in the cooled (about —10°C) organic solu-
tion (1-2mL) of the reagents (p-nitrophenyl chloro-
formate and base). The amount of each reagent and
the solvent used are shown in Table 3. The water
content of the dried distillate was measured as fol-
lows: molecular sieves were put in the place of the
trapping solvent, and the increase in the weight of the
molecular sieves was measured after the distillation.

2.4.2. Labeling of [PNINPC (Scheme 3). After the
distillation, carrier NH, (5-10 umol in THF, except
in non-carrier-added synthesis) was added and the
mixture was stirred vigorously for 2 min. The radio-
chemical yield of [*'NJNPC was determined by TLC
(silica gel, ethyl acetate:hexane (5:4)).

2.4.3. Isolation of [*NINPC. Diethyl ether (20 mL)
was added to the filtrate of the reaction mixture (non-
carrier-added state) and this solution was washed
with 2 N HCI and saturated aq. NaCl solution. Re-
moval of the solvent afforded [*N]JNPC in a radio-
chemical purity of 98%. [“NJNPC was identified
by TLC (conditions described above) and HPLC
(absorbent: Finepak C-18 (JASCO), eluent:meth-
anol:water (9:1), 0.5 mL/min).

2.5. Synthesis of [PN1GIn

2.5.1. Preparation of N-phenyloxycarbonyl-L-glut-
amic acid-o-methyl ester (1). This compound was
synthesized according to a conventional method
(Schroder and Klieger, 1964; Scheme 5). In short,
N-phenyloxycarbonyl-L-glutamic acid (a) prepared
from L-glutamic acid and phenyloxycarbonyl chlor-
ide was dehydrated with dicyclohexyl carbodiimide
(DCC) into N-phenyloxycarbonyl-L-glutamic anhy-

, R : CgH50CO
R'OH H .
DCHA oR R’: CHy
RN
RN
H b
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Fig. 1. Schematic diagram of '*NH; distillation apparatus. A: reduction flask (Devarda’s alloy and

NaOH), B: drying column (ascarite), C: trapping vessel (substrate solution), VI-V13: electric valves,

RS1-RS2: radioactivity sensors, VT1: vortex tube for cooling, HI-H2: heaters, RG1: pressure regulator,
FCI1: flow controller.
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Fig. 2. Procedures using the apparatus, and output from the
current and the radioactivity sensors. a: beam current, b:
radioactivity produced in the target (calculated), c: radio-
activity detected by RS! (Fig. 1), d: radioactivity detected
by RS2 (Fig. 1), %: zero point of the beam current (a) and
radioactivity in the target (b), A: start of the bombardment,
B: end of the bombardment, start of the transfer of irra-
diated water to the reduction flask, C: end of transfer and
start of reduction and distillation, D: start of passage of the
distillate through the drying column, E: end of the passage
and start of expulsion of *NH, from the drying column by
He gas (100 mL/min), F: removal of the organic solution of
NH,.

dride (b). Then b was methanolized in the presence
of dicyclohexylamine (DCHA). Neutralization of
this DCHA salt afforded 1, colorless oil; 'H NMR
(CDCl,) 10.9 (s, 1H, COOH), 7.1 (m, 5H, C¢H;), 6.3
(b, 1H, NH), 4.7 (b, 1H, CH), 3.7 (s, 3H, OCH,), 2.5
(m, 4H, CH,-CH,).

2.5.2. Labeling of [®NIGin (Scheme 4). Methyl
chloroformate (5uL, 60 umol) and triethylamine
(Table 3 shows the amount) were added to THF
(3 mL) solution of 1 (120 pmol), and the mixture was
stirred for 5 min in an ice bath. The anhydrous "NH,
was distilled into this solution and the reaction
mixture was stirred at room temperature for 5 min.
The yield of N-phenyloxycarbonyl-{"*N]L-glutamine-
a-methyl ester (3) was determined by TLC (silica gel,
ethyl acetate). To this reaction mixture, 2 N NaOH
(150 L) and methanol (150 uL) were added and
stirred vigorously at 50°C for Smin. The radio-
chemical yield of ['*N]GIn (4) was estimated by TLC
((a) silica ‘gel, ethyl acetate:methanol:acetic acid
(20:5:0.2) (R; of 4: 0.0), (b) KC18F (Whatman),
methanol:5 N ammonia (20:3) (R; of 4: 0.8)).

Resuits
As a substrate for the synthesis of [’NJADN,
6-fluoropurine was found to be by far the most
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Table 1. Labelling efficiency of {"NJADN

Carrier NaOH Substrate* Yield
(umol) (umol) (#mol) (%)
0 0.1 20 7
0 1 20 19
0 5 20 14
5 5 20 21
5 10 20 18
5 50 20 5
10 10 20 13
10 . 10 50 19

* 6-fluoropurine.

Reaction conditions: total volume 400 #L, 100°C, 10 min. Carrier
NH; and NaOH was each added in 5uL of aqueous solution,
separately.

Table 2. Labelling efficiency of [*N]NAM

Carrier (umol) Substrate (umol) Yields (%)
0 40 95
0 80 94
0 160 95
5 40 C 97
5 80 97
5 160 98
10 160 96

Reaction conditions: total volume 2.2 mL, room temperature, 30s.

reactive. The effects of the amount of NaOH, carrier
NH;, and the substrate (6-fluoropurine) on the label-
ing yield of [®NJADN are shown in Table 1. The
labeling efficiency was mainly affected by the amount
of NaOH. ["NJADN was synthesized in a higher
yield (max. 21%) in methanol than in water (8%).
The labeled [*NJADN was identified by TLC (Fig. 3).

The labeling yield of ['*N]JNAM is shown in Table 2.
The labeling reaction proceeded with a much higher
yield (nearly quantitative) than in water (about 25%,
Irie et al., 1985) in both a non-carrier-added state and
a carrier-added state. The purification of ["N]NAM
was undertaken in a short period (total preparation
time about 15 min) at a high level of radiochemical
purity (over 98%). [*'N]NAM was identified by TLC
(Fig. 3) and HPLC (Fig. 4).

The recovery of '*NH, by distillation apparatus
(Fig. 1) was about 80% based on "NO, produced
in the target (decay corrected). Typically, about
200 mCi of ®NH, in an organic solvent was obtained
from a bombardment of a 18 MeV proton beam
(15 pA) for 15min. The total preparation time was
about 5 min after the irradiation (Fig. 2). The dried
distillate contained practically no water.

Table 3 shows the effects of the base, substrate
amount, carrier NH;, and solvent used, on the yield
of [PNJNPC. THF and Na,COj; were best fitted as a
solvent and a base, respectively. Under optimal con-
ditions, [PN]NPC was labeled almost quantitatively
in a short period. The isolation of the product was
performed in a short period (total preparation time
was about 10 min after the distillation) in a radio-
chemical purity of over 97%. [*N]JNPC was identified
by the TLC (Fig. 3) and HPLC (Fig. 5).

The radiochemical yields of N-phenyloxycarbonyl-
[N]L-glutamine-a-methyl ester (3) and [“N]GIn (4)
are shown in Table 4. [°’N]GlIn was synthesized with-
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out isolating 3 in a short period (about 12 min after
the distillation). The amount of triethylamine affected
the yield of 3. The radiochemical yield of [*N]Gin
could not be determined precisely because of the lack
of an appropriate TLC system. However; the effici-
ency of the deprotection was estimated to be more
then 80%. Compounds 3 and {’N]GIln (4) were
identified with TLC (Fig. 3).

Discussion
1. Preparation of PNHj, in an organic solvent

In this paper, we present two methods of prepar-
ing an organic solution of ’NH,: one via *NH,HCI,
and the other by distillation. In the method via
BNH,HCI, a small amount of aqueous base was
added to the organic solution of dried PNH,;HC}, in
order to liberate free "NH, and quench the acid (such
as HF from 6-fluoropurine) generated in the course
of the reaction. The content of the intentionally
added water was less than 3% in the case of the
labeling reaction of [*NJADN. The labeling of
[°N]JNAM was performed in a biphasic medium
(Schotten—-Baumann reaction), in which concentrated
NaOH (lower layer) neutralized the HCI salt of the
acid chloride and quenched HCI liberated in the
course of the reaction, and the N-ammonolysis
proceeded in the acetone (upper) layer. The advant-
age of the method via ®NH;HCI is its simplicity
of operation and the quantitative recovery of
BNH,. This method is applicable to the labeling
of compounds stable to aqueous bases.

Distillation of '*’NH, seems the only way to prepare
a completely anhydrous organic solution of “NH,.
This solution serves as a general precursor of
N-ammonolysis. Especially in the labeling of com-
pounds labile to aqueous bases, this solution should
be used as a precursor. In that case, an anhydrous

-base (such as powder NaHCO, or triethylamine)

should be used to quench the acid generated in the
course of the ammonolysis.

2. BN-ammonolysis in organic medium

(1)[*N1ADN and [*NINAM. Ammonolysis gener-
ally proceeds in better yields in organic solvents than
in water, because in water, hydrolysis of a substrate
(such as an acid chloride) completes the desired
reaction and ammonia is hydrated to be less reactive.
As expected, the same tendency was observed in the
labeling of [*NJADN and [*°NJNAM, whose labeling
yields were low in an aqueous medium (Tables 1
and 2). .
6-Fluoropurine was the best substrate for the
labeling of [°NJADN, probably because of the
intensive induction effect of fluorine atoms. Lower
labeling yield in the presence of excess NaOH can be
attributed to hydrolysis of the substrate.

The labeling efficiency of ["N]JNAM by Schotten—
Baumann reaction was very much higher than that in
water. This is attributed to the far greater reactivity

94



- Front

Fig. 3. TLC of '*N-compounds. A: [*N]JADN (reaction mixture), B: [*'N]JNAM (isolated), C: [*N]NPC

(isolated), D: N-phenyloxycarbonyl-["*N]L-glutamine-a-methyl ester (3, reaction mixture), E: [“N])Gln

(reaction mixture). Each target compound (carrier) detected by u.v. or ninhydrin stain is shown with an
arrow.
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Fig. 4. HPLC of ["N]NAM. Conditions; adsorbent: Finepak C-18 (25cm, 4.6 mm¢) (JASCO), eluent:
acetonitril:0.04% H,PO, (6:4), 1 mL/min. Retention time, ["N]JNAM (8.2 min).

of the acid chioride in an organic solvent such as
acetone. The quality of the acid chloride greatly
affected the labeling yield, especially in a non-carrier-
added state.

Table 3. Labelling efficiency of [P"NJNPC

Carrier Substrate Yield
(#mol) Base (umol) Solvent (%)
0 Na,CO$ 100 THF 97
0 NaHCO$ - 100 THF 93
0 (C,H;); Nt 100 THF <2
5 Na,CO, 100 THF 92
10 Na,CO;, 100 THF 92
0 Na,CO, 50 THF 93
0 Na,CO, 25 THF 86
0 Na,CO, 100 (C,H,),0 90
0 Na,CO, 100 CHCl, 50
0 Na,CO, 100 CH,0OH 3

* Excess base was suspended in the reaction mixture.
+ 1.5 mmol (200 uL).
Reaction conditions: total volume 2 mL, room temperature, 2 min.

This reaction system permitted simple and rapid
separation, in which the upper (acetone) layer was
directly chromatographed over silica gel without any
pretreatment. When the reaction was carried out in
water as described in the previous report (Irie et al.,
1985) and the reaction mixture was directly loaded
on the column, the water destroyed the column and
the separation was unsuccessful. Since most of the
nicotinic acid (NA,  derived from NACIHCl] by
hydrolysis) remained in the basic water layer (lower
layer), this method also heightened the chemical
purity of the product.

ADN and NAM are essential constituents of
organisms and play important roles in the form
of nucleotides and cofactors. Therefore, *N-labeling
of these compounds is of great significance for visual-
ization of their biodisposition in live animals or
human. ''C-labeling of these compounds has already
been reported (Ido et al., 1982; Machulla, 1979). The
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Fig. 5. HPLC of [PNINPC. Conditions; adsorbent: Finepak C-18 (25cm, 4.6 mm¢) (JASCO), eluent:

methanol: water (9:1), 0.5 mL/min

Table 4. Labelling efficiency of [°N]Gln

Yield
Carrier Substrate (1) CICO,CH; E{;N —————"
(umol) (1mol) (umol)  (umol)  3(%) 4(%)
0 120 60 36 60 —
0 120 60 72 7t —
0 120 60 144 81 75
0 120 60 288 78 -—
5 120 60 144 3 70
10 120 60 144 77 65

* Reaction conditions: total volume 3 mL, ammonolysis 5 min
(room temperature), deprotection 5 min (50°C).

combination use of the !'"C- and “N-labeled com-
pounds may greatly contribute to obtaining informa-
tion about the in vivo metabolism of these compounds.

(2)[PNINPC and [*N]GIn. Some compounds easily
decompose in aqueous conditions. Such compounds,
especially one labile to aqueous bases, cannot be

. Retention time; [*N]NPC (7.8 min).

labeled from the aqueous solution of *NH,. *NH, in
an organic solvent is useful also for the labeling of
such compounds.

[NINPC is a potential metabolic trapping tracer
for estimation of choline esterase activity -in vivo
(Inoue et al., 1985). This compound is very easily
hydrolyzed even in a weak alkaline solution, as
follows:

p-NO,~CH,~OCO"NH, 25, p-NO,-C,H,0H
+ CO, + °NH,

Therefore, the labeling must be carried out under
thoroughly anhydrous conditions.

As a base, anhydrous Na,COQ, afforded the best
yield, probably because of the strongest basicity (pK,
value of HCOj is 10.2 while that of NH} is 9.2).
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Triethylamine caused unknown side reactions which
greatly reduced the labeling yield. In the hetero-
geneous reaction suspending an insoluble powder
base (such as Na,CO,), vigorous stirring is essential
to gain a good yield, since without it the efficiency
of neutralizing HC] becomes low and *NH, is
protonated to be inactive.

The isolated [’N]NPC was radiochemically pure.
However, removal of non-radioactive impurities such
as unreacted NPC1 and p-nitrophenol would be
necessary before it could be put to clinical use.

BNH, in an organic solvent also permits the
selective labeling of multifunctional compounds such
as amino acids by utilizing appropriate protective
groups. We selected L-glutamine (Gln) as an example
and investigated its selective labeling ("’ N-amidation)
at w-position. [*N]GIn has been reported to be a
useful tracer for the study of amino acid metabolism
(Henze et al., 1982). Although the enzymatic labeling
of this compound has already been reported (Gelbard
et al., 1975), chemical labeling. has not yet been
explored. This chemical labeling method would be
applicable to the labeling of peptides which cannot
be labeled with enzymes, as the chemical labeling of
["'C]methionine is applied to the synthesis of "C-
enkephalines (Négren et al., 1984).

Protective groups used need to be stable during
ammonolysis and easy to remove after the labeling.
Such protection is almost impossible in the case
of labeling in an aqueous medium. We selected the
phenyloxycarbonyl group as an amino-protecting
group and the methy! group as a carboxyl-protecting
group (Scheme 5). These groups are known to be
stable under anhydrous conditions and easily cleaved
in an aqueous NaOH solution.

In this labeling, the w-carboxyl group was activ-
ated by the mixed-anhydride method. In its yield
(about 80%) and reaction time (5 min), this method
is as effective as the acid chloride method. Since acid
chlorides are known to- cause side reactions in the
modification of amino acids, we avoided using this
method of activation. The mixed anhydride used (2)
was unstable and was allowed to react without iso-
lation. Since impurities in THF and triethylamine
hindered the formation of 2 and reduced the yield of
3, we concluded that these reagents must be purified
prior to use. '

This reaction is considered to be applicable to
the labeling of aspargine. We have already labeled
[®N]aspargine in a similar way.

445

Conclusion

In conclusion, the advantages of *N-ammonolysis
in orgainc media are as follows:

(1) the improvement in the yields of "N-com-
pounds ([’NJADN, [°N]JNAM); and (2) the feasi-
bility of labeling compounds containing functional
groups unstable in aqueous solutions ([*NJNPC,

[*N]Gln).

Acknowledgement—The authors are grateful to Mr K.
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["'C]Cyanoimipramine has been prepared by methylation of the desmethyl cyanoimipramine with
["'C]methy! iodide. The chemically and radiochemically pure labelled product was obtained with a high
specific activity (> 300 mCi/umol). When "'C (or *H)-cyanoimipramine was intravenously administered
in mice, high accumulations were shown in brain and lung. Thirty minutes after injection of the tracer,
differences were found in the radioactivity between the cerebral cortex and the cerebellum. The regional
distribution of radioactivity in the rat brain 30 min after i.v. injection of [''Cl]cyanoimipramine was also
examined, and the radioactivity was high in receptor rich areas (striatum, cerebral cortex etc.) but low
in receptor poor area (cerebellum). The in vivo stability of [*H]cyanoimipramine was quite stable in the
mouse brain for at least 30 min. Thirty minutes after injection, the radioactivity in the cerebral cortex of
the carrier-added state was reduced as compared with the carrier-free state. Taken together, the in vivo
specific binding of [*H]cyanoimipramine in the cerebral cortex was estimated at about 40-50% of the total
radioactivity. Furthermore, the distribution of [*H]cyanoimipramine in the mice forced to swim was
examined. Significant changes in the distribution of [*H]cyanoimipramine were observed in the cerebral

cortex.

Introduction

The possibility of in vivo studies of neuroreceptors in
the living human brain using positron emission to-
mography (PET) has recently been demonstrated
(Wagner et al., 1983; Frost et al., 1985; Farde ef al.,
1985; Samson et al., 1985; Shinotoh er al., 1985;
Persson et al., 1985; Frost et al., 1986; Wagner, 1986).
Tricyclic antidepressants like imipramine are widely
used in the treatment of depression. Furthermore,
high affinity [*H}imipramine binding sites have
been described in mammalian brain and platelets
(Raisman er al., 1979; Paul er al, 1980). These
PHJimipramine binding sites are related to the
5-hydroxytryptamine (serotonin) uptake system.
Thus, a good correlation exists between the potencies
of a variety of drugs to inhibit [*H}imipramine bind-
ing and [*H)5-hydroxytryptamine uptake in rat hypo-
thalamus (Langer et al., 1980) and in human platelets

(Paul e al., 1981). Importantly, ["H]imipramine bind-

ing sites are decreased in number (B,,,) in platelets

* Author to whom all correspondence should be sent.
Present address: Department of Radiopharmaceutical
Chemistry, Faculty of Pharmacy & Pharmaceutical
Sciences, University of Fukuyama, 985 Higashimura-cho,
Fukuyama 729-02, Japan.

of depressed patients (Briley et al., 1980; Langer et
al., 1984) and in frontal cortex of suicidal patients
(Stanley et al., 1982). The study of these binding sites
in the living human brain using PET is of interest due
to their possible role in affective disorders such as
depression. .

The synthesis of [''Climipramine and [!'C]chlor-
ipramine was previously reported (Maziere et al.,
1978; Berger et al., 1979), but these ligands are not
suitable for in vivo receptor studies because of a high
component of non-specific binding. Cyanoimipra-
mine. Ro 11-2465 (5-[3-(dimethylamino)-propyl}-
10,11-dibenz[b,flazepine-3-carbonitrile) is a more
potent serotonin uptake inhibitor than imipramine
and chloripramine (Burkard, 1980; Maitre et al.,
1982; Dumbrille-Ross and Tang 1983), and was
reported to bind one subclass of imipramine binding
sites (Dumbrille-Ross and Tang, 1983). In this
study, we synthesized [''C]cyanoimipramine (["C]Ro
11-2465) with a high specific activity and evaluated
the biodistribution of the tracer in animals.

Materials and Methods
1. Materials
Ro 11-2465(cyanoimipramine) and Ro 12-5419(N-
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Fig. 1. Synthesis of [''C]cyanoimipramine.

desmethyl cyanoimipramine) were kindly provided
by Nippon Roche Ltd, Kamakura, Japan. [*H}-
Cyanoimipramine (65.4 Ci/mmol) was obtained from
New England Nuclear, Boston, Mass., U.S.A. Other
chemicals were purchased from Waco Pure Chemical
Industries Ltd, Tokyo, Japan.

2. Synthesis of ["'Clcyanoimipramine

[""C]Methyl iodide was produced as described pre-
viously (Suzuki et al., 1985). [''C]Cyanoimipramine
was synthesized by the methylation of N-desmethyl
compound in acetone (500 uL) at 70°C for S5 min,
and purified by preparative high performance
liquid chromatography (HPLC) (Megapack) SIL,
CHCI;:MeOH:NH; = 700:4:1). The radioactive
peak corresponding to cyanoimipramine was cor-
rected, evaporated to dryness in a rotary evaporator
and dissolved in saline.

3. Determination of radiochemical purity and specific
activity of [!'Clcyanoimipramine solution
Radiochemical purity of ['Cl]cyanoimipramine
solution was determined by analytical HPLC (Fine-
pack SIL, CHCI;: MeOH :NH;, = 200:8:0.5). Specific
activity was determined by gas chromatography
(HP-5890A, Megabore DB-1 (Sm), NP detector).

4. Biodistribution of [''Clcyanoimipramine in mice

In this study, 10 weeks old male C3H mice
(25-30g) were used, into which 0.2mL of
[""Clcyanoimipramine solution (100 zCi) was intra-
venously injected. Mice were killed by decapitation
at 1, 10, 20 and 30 min after injection of the tracer.
Blood, cerebral cortex, cerebellum and lung were
removed and were counted in a Packard automated
gamma counter, and expressed in the percent dose
per gram (% dose/g).

5. Regional distribution of [''Clcyanoimipramine in rat
brain

In this study, 11 weeks old male Wistar strain rats
(370-390 g) were intravenously injected with 0.5 mL
of [!'Clcyanoimipramine solution (2.0 mCi). Rats
were killed by decapitation at 30 min after injection
of the tracer. Blood, cerebellum, striatum, frontal
cortex, posterior cortex, pons-medulla, hippocampus,
midbrain and thalamus were removed and the per-
cent dose per gram (% dose/g) was determined as
described above.

In the carrier-added experiment, 1h after i.p.
injection of carrier cyanoimipramine (10 mg/kg),
0.5mL of ["C]cyanoimipramine solution (2.0 mCi)

KENJ1 HASHIMOTO et al.

was intravenously injected into the rats, and the
percentage dose per gram (% dose/g) was determined
as described above.

6. Stability of [*Hlcyanoimipramine in mouse brain

About 10 pCi of [’H]cyanoimipramine (0.15 nmol)
was intravenously injected into a mouse. Thirty
minutes after injection of the tracer, the mouse was
killed by decapitation. The brain was quickly re-
moved and homogenized with 1 mL of saline solu-
tion, and 0.2 mL of brain homogenate was sampled
as a standard for the determination of extraction
efficiency. One milligram of carrier cyanoimipramine
and 2 mL chloroform were added to the rest of the
brain homogenate and radioactive materials were
extracted. Extraction efficiency determined by com-
parison with a standard was more than 95%. Organic
extractable materials were analyzed by thin layer
chromatography (TLC:silicagel, CHCIl,:MeOH
=15:1 and tetrahydrofuran:hexane:ammonium
hydroxide = 7:3:0.1).

7. Biodistribution of [*H)cyanoimipramine in mice

In this study, 8 weeks old male C3H mice (30-35 g)
were intravenously injected with 0.2mL of [*H}-
cyanoimipramine solution (I uCi). The mice were
killed by decapitation at 1, 5, 15, 30 and 60 min after
injection of the tracer. Blood, cerebral cortex and
cerebellum were removed and weighed, each sample
being incinerated by a Packard 306 sample oxidizer,
and the percent dose per gram (% dose/g) in each
sample was determined by a Beckmann 6800 liquid
scintillation counter.

In the carrier-added expenment, 0.2mL of
[*H]cyanoimipramine solution (1 xCi, 1 mg/kg) was
intravenously injected into mice, and the percent dose
per gram (% dose/g) was determined as described
above.

8. Biodistribution of [H]cyanoimipramine in mice
forced to swim

Mice were forced to swim in a water basin (30 cm
dia. x 30 cm height, 20 cm water depth) at 15°C for
5min. Within 3min after the mice were removed
from the water, 0.2 mL of [°H]cyanoimipramine solu-
tion (1 uCi) was intravenously injected. The mice
were killed by decapitation at 1, 15, 30 and 60 min
after injection of the tracer. The percent dose per
gram (% dose/g) was as described above.

Results

Synthesis

["C]Cyanoimipramine was synthesized by the
methylation of N-desmethyl cyanoimipramine (Fig. 1)
yielding 20-30 mCi of [''C]cyanoimipramine solu-
tion. The radiochromatogram of ['C]cyanoimipra-
mine solution is shown in Fig. 2. Radiochemical
purity was more than 99%, and specific activity of
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Fig. 2. HPLC of ['"Clcyanoimipramine solution:
conditions Finepack SIL (JASCO); solvent system

CHCl;:MeOH:c.NH, =200:8:0.5 1 mL/min; Retention
time of [''C]cyanoimipramine (13.4 min).

~ ["'C]cyanoimipramine solution was determined to be
more than 300 mCi/umol by gas chromatography.

Biodistribution of [''Clcyanoimipramine in mice

When ["C]cyanoimipramine was administered,
high accumulations were observed in the brain and
lung as shown in Table 1. Thirty minutes after
injection of the tracer, there was found to be a
difference in radioactivity between the cerebral cortex
and the cerebellum.

Regional distribution of [''Clcyanoimipramine in rat
brain

Table 2 shows the regional distribution of the
radioactivity in brains of rats 30 min after i.v. injec-
tion of [''Clcyanoimipramine. The radioactivity was
high in the striatum, frontal cortex, posterior cortex,
hippocampus, midbrain and thalamus, but low in the
cerebellum. The regional distribution of the radio-
activity in vivo was found to resemble that of the
imipramine binding sites of rat brains measured in
vitro (Burkard, 1980; Fuxe et al., 1983; Savaki et al.,
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Table 2. Regional distribution of [''Clcyanoimipramine in
rat brain 30 min afler i.v. injection

Percent dose/g

Coatrol Carrier-added*
Blood 0.161 +0.08 0.082 +0.01
Cerebellum 0.295 + 0.05 0.214 +0.02
Striatum 0.477 £0.10 0.288 + 0.05
Frontal-cortex 0.498 +0.10 0.288 +0.03
Posterior-cortex 0.509 + 0.09 0.303 +0.04
Pons-medulla 0314 +0.14 0.263 + 0.04
Hippocampus 0.646 + 0.31 0.363 +0.15
Midbrain 0.452 £0.10 0.206 + 0.06
Thalamus 0.468 + 0.08 0.274 £ 0.04

Three rats in each group; average + 1 SD.

* Carrier cyanoimipramine (10 mg/kg) was given intra-
peritoneally 1h before iv. injection of ["'Cleyanoimi-
pramine.

1985). When carrier cyanoimipramine (10 mg/kg)
was intraperitoneally given 1h before injection of
["'Cl]cyanoimipramine, the radioactivity in the differ-
ent regions of the brain was reduced as compared
with the control values.

Stability of [*H]cyanoimipramine in mouse brain

Thin-layer chromatographic analysis of radio-
active materials in the mouse brain was performed,
and almost all the radioactivity was due to
cyanoimipramine itself.

Biodistribution of [*H Jcyanoimipramine in mouse brain

When carrier-free [PH]cyanoimipramine was ad-
ministered, the tracer passed rapidly into the mouse
brain as shown in Fig. 3(a). Fifteen minutes after
injection of the tracer, the maximum peak of radio-
activity in the cerebral cortex and the cerebellum were
observed, but the radioactivity in the blood was at a
maximum 1min after injection. Between 30 and
60 min after injection, there was shown to be a
difference in radioactivity between the cerebral cortex
and the cerebellum. One hour after injection, the
cerebral cortex to cerebellum ratio was about 2.

On the other hand, when the tracer was injected
with a large amount of carrier cyanoimipramine
(1 mg/kg), the radioactivity in the blood was
significantly lower than that in the carrier-free state
as shown in Fig. 3(b). One minute after injection of
the tracer, the radioactivity in the cerebral cortex and
the cerebellum was high compared with the carrier-
free state. One hour after injection of the tracer, the
radioactivity of the cerebral cortex in the carrier-
added state was remarkably reduced as compared to
the carrier-free state.

Table 1. Biodistribution of [''Clcyanoimipramine in mice

Percent dose/g

1 min 10 min 20 min 30 min
Blood 4084030 - 3.72+0.39 227+0.14 2.57+0.33
Cerebral cortex 4.02+0.54 6.70 + 0.29 593 +0.31 589+0.77
Cerebellum 3.44 +0.42 4.89 +0.24 3.73+ 041 3.30+0.36
Lung 35.6 + 584 26.1+1.89 17.8 £0.78 15.0 + 0.95

Three mice in each group; average + 1 SD.

N.M.B. 14/6—D
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Fig. 3.(a) Biodistribution of carrier-free (0.015 nmol/mouse) [*H]cyanoimipramine in mice after i.v.
injection. Radioactivity in cerebral cortex (O——Q), cerebellum (A----- A) and blood (@——@) were
expressed as percentage dose per gram (% dose/g). Values are presented as an average + SD of three mice
in each point. (b) Biodistribution of carrier-added (1 mg/kg) [*H]cyanoimipramine in mice after i.v.
injection. Radioactivity in cerebral cortex (O——Q), cerebellum (A----- A) and blood (@——@) were
expressed as percentage dose per gram (% dose/g). Values are presented as an average + 1SD of three
mice in each point. (c) Biodistribution of carrier-free (0.015 nmol/mouse) in forced-to swim mice after i.v.
injection. The tracer was injected into mice within 3 min after having been forced to swim as described
in Materials and Methods. Radioactivity in cerebral cortex (O QO), cerebellum (A----- A) and blood
(@—@) were expressed as percentage dose per gram (% dose/g). Values are presented as an
average + 1 SD of three mice in each point.

Biodistribution of [*H]cyanoimipramine in mice forced
to swim )

As shown in Fig. 3(c), the radioactivity of the
blood and the cerebral cortex in the mice forced to
swim was significantly changed as compared with the
control mice. In particular, the radioactivity of the
cerebral cortex in the mice forced to swim was
increased over a period of 3060 min after injection,
and the radioactivity of the cerebellum in the mice
forced to swim was slightly reduced as compared with
the control mice. )

Discussion

["'C]Cyanoimipramine solution was readily ob-
tained with a high specific activity.

A high accumulation of [''C]cyanoimipramine was
observed in the brain and lung. The difference be-

tween the radioactivity present in the cerebral cortex’

and in the cerebellum was shown after a period of
10-30 min after injection of the tracer. The regional
distribution in the rat brain was examined using
{""Clcyanoimipramine with a high specific activity.
As can be seen in Table 2, the distribution of
["Clcyanoimipramine in the brain areas of the
carrier-added state was reduced as compared with the
control. The in vivo stability of [*H]cyanoimipramine
30 min after injection was found to be quite stable in
the mouse brain for at least 30 min. The relative
difference of radioactivity between the cerebral cortex
and the cerebellum may probably be due to specific
binding of the tracer. It was clearly unknown whether

the high accumulation of ['!C]cyanoimipramine in the
lung depended on specific binding or amine uptake
system.

In order to further determine the degree of specific
binding of [Hjcyanoimipramine, we studied a
carrier-added experiment. In the carrier-added ex-
periment, 1 min after [’H]cyanoimipramine injection
with a large amount of carrier cyanoimipramine the
radioactivity in the blood was significantly decreased,
but unexpectedly the radioactivity in the cerebral
cortex and the cerebellum was significantly increased
as compared with the carrier-free state. There is a
possibility that the high accumulation of the radio-
activity in the brain may be due to the redistribution
of PH]cyanoimipramine from peripheral organs such
as platelets. Taken together, the in vivo specific
binding of [*H]cyanoimipramine in the cerebral cor-
tex (receptor rich area) 1h after injection was esti-
mated at about 40-50% of the total radioactivity.

The mice (or rats) forced to swim were frequently
used as animal models for depression (Porsolt et al.,
1977, Willner, 1984). The interesting result of this
study was that the dynamic changes of the bio-
distribution of [PH]cyanoimipramine were observed
in the mice forced to swim. The radioactivity of the
cerebral cortex (receptor rich area) and the blood was
significantly changed as compared with that of the
cerebellum (receptor poor area). In addition, we
previously reported that the accumulation of
[“Cliodoantipyrine, a radiotracer for studying re-

gional blood flow, did not differ between control

and forced to swim mice (Inoue et al., 1985). This
change in the cerebral cortex did not seem to be
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due to such changes in physiological functions such
as blood flow etc. It was clearly unknown whether
these dynamic changes of the biodistribution of
[*Hlcyanoimipramine in the mice forced to swim
depended on the change of specific binding or of
non-specific binding in the cerebral cortex. Studies to
further determine the relationship between the bio-
distribution of [*H]cyanoimipramine and animal
models of depression are necessary.
Dumbrille-Ross and Tang reported that *H]cyano-
imipramine labels a subpopulation of imipramine
binding sites in cortical membranes, and might indi-
cate that cyanoimipramine was selectively labelling
only the [*H]imipramine binding sites associated with
the serotonin transporter (Dumbrille-Ross and Tang,
1983). As previously reported, the dissociation con-
stant (K;) of ligands was remarkably increased by
increase of the temperature (Dumbrille-Ross and
Tang, 1983; Plenge and Mellerup, 1984). The dis-
sociation constant (K;) of [*H]cyanoimipramine at
37°C is 1.39nM, and this high affinity constant
(K;) almost equals the K values of [’H]Ro 15-1788
(Moehler and Richard, 1981) and [*H]spiperone
(Laduron and Leysen, 1977), which are used as
radioligands for in vivo receptor studies (Goeders and
Kubhar, 1985; Inoue et al., 1985; Laduron and Leysen,
1977). Nevertheless, [’H]cyanoimipramine binds with
. its high non-specific component of distribution.
Because of its high non-specific binding, this
labelled antidepressant seems to have some prob-
lems for in vivo receptor studies, although it might be
possible to use for pharmacodynamic studies in the
living human brain. .
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[5N]-B-PHENETHYLAMINE ([®N]PEA): A PROTOTYPE
TRACER FOR MEASUREMENT OF MAO-B ACTIVITY IN
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Abstract—["’N}p-Phenethylamine (["*NJPEA) was evaluated as a radio tracer for the measurement of
mouse heart monoamine oxidase (MAOQ) activity in vivo. After intravenous administration, [“N]PEA
was deaminated by MAO-B. ’NH; formed thereby was taken up by amino acids and trapped in the
heart. The relation between the radioactivity trapped in the heart and the enzyme activity was examined.
The radioactivity in the heart 15 min after administration was reduced in a dose-dependent manner by
pretreatment with a specific MAO-B inhibitor, [-deprenyl, but not with a specific MAO-A inhibitor,
clorgyline. A linear correlation existed between the heart radioactivity level and the heart MAO-B
activity (0-45%). [*N]1,1-d,-2-Phenethylamine (C¢Hs-CH,-CD,-°NH,, [*N]d,PEA), a modified tracer
with less reactivity towards the enzyme, was tested similarly. This tracer possessed a higher sensitivity
than [*N]PEA, and a wider range (0-85%) of MAO-B activity correlated linearly with the trapped
radioactivity. These results indicate that ["NJPEA derivatives ([*'N]PEA and [°N]d,PEA) can be useful
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radiotracers for noninvasive measurements of MAQO-B activity in the human heart.

Monoamine oxidase (EC 1.4.3.4, amine:O, oxido-
reductase, MAO) plays a major role in the metab-
olism of both endogenous and exogenous amines.
MAO has been subdivided into MAO-A and MAO-
B according to substrate and inhibitor specificities.
Several studies have been carried out to clarify the
function of each form of MAO under physiological
as well as under pathological conditions. The posi-
tron tracer technique, which uses tracers labeled with
positron-emitting nuclides (!!C, N, **F, etc.), and
positron emission tomography (PET) are useful
methods for the noninvasive measurement of the
rates of transport, metabolism and excretion of vari-
ous substances in humans and animals in vivo. So
is ['®F]deoxyglucose which is widely used to study
cerebral metabolic rates of glucose [1].

In several studies, positron tracer techniques have
been applied in the estimation of MAO activity in
vivo [2-4]. Recently, we developed [''C]N,N-
dimethylphenylethylamine as a tracer for the
measurement of brain MAO-B activity, utilizing the
principle of metabolic trapping [5].

Previously, we had reported [6] the synthesis of
several ['*N]amines as well as their distribution and
metabolism after injection in mice. After adminis-
tration of these ["°N]amines, the radioactivity is
metabolically trapped in the cardiac muscle. The
amines are metabolized by MAO into *NH3, which
is then trapped as part of labeled amino acids. The

* All correspondence should be addressed to T. Tomi-
naga, Division of Chemical Research, National Institute of
Radiological Sciences, 9-1 Anagawa-4-chome, Chiba-shi
(CHIBA) 260, Japan.

unmetabolized amines are excreted from the organ.
Since the radioactivity is trapped in proportion to
the amount of ®NH;, the heart radioactivity may
correlate with the activity of MAO. Based on this
assumption, we are designing tracers for the esti-
mation of heart MAO activity in vivo.

In this study, we evaluated ['*N]B-phenethylamine
([®N]PEA) as a prototype tracer and found that
changes in. MAO-B activity in mice hearts were
selectively detected and that the sensitivity of the
tracer towards the enzyme activity was changed by
chemical modification.

MATERIALS AND METHODS

Materials. Clorgyline hydrochloride (CLO) and I-
deprenyl hydrochloride (DPL) were provided by
May & Baker Ltd., Dagenham, U.K. and Dr. J.
Knoll, Department of Pharmacology, Semmelweis
University of Medicine, Budapest, Hungary,
respectively. Other chemicals and solvents were of
the highest grade commercially available.

Preparation of [PNJPEA and ["N]d,PEA.
[N]PEA and [*N]d,PEA were synthesized accord-
ing to a method we published previously [7]. Briefly,
[®N]phenylacetamide was synthesized from phenyl-
acety! chloride and {'*N]ammonia; the intermediate
amide was reduced by LiAIH, to yield ['*"N]PEA and
by LiAID, to yield {*N]d,PEA. The radiochemical
purities and the specific activities of the products
were over 90% and about 100 Ci/mmol respectively.

Time course of heart and blood radioactivity levels
after i.v. administration of [°N]PEA. Aqueous solu-
tions of [**N]PEA hydrochloride (prepared in anon-
carrier-added state, 0.2ml, about 30 uCi/mouse,
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1.2 ug/kg) were injected into tail veins of male C3H
mice (10-12 weeks, about 30 g). After given time
intervals, the animals were killed, blood and hearts
were removed and weighed, and their radioactivity
levels were determined in a well-scintillation
counter. The results are expressed in terms of percent
dose per g heart or blood respectively. In the study
of the effect of MAO inhibition, pargyline hydro-
chloride (PGL, 100 mg/kg, i.p.) was administered
1 hr before the injection of the tracer.

Effect of specific MAO inhibitors on the amount of
radioactivity trap{)ed in the heart after administration
of [PN]PEA or [®*N]d,PEA. CLO (MAO-A inhibi-
tor, 0.1 to 10 mg/kg) or DPL (MAO-B inhibitor,
0.01 to 10 mg/kg) was injected into the tail veins of
male C3H mice. One hour after this pretreatment,
[*N]JPEA or ['*N]d,PEA was injected intravenously
and 15 min later the mice were killed; hearts and
blood were removed and weighed, and their radio-
activity levels were determined. The results are
expressed in terms of percent dose per g heart or
blood respectively.

Analysis of the radioactive metabolites after i.v.
administration of [PN]PEA. [®N]PEA was injected
into tail veins of control mice or mice pretreated with
either CLO (10 mg/kg,i.v.) or DPL (10 mg/kg,i.v.).
Three or 15 minutes later, the mice were killed, and
the hearts were removed and homogenized in 2 ml of
physiological saline. The homogenates were basified
with NaOH and extracted with water-saturated ethyl
acetate. The extraction efficiency was determined by
comparing the radioactivity in the extract and that
in the homogenate. The extract of the homogenate
from DPL-pretreated mice was analyzed using thin-
layer chromatography [TLC, silica gel, chloroform—
methanol (2:1)].

In vitro assay of MAO activity in heart and liver.
MAQO activity in mice was determined radiometr-
ically in vitro as described previously [8]. The tissue
homogenate was incubated with a final concentration
of 0.01 mM ["*C]PEA (as a substrate for MAO-B)
or 0.01 mM [*“C]5-HT (as a substrate for MAO-A)
at 37° and pH 7.4. The incubation period was 10 min
with 5-HT and 5min and PEA. The amount of
product formed was found to be proportional to the
incubation time and the amount of enzyme prep-
aration used. For the determination of in vivo inhi-
bition of MAO activity, C3H mice were pretreated
with various doses of either CLO or DPL 1 hr before
they were killed, and the enzyme activity was
measured as described above.

RESULTS

Figure 1 shows the time courses of the radioactivity
in the heart after the administration of ['*N]PEA in
" control and pargyline-pretreated mice. MAO inhi-
bition hindered the retention of the radioactivity in
the heart, though there was little change in the blood
radioactivity (see Ref. 6 for the radioactivity in
organs other than the heart). The effects of specific
MAO inhibitors on the radioactivity trapped in the
heart after the injection of [°NJPEA are shown
in Fig. 2. The radioactivity levels were decreased
markedly and in a dose-dependent manner by the
pretreatment with the specific MAO-B inhibitor
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Fig. 1. Time course of heart radioactivity after intravenous

administration of [*N]PEA in control mice and PGL-pre-

treated mice. Radioactivities are expressed as percent dose

per gram organ. Values are expressed as averages +1SD
of three mice for each point.

DPL, whereas the specific MAO-A inhibitor CLO
had no significant effect up to a dose of 10 mg/kg.

The extraction efficiency of radioactive material
from the heart homogenate after the administration
of [>N]JPEA was low unless the animal had been
pretreated with DPL (Table 1). Over 86% of the
radioactivity in extracts from the hearts of DPL-

pretreated mice was that of unmetabolized
[BN]PEA.
16}
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Fig. 2. Effect of specific MAO inhibitors on heart and blood
radioactivities 15 min after administration of [PNJPEA.
Radioactivities are expressed as percent dose per gram
organ. Values are expressed as averages +1 SD of three
mice for each point.
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Table 1. Extractable metabolites in the heart after i.v.
administration of {°*NJPEA

Time after i.v.  Extraction efficiency*

Pretreatment (min) (%)
None 3 S
15 4
DPL 3 79
15 60
CLO 3 3
15 4

* The homogenate of a heart was basified and extracted
with water-saturated ethyl acetate as described in the text;
each value given is the mean of two mice.

MAO-A and MAO-B activities remaining in the
hearts and the livers of mice pretreated with specific
MAO inhibitors are summarized in Table 2. CLO as
well as DPL keeps its MAO subtype specificity also
in vivo.

Plots of the radioactivity trapped in the heart (Fig.
2) against the activity of two forms of MAO remain-
ing after the pretreatment with CLO or DPL (Table
2) are shown in Fig. 3. The radioactivity was pro-
portional to the percentage of remaining MAO-B
activity in a range between 0 and about 45%, but it
did not correlate with the MAO-A activity (CLO
pretreatment).

The effect of DPL on the heart radioactivity after
the administration of [*N]d,PEA was compared with
that after the administration of ['*N]PRA (Fig. 4).
Substitution of the a-position with deuteriums mark-
edly increased the sensitivity of the tracer to DPL.
An appreciable decrease in the radioactivity was
observed only at the DPL doses over 0.3mg/kg

Table 2. Remaining NAO activity in mice hearts and livers
after pretreatment with various doses of CLO and DPL
respectively

Percent of initial enzyme remaining

MAO inhibitor Heart Liver

(mg/kg) MAO-A MAO-B MAO-A MAO-B
CLO
0.1 68.1 1168 1103  126.1
10 25.3 87.1 32.0 90.0
DPL
0.01 98.6 84.5 740 1093
0.1 110.8 43.8 91.1 90.0
0.33 68.9 7.6 66.5 82.2
1.0 37.9 38 45.5 35.7
10 45.4 3.5 40.0 9.0

Various doses of either CLO or DPL were injected
intraveneously into mice 1 hr before decapitation. Remain-
ing activities were assayed as described in the text and
expressed as percentages of the control activity. Each value
is the mean of three mice, MAO-A activities of the heart
and the liver were 0.08 and 0.19 nmol product formed per
mg of protein per min respectively. MAO-B activities of
the heart and the liver were 1.1 and 3.8 nmol product
formed per mg protein per min respectively.
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activity after administration of either [PN]JPEA or

[®N]d,PEA. Radioactivities are expressed as percent dose
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mice for each point.

in the case of [°N]PEA, whereas in the case of
[N]d,PEA, it was observed at doses over 0.1 mg/
kg. [P]d,PEA afforded a lower level of trapped
radioactivity in the hearts of mice that had been
pretreated with equal dose of DPL. Furthermore, a
wider range of the MAO-B activity (0~85%) showed
a linear correlation with the trapped radioactivity
(Fig. 5).

DISCUSSION

Recent advances in positron-tracer techniques
have opened up the possibility of using various

organic compounds as tracers to study various.

physiological functions. In the field of cardiac nuclear
medicine, 'C-labeled tracers have been used to study
fatty acid metabolism [9] and S-receptor functions
[10] in the heart. However, there have been few
studies using this tracer technique to clarify degra-
dation processes of the transmitting amines, an
important aspect in the regulatory system of a heart.
Therefore, we have tried to develop a tracer for the
estimation of myocardial MAO activity.

Three different methods using the tracer technique
for the estimation of MA O activity in vivo have been
reported. The first one by Gallagher et al. [2] is the
radiorespirometric method, e.g. the measurement of
expired !CO, after injection of of!'C}-n-octylamine.
However, the rate-determining step in the
1CQ, excretion has been reported to occur after the
deamination. The second one uses !'C-labeled MAO
inhibitors, [!'C]deprenyl, [!!C]clorgyline, and
["'C]pargyline, as tracers [3, 4]. This method has
been reported to be useful to assay MAO activity in
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vivo, though the correlation between tracer uptake
and MAO activity in organs has not yet been
established.

The third method uses a labeled substrate as a
tracer, and the radioactivity of a metabolite trapped
in the target organ is measured. In our previous
report [5], we evaluated [''C]N, N-dimethylphenyl-
ethylamine (|'*CJDMPEA) as a substrate tracer to
measure the brain MAO-B activity in vivo. After
intravenous administration, this tracer rapidly enters
the brain and is selectively deaminated by MAO-B
into [!!C]dimethylamine which is then trapped by
the blood-brain barrier (BBB). The unmetabolized
tracer is rapidly eliminated from the brain so that
the radioactivity trapped in the brain is in proportion
to the brain MAO-B activity. The same principle
seems to be applicable in the estimation of MAO
activity in other organs. However, [!!CIDMPEA
itself cannot be used for this purpose, because
{!'C]dimethylamine is trapped only by the BBB in
the brain and is eliminated rapidly from other organs
such as the heart.

After intravenous injection, ['*N]amines liberate
13NH; upon MAO oxidation. This ®NH; is con-
verted into labeled amino acids (mainly ["*N]glu-
tamine) and retained in the organ according to
metabolic turnover (Ref. 6; for the metabolic fate of
13NHj,, see Ref. 11). In the mouse heart, the labeled
amino acids are trapped for at least 30 min after
administration, while unmetabolized amines are rap-
idly excreted from the organ (Ref. 6, Fig. 1). Since
BNH;-fixing enzymes (mainly glutamine synthetase)
exist in large excess to the "NHj liberated in the
heart and the conversion proceeds very rapidly [11],
the rate-determining step of the trapping of the radio-
activity should be the MAO oxidation. After elim-
ination -of the unmetabolized tracer, all the
radioactivity in the heart corresponds to that of the
labeled amino acids whose amount correlates with
the MAO activity. Therefore, the myocardial MAO
activity can be assayed via the radioactivity in the
heart. .

We selected [PN]PEA as a prototype substrate
tracer for the following reasons. (1) PEA is a specific
substrate for MAO-B, and the effects of chemical
modification such as fS-hydroxylation or a-deu-
teration on the properties have been well studied.
(2) ['®N]PEA can be rapidly synthesized in a good
yield according to the method described in our pre-
vious paper [7]. (3) [®*N]PEA shows high heart
uptake and is therefore suitable for external
measurement of the heart radioactivity. We
measured the heart radioactivity 15 min after the
injection of the tracer, because by that time the
metabolism as well as the elimination of unmetab-
olized tracer were found to be completed (Fig. 1,
Table 1).

As shown in Fig. 2, the heart radioactivity 15 min
after intraveneous injection of [SN]PEA was
reduced in a dose-dependent manner by DPL pre-
treatment but not by CLO pretreatment. This
reduction is accompanied by the hindrance of metab-
olism of the tracer (Table 1). Although the pre-
treatment with 0.33 mg/kg of DPL had only a slight
effect on the MAO-B activity in the liver (Table 2),
the main amine-metabolizing organ, it significantly
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reduced the radioactivity trapped in the heart. The
radioactivity in the blood was low (about 2% dose/
g) and remained unchanged by the pretreatment.
These facts show that the determining factor for
heart radioactivity was the MAO-B activity in the
heart and not the metabolism of the tracer in other
organs or the unchanged or metabolized tracer in
the blood. For detailed studies on human myocardial
MAO activity using PET, however, the amount of
the unchanged tracer as well as that of the metab-
olites in the blood would have to be measured in
order to achieve accurate quantitation of the enzyme
activity.

As shown in Fig. 3, there is a good correlation
between the radioactivity trapped in the heart and
the activity of heart MAO-B, but not that of MAO-
A. This fact clearly indicates that ['>N]PEA can be
used as a prototype tracer for the measurement of
human heart MAO-B activity by external detection
(PET). However, we observed direct linearity only
when the MAO-A activity was in a range of 0-45%
of the control activity. Accordingly, a small change
in the enzyme activity cannot be detected with this
tracer.

Model considerations of metabolic trapping of a
labeled tracer [12] revealed that the measurable
range (range of an enzyme activity showing linear
correlation with the trapped radioactivity) depends
primarily on the rate of metabolism of a substrate
tracer. The relationship between the upper limit of
the measurable range and the rate of the metabolism
is expressed in the following equation:

UL = CX Kel/Km

where UL is the ratio of the upper limit to the total
enzyme activity, C is a constant which depends on
the detector such as a positron camera, K,,is the rate
constant of the elimination of the tracer from the
organ, and K, is the rate constant of the metabolism
of the tracer. From this equation, the following are
clear. If a tracer is metabolized very easily, an
appreciable decrease in the trapped radioactivity
appears only when the enzyme activity is reduced
severely, whereas a tracer that is metabolized slowly
is suitable for detecting a small decrease in activity.
Therefore, in order to upgrade the measurable
range of the MAO-B activity, a tracer with a lower
reactivity than that of ['*N]PEA but an unchanged
specificity towards the enzyme should be used.
According to Yu et al. [13], deuterium substitution
in the a-position of PEA reduces its reactivity (Vipax)
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to half but does not reduce the specificity towards
the subtypes of MAO. Taking advantage of this fact,
we adopted [N]d,PEA as a modified tracer. As
expected, a smaller decrease in the enzyme activity
could be detected using [°N]d,PEA and, conse-
quently, the MAO-B range that shows a linear cor-
relation with the heart radioactivity was extended
(Figs. 4 and 5). Thus, one advantage of this method
is that the property of the tracer can be adjusted to
the respective needs. In a clinical application, the
tracer should be modified so as to match the human
heart MAO activity. ‘

In conclusion, ['*NJPEA derivatives (['*N]PEA
and [*N]d,PEA) were found to be useful radio-
tracers for the measurement of heart MAO-B activity
by external detection. It was also shown that the
property of the tracer can be adjusted by chemical
modification.
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Vivo by Syngeneic Monoclonal Antibody
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The specific detection of tumors in vivo using a radiola-
beled syngencic monoclonal antibody made by fusion of
P3U1 (BALB/c mycloma cclls) and C57BL/6 spleen cells
primed with syngencic B16 mclanoma cells was investi-
gated by color imaging, autoradiography, and biodistri-
bution. The radiolabeled antimelanoma antibody specifi-
cally accumulated only in the tumor lesions, whereas no
radioactivity was obscrved in normal tissucs or organs. The
distribution patterns of the radioactive antibody in the tu-
mor lesions depended on the sizes of the tumor. Almost
the entirc region of the small metastatic tumor in lymph
nodes was labeled, whereas the radioactive antibody was

irregularly localized mainly in the center of the medium-
sized tumor. However, only the peripheral region of the
large primary tumor was labeled. The highest uptake of
radioactivity (tumor:blood ratio) was obscrved in the small
lymph node metastatic tumor lesions rather than in the
large primary tumor. Furthermore, high resolution color
imaging of B16 melanoma was also obtained by using '*I-
labeled monoclonal antibody. Tumor location was specif-
ically visible without subtraction or enhancement methods
3-5 days after injection of the radiolabeled antibody. J In-
vest Dermatol 89:225-229, 1987

he development of monoclonal antibody technology
cnabled us to use specific antitumor antibodics as di-
agnostic or therapeutic agents for cancer. The use of
cytotoxic drugs, toxins, or radioisotopes coupled to
monoclonal antitumor antibodics may be ideal to spe-
cifically kill tumor cclls {1-5]. A prerequisite for passive im-
munotherapy, however, is that the antibodics are able to reach
target tumor cells in vivo without degradation or removal of the
antibody activity. In this scnsc, the murine syngencic monoclonal
antimclanoma antibody (M2590), recently established in our lab-
oratory by the fusion of BALB/c mycloma (P3Ut) and C57BL/6
spleen cells primed with syngeneic B16 mclanoma cells, has ideal
characteristics for application of diagnostic and therapeutic means.
The antibody reacts with both human and mouse melanoma an-
tigens on the cell surface [6] and detects the antigens in the tumor
tissues, but not in the scra of patients or animals with mclanomas
[7], and also shows no reactivity to normal tissues and organs
[6,8]. Thercfore, the monoclonal antibody is cxpected to give
higher tumor uptake with less clearance from the circulation.
The location of animal and human tumors in vivo has been
demonstrated by use of radiolabeled monoclonal antibodics [9-14].
Some radiolabeled mouse monoclonal antibodies against human
tumor cells have been shown to exhibit high background activity
in the imaging of the human tumor that obscures the location of
tumor lesions if the subtraction mcthods were not applicd. How-
ever, syngeneic monoclonal antimelanoma antibodies without de-
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tectable reactivity to normal tissues would provide ideal tools for
specific detection of the location of tumors in vivo. Morcover,
the use of the monoclonal antibody with interspecies reactivity
is idcal for cstablishing animal models for the diagnosis of human
melanomas in vivo.

In this report, we describe the tumor location of the syngeneic
monoclonal antimelanoma antibody (M2590). The results show
excellent detection of melanomas by external photoscanning with
display of radioactivity data as a color-scaled image or autora-
diography in the experimental animal model.

MATERIALS AND METHODS

Mice C57BL/6 CrSlc mice, 8-12 wecks old, were purchased
from the Shizuoka Experimental Animal Laboratory Co., Ltd.,
Hamamatsu, Japan.

Tumor Cell Line C57BL/6 dcrived B16 melanoma cell line
[15] was used.

Monoclonal Antibody Mousc syngencic monoclonal anti-
mclanoma antibody (M2590:1gM) was cstablished by the fusion
of BALB/c myeloma (P3U1) with C57BL/6 spleen cells repeat-
edly immunized with syngencic B16 melanoma cells [6]. Prop-
erties and characteristics of the monoclonal antibody (M2590)
have been described elsewhere [6,8]. The antibody reacted with
mclanoma cells of mousc, human, and hamster origin, but not
with normal tissues of C57BL/6 micc so far tested, including cye,
skin, and brain, nor with other mousc tumor cells, including
ncurocctodermal tumors, such as ncuroblastomas. The interspe-
cies determinants detected by the M2590 antibody were found to
be GMj3(NcuAc) gangliosides [16]. Affinity (kD) of M2590 to
GM; ganglioside was 1 pg/ml as cnumerated by scatchard anal-
ysis.

(022-202X/87/803.50 Copyright © 1987 by The Socicty for Investigative Dermatology, Inc.
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Iodination Conjugation of monoclonal antibody with iodine-
125 was carricd out by the iodogen method of Salacinski and
colleagues [17]. The reaction mixture was passed through a Seph-
adex G-25 column for scparation of free radioiodine. Specific
activity used in this study was 2-4 pCi/pg protcin. Immuno-
rcactivity of the labeled antibody was generally 2 to Y5 of original
antibody activity as tested in cell-binding assay.

Organ Distribution of Isotope-Labeled Immunoglobulin in
Tumor-Bearing Mice B16 mclanoma-bearing mice reccived
i.v. "l-labcled monoclonal antibody (M2590) or '**1-labeled con-
trol myeloma protecin (CBPC-112:IgM) without specific binding
activity (50 uCi). Generally, drinking watcr was supplemented
with 0.1% Lugol’s iodinc throughout the experiments. Five days
later, the mice were killed and dissected. Tumors, visceral organs,
eye, brain, thyroid, skin, and blood samples were weighed and
assayed for radioactivity. Results werc expressed as a percentage
of injected radioactivity per gram tissuc (% dosc/g) and as the
organ:blood ratio of radioactivity. Finally, the specificity index
of organ location was calculated by dividing the specific antibody
uptake into the organ by the control myeloma protein uptake
according to the following formula:

(organ:blood ratio)M2590
(organ:blood ratio)CBPC-112

Scintigraphy and Autoradiography B16 melanoma cells (1
X 10% were inoculated s. . into the lower back of C57BL/6 mice.
Mice were injected i.v. through the tail vein with 50 #Ci of '*1-
labeled monoclonal antibody or '*I-labeled myeloma protein
(CBPC-112) (sp act 4 uCi/ug). Six days later, the accumulation
of radioactive antibodics was investigated by scintigraphy as de-
scribed elsewhere [9]. In another experiment, the technique of
whole-body autoradiography was used to study the distribution
of radioactive monoclonal antibodics in sections of the tumor-
bearing mice {18]. Seven days after the antibody injection, the
mice were sacrificed, freeze-dried, and cut into 40 um-thick slices
with an autocryotome (NA 200F, Nakagawa-Scikado, Tokyo).
Sections were air-dried for 24-48 h at 4°C and then exposed to
Fuji x-ray film (Fuji Industrial Photo Film Co., Ltd., Tokyo) at
room temperature for 2-4 wecks in light-tight boxes.

Specificity index =

External Color Imaging Normal and mclanoma-bearing mice
in groups of 3 werc given an i.v. injection of 50 uCi of the *1-
labeled monoclonal antimelanoma antibody (sp act 4 uCi/ug). In
this experiment, mice were given Lugol’s iodine in drinking water

Table I. Organ Distribution of Radioiodinated Monoclonal
Antibody in Melanoma-Bearing Mice’
Control
Antibody
Antimelanoma Antibody (CBPC-
(M2590) 112) "
Specificity
Organ % Dose/g  Organ/Blood % Doselg Index
Tumor 5.23 + 0.62 3.35 1.03 £ 0.19 4.4
Blood 1.56 = 0.65 1.00 1.34 = (.28 1.0
Brain 0.30 + 0.05 0.19 0.30 = 0.06 0.9
Retina 0.51 = 0.07 0.33 0.56 = 0.08 0.8
Thyroid  1.06 = 0.15 0.68 1.14 = 0.38 0.8
Heart 0.96 = (.18 0.62 0.79 = 0.23 1.1
Lung 1.61 = 0.16 1.03, 1.46 = 0.40 0.9
Liver 1.89 = 0.23 1.21 1.92 = 0.22 0.8
Spleen 1.40 = 0.31 0.90 1.01 = 0.10 1.2
Kidney 1.87 = 0.50 1.20 1.47 £ 0.48 1.1
Skin 0.95 = 0.13 0.6t 0.80 = 0.28 1.0

“C57BL/6 mice (4 mice) bearing B16 melanoma (20 X 30 mm) were injected
with 50 #Ci of "Bl-labeled antimelanoma (M259%0) or with 50 £ Ci '**I-labeled control
mycloma protein (CBPC-112). Results were shown as pereent of initial radioactivity
per gram of organ (mean % SD of 4 samples) and as organ/blood ratio. Speciticity
index = (organ/blood ratio) M25%)/{organ/blood ratio) CBPC-112.

HIE JOURNAL OF INVESTHGATIVE DERMATOLOGY

Table II.  Accumulation of Monoclonal Antibody Depending

on Size of Tumor

'B1-Antibody Uptake

Tumor Size (mm?) (tumor/blood ratio)*

1 x2 20.7
20 % 30 3.4
30 x 50 1.2

*A C57BL/G mouse bearing B16 melanoma was injected with 50 pCi of -
labeled monoclonal antibody (M2590). The mouse was the same as shown in Fig
2. Another experiment gave similar results. The data of onc experiment were shown
here. Tumor/blood ratio = (% dose/g) tumor/(% dosc/g) blood.

starting 3 days beforc administration of radioactive agents. To
avoid movement artifacts, animals were anesthetized with sodium
pentobarbital (50 mg/kg i.p. injection) prior to imaging. The mice
were scanned scquentially for 7 days with a scintillation camera
(Ohio Nuclear Sigma 4108, Technicare, Solon, Ohio) interfaced
to a computer (VIP450 Computer System, Technicare).

RESULTS

Biodistribution of '*I-Labeled Monoclonal Antibody in
Melanoma-Bearing Mice The organ distribution of radioac-
tivity in mice bearing syngencic B16 melanoma was investigated
by i.v. injection with 50 uCi of '#[-labeled syngencic monoclonal
antimclanoma antibody or an cqual amount of '**[-labcled control
myeloma protein (CBPC-112:IgM) (Table I). Five days after the
injection of antibody into mice bearing medium-sized tumor (about
20 X 30 mm), the radioactivity of M2590 antibody, cxpressed
as a percent dosc/g tissue, was significantly greater in tumors
(5.23%) than in healthy organs (0.30-1.89%). The differences in
the radioactivity of tumors and normal tissues are sufficiently
high to achicve statistical significance (p < 0.01). The control
mycloma protein (CBPC-112), however, could not show sig-
nificant differences between tumors (1.03%) and healthy organs
(0.3-1.92%). The specificity index of tumors derived from the
organ:blood ratio of the M2590 antibody was 4.4 when compared
with the control mycloma protcin, indicating preferential uptake
of the M2590) antibody into melanoma. The accumulation of
radioactive monoclonal antibody (M2590) into the tumor, how-
ever, was found to depend on the tumor size (Table 1I). The
highest ratio of uptake of radioactivity (20.7) was observed in the
small metastatic tumor lesions (about 1 X 2 mm) in regional
lymph nodes, whercas the ratio of uptake detected in the large
primary tumor (about 30 X 50 mm) was rather low (1.2-3.4).

Tumor Location With '*I-Labeled Monoclonal Antime-
lanoma Tumor location by the radiolabeled antimelanoma an-
tibody was attempted with scintigraphy and autoradiography.
Mice bearing B16 meclanoma in the lower back were given 50
u1Ci of '*¥I-labeled antimelanoma or '**I-labeled control mycloma
protein (CBPC-112) 6 days previously. Scintigraphy showed sig-
nificant localization of radioactivity in the region of the melanoma
tumor (Fig 14). On the other hand, the radioactivity was not
detected in the area corresponding to the tumor when the radio-
active control myeloma protein was used (Fig 1B). It is thus
demonstrated that the accumulation of radioactivity in the tumor
entirely depends on the antibody specificity. Nonspecific accu-
mulation of radioactivity was observed in the upper part of mice.
This is due to the uptake of radioactive free iodine in the thyroid
in this particular experiment.

The same mice as those used in the scanining experiment were
sacrificed and examined for tumor location of radioactive mono-
clonal antimelanoma by autoradiography. As shown in Fig 1C
and D, the radioactivity was localized only in the tumor region.
The radioactive antibody was irregularly accumulated in the cen-
ter of the tumor, however, when the tumor size was about 20
% 30 mm. The radioactivity in the stomach was probably the
result of metabolism of radioactive iodine (Fig 1D). When the

m
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Figure 1. Scintigram and autoradiogram of melanoma-bearing mice. The scintigrams were obtained in C57BL/6 mice bearing B16 melanoma (20 x
30 mm in the right lower or back) 6 days previously injected with (4) '*I-labeled monoclonal antimelanoma (M2590), or (B) 1BL-abeled control
mycloma protein (CBPC-112). Note that the accumulation of radioactivity in a round shape at the top of the scintigram in (A) and (B) is duc to the
uptake in the thyroid. The accumulation of the antimclanoma antibody was further investigated in hemisection (C) of melanoma-bearing mice injected
with 'Slaantimclanoma (M2590) and corresponding autoradiograph (D) showing irregular but central accumulation of the radioactive M2590 antibody
in the tumor. Note that the radioactive arca (round shape) of the middle left in (D) is not duc to the melanoma, but to the secretion of free iodine in

the stomach. Two other experiments showed similar results.

localization of the radioactive antibody was investigated in large
tumor lesions (about 30 X 50 mm), the antibody preferentially
accumulated at the peripheral region but not in the center of the
tumor (Fig 2B). Morcover, 3 metastatic tumor lesions in the
regional lymph nodes (Fig 2B) were also visible, and almost their
entire regions were labeled. :

Time Course of Gamma Camera Images in Normal and
Tumor-Bearing Mice The feasibility of color imaging with
time after injection of '*l-labeled monoclonal antibody (M2590)
into normal and mclanoma-bearing mice was studied. Once hour
after injection (Fig 3A), the majority of radioactivity was obscrved
in the blood pool without organ-specific uptake of the radioactive
antibody in both normal and tumor-bearing mice. In tumor-
bearing mice, however, the radioactivity gradually accumulated
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with time in the tumor arca, such as at 24 h (Fig 3B), 3 days (Fig
3C), and 5 days (Fig 3D) after the antibody injection. In contrast,
normal animals injected with the same doses of '®l-antimclanoma
antibody showed diffuse and nonspecific weak radioactivity. The
optimal time for tumor imaging was observed on day 5 after
injection of the antibody.

DISCUSSION

This study shows that the radiolabeled mouse monoclonal anti-
meclanoma antibody with interspecics reactivity to various human
melanomas could cffectively reveal the transplanted solid mouse
melanoma grown in syngencic mice. The conditions of the ex-
perimental animal model in the present study reflect those of
human patients with melanoma in terms of the treaement of hu-

Tmnan
..

Figure 2. Localization of radioactive
monoclonal  antimelanoma  antibody
(M2590) in a mousc bearing large-sized
melanoma. A C57BL/6 mouse bearing B16
melanoma (30 X 50 mm) was injected with
'S -fabeled monoclonal antimelanoma an-
tibody (M2590) 7 days previously. Section
(A) of the melanoma-bearing mouse was
examined for accumulation of radioactiv-
ity by autoradiography (B). Note the lo-
calization of radioactivity at the peripheral
arca of the tumor and also in 3 metastatic
tumor lesions in the regional lymph nodes.
Another experiment gave similar results.
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Figure 3. External color imaging with '®l-syngeneic monoclonal antimelanoma (M2590) antibody in C57BL/6 mice with (right) or without (leff) B16
melanoma. The mclanoma used in the experiments was approximately 20 X 20 mm. The images were obtained at (AY T h, (B) 24 h, (C) 3 days, and
(D) 5 days after the injection of |'*1|M2590. The same mice were used throughout. Three other experiments yielded similar results. The raw data are
presented without any background subtraction.

man mclanoma with syngencic monoclonal antitumor antibodics
as in vivo diagnostic reagents.

In fact, the present studies demonstrated that the antibody was
specifically accumulated in the tumor (Table I; Figs 1,2). The
tumor location was casily detected by the external imaging with
the syngencic '*I-labcled monoclonal antibody (Fig 3). The com-
puterized blood pool or normal tissuc subtraction technique was
not necessary to reveal the location of tumor. Nonspecific ac-
cumulation of radiolabcled antibody was not observed by auto-
radiography and extcernal imaging technique (Figs 2,3).

The distribution patterns of the radiolabeled antibody in the
tumor lesions seem to depend on the size of the tumor. The entire
tumor regions were strongly and rather homogeneously labeled
when they were small lymph node metastatic Iesions (about 1 X
2 mm) (Fig 2). This was also reported by Epenctos ct al [19] in
human cases that were given i.v. injection with radiolabcled tu-

mor-associated monoclonal antibodics, demonstrating that lymph
node metastasis showed higher antibody uptake than their cor-
responding primary tumors. The radiolabeled antibody, how-
ever, was irregularly localized in the center of the tumor of me-
dium size (about 20-30 mm) (Fig 1) and in the peripheral regions
of the large-sized tumor (about 30 X 50 mm) (Fig 2). Two small
nodules adjacent to the large tumor do not label (Fig 2B). It is
possible these are parts of large tumors. In any event, the local-
ization patterns of radioactive antibodics arc quite irregular in
tumors.

It is likely that the irregular distribution of radioactive antibody
is a reflection of an cxpression of M2590 dcterminants on mela-
noma cells in various differentiation stages. In fact, our recent
experinient using two radioactive monoclonal antibodics, ['*1[M562
and ["*T}M2590, cither of which recognizes difterent melanoma
antigen, clearly demonstrated that the distribution patterns of
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['¥1]M562 and {'*'1]M2590 are quite distinct in the large tumor;
peripheral localization was obtained by M2590, whereas central
localization was obscrved by the M562 antibody. These results
cannot be accounted for simply by the vascular architecture in
the tumor tissucs. Similar findings on the distribution of radio-
activity has also been observed by others, such as Moshakis ¢t al
[20] on malignant teratoma xenografts and Pimm ct al [21] on
ostcosarcoma xcnografts.

Radioimmunoimaging using the monoclonal antibodics reac-
tive against human melanoma has been carricd out by Murray ct
al [22]. They used the antibody recognizing an M, 97,000 antigen
found on over 80% of mclanoma cell lines and tissue extracts.
Of a total of 100 previously documented metastatic sites, only
50 were visible with imaging. Morcover, uptake of radioactive
monoclonal antibodics was variablec among metastatic lesions in
different organs. However, some metastases were revealed in
patients receiving high doses of radioactive antibody. This sug-
‘gests that the expression of antigen on the surface varics in meta-
static lesions in various organs. The background tissues may affect
the differentiation of tumor cells so that the expression of tumor
antigens is variable. Therefore, these restricted localizations of
monoclonal antitumor antibody will be of considerable impor-
tance in the application of monoclonal antibodies for specific di-
agnosis and therapy.

In our previous studics [7], mclanoma antigens failed to be
detected in the sera of patients with melanoma, whereas the an-
tibody detected the antigeuns in melanoma tissues from the same
patient. The antigenic determinants detected by the M2590 an-
tibody were demonstrated to be composed of GM; ganglioside
{16] and the terminal sialic acid was crucial for the expression of
the antigenicity [8]. It is therefore likely that the circulating mel-
anoma antigens losc their interspecies reactive determinants due
to the action of sialidases in the tissuc {23}, suggesting that the
M2590 antibody injected into the tumor-bearing host should di-
rectly reach the tumor nest without loss of its antibody activity.
Thus, the antibody injected scems to become effectively localized
in the tumor.

The mouse monoclonal antibody used in this study recognizes
the mclanoma antigenic determinants widely shared in various
mammalian melanomas and reacts with human as well as mousc
mclanomas [6,8]. It is thus casy to speculate that human mono-
clonal antibodies recognizing the interspecics reactive melanoma
determinants, when they are established, will prove to effectively
reveal human melanomas.
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A Fast Reconstruction Algorithm for Stationary
Positron Emission Tomography Based on a Modified
EM Algorithm

EIICHI TANAKA

Abstract—An efficient iterative reconstruction method for positron
emission tomography (PET) is presented. The algorithm is basically an

h d EM (exp maximization) algorithm with improved
freq y resp High-freq Y p of the ratio of mea-
sured to calculated projections are extracted and are taken into ac-
count for the iterative correction of image density in such a way that
the correction is performed with a uniform efficiency over the image
plane and with a flat frequency response. As a result, the convergence
speed is not so sensitive to the image pattern or matrix size as the stan-
dard EM algorithm, and nonuniformity of the spatial resolution is sig-
nificantly improved. Nonnegativity of the reconstructed image is pre-
served.

Simulation studies have been made ing two PET sy a
scanning PET with ideal sampling and a stationary PET with sparse
sampling. In the latter, a ‘‘bank array” of detectors is employed to
improve the sampling in the object plane. The new algorithm provides
satisfactory images by two or three iterations starting from a flat image
in either case. The behavior of convergence is monitored by evaluating
the root mean square of C(b)-1 where C(b) is the correction factor for
pixel b in the EM algorithm. The value decreases rapidly and mono-
tonically with iteration number. Although the theory is not accurate
enough to assure the stability of convergence, the algorithm is prom-
ising to achieve significant saving in computation compared to the stan-
dard EM algorithm.

1. INTRODUCTION

N recent nuclear medicine, an imaging process of pos-

itron-emitting radionuclide, positron emission tomog-
raphy (PET), has become into prominence. This tech-
nique is based on the coincidence detection of annihila-
tion photons resulting from positron emission in vivo.
Most PET devices currently used consist of multiple ring
arrays of discrete detectors around a subject. Coincidence
counts between detectors are accumulated and arranged
into projections for a number of view angles from which
radionuclide distribution is reconstructed [1].

The algorithm widely used for image reconstruction
from projections is an analytical technique of filtered
backprojection. The method is computationally efficient,
but it needs a complete set of projection data with suffi-
ciently fine linear and angular sampling [2], [3]. To meet
the sampling requirement, the rings of detectors usually
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undergo some type of scanning motion (e.g., wobbling,
rotation, and translation) [4]-[7].

However, the above sampling requirement arises from
the filtered backprojection algorithm. If we use a sophis-
ticated algorithm such as an iterative reconstruction
method, the sampling requirement is relaxed, and we can
obtain a reasonable spatial resolution without mechanical
scanning [8].

In the conventional multislice PET, the reconstruction
of a three-dimensional object is performed slice by slice
using the two-dimensional reconstruction technique. To
increase the detection sensitivity, cross-layer coincidence
between adjacent detector rings is used to generate a
‘“‘cross-layer image’’ midway between the two detector
planes in a similar manner. With.this method, however,
detection sensitivity decreases with increasing axial res-
olution because the sensitivity is proportional to the square
of the slice thickness [9]. To obtain higher sensitivity by
using larger slant angle coincidence, the three-dimen-
sional reconstruction technique must be employed, in
which analytical methods are not generally applicable

. [10).

A number of iterative reconstruction algorithms have
been reported which are applicable to image reconstruc-
tion from incomplete projections [11]. Among them, the
EM (expectation maximization) algorithm proposed by
Shepp and Vardi [12] and others [13], [14] is relevant to
emission computed tomography because the algorithm has
several advantages by incorporating the Poisson nature of
data. The algorithm keeps nonnegativity of the recon-
structed images, and preserves the total image density at
every iteration. The convergence is assured by the theory,
and the reconstructed image approaches the maximum

likelihood estimate with increasing iteration number.

The EM algorithm, however, has some drawbacks, al-
though these are more or less common properties of the
other iterative techniques. First, the convergence speed is
slow and it takes a long computation time. Second, the
correction efficiency of each iteration is not uniform over
an image, and the frequency response of the correction is
inversely proportional to the spatial frequency as shown
later. In addition, the statistical noise tends to increase
with the iteration number, and we have to stop the itera-
tion at a certain level of the noise magnitude or at another
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appropriate criteria. As a result, spatial resolution of the
reconstructed image is not uniquely defined, but it strongly
depends on the image pattern, on the number of iterations,
and on the point of interest in the image.

Several techniques to enhance the converging speed of
the EM algorithm have been reported [15]-[17]. A simple
method is to amplify the correction factor by replacing it
by a power of the value before multiplying an old image,
but the degree of the amplification is limited by the oc-
currence of oscillation at a low frequency. A more so-
phisticated method was reported by Lewitt and Muehi-
lehner [18]. In this method, the amount of correction is
amplified by a factor in additive correction form, the fac-
tor being determined at each iteration in a range where
nonnegativity of images is preserved.

The aim of this paper is to present an efficient iterative
algorithm which overcomes the above-mentioned draw-
backs and is useful for a stationary PET system. The al-
gorithm is based on the EM algorithm with some modi-
fications for improving the frequency response and spatial
nonuniformity of the iterative correction.

II. THEORETICAL CONSIDERATIONS
A. Frequency Response of the EM Algorithm

The basic iteration process of the EM algorithm to es-
timate the new emission density s'(b) of a pixel b from
the old value s(b) is expressed by [11]

s'(b) = 5(6) 2 [n(d)/m(d)] p(b.d) (1)
where
m(d) = g;s(b")p(b', d) (2)

where d-is a coincidence detector tube and n(d) is the
number of events detected in the tube d. p(b, d) is the

probability that emission in pixel b is detected in detector

tube d, and m (d ) represents the number of events of tube
d estimated from the old image. The term of summation
in (1) is the backprojection of n(d )/ m(d ) into the image
plane with a weight p (b, d). Suppose the detector tubes
are grouped with view angle §. Equation (1) is expressed
by

s'(b)

5(6) 3 [no()/mo()] polb, 1)
$(b) {n(i)/m(i)) (3)

where ( ) denotes the backprojection operation hereafter
and i is the bin number of the projections. The term ( )
in (3) is a correction matrix to be multiplied to an old
image.

Equation (3) is rewritten as

s'(b) = s(0) [1 + (4’(')/"1('))]

Il

(4)
where
e(i) =n(i) — m{i) (5)

where ¢(i) is the difference between measured and cal-
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culated projections. The amount of correction on pixel b
is given by
As(b) = s(b) (e(i)/m(i)). (6)

For a rough evaluation of the correction efficiency, we
assume- the m (i) is roughly independent of view angle.
Then we have

As(b) = s(b) B(b) (e(i)) )]
where
B,(b) = (1/m(i)).
The frequency response of the correction is given by
R.(f) = s(b) B,(b)/(nf) 9)

where fis the spatial frequency, in the unit pixel ', along

(8)

-a radial coordinate in a two-dimensional Fourier space.

The term 1/(wf) represents the frequency response of
simple backprojection. Equation (9) indicates that the
correction efficiency is inversely proportional to the spa-
tial frequency and that the efficiency also depends on each
pixel by s (b) B,,(b). If we consider a uniform disk phan-
tom having a diameter of D pixels, the mean value of s (b)
B,,(b) is nearly equal to 4 /(=D), and (9) becomes

R.(f) = 4/(x’Df) = 0.405/(Df).

B. Enhancement of Correction for High-Frequency
Components

(10)

To enhance the correction for high-frequency compo-
nents, we shall consider the following iteration scheme:

s'(b) = s(b) <"(')’"( ) (11)

where 7 (i), 7 (i) are the smoothed projection of n(i),
m(i), respectively, convolved -with a low-pass filter (i ):
Aa(i)=n(i)*h(i)andm (i) = m(i)*h(i) where the
asterisks denote convolution. The term in { ) represents
the high-frequency component of n(i)/m(i). Note that
the value of the term is nonnegative as long as A(i) = 0,
and the value is nearly equal to-unity when n(i)/m(i)
has few high-frequency components. The cutoff charac-
teristics are determined by the filter h(i).

Assuming h(i) is normalized by L h(i) = 1, we de-
note the high-frequency comporient of n(i) by

AGi) =n(i) - (i) = n(i)*[8(i) — a(i)] (12)

~where (i) is a delta function. Then, (11) becomes (see

the Appendix)
s'(b) = s(b) < (i)

fi(i)m(i)

1+ m(i)/n(i) .
— = T é(i)
1+ m(i)/m(i)

(13)
In an early stage of successive iterations where the old
image has few high-frequency components, we can put
m(i) << m (i) and r (i) << 7 (i). With increasing
iteration number, the high-frequency component i (i)
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appears, but at the same time, i (i) approaches 7 (i ).
Accordingly, (13) is approximated, throughout the itera-
tion process, by

(i)

s'(b) = s(b) [1 + () mG )é(x)>] (14)

Assuming that 7 (i )/[ 7 (i) m(i)] is roughly indepen-
dent of view angle for each pixel, the amount of error
correction is given by

As(b) = s(b) B(b) (&(i)) (15)

where

B(b) = (m(i)/[A (i) m(i)]). (16)
The term ¢ & (i) ) in (15) represents a filtered backpro-

jection of the error e (i ). The frequency response is given
by

Ry(f) = s(b) B(b) (xf)"' [1 ~ H(f)] (17)

where H( f) is the Fourier transform of (i ). The term
s(b) B(b) represents the pixel dependency of the correc-
tion efficiency. This suggests that a uniform correction
over an image plane will be obtained by amplifying the
correction scheme of (11) by a factor inversely propor-
tional to s(b) B(b).

C. Filtered Iterative Reconstruction (FIR) Algorithm

From the analysis described above, an iterative algo-
rithm is derived which is called the filtered iterative re-
" construction (FIR) algorithm. It is basically an EM al-
gorithm with high-frequency enhancement. The iteration
process is expressed by

S(b) C(b)“ U(b)B/[S(b)K(b)l

(b) = ] ; if U(b) = 1
s(b) C(b)" + BB(b)  [U(b) - 1]
if U(b) > 1
(18)
where
C(b) = (n(i)/m(i))
and
U(b) = (n(i) m(i)/[m(i) 7 (i)])

where « and 8 are constants. C(b) is the correction matrix
appearing in the standard EM algorithm {see (3)] and
U(b) is the correction matrix for high frequencies {see
(11)]. Note that, when o = 1 and 8 = 0, (18) becomes
the standard EM algorithm given by (3). For the high-
frequency component, a multiplicative correction mode is
used when U(b) < 1 so as to satisfy nonnegativity of the
image, while an additive correction mode is used when
U(b) > 1 to avoid overcorrection. The frequency re-
sponse of the error correction is given by, referring to (10)
and (17),
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Fig. 1. Frequency response of iterative correction [see (19)]. D = 50 pix-
els. Curve H: response of high-frequency enhancement given by [s(b)
B(b)]™" Ry (f). Curve L: response of the EM algorithm given R, ( f)
Curve R: response of the FIR algorithm given by (19) @h (i) =a /i’
+2i243),i=-10 ~ 10. (b) by (i) = a, /(i* +4),i = -6~ 6.

R(f) = Ry (f) + B[s(6) B(b)]™ Ru(f)
= 4an+—[l—H(f)] (19)

The constants «, 8, and the filter 2 (i) are determined in
such a way that R(f) < 1 for the spatial frequencies
involved in objects.

First, we shall determine « considering the stability of
convergence at low frequencies. Since an object is limited
in a certain area of a diameter D, the projections are also
in a region of length D. The radial response of the Fourier
transform of the object is then expressed by .a Fourier se-
ries having a fundamental frequency 1/(2D). At the fun-
damental frequency, the value of the first term of (19) is
0.81c. This suggests that the use of @ > 0.817' may
cause hunting or oscillation at the frequency. However,
if we normalize the total image density at each iteration,
the oscillation is prevented because the image is assured
to be nonnegative, and accordingly, the total image den-
sity reflects the amount of the fundamental frequency
component. Since the next lowest frequency of the object
is 1 /D, we can use ¢ = 2 without spoiling the stability
of convergence by normalizing the total density. The fol-
lowing study is then made with @ = 2.

The filter function k(i) and the value of B8 are deter-
mined empirically to obtain a good response at higher fre-
quencies. Fig. 1 shows examples of the response analysis
for two filters defined by

h](i) = a,/(i3 + 2i2 + 3) .
h(i) = a/(i* + 4)

i=—10 ~ 10
"i—-6~6

(20)
(20)
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where a; and a, are constants for normalization. The di-
ameter of the object is assumed to be 50 pixels. The curves
denoted by ‘R ** are the response of the FIR algorithm in
a frequency range (1/D) < f < 0.5. It is seen that the
appropriate value of 8 is 0.8 for h, (i) and 0.6 for h, (i ).

111. IMPLEMENTATION OF THE FILTERED ITERATIVE
RECONSTRUCTION ALGORITHM TO STATIONARY PET's

In the previous section, we have implicitly assumed that
a projection for each view angle is fully sampled. In some
applications, however, the full sampling may not be
achieved. If the sampling is sparse, the filter k(i ) should
be broad enough to cover several sampled data in such a
way that the high-frequency component is extracted ade-
quately by (1 . )

An example is the application to a stationary PET using
a circular array of discrete detectors. For the stationary
PET, a ‘‘bank array’’ of the detectors has been proposed,
in which all the detectors are grouped into odd number
panks, each bank has a closely packed detector array, and
the gap between the banks is equal to half the detector
width. With this configuration, the object plane is more
adequa(ely sampled by coincidence lines than a uniform
circular array {8]. A system consisting of 15 banks of 16
detectors each is considered, and simulation studies have
been made. A part of the s — 6 map™” of this system is
shown in Fig. 2, in which r represents sampling points
(square dots) in the projection at view angle 8. The bin
width is a quarter of the detector spacing. and the angular
step is x/120. The pattern shown in Fig. 2 appears re-
peatedly in the full t — 6 map. The maximum anguiar
error of the projections from the actual coincidence lines
is 0.75°, which is negligibly small for the present pur-

se. Note that about half of the projection bins are empty.

Another problem arising in the case of sparse sampling
is the nonuniformity of the sampling density over the im-
age plane. In this case, all the matrices C(b), U(b), and
B(b) appearing in (18) must be normalized by the sam-
pling pattern defined by

P(b) = (1) = 2 p(b. d) (21)
which can be stored in a computer as a lookup table. Fur-
thermore, the correction matrix U( b) for the high-fre-
quency component is smoothed by a nine-point weighted
filter (1:2:1 for the X and Y directions) after being nor-
malized by P(b). This smoothing prevents excess en-
hancement of the high-frequency component of statistical
e.

nogunhemmre, the original FIR algorithm defined by (18)
may be unstable when s(b) = 0 because the equations
involve divisions by s(b). To overcome this instability,
we use the following equations in the practical implemen-
tations of the algorithm:

B/tis(b) +p}B(b)]

10t

15
.-u-
-n-e-a-
e 101
-a-n-
St
.-
‘-m.-
-m-m-m-
s .-
oL
L Liag 1 adaaaeiy i aal ]
0 10 20 .30 40 50 60

————

Fig. 2. A part of ¢ — 6.map of the stationary PET having 15 banks of 16
detectors. The projection bin width is a quarter of the detector spacing.
The angular step is x /120,

PROJECTION DATA
FILTERING

- (i)
™ (i)

I BACKPROJECTION l
|C(b) Wb) lB(b)

n(i)

m{i) NORMALIZATION BY
SAMPLING PATTERN P (b)
FORWARD
PROJECTION C(b) l u(b) B(b)
T
SMOOTHING
INITIAL
ESTIMATE
(FLAT IMAGE) CORRECTION OF IMAGE
BY EQ.(22)
NORMALIZATION OF
TOTAL DENSITY
s' (b}

Fig. 3. Flow diagram of implementation of the FIR algorithm,

where
C(b) = {n(i)/m(i))
and :
U(b) = {n(i) m(i)/[m(i) m(i)])
where p is a small positive constant. In the calculation of
C(b) and U(b), zero divided by zero is defined as zero.

The flow diagram of the FIR algorithm is shown in Fig.
3.

1V. SIMULATION STuUDIES AND THEIR RESULTS
Simulation studies have been performed considering
two PET systems: one is a scanning PET having a uni-
form array of 240 detectors, and the other is the stationary

s(b) C(b)" U(b) if U(b) =< 1
S'(b) = (22)
s(b) C(b)" + ‘% s—(%gb—l—p [u) ~1] ifup)>1
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Fig. 4. Mathematical phantoms used in the simulation studies. The values
without parentheses are diameters in terms of pixel number and the val-
ues in parentheses are relative emission densities.

(a)

EM
SCANNING

(b)

FIR
SCANNING

©

FIR
STATIONARY

Fig. 5. Images of the phantom shown in Fig. 4(a). The iteration is started
from a flat image. The number of iterations is shown under each image.
(a) EM algorithm for the scanning PET. (b) FIR algorithm for the scan-
ning PET. (c) FIR algorithm for the stationary PET.

PET having a bank array (16 detectors X 15 banks) de-
scribed in the previous section. The crystal width is S mm,
and the center-to-center spacing of the crystals is 6 mm.
The imaging matrix is 62 X 62. The pixel size and the
bin width of projections are 1.5 mm, a quarter of the crys-
tal spacing. The detection efficiency p (b, d) is calculated
as the overlapping area between the pixel and the rect-
angular strip having a width equal to the projection bin
width. The mathematical phantoms used are shown in Fig.
4.

The projection data are generated by two ways. In the
first method, a mathematical phantom is digitized in a 62
X 62 matrix, and the phantom is projected with proba-
bility p(b, d). The latter step is similar to the forward
projection in the reconstruction algorithm, and hence the
error associated with the projection step will be cancelled
in the reconstruction. This method is suitable for a test of
the algorithm. The second method is more realistic. The

projections are calculated directly from a precise mathe-
matical phantom by taking into account the detector re-
sponse. The detector response is assumed to be a Gauss-
ian function having a full width at tenth maximum of 5
mm (detector width) which corresponds to a full width at
half maximum of 2.74 mm. Attenuation and scattering of
photons are ignored. :

Iteration is initiated from a flat image having a little
larger diameter than the phantom. The total density is nor-
malized to that of the phantom. The filter used is A, (i)
or hy(i) defined by (20) or (20’), respectively. The pa-
rameters o« = 2 and 8 = 0.8 for k(i) or B = 0.6 for
hy (i) are used in the first iteration, but the 8 value is
halved in the following iterations because the successive
use of the initial value often produces overenhancement
of the peripheral edge for some phantoms.

Fig. 5 shows the comparison of images obtained with
the FIR algorithm and the standard EM algorithm. The
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Fig. 6. Plot of root mean square of C(b) — 1 as a function of iteration
number. A: EM algorithm for the scanning PET. B: FIR algorithm for
the scanning PET. C: FIR algorithm for the stationary PET. D: FIR
algorithm for the stationary PET without smoothing of U () matrix.

* phantom is the one shown in Fig. 4(a). In this study, the
projection data were generated by the first method de-
scribed above. The filter used is k(i ). Statistical noise
was not incorporated. The FIR images are those after one,
two, and three iterations, while the EM images are those
having similar ‘‘mean density error’’ as the FIR images.
The mean density error will be defined later. Note that the
spatial resolution is much more uniform in the FIR images
than the equivalent EM images. With the FIR algorithm,
the source distribution is roughly reconstructed by the first
iteration, and another one or two iterations yield fairly
good images. i

To check the behavior of convergence, the root mean-
square value of C(b) — 1 is plotted in Fig. 6 as a function
of iteration number for the above data. The value should
approach zero in the ideal EM algorithm. The value for
the FIR algorithm seems to approach a finite value of
‘about 0.0005. This is due to the smoothing process on
U(b). In fact, without the smoothing, the value decreases
further as shown by a dotted curve in the figure, but the
reconstructed image is sharpened too much and statistical
noise, if it exists, is amplified intolerably.

Fig. 7 shows the plot of another parameter showing the
mean density error defined by

ERROR = 5::1%/ 2"3 |s(b) = s0(b)] (23)

where s (b) is the image densityﬁof the phantom, S, is
the maximum value, and N is the number of pixels in-
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Fig. 7. Plot of mean density error given by (23) as a function of iteration
number, A: EM algorithm for the scanning PET. B: FIR algorithm for
the scanning PET. C: FIR algorithm for the stationary PET. D: FIR
algorithm for the stationary PET without smoothing of U(b) matrix.

volved. The comparison of the EM and FIR images in
Fig. 5 is made at the same ERROR values. Note that the
convergence of the FIR algorithm is satisfactory despite
the fact that heavy enhancement is incorporated.

Fig. 8 shows the FIR images of another phantom [Fig.
4(b)]. In this study, the projection data were generated by
the second method described before. The filter used is
h,(i). The images with statistical noise were obtained as-
suming that the total number of events is 200 000.

V. CONCLUSION AND DISCUSSIONS

A filtered iterative reconstruction (FIR) algorithm has
been developed. By incorporating high-frequency en-
hancement adequately, the frequency response of iterative
correction is significantly improved, and acceptable im-
ages are obtained by two or three iterations. The correc-
tion efficiency is automatically adjusted at each pixel, and
accordingly, the convergence speed is not as sensitive to
the image pattern or the matrix size as the standard EM
algorithm. For the same reason, the nonuniformity of the
spatial resolution over an image is significantly improved.
The algorithm preserves the nonnegativity of the image,
but it needs normalization of total image density after each
iteration. The theory of the algorithm is not sufficiently
quantitative and no accurate analysis has been made on
the stability of convergence or on the performance as a
maximum likelihood estimator. Nevertheless, the FIR al-
gorithm shows a good convergence by a suitable choice
of the parameters involved. )

It has been shown that the FIR algorithm is useful for
the stationary PET in which the filtered backprojection
method is not useful due to poor linear sampling. The in-
trinsic detector resolution is reasonably restored in the re-
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(a)

FIR
SCANNING

(b)

FIR
STATIONARY

©

FIR
STATIONARY
(200 kc)

Fig. 8. Images of the phantom shown in Fig. 4(b), obtained with the FIR
algorithm. The iteration is started from a flat image. The number of it-
erations is shown under each image. (a) FIR algorithm for the scanning
PET. (b) FIR algorithm for the stationary PET. (c) FIR algorithm for
the stationary PET with statistical noise (total counts = 200 000).

constructed images. From these results, we may conclude
that the FIR algorithm is promising to achieve significant
savings in computation compared to the standard EM al-
gorithm. Further studies will be desirable on the details
of performance, on the possible improvements, and on the
limitation in applications.

APPENDIX
DERIVATION OF (13)
For the sake of simplicity, we use n, m, and e instead
of n(i), m(i), and e(i), respectively. The term in { )
of (11) is then written as

§||§I

=ty = Al
1+ m/m the (A1)

Using (A1) in (11), we have (13).
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Abstract

Count Rate Characteristics and Count Loss Correction of POSITOLOGICA [:
A Whole Body Positron Emission Tomograph

. Masahiro ENDO, Norimasa NOHARA*, Takeshi A. IINUMA, Hitoshi SHINOTO,
Eiichi TANAKA*, Katsuya YOSHIDA**, Toshiharu HiMI**,
Akihiko KAGAYA**, Akira OGUSHI*** and Shinichi INOUE***

Division of Clinical Research and *Division of Physics, National Institute of Radiological Sciences
9-1, Anagawa 4-chome, Chiba-shi 260
**Department of 3rd Internal Medicine, Chiba University School of Medicine
8-1, Inohana l-chome, Chiba-shi 280
***Research and Development Center, Hitachi Medical Corp.
2-1, Shintoyofuta, Kashiwa-shi 277

This paper describes evaluation and correction of count rate characteristics of POSITO-
LOGICA 11, a multi-slice whole body positron emission tomography system. The present study
was performed using three phantoms; O a 5 cm inner diameter, water-filled lucite cylinder,
® a 20 cm inner diameter, water-filled lucite cylinder and @ a chest phantom. After injection
of high activity (about 1.85 GBq (50 mCi)) of N ammeonia into each phaniom, rates of true
coincidence, random coincidence and single photon detections were measured during decay of the
isotope through more than two orders of magnitude of activity. At very high levels of activity,
count rate characteristics of the system were saturated and limited to 660 kcps of total coin-
cidence rate, which was the sum of rates in on-time and off -time windows, by the FIFO (first-in

" first-out) output frequency. Below those levels of activity the relationship between count loss
and true coincidence rate was not unique but depended on the phantom configurations, suggesting
that count loss correction using the above relationship was inadequate for quantitative study.
However, the relationship between count loss and single rate was almost independent of the
phantom configurations. Thus in conclusion count loss could be corrected using single rate
for POSITOLOGICA II. A practical method of count loss correction was also proposed.

: (Received January 30, 1987)
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Fig. 3 Reconstructed images using EM method (A1, A2, A3), ASIRT method (B1, B2,
B3), and GRADY method (Cl1, C2, C3). The top, middle, and bottom images
have iteration numbers of n=4, 20, and 100, respectively.
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Fig. 4 Reconstructed images using ISRA method (D1, D2, D3), MSIRT method (El,
E2, E3), and CONGR method (F1, F2, F3). The top, middle, and bottom images
have iteration numbers of n=4, 20, and 100, respectively.
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Table 1 Comparison of the iteration numbers for
various iterative reconstruction methods with
which the values of m(xj), N2(xy), 1(x;) and
R(x)) are equivalent to the corresponding
values of the reconstructed image with the
convolution method, respectively

Iteration number equivalent to CONVO

Method
n(m) n(N2) n(l) n(R)

CONGR 8 7 6 7
GRADY 25 21 20 20
EM 31 35 19 18
ASIRT 46 48 35 39
MSIRT 62 57 >100 39
ISRA 82 86 >100 66
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Summary

A Comparison of Several Iterative Reconstruction Methods for ECT

Hideo MURAYAMA, Eiichi TANAKA, Norimasa NOHARA,
Takehiro ToMITaANI and Mikio YAMAMOTO

Division of Physics, National Institute of Radiological Scienses, Chiba

Six iterative reconstruction methods appropriate
for emission computed tomography were com-
pared in regard to their algorithms. It was shown
that the Expectation Maximization algorithm (EM)
method is classified in an algorithmic type similar
to the Additive Simultaneous Iterative Reconstruc-
tion Technique (ASIRT) method and the Gradient
(GRADY) method, and that the Image Space
Reconstruction Algorithm (ISRA) method has a
simplified algorithm of the Multiplicative Simul-
taneous Iterative Reconstruction Technique
(MSIRT) method.

The performances of the six methods were in-
vestigated by computer simulation generating their
iterative reconstruction images of a mathematical
phantom. Four fitness functions were introduced
to analyze the convergence of the iterative recon-
struction methods quantitatively. Each fitness func-

tion is a measure of the difference between the
reconstruction image and the mathematical phan-
tom, or a measure of the rate of covergence. The
EM method achieved faster convergence than the
ASIRT method, while the ISRA method gave
slower convergence than the MSIRT method. Of
the six methods, the fastest convergence was ob-
tained using the Conjugate Gradient (CONGR)
method, and the slowest was the ISRA method.

The characteristics of each fitness function were
also analyzed by its behavior as a function of itera-
tion number for the first 100 iterations of the six
methods. These results suggest that the selection
of the fitness function for a measure of the conver-
gence is important to use any iterative reconstruc-
tion methods.

Key words: ECT, Image reconstruction, Itera-
tive method, EM algorithm, Computer simulation.
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Fig. 1 Principle of ECG gated positron emission
tomography. Coincidence events at two cardiac
phases are collected during predetermined
cardiac cycles and then reconstructed.

Table 1 Specifications of ECG gated positron emis-
sion tomography with POSITOLOGICA II

Number of cardiac phases 2

Data format (t x 8) 128 128/256 x 128
Number of cardiac cycles 1-9999
Delay time 0-999 msec
Sampling time 10-999 msec
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Fig. 2 Relationships between number of accumulated pulses (or total count) and relative
reconstruction error. a) -128x 128, b) 256x 128 data collection. sd 1 and sd 2
indicate errors within the source image and out of it, respectively. Filled (@) and
open (O) circles show errors calculated from the images of weak and strong radiation
source taken without gating, respectively, while cross marks (x) show errors
calculated from the images of strong source taken with gating. The solid lines,
whose gradients are --1/2, correspond to statistical noise, while the broken lines

Number of accumulated pulses

errors-due to non-uniform sampling caused by gated data acquisition,
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Fig. 3 Images of a rotating point source taken with
varied delay time. The numbers next to the
images show the delay time, while data sampl-
ing time was kept 10 msec for all images.
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Fig. 4 Gated myocardial images of a normal case after intravenous injection of N-13
ammonia. a) end-diastolic, b) end-systolic and c¢) non-gated images. Left ventric-
ular'wall motion and changes of wall thickness are readily apparent.
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Summary

Electrocardiographic Gated Positron Emission Tomography with POSITOLOGICA 11
—Relationship between Accumulated Pulses and Reconstruction Errors—

Masahiro ENDO*, Toru MATsuMoOTO*, Toshiharu Himr**, Takeshi A. IINUMA*,
Toshiro YAMAsAKT*, Yukio TATENO*, Katsuya YOSHIDA**,
Akihiko KAGAYA** Yoshiaki MASUDA**, Yoshiaki INAGAKI**,
Akira OGusHI*** and Sinichi INOUE***

* Division of Clinical Research, National Institute of Radiological Sciences
**Third Department of Internal Medicine, Chiba University School of Medicine
**% ITitachi Medical Corporation

Electrocardiographic (ECG) synchronized mul-
tiplé gated data acquisition was employed with
POSITOLOGICA 1I, a whole body positron emis-
sion tomograph to avoid blurring of cardiac image
due to heart motion. Coincidence events at two
cardiac phases (end-systole and end-diastole for
example) are collected during predetermined car-
diac cycles and then reconstructed. Delay time
from triggering R-pulse can be varied 0-999 msec
and data sampling time can be varied 10-999 msec.
Fixed radiation sources were imaged with and
without gating, and reconstruction errors of the
both images were compared to evaluate the mag-
nitude of errors due to non-uniform sampling

146

caused by the gated data acquisition. The result
was that although the reconstruction errors due to
non-uniform sampling were dominant at very small
numbers of accumulated pulses, they rapidly de-
creased with the increased number of pulses and
became negligible to statistical noises at clinical
conditions. Gated cardiac images of a normal case
was taken after intravenous injection of N-13
ammonia solution. Left ventricular wall motion
and changes of wall thickness were readily ap-
parent in the gated images.

Key words: Positron emission tomography,
Electrocardiographic gating, Reconstruction error.



Kinetics of [''C]N,N-

Dimethylphenylethylamine in Mice

and Humans: Potential

for Measurement

of Brain MAO-B Activity

Hitoshi Shinotoh, Osamu Inoue, Kazutoshi Suzuki, Toshiro Yamasaki,
Masaomi Iyo, Kenji Hashimoto, Toshiyoshi Tominaga, Takashi Itoh, Yukio Tateno,

and Hiroo Ikehira

Division of Clinical Research, National Institute of Radiological Sciences, Section of
Cyclotron, National Institute of Radiological Sciences, Japan

Carbon-11-labeled N,N-dimethylphenylethylamine ([''C]DMPEA) was synthesized by the
reaction of N-methylphenylethylamine with [''C]methyl iodide. This newly synthesized
radiotracer was developed for the purpose of in vivo measurement of monoamine oxidase-B
activity in the brain using a metabolic trapping method. Initially, biodistribution was
investigated in mice. The rapid and high uptake of 'C radioactivity in the brain was observed
following intravenous injection of ['"'"C]JDMPEA, the peak of which was reached at 1 min,
followed by a decrease at 1-5 min and slowly thereafter. The kinetics of {"'C]DMPEA in the
human brain were determined using positron emission tomography (PET) and showed that
"'C radioactivity increased gradually over 60 min following initial rapid uptake of ''C
radioactivity, with basal ganglia and thalamus showing high accumulation.

J Nucl Med 28:1006-1011, 1987

Monoamine oxidase (MAO) is widely distributed
throughout the body and catalyzes the oxidative deam-
ination of a variety of monoamines (/). MAO has been
classified into two main types: MAO-A and MAO-B.
MAO-A deaminates serotonin (5-HT) and noradrena-
line (NA) much better than phenylethylamine (PEA)
or benzylamine, and is preferentially inhibited by clor-
gyline, whereas, MAO-B prefers PEA and benzylamine
as substrates and is preferentially inhibited by 1-de-
prenyl (2-4).

Alterations of MAO-B activity in the brain has been
implicated in aging, Alzheimer’s disease, Huntington’s
disease, alcoholism, suicides, and affective illness (5-
11).

If it were possible to measure MAO-B activity in the
human brain by positron emission tomography (PET),
it would offer valuable information about human brain

Received Apr. 25, 1986; revision accepted Nov. 3, 1986.

For reprints contact: Hitoshi Shinotoh, MD, Div. of Clinical
Research, National Institute of Radiological Sciences, 9-1 Ana-
gawa-4-chome, Chiba-shi, CHIBA 260, Japan.

1006

Shinotoh, Inoue, Suzuki et al

function and neurochemical abnormalities in some
neuropsychiatric disorders.

Recently, several attempts have been made to de-
velop new tracers for in vivo estimation of brain MAO
activity (12-16). One of our group (1.0O.) developed
labeled phenylethylamine derivatives as tracers for the
study of the brain MAO activity using a metabolic
trapping method (714-16). N-(methyl-'*C)N,N-dimeth-
ylphenylethylamine (["*C]DMPEA) was found to be the
most promising among them because of its high selec-
tivity for MAO-B, its high brain uptake and its wide
range of measurable brain MAO-B activity (16).

Kinetics of ['*CIDMPEA in mice have been reported
as follows (16) (Fig. 1): ['"*CIDMPEA enters the mouse
brain rapidly following intravenous injection by first
pass uptake because of its lipophilicity. A part of [*C]
DMPEA in the brain is deaminated selectively by the
brain MAO-B. Its metabolite, '*C-labeled dimethyla-
mine, is trapped in the brain because its pKa value is
very high (10.64) (17) and protonated dimethylamine
cannot pass through the biologic membranes, including
the blood-brain barrier. On the other hand, unmeta-
bolized ['*C]DMPEA is eliminated from the brain rap-
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MAO-B

FIGURE 1
Proposed mechanism of metabolic
trapping of labeled DMPEA in the

MAO-B
@cv—:zcno @CHZCHO
+ +
+ CHs3 +
NH= NH, NH
*c H3>: "‘CH3> *CH3> 2

idly. Therefore, only ["*C]dimethylamine remains in
the brain 60 min after injection. An inhibition experi-
ment with 1-deprenyl revealed that the initial uptake of
['*C] DMPEA was not altered but the clearance of '*C
radioactivity in the brain became faster as the dose of
I-deprenyl pretreated was increased. [**C]dimethyla-
mine production in the mouse brain at 60 min after
injection correlated well with remaining MAO-B activ-
ity after pretreatment with various doses of 1-deprenyl.

These results indicate that relative MAO-B activity
in the human brain could be measured by PET using
VIC.labeled DMPEA instead of ['“*C]DMPEA.

In this report, we describe synthesis of [''C]DMPEA,
biodistribution of ''C radioactivity, effects of MAO
inhibitors on kinetics of ''C radioactivity in mice fol-
lowing injection of [''C]DMPEA, and kinetics of ''C
radioactivity in the human brain following injection of
[''C]DMPEA. :

MATERIALS AND METHODS

Synthesis of ["'"CIDMPEA

Carbon-11 was produced with 18 MeV protons from the
NIRS cyclotron” by the "N (p, «)''C reaction. The ''C gen-
erated was converted to [''C]CO. by passage through a CuO
column at 800°C. Carbon-11 labeled methyl iodide was pre-
pared from [''C]CO, by reduction with LiAlH, and distillation
of [''C]methanol in a flow of nitrogen through. refluxing
concentrated hydroiodic acid. A mixture of 10-50 ul N-
methylphenylethylamine,’ {''C}methyl iodide, and 5-20 ul 10
M NaOH in 0.5-1 ml of acetone was heated for 5 min at
70°C. The [''CIDMPEA produced was purified by high-per-
formance liquid chromatography with chloroform/methanol/
ammonia (1500:50:1) as a solvent on a silica gel column (7.2
mm ¢ X 250 mm)* at a flow rate of 5 ml/min. The retention
time of the product and the substrate were 4 and 10 min,
respectively. The fraction containing [''C]DMPEA was col-
lected and evaporated. The residue was dissolved in 10 mi of
saline and passed through a sterile Millipore filter (0.22 pm).
The time of preparation was ~35 min from the end of bom-
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CH3 brain. " *C- or "'C-labeled position.
BBB: blood-brain barrier.

bardment. The yield of [''CIDMPEA for intravenous injection
varied between 13 and 90 mCi, the radiochemical yield was
~20%, and the radiochemic.. purity was >99%. The specific
activity was >100 mCi/umol estimated from the detection
limit of an ultraviolet detector. The product was sterile and
pyrogen free.

Biodistribution in Mice

Male C3H mice (12 wk old) weighing 33 g were used. Mice
were injected via the tail vein with no-carrier-added [''C]
DMPEA (50 pCi/0.2 ml, <2.3 ug/kg). Mice were killed 1, 5,
15, 30, and 60 min following injection. Tissues were removed,
washed with saline, and weighed. The radioactivity was meas-
ured with a sodium-iodide scintillation counter. The uptake
was expressed as percentage dose administered per gram or-
gan.

Effect of MAO Inhibitors

Male C3H mice (12 wk old) were pretreated with various
doses (0,0.01, 0.1, 10 mg/kg, i.v.) of 1-deprenyl® and a single
dose of 10 mg/kg of clorgyline' 60 min before injection of
[""CIDMPEA. Mice were killed 60 min after injection of [!'C]
DMPEA and the radioactivity of the brain was measured as
described above.

Experiments with [""CIDMPEA in Human Subjects

Four male volunteers, varying in age from 48 to 70 yr took
part in the study. These subjects were healthy at the time of
physical and laboratory examination. Informed written con-
sent was obtained from the subjects.

A three-ring PET system (“Positologia 11”) (18) was used
to obtain quantitative data on the regional radioactivity within
a section of the brain. The spatial resolution of the recon-
structed images is 9.2 mm full width at half maximum
(FWHM). The slice thickness is 10 mm (FWHM) for cross
slices and 13 mm (FWHM) for direct slices.

Each subject lay supine with his head positioned in the PET
scanner, so that the lowest slice corresponded to 10 mm above
the canthomeatal line. A venous cannula was inserted into an
antecubital vein for isotope injection. A dose of 9.1 + 2.9 mCi
(mean * s.d. <18 ug) of no-carrier-added [''C]DMPEA was
administered over a period of 10 sec. :

Serial PET images (each scan took 1-2 min) were obtained
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CML+46

CML+10

FIGURE 2
Regions of interest in the brain. ROl in the cerebrum were
drawn in the left hemisphere.. .

for 30-60 min immediately following injection. Simultaneous
venous blood samples were obtained at 1-10 min intervals
during a period of 30-60 min, and the radioactivity in 1 ml
of blood was measured with a sodium-iodide scintillation
counter.

Regions of interest were the frontal cortex, temporal cortex,
occipital cortex, basal. ganglia (which included the caudate,
putamen, and pallidum), thalamus, cerebellum, and brain
stem (Fig. 2). Regional activity was measured for each sequen-
tial scan, corrected for ''C decay, and plotted on a time basis.
Partial volume effects were not corrected in this study. Re-
gional activity and blood activity was expressed as percent
injected dose per ml.

RESULTS

Biodistribution in Mice

Table 1 shows the biodistribution in mice. [''C]
DMPEA was well transported into many organs and
was cleared rapidly from the blood. The highest uptake

€ *%ce..___ Clorgyline
2203 o )
0E£ g | {
S8 3
TE0,
RS
c § L-Deprenyl
©
58
i\.
0 . . . ,
0 0.01 0.1 1 10
(mg/kg)
Dose of MAO Inhibitors
FIGURE 3

Effect of MAO inhibitors to the kinetics of ["'CIDMPEA in
the mouse brain. The brain radioactivity 60 min after
injection was expressed as percent dose administered per
gram (mean = s.d. of three mice).

was observed in the kidney. A slightly lower uptake was
observed in the brain and the lung. In the brain, the
uptake of "'C radioactivity reached its peak 1 min after
injection, the clearance was rapid at 1-5 min and slow
thereafter until the end of experiment. The activity in
the blood decreased rapidly and reached a much lower
level than that in the brain.

Effects of MAO Inhibitors

The radioactivity in the brain 60 min after injection
decreased in a dose-dependent mode with pretreatment
of various doses of 1-deprenyl, whereas, the radioactiv-
ity in the blood was not altered significantly. The blood
radioactivity 60 min after injection with pretreatment
of 10 mg/kg of 1-deprenyl was 0.4 + 0.4 %dose/g (mean
+ s.d. of three mice); whereas, that of control mice was

TABLE 1
Tissue Distribution of Radioactivity in Mice After Intravenous Injection of ["'C]DMPEA
Tissue 1 min 5 min 15 min 30 min 60 min
Brain 79+04 51+1.0 39+04 3501 28+03
Heart 54+03 29+03 15+0.1 08 +0.1 0401
Lung 79+06 43+05 2.0+ 0.1 13+£0.0 0.7+02
Liver 32+09 4207 21+0.1 " 1.4+01 0.8+0.1
Spleen 21+06 3907 39+03 25+0.1 14+ 04
Kidney 13+17 12.0+ 21 94+15 '5.7+01 40+1.0
Small intestine 48+10 45+03 21+ 041 15+04 0.9 + 0.1
Testis 15+02 19+05 17+02 13+01 1.0+ 01
Muscle 37+07 23+02 1703 09+0.1 0.4+01
Blood 23+03 19+0.1 1.0+0.1 0.5+ 0.1 0.2+01

Mean uptake + s.d. (% dose/g) of three mice.
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FIGURE 4

Kinetics of ''C radioactivity in the human brain after intra-
venous injection of ["'CIDMPEA.

0.2 + 0.1 %dose/g. Pretreatment with clorgyline did
not lower the radioactivity level significantly in the
brain 60 min after injection (Fig. 3). These results
indicate that [''C]DMPEA is metabolized selectively by
MAO-B and the radioactivity in the mouse brain 60
min after injection correlates well with MAO-B activity
in the brain.

Kinetics in Humans

The accumulation of ''C radioactivity in the brain
was high and rapid within 4-6 min of intravenously
injected [''C]IDMPEA and then increased gradually un-

FIGURE 5

PET image of a volunteer at 3-30 min after intravenous
injection of [''C]JDMPEA. This image was obtained at a
level of 46 mm above the canthomeatal line.

til the end of the experiment (Fig. 4). A high accumu-
lation of ''C radioactivity was observed in the thalamus,
basal ganglia, cerebral cortex, and cerebellum (Fig. 5,
Table 2). A moderate concentration of ''C radioactivity
was seen in the brain stem. The radioactivity in the
blood decreased rapidly and was much lower than that
in the brain.

DISCUSSION

The kinetics of [''CIDMPEA in the mouse brain was
the same as that of ['“C]DMPEA, which had been
previously reported (/6). Initial rapid clearance of ''C
radioactivity in the brain reflects the elimination of

TABLE 2
Distribution of Radioactivity in the Human Brain After Intravenous Injection of [''C]DMPEA

Brain region 0-2 min 5-6 min 9-10 min 29-30 min 59-60 min’
Frontal cortex 42+27 89+28 94+28 9927 11.7 £ 3.2
Temporal cortex 45+24 89%24 95+23 96+24 11216
Occipital cortex 4624 93+19 98+24 103+ 29 109+ 0.8
Basal ganglia 45+25 9.0+21 101 £21 116+26 11.8+£27
Thalamus 47+19 99+27 11.1+341 11.8+30 121+ 241
Cerebellum 42+20 84+22 89+24 92+26 98+1.0
Brain stem 3.1x21 51+29 57+30 6.0+ 3.0 78+15
Blood 95+28 33+03 24+02 1501 11+0.1

Mean uptake =+ s.d. (% dose/ml X 1072) of four subjects ('two subjects)
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unmetabolized [!'CJDMPEA and slow clearance of !'C
radioactivity at 15-60 min following injection reflects
retention of ''C-labeled dimethylamine in the brain.
The dose dependent decrease of ''C radioactivity at 60
min after pretreatment with various doses of 1-deprenyl
suggests that MAO-B activity in the animal brain and
also the human brain could be estimated by external
detection method using PET.

However, kinetics of ''C radioactivity in the human
brain following intravenous injection of [''CIDMPEA
indicate that most of [''CIDMPEA that entered the
brain was trapped. This was probably because MAO-B
activity in the human brain was much higher than that
in the mouse brain. Although, to the best of our knowl-
edge, there has been no comparative study of brain
MAO-B activity between mice and humans, the MAO-
B activity in the human brain has been reported to be
higher than that in the rat brain (5-7,7/,19-20).

The PET images of the human subjects showed a
slightly higher accumulation of ''C radioactivity in the
thalamus and basal ganglia, although the difference was
not statistically significant. This distribution of ''C ra-
dioactivity seems to be different from that of the per-
fusion tracers. Because it has been reported that the
MAO-B activity in the autopsied human brain is higher
in the thalamus and basal ganglia than in the cerebral
cortex (8,10), the distribution of ''C radioactivity fol-
lowing intravenous injection of [''C]DMPEA might
reflect the regional distribution of MAO-B activity in
the human brain.

If the MAO-B activity in the human brain is consid-
erably higher than in the mouse brain, it may be nec-
essary to modify the tracer to be metabolized by the
brain MAO-B more slowly for the purpose of detecting
the alterations of MAO-B activity in the human brain.

It has been reported that a considerable reduction in
deamination occurred when the deuterium substitution
was in the alpha position of beta-phenylethylamine and
some other trace amines (2/). Recently, we investigated
deuterium isotope effects of [''CJN,N-dimethylphenyl-
ethylamine-a,a-d; in vivo (22). The study revealed that
the production rate of labeled metabolite ({''C}dimeth-
ylamine) in mice was reduced significantly by substi-
tution of the a-hydrogen of [''CJDMPEA with deute-
rium. Thus, [''C]DMPEA-a,a-d; is a promising tracer
for in vivo measurement of MAO-B activity in the
human brain.

Another possible cause for the long retention of ''C
radioactivity in the human brain following intravenous
injection of [''C]DMPEA is that unmetabolized [''C]
DMPEA and/or labeled metabolites was eliminated
much slower in the human brain than in the mouse
brain. So-called nonspecific binding sites of amines (23)
might retain [''C]DMPEA and/or labeled metabolites
in the human brain and there might be large interspecies
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differences of nonspecific binding sites of amines be-
tween mice and humans.

In conclusion, whether or not [''C]DMPEA is a
suitable tracer for probing MAO-B in the human brain
must await further experiments to elucidate the factors
responsible for the observed irreversible trapping of ''C
radioactivity within brain structures.

Amine metabolism is an important aspect of human
brain function and MAO plays an essential role in
controlling the levels of biogenic amines. We are con-
tinuing in our attempts to devise methods by which it
will be possible to measure MAQ activity in the human
brain.

NOTES
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macology, Semmelweis University of Medicine, Budapest,
Hungary.
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Noninvasive quantification of regional myocardial blood flow and
ammonia extraction fraction using Nitrogen-13 ammonia and
positron emission tomography
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This report describes the theoretical basis and a method to quantitate regional myocardial
blood flow (RMBF) and ammonia extraction fraction (E) in man, noninvasively, with N-13
ammonia and positron emission tomography (PET). Two patients with hypertrophic cardio-
myopathy, whose left ventricular (LV) walls were markedly thick, were employed in this
study to avoid partial volume effects and cross contamination between LV walls and blood
pool. RMBF and E were calculated from time-activity curves of myocardial tissue and left
. atrium derived from serial 6-second PET images of the heart. The time-activity curve of
left atrium was used as an arterial input function. The results were RMBF=67+4 m//min/
100 g, E=80+13% and 654-10 m//min/100 g, 814-16% for each patient. The validity of

the present method was discussed.

Key words: Dynamic positron emission tomography, Regional myocardial blood flow,

N-13 ammonia, Hypertrophic cardiomyopathy

1. INTRODUCTION

NONINVASIVE QUANTIFICATION of regional myocardial
blood flow (RMBF) is necessary to facilitate detec-
tion and evaluation of cardiac pathophysiology.
In animal experiments the microsphere technique
has been regarded as the “gold standard”. However
because of high invasiveness, it is not easily available
for clinical use. A positron-emitting blood flow
tracer, N-13 ammonia, exhibits properties which to
some extent resemble those of the radioactive micro-
sphere. Recently Shah et al' reported measurement
of RMBF in dogs with N-13 ammonia and positron
emission tomography (PET). Their method was much
less invasive than the microsphere method, because
it employed intravenous administration of N-13
ammonia and tissue radioactive concentration deter-
mined by PET scans.

Received April 10, 1987; revision accepted June 8, 1987.

For reprints contact: Masahiro Endo, Division of Clini-
cal Research, National Institute of Radiological Sciences,
9-1, 4-chome Anagawa, Chiba, 260 JAPAN.
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But it still needed withdrawal of arterial blood:to
calibrate arterial input function. The newer genera-
tion positron tomographs, with much higher tempo-
ral resolution, make it possible to determine the
arterial input function directly from regions of
interest assigned to the cardiac cavity, and thus make
this approach largely noninvasive.

N-13 ammonia is extracted and fixed in myocard-
ium in proportion to blood flow. However, a fraction
of N-13 ammonia effectively retained in myocardium
(net extraction fraction) is less than 1009/, decreases
with higher flows, and may be influenced by blood
pH, disturbance of glutamine synthesis in myocardial
cells, etc.2:3 These findings need simultaneous deter-
mination of the RMBF and the extraction fraction
of ammonia in myocardial tissue. The extraction
fraction itself, if obtained, may provide an important
physiologic and diagnostic indicator of the cellular
viability in myocardium. Mullani et al* and Gold-
stein et al® suggested this possibility with rubidium
extraction in dog.

It is the purpose of our study to develop a method
of quantitating the RMBF and the extraction fraction
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of ammonia in man with time-activity curves of
cardiac cavity and myocardium, determined by fast
dynamic PET scans after intravenous injection of
N-13 ammonia. To avoid partial volume effects and
cross contaminations between left ventricular (LV)
walls and blood pool in reconstructed images,
patients with markedly thick LV walls were employed
in the present study.

2. THEORY AND METHODS

2.1. Compartmental model

A model which characterizes physiologically correct
processes of N-13 ammonia kinetics in myocardium
seems to consist of at least three compartments,
which are vascular, extravascular and cellular
(metabolic) phases. But because of limited informa-
tion obtained noninvasively by PET scans, analysis
with the complicated models is difficult and it is
necessary to employ an alternative simple functional
model.

Schelbert et al2 made intensive experimental studies
on N-13 ammonia kinetics in canine myocardium and
obtained conclusions as follows: ,

(1) N-13 ammonia freely crosses the capillary and
is nearly 100% extracted during its initial capillary
transit.

(2) The rate of metabolic fixation appears to be the
rate-limiting step.

(3) N-13 ammonia is distributed in the extravascular
space and back diffusion competes with metabolic
trapping.

These findings suggest that the physiological com-
plicated model can be simplified to a functional two-
compartment model shown in Fig. 1, where the two
compartments are free and trapped (metabolized)
ammonia space. The present mokel is essentially the
same as the one proposed by Mullani et al* on Rb-82
kinetics in myocardium. The release of ammonia
metabolites from the trapped compartment can be
neglected in the present study, because it is a very
slow process (its half-time averaged 273 minutes at
control flows2) and our observation time is only two
minutes after injection of ammonia.

If amounts of N-13 ammonia in the free and
trapped compartments for a unit volume of tissue
are defined as Q1 and Q2 respectively, their relation-
ships are given by,

dQ1/dt — F-Ca(t)—k- Q1 —F- Q1/Vd
dQ2/dt = k- Q1

where we assume N-13 ammonia is 1009 extracted
during its initial capillary transit. & is a rate constant
for the transport from the free to the trapped space.
F is RMBF or perfusion and Ca(t) is an input func-

2 Masahiro Endo, Katsuya Yoshida, Takeshi A. Iinuma et al

l F-Ca

Free Space k Trapped Space
Q4 Q2
l F-Cv
Cv =
vd

Fig. 1 Functional two-compartment model for N-13
ammonia kinetics in myocardium. F is regional myo-
cardial blood flow (RMBF) or perfusion, Ca(r) arterial
concentration of N-13 ammonia, Cv(¢) venous concentra-
tion of N-13 ammonia. Q1 and Q2 are amounts of N-13
ammonia in the free and trapped compartments for a unit
volume of tissue, respectively. Cv(¢) is approximated by
Q1/Vd, where Vd is a distribution volume of N-13 am-
monia in the free compartment.

tion, which is arterial activity concentration as a
function of time. Vd is a distribution volume of N-13
ammonia in the free compartment, which is the
volume of tissue space in which the tracer in the free
compartment would have been distributed with the
same concentration as in venous blood at equili-
brium.

A time-activity curve of myocardium is given by,

(1) = (1—fa) (Q1(1)+ QAN)+fa-Ca(t)  (2)

where fa is a fractional volume of arteries in the
region of interest. From the solutions of eq. (1),
Q(r) can be expressed as,

o) = (1 —fa)(de~+B)RCa(t)+fa-Ca(t) (3)

where,

R
A=Frmva
__ Fvd
B=F gva @
a =k+Flp

and X denotes a convolution operation. From the
eq. (4), RMBF is given by,

F=A+B 0]

Net extraction fraction of ammonia (E) is a ratio of
myocardial uptake to the product of RMBF and the
integral of input function. The myocardial uptake is

kF §

0A=) = 13 v ” Ca(t)dt ©)

0
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Therefore the net extraction fraction is given by,

E= Q2(oo)/F§: Ca(t)dt = Fi(k-+Vd) = B/(A+B)
' V)

For simplicity the term “extraction fraction” is used
instead of ‘“‘net extraction fraction” in the rest of
this paper.

2.2 Methods

N-13 was produced in the National Institute of
Radiological Sciences medical cyclotron by the bom-
bardment of pure water with proton beams by the
160(p,x)13N reaction. The product was reduced to
ammonia and collected in physiological saline.
Radiochemical purity of N-13 ammonia was greater
than 99.5%.

Tomography was performed with POSITO-
LOGICA-1I%, which permitted serial acquisition of
data in 6-second intervals and provided five trans-
axial sections simultaneously. Midpoints of the
sections are separated by 18mm. Sensitivities for a

R

20 cm diameter phantom are 22.5 and 33.6 keps/uCi
Jm! for in-plane and cross-plane, respectively.

About 10mCi N-13 ammonia was injected in-
travenously as a bolus from the antecubital vein.
Serial PET imaging was initiated at the time of tracer
injection, and twenty 6-second PET scans were per-
formed without gating of cardiac cycle. 44 to 180 k
counts were obtained per slice. Tomographic data
were collected and reconstructed in 128 x 128 matrix.

In the present study, the spatial resolution for
reconstructed image was 13mm FWHM at the
center, and slice thicknesses were 13 mm and 10 mm
for in-plane and cross-plane, respectively. To avoid
partial - volume effects and cross contaminations
between left ventricular (LV) walls and blood pool,
two patients with hypertrophic cardiomyopathy
(HCM), whose LV wall thicknesses were more than
twice the FWHM, were employed.

A time-activity curve of the myocardial tissue Q(t)
was determined by assigning a region of interest
(ROI) over the myocardium. The number of slices
was three for each patient, and the number of ROIs

Fig. 2 6-sec serial PET imaging with N-13 ammonia at the midventricular level in a patient
with hypertrophic cardiomyopathy (HCM). The numbers below the images show time (in
sec) after intravenous injection of N-13 ammonia. The transit of N-13 activity through right
ventricle, both lungs and left ventricle is visualized at the earlier images. Then occurs clearance
of N-13 activity in the blood pools and lungs, and finally the myocardial image is delineated.
The last two images represent 30-sec PET scans taken just after the initial twenty 6-sec PET

were completed. :
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was three to five for each slice. An arterial input
function Ca(t) was determined noninvasively by
assigning a ROI over the left atrium, which was
large enough to avoid the partial volume effects and
cross contaminations. The sizes of ROIs were about
10 X 10 mm. Count losses in high count rate were
corrected whit an object-independent method using
a single count rate.” Although the measured values
were integrals of 6 second intervals, they showed
enough temporal resolution for the present analysis.
The parameters A, B, « and fa were estimated by
fitting eq. (3) to the measured time-activity curve
using a modified Gauss-Newton least-squares algo-
rithm. The convolution in eq. (3) was calculated by
a numerical integration. The curve-fitting algorithm
was reproducible given the appropriate starting
values for 4, B, a and fa. Finally RMBF and extrac-
tion fraction of ammonia were calculated by the
egs. (5) and (7). Because RMBF thus obtained was in
the unit volume of myocardium, it was corrected by
a myocardial density (1. 05 g/ml) and expressed as
m//min/100g.

3. RESULTS

Figure 2 shows a 6-sec serial PET imaging with N-13
ammonia at the midventricular level in one of the

.. HCM patients (patient #1) employed in this study.

The numbers below the images show time (in sec)
after intravenous injection of N-13 ammonia. The
transit of N-13 activity through right ventricle, both

A =0.0024 sec™!
B =0.0093sec™'
a=0.024sec™!

fa=0.025

200 Ca(t) xl/

PET-number (arbitrary unit )

0 30 60 90 120

Time after Injection (sec)

"Fig. 3 Time-activity curves of septum (Q(r)) and left
atrium (Ca(r)). The solid line shows Ca(r), the cross
marks (X) a measured time-activity curve of septum and
the dotted line an estimated myocardial response with
the parameter values listed above right. Ca(¢) is illus-
trated in a half of real PET-number.
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Patient #1
RMBF (ml/min/100g)

6 68
59 67 10
66, 70

Extraction fraction (%)

Do

Fig. 4 Estimated values of RMBF (ml/min/100 g) and
extraction fraction (%) of ammonia on the anatomical
cross sections. The sections correspond to high ventricular
(atrial), mid-ventricular and low ventricular levels from
left to right.

lungs and left ventricle is visualized at the earlier
images. Then clearance of N-13 activity occurs in the
blood pools and lungs, and finally the myocardial
image is delineated. The last two images represent
30-second PET scans taken just after the initial
twenty 6-second PET scans were completed.

Fig. 3 shows time-activity curves of septum and
left atrium for patient #1. The solid line in the figure
shows a time-activity curve of the left atrium which
was used as an input function in the present analysis.
The cross marks ( x) show a measured time-activity
curve of the myocardium, while the dotted line shows
an estimated myocardial response.

Fig. 4 shows estimated values of RMBF and extrac-
tion fraction of ammonia on the anatomical cross
sections in patient #1. The sections correspond to
high ventricular (atrial), mid-ventricular and low
ventricular levels from left to right. The upper panel
shows RMBF and the lower shows extraction frac-
tion. Table 1 summarizes the estimated results.

4. DISCUSSION

In this paper we estimated RMBF and extraction
fraction in man with intravenous injection of N-13
ammonia and PET. To our knowledge this is the
first report.describing noninvasive measurements of
such physiologic parameters in man. Although
we have no direct evidence to judge whether the
results obtained here are true or not, they seem con-
sistent with values obtained in animal experiments2
or by a much more invasive method in man.8
Schelbert et al2 measured extraction fraction and
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Table 1 Summary of parameter estimation

F(m//min/100 g) E(%) a (sec™1) fa (%)
PT#1 67442 (10)° 80+ 13 (10) 0.02314-0.0040 (9)¢ 3.542.0(10)
PT#2 65410 (12) 814+16(12) 0.0205+40.0040 (9) 2.541.8 (12)

2Mean Standard Deviation (SD)
®The number of ROIs

¢The number of ROIs used for calculating means and SDs of & were smaller than others because ROls in which

' E was greater than 909, were omitted.

clearance half-time of ammonia after coronary in-
jection of N-13 ammonia in dog. Their results were
summarized from our point of view as E=829%, and
a=0.027 sec™! at the control flow of F= 100 m//min
/100g. Selwyn et al® measured RMBF in man with
human albumin microspheres labeled with C-11 and
PET. Their results showed that RMBF was 82.0
+32.0 m//min/100g in the normal myocardium.
Although our results in Table 1 were obtained
from the HCM patients, they seem to agree well with
these values. The interpretation of this agreement
needs further study. Fractional volume of vascular
space in myocardium is usually about 10%.° fa in
Table 1 is much smaller than this value. However fa
is a fractional volume of arterial space in the field of
view. Because it does not include capillaries and
veins, the values in Table 1 seem reasonable.

As described before, the present model is essential-
]}" the same as the one proposed by Mullani et al,4
and its validity might be further supported by the
following discussion. From the egs. (4), (5) and (7),
k and Vd can be expressed as,

k = Fa

®
vd = F(1—E)a

If the average value of patient $1 is substituted in
eq. (8), £=0.019 sec’? (1.1 min~1) and Vd=2.5.
Because Vd is the distribution volume of N-13
ammonia in the free compartment, the result (Vd=
2.5) means that at equilibrium N-13 ammonia in the
free compartment would occupy 2.5 times of actual
tissue space if its concentration were the same as the
venous concentration. Frank and Langer!® measured
extracellular space of perfused rabbit heart using
radioactive La***, and found that if La were dis-
tributed in free solution it would occupy 194% of
total tissue water, discussing that it was due to exten-
sive binding of La*** to polyanionic extracellular
structures of myocardium. In extracellular space N-13
ammonia exists in the chemical equilibrium of NHj
and NH4*, in which the prominent form is NHg4*.
The possibility of extracellular trapping of NHg4*
just as La*** suggests that N-13 ammonia concentra-
tion in the extracellular space may be greater than
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in veins, which supports our resuit of ¥d=2.5 and
the validity of the model. Further studies are required
to interpret the values of k obtained here.

The present method employed a time-activity
curve of Jeft atrium measured with PET as an arterial
input function. lida et al'l compared radial arterial
curves with time-activity curves of left ventricle
following intravenous injection of O-15 water, and
concluded that the radial curve was significantly
dispersed from the time-activity of left ventricle
measured with PET. Their results suggest that the
use of time-activity curve measured with PET as an
input function not only is noninvasive but also may
be more accurate, especially for arteries near the
heart such as coronary artery.

Another problem on the input function is whether
N-13 activity in the arterial blood is all due to am-
monia or not. N-13 ammonia in the blood is rapidly
uptaken and metabolized mainly by the liver, and its
metabolites labeled with N-13 come into the blood.
Lockwood et al'2 examined contents of N-13 activity
in the arterial blood after intravenous injection of
N-13 ammonia in man, and concluded that the labe-
led metabolites were not detectable until after 3 min
of injection. Because our study utilized the activity
changes up to 2 min after injection, N-13 activity
observed in the arterial .blood seems substantially
due to ammonia.

In the present study to avoid partial volume effects
and cross contamination of activity, we employed
the HCM patients with a marked increase in LV
mass and showed the reliable results as discussed so
far. However we did not analyze normal cases and
patients with ischemic heart diseases, which are the
most important in clinical practice.

In order to apply the present method to these
cases, we must correct the partial volume effects and
cross contamipation. Henze et al® proposed a
deconvolution technique that permitted calculation
of spillover fractions from geometric measurement
of the imaged cross section and the spatial resolution
of tomograph. Recently Carson!3 applied the EM
(estimation maximum) algorithm to emission tomo-
graphic estimation of ROI activity and showed ex-
cellent results almost free from the partial volume

Original 5



effects. As the next step we will combine these tech-
niques and the present method to analyze normal
cases and patients with ischemic heart disease.
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Fundamental Tumor Perfusion Analysis With Nuclear

Magnetic Resonance Imaging

Using Gadolinium-Diethylene

Triamine Pentaacetic Acid
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ABSTRACT The measurement of blood perfusnon is an important factor for both the diagnosis
and follow-up of tumor lesions. However, noninvasive detection of this local blood flow factor is very
difficult. To accomplush this, we tried to calculate tissue blood perfusion ind: with nucl

resonance imaging using gadolinium-diethylene triamine pentaacetic acid (Gd-DTPA).

We experimentally applied this method to C3H mouse’s tumor NFSa (fibrosarcoma) and its
recurrence tumor R1137, whose experimental hypoxic cell fraction is different; that is, R1137 is more
oxic than NFSa. Imaging pulse sequence was T1 (TR = 1,000 ms, TI = 300 ms), and longitudinal
relaxation rate (R1 = 1/T1) values were calculated. Injected dose of Gd-DTPA was 0.1 mmol/kg.

The T1 images produced are from both the preinjection period from every 5 min postinjection for
30 min. Using two-exponential analysis and compartment analysis we calculated two fundamental
parameters: uptake index and flow index as blood perfusion factors.

We found that this method has the possibility of differentiating the tissue’s hypoxic cell fraction and

is effective both for follow-up study after radiation therapy and for tissue characterization.

Key words: Gd-DTPA, tumor, blood perfusion, tissue characterization

INTRODUCTION

Blood perfusion of tumor tissue is the one of most impor-
tant factors for both the diagnosis and assessment of treat-
ment effects in parenchymal diseases and solid tumors.
However, it is very. difficult to measure the local blood
perfusion factor directly and noninvasively. In this paper we
proposed the method of blood perfusion factor analysis with
NMRI using Gd-DTPA (gadolinium-diethylene triamine
pentaacetic acid). We evaluated experimentally the effective-
ness of this method with an animal model.

MATERIALS AND METHODS

A resistive type NMRI' was operated at 0.1 Tesla was
used for imaging. The diameter of a head coil was 24 cm,

! Asahi Mark-J: made by Asahichemical Co. Ltd.
?Schearing Co. Ltd.
Received September 3, 1987; accepted November 26. 1987.

Until October, 1988, Dr. Hiroo Ikehira will be at Lawrence Berkeley.
Laboratory, Mail Stop 55-121, 1 Cyclotron Road, Berkeley, CA 94720.
Address reprint requests there.

© 1988 Alan R. Liss, Inc.

and T1 (TR = 1,000 ms, TI = 300 ms) pulse sequence was
used. It took 4 min to obtain a single T1 image. We calcu-
lated inversion T1 that was longitudinal relaxation rate (R1)
and made R1 images [1].

Gd-DTPA, which was supplied commercially,? was used
as a contrast enhancement medium. The injection dose was
0.1 mmol/kg as an intravascular injection. We took TI
images at before injection and every 5 min after injection for
30 min.

The animal tumor models employed were a NFSa (fibro-
sarcoma) and its recurrence tumor R1137 originated from
C3H mice. The hypoxic cell fractions of these tumors are
completely different. The NFSa has a 10% hypoxic cell
fraction, but R1137 had no hypoxic cell fraction, so the NFSa
is more oxic than R1137 [2,3].

The tumor cells were subcutaneously transplanted in the
C3H mice’s thighs. The tumors used had diameters between
1 and 1.5 cm with no central necroses as seen on the NMRI
image.

Blood perfusion parameters were calculated from the dy-
namic change of the RI values. These were measured in -
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tumor tissue with a region of interest (ROI) (10 X 10 pixels)
in the R1 images.

METHOD OF CALCULATION

We defined the uptake index and the flow index as tissue
blood perfusion factors as follows.

In tumor tissue, which included both extravascular and
intravascular spaces, the diffusion of Gd-DTPA from the
intravascular space was very quick. This leads to the next
equations using a compartment analysis,

dCex . Cex
at —F><Cm—P2 (€3]
Cin(t) = Cin(0) X exp(—t/P4) 2)
Cex(0) = 0 3

where F is the flow index, Cex and Cin indicate extra- and
intravascular concentration of the Gd-DTPA, and P2 and P4
indicate the diffusion time constants between the extra- and
intravascular space. P2 is the diffusion time constant for
extravascular space to intravascular space; and P3 is another
time constant. From these equations the next equation is
obtained:

Cex(t) = Cin(0) X F X P2 x P4
exp(—t/P2) — exp(—t/P4)
P2 — P4

@

This is the two-exponential equatioh; therefore we can use
a minimum square fitting to the change of R1 value with the
next two-exponential equation,

Rt — RO = P1 X exp(—t/P2)

— P3 X exp(—t/P4) (5)
where Rt and RO are R1 values of the tumor tissue at t min
before and after injection; P1 and P2 are parameters.

In this case, Cex is a close approximation of the intravas-
cular tissue’s Gd-DTPA concentration. F (flow index) is
calculated by the comparison of each parameter of the term
exp(—t/P2) of equations 4 and 5.

___ PLxX (P2 - P4
P2 X P4 x Cin(0) X B

©

where B is the proportional constant between the R1 value
and Gd-DTPA concentration in the tissue [4]; B was decided

experimentally. The B-value is 3,000 ml/mmol/s, but here -

ml indicates ml tissue volume [5].
The uptake index is defined by the next equation,

Pl

Y=o < B @

where Ui is the experimental relative enhancement ratio of
the tissue.

1.21
NFSalhypoxic)
1.1
-
]
o
“
- R1137(oxic)
z 11
£
0.9
0.8 T T
0 10 20 30 40 50 (min)
Fig. 1. Semilogarithmic plots of mcan R1 value changes after Gd-DTPA injection

for experimental tumor NFSa (hypoxic tumor) and R1137 (oxic tumor). Pattern of the
oxic tumor indicates early uptake and quick clearance of the contrast medium,

TABLE . Calculated values of parameters for NFSa and R1137*

NFSa {n = 5) RI37T(n="7 Significant
RO 2.64 + 0.340 2.35 + 0.130 -
Pl 0.535 + 0.089 1.02 + 0.144 -
P2 536 + 692 138 + 3t4 +
P3 0.547 £ 0.170 1.02 £ 0.281 +
P4 5.56 + 8.08 0.920 + 0.719 -
U; 0.115 + 0.038 0.189 1 0.052 +
F 0.140 + 0.175 0.504 + 0.241 +

*RO. the Rt value of the wmor before Gd-DTPA injection: P! to P4, parameters of the fitting
equation 5: Ui. uptake index: F. flow index. “Significant™ indicates over 95% probability using
Wilcoxon's method. The units are as follows: RO, P1, P3 (sec™"): P2, P4 (min): Ui (no unit); F
{mi/min/ml tissue volume).

The units for P1 and P3 are s, and for P2 and P4 are
min; Ui has no units, and the units of F are ml/min/ml tissue
volume.

RESULTS

Data of calculated parameters and blood perfusion factors
are shown in Table 1. P2 is the time constant of the contrast
media clearance from the tumor tissue; mean P2 value of
R1137 (oxic tumor) is 138 min, and it is significantly shorter
(P < .05) than the mean P2 value of NFSa (hypoxic tumor)
536 min. The uptake constant P4 has a mean value for R1137
of 0.92 min and for NFSa of 5.56 min, so R1137 has a
shorter P4 value than NFSa, although not significant. The
enhancement effect with Gd-DTPA indicates ‘quick uptake
and rapid clearance in the tissue of R1137. Standard devia-
tions of P2 and P4 value are large, because some large values
are included in data.

The uptake index and the flow index of R1137 are signifi-
cantly higher as compared with those of NFSa.

We plotted the change of R1 value after Gd-DTPA injec-
tion, using mean values of P1 to P4 of NFSa and R1137. As
shown in Figure 1, the changing patterns of Gd-DTPA con-
centration or R1 value in tumor tissue represent the differ-
ence of enhancement pattern between R1137 and NFSa. That
is, in the case of R1137 (oxic tumor) its curve indicates quick
enhancement and more rapid clearance when compared with
the pattern of NFSa (hypoxic tumor).

160



DISCUSSION

In this study we have experimentally produced a calcula-
tion method for analyzing tumor blood perfusion by using a
very simple model of a tumor tissue as an extra- and intra-
vascular space two-compartment model. With this method
we can easily and clearly separate the tissue by characteristic
differences of the hypoxic cell fraction between NFSa and
R1137.

It is very difficult to detect in vivo the differences in local
tumor tissue blood perfusion, but by this method, which uses
Gd-DTPA with NMRY, it is indicated that the differences in
hypoxic cell fractions are partly dependent upon the differ-
ences in blood perfusion factor. This fact is very significant
for radiation biology.

One problem of this method is the proportional constant,
which is decided by the relaxivity of Gd-DTPA in the renal
cortex. At this time this is the most reasonable method to
decide in vivo proportional constant between Gd-DTPA con-
centration and the longitudinal relaxation rate.

Another point is the signal/noise ratio of NMRI equipment
itself. This leads to calculated blood perfusion factors as a
relative value, which can be applied to each model as its-own
control.

CONCLUSIONS
We developed tumor tissue blood perfusion factor analysis

Gp-DTPA TUMOR PERFUSION ANALYSIS 9

using Gd-DTPA with NMRI and evaluated this method by
an animal model. It was indicated by this method that the
differences in hypoxic cell fractions of each tumor possibly
depended on the differences in in vivo blood perfusion factor.
Our next step is to apply this method to patients and to
evaluate the usefulness of this method for tumor tissue char-
acteristic diagnosis and for detectability of treatment effect.
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PorentiaL Use oF PositroN-EmissioN TOMOGRAPHY
IN Crinicar. OncoLocy

Hiroshi Fukuda*!, Taiju Matsuzawa*? and Yukio
Tateno*!

*L Div. of Clinical Research, National Institute
of Radiological Sciences, *2 Dept. of Radiology and
Nuclear Medicine, The Research Institute for Tuber-
culosis and Cancer, Tohoku University

Positron-emission tomography (PET) is an excellent
technique, utilizing positron-labeled radiopharma-
ceuticals which provide a quantitative image of tissue

865

metabolism in the living body. Cancer tissue is
characterized by increased forms of metabolism, such
as glycolysis and protein synthesis. Consequently,
PET makes it possible to evaluate the metabolic
activity of cancer tissue. Such information is useful
not only for a better understanding of human cancer
biology but for utilization in cancer clinics. The
potential use of the PET technique for clinical
oncology are cancer detection, cancer grading, biolog-
ical characterization of tumors, and evaluation of
therapeutic effectiveness. From this viewpoint, much
clinical research has been done and good results
obtained in both the characterization of hepatoma and
lung cancer, and the grading of brain tumor, show-
ing good correlation with prognosis after cancer
therapy. However, PET is not commonly available and
has not yet been established as a diagnostic technique
in cancer clinics. Further extensive studies will thus
be necessary in order to achieve these aspects.

Key words:Positron-emission tomography, Clinical
oncology
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MRI 38z 0.1 Tesla % (£ B jn Mark-J T,
2 2 ZHNE T %) (Tr=1,000 msec, Td=300
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e~ T GFR {f, FR¥tHE, MILHE 3 & UM
ERBETER LY., EELSEE AT T
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UL & R

25 goktEo Rl EfO #RHE({LE Fig 1
2R+, Fig. 1 ™ a, b,c, d ixzhEh o5 BAH
B, #5%559, 154, 250 EHBRTHS.
¥z h b Rl @i mean 5 sec”!, width 10
sec! LEHILLTRRLIELDOTHS. ZORI
Eitg Lo, ERABERMOBER TIERE
WEBERONMLH O 2T, BLEOWELE
FEREMME L 03 b T 2 FAHETR CIEE
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1553 4%, 2593 #%OEGg T EREE & SIEH O XA
EREFICC 2T s B3, KEICEEORRIE
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Z Z CHEBRP AT O AR L CHEERIC
ROI (10x 10 $:5%) ML % L ¢, = o R1ENFE
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HE#% o Rl HEoRRHELEREERICE—7 &
10, BEHIERHK 205 TS LTnZ
ERNH D, EREERO REZBREERZSE
DE— 7 LBl EERoe—7ELY

C
Fig. 1 Longitudinal relaxation rate (R1) images of BHECH o 70, 7o LEBRRENO Bfo Rl

25 years old female volunteer, bilateral kid- e
neyes’ level ~colonal section. Gd-DTPA a2 b DR, &E%{Sk%g%&ﬁﬁﬁﬁbﬁﬁ

0.05 mmol/kg) injected, a. preinjection, b., Hotz. nk, o SHlico>NT L IBERENE
c. and d. are postinjection images, b. 5 min BRI S 8 — L B R LTz,

. i . i ter.
later, c. 15 min later and d. 25 min later AR 5T, Fig 2 0% 5% MRI L) y
SARERL, T TICHELLZFEY KLY

(sec1)‘\

R1 value
b

0 r ' ' ' - ——
0 5 10 15 20 25

{min)

Fig. 2 MRI renogram, the change in longitudinal relaxation rates of the renal cortex
and the renal medulla, pre- and post-injection of Gd-DTPA (0,05 mmol/kg) in
the same volunteer of the Fig. 1.

169



GAd-DTPA X% MRI® T 72 7 a FaA 2 —J{ERORA

MRI v/ 75 2 0BRMH O E S 6 B L 72
GFR ff, RfE, #8E B L O RMEAHE
PERT VT4 T T L OWNBRC BT 5 EE Y-
BLI3 6 LOPIEFICHNT, ZoEHHELE
Y[R % Table 1 3R L.

GFR {1 79.2416.1 (ml/min), FEFEAE T 68.7+
21.5 (ml/min), MHLECEIX 1.984:6.61 (umol/min),
RIMEATEEE 0.14840.719 (m)) TH 0 WHHik
B RIMERHIEIER A 77 ¢ 7 TEWTR
LIEEOEERL.

GFR [EEHBEZERA L, 0BT LICHEML
7% 7 ry b Ll MRIBZyY 7 v adaq
A — Y OFl% Fig. 3 125R L AN 41 &tk T
ROI iz X 35 GFR fENXH L 65.3 mi/min TH »
. 770 ¥ a3+ A A —Y DOFEREE, mean 40
ml/min, width 80 ml//min & L7z, HE % Tn GFR

Table 1 Calculated renal functional parameter values
) of normal healthy six volunteers

Volunteers (n=6)

GFR value (m//min) 79.2-+16.1
U. Flow value (m//min) 68.7+21.5
B. Diff. value (#umol/min) 1.9846.61
Vol. value (m/) 0.1484-0.719

Fig. 3 Renal functional GFR of 41 years old female
volunteer, mean value is 40 m//min and width
range is 80 m//min. This image suggests irregular
pattern of the intra renal blood fiow, arrow-
heads indicate relatively low perfusion area.
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Summary

Experimental Production of MRI Renal Functional Image Using Gd-DTPA

Hiroo IKEHIRA*, Yoshiro AokI**, Yoko NAGAHARA*** Teruko YAMANE*,
Nobuo Fukupa*, Toru MATUMOTO*, Masahiro ENDoO*, Takeshi IINUMA*,
Hiroshi FUKuDA* and Yukio TATENO*

* Division of Clinical Research, ** Division of Hospital,
National Institute of Radiological Sciences, Chiba, Japan
*** Asahimedical Co. Lid., Tokyo, Japan

We already developed and reported the MRI
renal kinetic function study method using Gd-
DTPA as a magnetopharmaceutical for the GFR
substance. These trials were evaluated as a ex-
perimental studies. But these days we could get
Gd-DTPA supply from Schering Co. Ltd., so we
applied this method to the human being for the
purpose of normal human renal kinetic function
analysis. Normal six volunteers’ examinations were
done, six volunteers were 25 to 61 years average
45 years old females and 18 years old male.

In this paper we evaluated normal human renal
kinetic function to get GFR value, tubular urine
flow value, tubular back diffusion value and
tubular volume parameters and also we had tried
to make the GFR functional image.
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We got these normal values as follows, GFR
value was 79.2416.1 m//min, tubular urin flow
value was 68.7+21.5 m//min, tubular back diffu-
sion value was 1.9846.61 umol/min and tubular
volume value was 0.148+0.719 m/, but last two
values, tubular back diffusion value and tubular
volume value were almost 0 values in the cases of
normal volunteers.

Intra renal local blood flow (GFR) pattern was
visualized with MR1 GFR functional image. This.
GFR image indicated the irregular pattern of
intra renal local blood flow, even if in the case of
normal function kidney.

Key words:  Gd-DTPA, MRI, Renal function,
Functional image.
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