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Energy Spectra and Depth-Dose Curves
for 70 MeV Protons

HANS BICHSEL
1211 22nd Avenue East, Seatile, Washington 98112-3534

T. HIRAOK A
National Institute of Radiological Sciences, Chiba 260 Japan

Abstract

In cancer therapy with fast charged particles, the energy deposition (*‘dose”) near the end of the range
of the particles must be determined with an error of less than 2%. The dose is strongly influenced by
straggling and multiple scattering effects. Calculations of straggling have been made in which spectra of
protons with an initial energy of 70 MeV were obtained for successive layers of water. An average
multiple scattering correction was made in each layer. The ionization in a thin gas layer as a function
of absorber thickness was determined. It agrees quite well with measured ionization curves.

Introduction

At the National Institute of Radiological Sciences, 70 MeV protons are used for
cancer therapy. In water or tissues, these protons travel a distance of about 4 cm.
During the traversal of the absorber they lose their energy steadily, but at an in-
creasing rate in greater depths. A general description of their motion can be found
in Table I. Actually, protons lose their energy in random collisions: the average
energy loss per collision is about 70 eV, depending on particle speed v, but the
most probable energy loss is only about 20 eV [1], thus their energies will spread
more and more with increasing depth (“straggling”).

For cancer therapy, the dose D (energy deposited by the protons in a tissue per
unit mass) should be known with an uncertainty of no more than 2%. For a parallel
beam of protons with a spectrum of energies, the dose (in MeV/g) is given by [2]

D=fo(T)S(T)dT (1)

where f( T') is the fluence spectrum [the number of protons with an energy between
T and T + dT is given by Nf(T) dT, where N is the total number of protons/
cm?], and S(T') is the stopping power in units of MeV cm?/g. In order to completely
define the fluence spectrum f for an arbitrary beam, it would be necessary to give
the coordinates of the point at which [ is observed and also the directions of the
particles, in addition to their energies. In order to simplify the notation for this
paper, only the variables of immediate concern are listed. In particular, f(¢, T)
shall mean the spectrum of energies T at a depth ¢ in an absorber. In order to apply

International Journal of Quantum Chemistry: Quantum Chemistry Symposium 23, 565-574 (1989)
© 1989 John Wiley & Sons, Inc. CCC 0020-7608/89/230565-10304.00



566 BICHSEL AND HIRAOKA

TaBLg I Change in energy of initially monoenergetic
protons traversing water, obtained with the continuous-
slowing-down approximation (CSDA).

s T. S(T) o(MeV)

0 70 9.56 0

0.5 65.1 10.11 0.227
1 59.9 10.79 0.332
1.5 54.31 11.65 0.427
2 48.23 12.8 0.528
2.5 41.47 14.45 0.646
3 33.67 17.08 0.799
35 24.01 22.46 1.097
3.6 21.68 24.4 1.19
3.7 19.12 27.02 1.34
3.8 17.25 29.38 1.46
3.9 13.9 35 1.75
4 8.6 51.51 —
4.094 0.1 793 —_

Note: The calculation is done with Egs. (2) and (4), with
an [ value of 75 eV, In CSDA it is assumed that all the
protons lose exactly the same energy. After the protons
have traveled a path length s (in cm, density of water p
= (.997 g/cm?, at 20 C), their residual energy is 7. (MeV).
Their energy loss per unit path length is given by the stop-
ping power S(T.) [MeV/(g/cm?)]. Equivalent tables are
available for any other absorber. If straggling is taken into
account, the energies of the protons at pathlength s have
a spectral distribution f(T7), Figure 2, with a mean value
(T} = T.. The standard deviation of /(T}) is ¢ and was
obtained from Tschaléir [18]. It is smaller than the values
given in Fig. 2 (which include a spread in energy of the
initial beam).

Eq. (1), it is necessary to know the stopping power for many human tissues (e.g.,
muscle, brain, lung, bone) or materials similar to them with an uncertainty of much
less than 2%. Therefore the penetration of charged particles in matter must be
studied accurately.

The Bethe-Bloch theory with the Barkas correction is a reliable method to calculate
the energy dependence of S(T):
0. 0.30708 22Z
S(T) = — L 2
(T) & 4 (2)

where L = Lo(B) + L (B) + Lz(ﬁ), z is the particle charge, and

2mc?B? C(B)

Lo(ﬁ)—lﬂ[ 621“‘52"1)31—“2‘—

is the Bethe stopping number, L, is the Barkas correction term, and L, is the Bloch
2
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term. S(T') is in units of MeV cm?/g. Expressions for L, L,, and C(g8) are given
in Bichsel and Porter [3]. For light elements and their compounds, and energies
above about 4 MeV, the shell corrections C(8), L;, and L, amount to only a few
percent of L and will be similar for most compounds. Thus the most important
parameter in the theory is the mean excitation energy /. In general, / values are
obtained from experimental stopping power data, except for some gases [4] and
for aluminum, where / was obtained from optical data [5]. Frequently, the Bragg
additivity approximation is used to calculate / values for compounds from those
for the separate elements [6], but differences exceeding 10% have been found be-
tween experimental values and those calculated with the Bragg approximation [7,8].
Therefore it is advisable to measure the stopping power for the compounds needed
in cancer therapy and extract I values from the experimental data.

For the experiments discussed here, it is necessary to use the range-energy relation.
Using the continuous slowing down approximation (CSDA), the range is

T dTl
R(T) o S(TH (3)
where S(T) is the stopping power.

Since absolute measurements of stopping power are difficult (e.g., Refs. 9 and
10), methods determining relative values of S have been used frequently (e.g., Refs.
11-13). The general idea of the methods is the following: particle beams with initial
kinetic energy T are sent through absorbers of thickness ¢. The residual mean
energy of the particles leaving the absorber is ( 7', ). Various methods are used to
measure (T ) (e.g., Ref. 7). For the present measurements, { T, ) was obtained
by measuring the corresponding residual range in water, R,, with the apparatus
shown in Figure 1. It has the advantage of great simplicity, using equipment available
in medical radiation departments, and short measuring times. The theoretical eval-
uation of the data is quite complex, though.

The Ionization Chamber

In traversing the ionization chamber, each proton will lose an energy A = g+ S(73)
in the gas, Figure 1, and will produce a number n of ion pairs, n = A/w, where w
is the mean energy required to produce an ion pair (w ~ 30 eV [14]). By applying
an electric field across the gas, the ions will be collected, and their charge ¢ = n-e
can be measured. For N protons, the total charge j = Ng = Neg S(T,)/w will be
obtained. Here, j is called “the ionization.” Since j is proportional to the stopping
power, it will also be proportional to the dose D of Eq. (1). Therefore, measuring
the function j( x) will be equivalent to measuring D(x), and D(x) is called a depth-
dose curve.

Simple Evaluation of the Measurements

In the situation given in Figure I, the relative measurement is made by placing
an absorber of measured thickness ¢ in the first position. The thickness of water,
tw, giving the same residual energy as the absorber, is measured. Then, if the stopping

3
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Z,A water

t X g

Figure . Schematic drawing of apparatus used for energy loss measurements. The proton
beam p with initial energy Ty = 70 MeV traverses an arbitrary absorber (atomic number
Z, atomic weight 4) of thickness ¢. It emerges from the absorber with an energy spectrum
S(t, Ty) (usually, T) = 35 MeV) and then enters a water absorber with variable thickness
x, whence it emerges with an energy spectrum f(f + x, T,), and then ionizes the gas of
thickness g (which is contained in an ionization chamber with very thin walls). In the
experiment, there is no space between the absorbers. In the absence of straggling and
multiple scattering, the energies would be given by the range energy relation of Table I,
and all protons would have the same energy T,(x) at the face of the ionization chamber,
and the ionization curve would be strictly proportional to the stopping power S( 7). Thus
if the ionization in the gas is measured as a function of increasing thickness of the water
absorber, the ionization current j( x) increases to a maximum value and then decreases
rapidly toward zero. Measurements were made with a thin (g = 4.8 mm ) ionization chamber
filled with nitrogen [ 19]. The beam extended over a square area 4 cm to a side, while the
ionization chamber had a diameter of only 1.2 cm. Since the lateral displacement due to
multiple scattering is only a few mm, the fluences across the center of the beam are not
changed by it: as many particles are scattered into this area as are scattered out of it.

power for water is known, the stopping power for the absorber Z can be calculated.
Neglecting straggling and multiple scattering, the evaluation of experimental data
is simple. We measure the distance x; at which the ionization j( x;) is equal to
zero. We call x, the residual range R, (7)) in water for the energy T,. From the
range energy table for water, we have
4T

o Su(T)
where S, (T) is the stopping power for water. Given x;, we interpolate in the table
to find T',. We can also find the thickness of water which would reduce the energy

from Toto Ty:
o 4T
b= | —— 4
fr, So(T) (4)

and the total range of the protons with energy To1s Ru(Tq) = (1w, + Ro(7T). If the
I value I, for the absorber is unknown, we calculate the following integral for several

values of I,:
To
la = f =l (5)
n, Sa(T)

until we obtain a value ¢, which is equal to the measured absorber thickness . Thus
we have determined /,.

X = Ru(Ty) = (3a)
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An approximate method which does not require explicit integrations is to rewrite
the integrals of Eqs. (4) and (5) with the mean value theorem:

Z_J.T’ dT To”“Tl

r S(T) . S(Tw) (6)

where T, thereby is defined, and T < T, < Tp. A first approximation is Ty, =~
(To + T,)/2. Now we can consider the ratio of the experimental thicknesses r =
t/t,. Since Ty — T, is the same for both absorbers, we substitute Eq. (6) and obtain

_ Su(Tn) Suw(Twm)
r

T Sa(Tm) =

(7)
where r and S,,(T,) are known, and S,(7 ) thus is determined from the experi-
ment. Now S,(7.,) can be used in Eq. (2) to solve for J,. It must be noted, though,
that T,, differs for different absorbers. If, for example, 7oy = 70 MeV, T, =
30 MeV, with a lead absorber we have | T, = 49.596 MeV, for water, w7l =
49.651 MeV. To appreciate the sensitivity of the ratio r, it is useful to calculate it
for water and lead at two energies: it is 2.1873 at 50 MeV, 2.1911 at 49 MeV (using

the range energy tables in Bichsel [ 15]). Next, approaches are described in which
straggling and multiple scattering are included.

Evaluation of Experiment with the Range Straggling Method

Mather and Segre [16] used the experimental method of Fig. [ to measure the
ranges of 340 MeV protons. They used a simple and plausible method to calculate
the ionization curves: they convoluted a Gaussian range straggling curve with the
ionization function calculated for the residual energy, T, based on the residual
range. Bichsel and Uehling [ 17] also included multiple scattering (also see Berger
and Seltzer [18]). Here, a further modification was added to this approach: the
range straggling function was assumed to be skewed and was determined by the
two free parameters ¢ and 3 mentioned below. The best fit ionization curve cal-
culated with this approach is shown as the dashed-dotted line in Figure 3. The
calculation does not simulate the actual events in the absorbers closely, and a more
complex method is described next.

Evaluation of Measurements with the Energy Straggling Method

Straggling and multiple scattering both change with the absorber [ 17]. In principle,
a calculation could be made which follows in detail the penetration of the proton
beam through the absorbers, considering successive thin layers and calculating the
modification of the proton spectrum by each layer, using the Blunck-Leisegang
straggling function [ 1], until the protons have lost all their energy. This approach
consumes large amounts of computer time. Therefore a somewhat simpler approach
has been used here. [t consists of two parts: using the method given by Tschaldr
[19] for the reduction in energy from 70 to 20 MeV, then using the thin slice
approximation for the rest of the energy loss.

5
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Figure 2. Energy spectra f( x, T) of 70 MeV protons after traversing thicknesses x (cm)
of water, calculated with the method described in Evaluation of Measurements with the
Energy Straggling Method. The mean range of the protons is 4.094 c¢m (Table 1). The
abscissa represents the proton energy, 7T, the ordinate the spectrum f( x, T'), in arbitrary
units, but the area under the curves is equal to the number of protons, ¥, in the beam.
The absorber thickness x is the parameter given next to the curves, The functions are
asymmetric, with more protons at lower energies except for the largest x. The spectra can
be characterized with the following parameters: N = proton fluence, Ty, = most probable
energy, (T,) = mean energy, ¢ = standard deviation, v; = skewness parameter:

x (cm) N (%) T (MeV) {T}) (MeV) a (MeV) s

3.67 100 20.35 19.87 1.35 -1.27
3.742 100 18.35 17.89 1.54 ~1.22
3.814 100 16.25 15.71 1.77 -1.17
3.886 99.7 13.85 13.25 2.06 -1.03
3.958 98.2 11.15 10.42 2.39 -0.72
4.03 87.6 7.95 7.28 2.58 —-0.21
4,102 44 4.5 4.75 2.34 +0.37
4.174 6 2.8 3.69 2.12 +0.8

Note the reversal in the skewness of the curves for the last two thicknesses. This occurs
because protons with the lowest energies have disappeared from the beam.
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In a detailed study of straggling in thick absorbers, Tschaldr [19] found that
straggling can be calculated reliably (using moment theory) for mean energy losses
up to about 80%. For the 70 MeV protons, thisis 14 MeV. For larger losses, protons
are lost from the beam because they have reached energy 0, and the method becomes
unreliable (see Table I). Tschaldr did not include multiple scattering in his cal-
culation.

A computer program which approximates the experimental energy loss processes
and produces ionization curves (numerical values are given for water) includes the
following steps. In steps 1 to 3, the fluence spectrum f(t + xp, T) is calculated for
a thickness xo at which (T;) = 20 MeV. In step 4, the protons are transported
through successive layers of water until their energy is zero. In step 5, the ionization
in the thin chamber is calculated.

80 [~ - B

20 — h W -

70 MeV p in water

// \, \\
L // \‘ \\
ol b e T Ly s
0 0.1 0.2 0.3 0.4 0.5 0.6
x(cm)

Figure 3. lonization curves j( x) calculated with the methods in Evaluation of Measure-
ments with the Energy Straggling Method (solid line) and Results (dashed-dotted line);
the average measured function agrees with the solid line except where a dotted line is
shown. The stochastic errors of the experimental curve are about thrice the width of the
line, though. The total distance traveled by the protons is 1 + x = (3.667 + x) cm. The
distance x (cm) is measured from the plane at which the mean residual energy (T of
the protons is 20 MeV. The projected residual mean range of the beam is 0.4256 cm (the
total multiple scattering path length correction is 0.0018 cm). The range straggling curve
is given by the broken curve, ¢(x). It represents the relative number of protons stopping
in the layer between x and x + dx. The standard deviation of this function is ¢ = 0.0566
cm, or 1.4% of the mean range. This is about 20% larger than the value calculated with
the CSDA approximation ( Figs. 8d-10 in Bichsel [14]). The curve is asymmetric; the area
under the curve represents the number of protons in the beam.

7
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(1) Calculation of the energy spectrum at a reduced energy. The transport of
the protons through the materials from the original energy, Ty = 70 MeV, to a
mean energy (7' ) = 20 MeV (Table I) is calculated with Tschaldr’s [ 19] theory.
This theory assumes that all the protons have traveled the same distance s given
by the range difference calculated with the continuous slowing down approximation,
s = R(70 MeV) — R(20 MeV) = 3.667 cm (Table I), but due to energy loss
straggling, the protons have a distribution of energies, f(s, T), centered around
20 MeV (see Fig. 2). For monoenergetic incident particles, Tschaldr provided graphs
giving the parameters ¢ (for the width of the spectrum ) and -y; (giving the skewness
of the spectrum ) needed to calculate the energy spectrum f(s, 7,) of the protons
at s.

(2) Modification of f(s, T,) for spread in energy of 70 MeV beam. Since the
protons from the accelerator have an unknown energy spectrum, it is necessary to
assume parameters ¢ and s for the spectrum f(s, 7,) of step 1 somewhat larger
than the parameters given by Tschaldr. In practice, ¢ and 3 are assumed to be
adjustable parameters (within reasonable limits), and calculations are repeated
until calculated and experimental ionization curves agree approximately. With this
choice of parameters, the influence of iahkeomogeneities of the absorber foils is in-
cluded in the energy loss spectrum.

(3) Modification of f(s, T;) for multipie scattering. Since Tschaldr’s theory
neglects multiple scattering, an approximate correction for this effect must be made.
Because of multiple scattering, the protons will travel along crooked paths with
length s, but the distance projected along the initial direction is shorter than s. For
the protons to arrive at the absorber thickness ¢, they must travel an additional
distance § = ¢- Agy (¢ = 1.1). An approximation for é is given in Bichsel and
Uehling [17]. In traversing §, the protons lose additional energy given by A =
6-S(T,) = 8(T,)- c-Apy. The energy spectrum calculated in steps 1 and 2 thus
is changed to lower energies and shall be designated as fiy (¢, 7) to indicate that it
has been calculated for an absorber of thickness ¢, is modified for multiple scattering
(subscript M), and is a function of proton energy T, (the reduction A at 7, = 20
MeV is about 0.08 MeV for water and about 0.6 MeV for the lead absorber).

At this point, the protons also have an angular spread, but this only influences
the distances traveled (see step 4), and not the fluence (Fig. 1).

(4) Transport of protons through further layers of water. The protons penetrate
successive thin layers of water (each of thickness Ax = 0.0009 cm). The energy
losses in these layers are calculated for the entire spectrum fu( T, ), giving a new
spectrum fu( T, t + Ax). Rather than calculating the energy loss as a function of
multiple scattering angle for each energy, the assumption is made that all the protons
of a given energy T'; will traverse the layer Ax at a mean angle 6. This angle is given
by multiple scattering theory for the total absorber thickness ¢ traversed so far [17].
The energy loss then is given by A = S(T,)- Ax/cos 8, where S(T,) is the stopping
power at energy 7. The protons are assigned to a spectrum fy(T; — A, £ + AXx)
appropriate for the thickness ¢ + Ax and the reduced energy 7, — A. In the cal-
culation, the energy bins AT are 0.1 MeV wide, and therefore, straggling in the
layer Ax is neglected since the width of the Vavilov straggling function for Ax is
only about 0.01 MeV. An energy spectrum fj(Z + Ax, T;) is thus obtained.

8
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This process is repeated for further layers Ax, giving spectra f{(¢ + x, 7) until
all the protons have lost all their energy. About 700 layers are needed to achieve
this. The number of protons reaching a residual energy 7', = 0 is recorded and
results in the range straggling spectrum ¢(x).

(5) Ionization curve. After each layer, the ionization j is calculated with

jx) = [ fult+ x, TS e0s 0) dT,

where S,(T,) is the stopping power of the gas in the ionization chamber, at energy
T,. j(x) should agree with the experimental ionization curve. By fitting the ion-
ization curves to the experimental data for different absorbers, T can be found,
and the method described in Simple Evaluation of the Measurements is used to
find /,.

Results

The changes in the energy spectra /i (¢ + x, T;) as a function of x are shown in
Figure 2 and described in the caption. Calculated and experimental ionization
curves are compared in Figure 3. The agreement between the function calculated
in the previous section and the experiment is quite close. Further investigations
must show whether the small differences at x between 0.2 and 0.3 cm are due to
problems with the experiments or with the theoretical calculations. The range strag-
gling curve ¢(x) obtained in the previous section is also given.

The calculation made with the method described in Evaluation of Experiment
with the Range Straggling Method differs from the experimental data but might
still be useful for the evaluation of the experiments. Evaluations of measurements
for different absorbers will be presented later.
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The differential w-values were measured for proton, deuteron,3He ion, neutron and 8Co
gamma-ray beams. The measurements were made by eight ionization chambers with different
shapes and sizes. The gases investigated were air, argon, nitrogen, carbon dioxide, methane and
methane based tissue -quivalent gas, and the density of the gases at 0 C, 101.3 kpa is 1.293,
1.784, 1.250, 1.977 0.717 and 1.142 mg/cm3, respectively. The tank gases were used of pure
grade.

The differential w-values were determined from the Bragg-Gray cavity theory. For the 70
MeV proton beams, we estimated the w-value of 35.3, 27.0, 36.5, 34.3, 27.9 and 30.4 eV in the
gases mentioned above, respectively. Our results agree with those recommended in ICRU
report 31.  Similar results were also obtained for the other particle beams. The use of these
w-values for the evaluation of abosrbed dose with ionization chambers for proton beams gave
good agreement with a tissue-equivalent calorimeter. The uncertainties of the w-values are

estimatedto be 4.3%.
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Fig. 2. Calculated stopping power ratio to nitrogen

Table 1. Estimated stopping power of the gases to be investigated

Gas Cobalt-60 Proton Deuteron Helium-3 Neutron
0.4MeV electron  70MeV proton 35MeV deuteron  95MeV 3He SMeV proton
AIR 1.902 8,433 25.51 63.25 68.77
TEG 2.178 9.650 29.48 72.72 80.96
N2 1.914 8.502 25.76 63.82 69.64
CO2 1.906 8.370 25.26 62.71 67.84
AR 1.558 6.799 19.89 50.11 51.39
CH4 2.576 11.51 35.55 87.21 99,28
2. 3. BRI

WEOHEICH O BEHEER LI TO®EY Th 3,

1) *Cot v~

SIFEHERIPERE (SCD) = 80em.
HER (D) =0.5 Gy /min,

2) 70 MeV & F4%

B (A) =10%10 e

BHEAE,»S 6 m FRIKImBED T il 4 W Z2BE, A=4 X ded,

D=15 Gy/min,
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3) 35 MeV T T4
A=4x4ct, D=80 Gy /mine
4) 99 MeV *He ¥ T4
A=4 x4, D=50 Gy /min,
5) itk TR
30 MeVEBTFHRARNRY Vo 65—y MCHRESETHEST 58P HT
A=4x4aly, SCD =200cme D =05 Gy /min,

Table 2. lonization chambers used for the measurements of the differential w-value

Chamber Shape Volume Wall mat. Wall thick. Gap length Schematic cross
(m1) (g/cm™) ()

150-T6G Sph. 0.922 A-150 0.142

576-RTG Sph. 1.06 A-150 0.570

426-TTG oyl. 0.132 A-150 0.177 1.4 (=
401-ETG P.P. 0.360 A-150 0.007 4

T2 oyl. 0.530 A-150 0.112

pp-1 P.P. 0.603 Lucite 0,190

1.3-1C Cyl. 1.44 Teflon+ 0,336

Carbon
Fontenay Cyl. 1.42 Aluminum 1.35 4
2. 4 BHEH

REICHESEATERE (P.P.) « MEE (Gyl.) RUBIE (Sph.) OB 8 K%Mz, T
NIEBHFOELAE SHAWHROFHNCEELRIETHEIDERHT B 1-DTH b, H2ICEND
BHRORE, PR, SRR, BHHE. BE., SHERBRUHERAARL Th 5, BTFcd LT
RLTOBEE . Co #Y wRICK LTI 6 FEIEM V-, EHTHE *He HTIc AMED
BIRCHITIUE 2. & fodlirpiE FRIC I BN T OB ER & 57D, A- 150 R v+4 4
b BEDBEEEZEICH W,

2. 5. BEKRONESME

WEORME I AWz 23 ER. 7Ty, BR, ZBRURE. 24 v, S mTHh . s
DOCIRETOEEFI#nEh 1.293. 1.784. 1.250. 1.977. 0.717. 1.142 mg /cd
Thb, TXRTEMES v HRT, $10ml /min OFBRTHEL L, BRAUEIIZRBE
BEAMET (Cary Model 401) K574 YR EREE L TIT - 72,
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Fig . 3. Ionization current as a function of applied voltage
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BB TOA A VOBHENSEAD L, 14 VEESBRICHL CCoBTHERBSESE L
TS T ENTE B, TTTUEL OB TFRIC OO T bR RE 218, FITRIEBEHICE
MEH 2 2L, BEFHICHT 208N EL . 1 4 YINEMRLRD 1, FIEMHE T,
HIMBED 2 FoHEIC K4 2 BEEBROFHOMER RLN 2 1Rt HOMHHIE B AR
ROMEA 1.0 IHEILL Th B, HIMBED 200~1500 VORI TROEHIUSE SN, il
— RS REAOER AT AR TH 525, MIIBESOFHNIHEIC DL TRHEITEI 0,
EERERI MO FRICOVnTHE LRI,

WEDRIERHC R 5B ~OHINBERIZR, KESRUBBRICL > TEAISD. 300~
1000 VEMA oo CHOEEEM G, 44 VEBESRBRED 0.1 BUU TS IONBETHS, &
PHETHRAEEBHENETRVD, 14 vERSHRELEMEICL > TRECRLZ D, A
- 150 RU w4 FBEOBEERI A (ER Ulc, M FRICHT 24 4 VEEGEERIC K 5B EERK
KO.2%BERE- T
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Table 3. Polarity effects of the chambers for 70 MeV proton beams

Chamber TEG AIR N2 CO2 CH4 AR Absolute Mean
426~TTG -.19 07 -.12 -.14 -.35 -.30 L20+.11
401-ETG .21 .15 .07 .10 .02 -.44 174,15
150-TG .01 .04 11 .02 12 -.28 .10+.10
PP-1 .16 .15 .26 .07 .26 .07 .16+,089
1.3-TC .10 .07 .14 .13 .09 .04 .10+.04
Fontenay -.02 .09 -.01 .00 ~-.08 .00 .03+,04
576-RTG -.09 .00 .01 .00 .37 .23 L12+.15
T2 .06 .07 -.01 .04 .08 -.09 .06+.03
Absolute Mean .11+.08 ,08+,05 .09+.09 ,06+.06 ,17+.14 .18+.15

Table 4. Polarity effects of the chambers for *°Co gamma rays
Chamber TEG AIR NZ COZ CH4 AR Absolute Mean
426-TTG -.18 .18 -.15 -.27 -.11 .00 .14+.09
401-ETG .07 .01 .03 .00 .05 .14 .05+.05
150-TG -.35 .48 -.40 -.37 -.43 -.30 .39+.06
PP-1 ~-.63 .67 .02 -.51 -.93 -,25 .50+4,32
1.3-TC ~.25 .00 -.10 -.08 -.23 .00 114011
Fontenay -.06 .10 -.11 -.11 -.07 .00 .08+.04
Absolute Mean L26%.21 244,27 144,14 .22+.19 .30+.34 ,12+.14

3. 2. tmiEwhp

B EERE T, SEBEANOHMNEBEDHIEEEATh, MESh2BRHRRE I 5,
Lo L., BEHHOME . BUHROMHE ICK > Tlditto@uic k 2 IEBRR IcELES 5, ERE
IERBRES ST & & KT RICK 95 M 4 OBRBEH O MIER) R E KD 5 7o b DREE T - 12,
ERUEOHMBELLDESNIBHETLEN (+) (=) L95L. BHEHR (%) BkKic

K ORDT,

WRIERN I =

(+) — (=

(+) + (=)
70 MeV B TR 1% 4 5 Bl D BRLH O M VERIR 2 £ 3 1R T, WEDOL TORER 8 [DFHEE % L

X 100
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-1, HMEMDIEEREIL0.02 — 0.14 BUNT. (5) RTEHELABERIOESITHY
%o $€-T. Fontenay &T 213/ 4 AUNWVPREEZ GB35, OB >V TR A RICk
> TRBHEDRPE - DENTV S, #PHEFHRARCRTRICEL T, BEREES TRLE
E LT CORKIBMSH TRV, EREEMNR LMESHHEOEVIKEIEbDESELT
WE, BRTHRKY "He HTMTbEBOMETH - 72, *°Co 7 v ~BIcHd 2lEE 4 IKRT,

401 —ETG BEEFEEEBEEDN 7.0 mg /of £ g0 /cd, HIBOA—-150732F 9y 7DELET
THEEE L CMEET -7 “Co # v <R &P TR MEBREMETH 2 LS. HER
UIFERPB SNT, AL, WENTHRIC SR EBUEDRBIREM T, HRATE—EICTLT
vEA Y v OBUEHRBKE VEER LI,

T4 2mERRE, —Bica vy 7 b VB L OB E  RRA T ABTFick > THES I
T3, WFRICHT 2B REERICHRST 2C L1, ChoDERM SR TH 5, BEHE
DR, R&EE, HR, BME. BREEE- BIFFERT 3RTE. ABRTFOT A v -0 %
O, FhBEN? 2RETOHELE-RFHEALTHLS bDLEEZ SRS,

Table 5. Ionization charge measured in several ionization chambers filld with the

gases relative to air for 70 MeV proton beams

Chamber. TEG AIR N, Co, CH, AR
426-TTG 1.177 1.000 0.950 1.562 0.958 1.449
401-ETG 1.172 1.000 0.949 1.571 0.958 1.462
150-TG 1.176 1.000 0.942 1.562 0.963 1.470
PP-1 1.178 1.000 0.939 1.571 0.946 1.453
1.3-TC 1.167 1.000 0.948 1.536 0.962 (1.420)
Fontenay 1.180 1.000 0.944 1.571 0.960 1.455
576-RTG 1.176 1.000 0.942 1.550 0.960 1.462
T2 1.169 1.000 0.939 1.564 0.954 1.447
Mean 1.174+.005 1.000 0.944+.004 1.561+.012 0.958+.005 1.457+.009
3. 3 W f{#

FHITIET0 MeV B TFARICH LTy BEFFIICS A ZAEB I LIt L DBMEZRLTH B, TR
BEOMEE LIKERILL Th 5, 7Ty HREHLLIZLS — TCOBEARIE. BH 2 Dk
EL—HLTW3E, “Coi v=HDBE L. COBMFATDOT VT Y AR LMD 72D 8 % b,
BKLTADE, PIID 2.1 BENMEERL TS, 8-> T. WEOFHEIKIZCOEIKRVTH %,

M4 RUFE 6 IKEBEHRICOG L TRDICH ADOWHEERL Th b, WHOHIHEZ D E 5 BE
UTCEHI LTc, KD * S OENTNERT, MEbEFHICH T 27 v Ty 52 DT BREICK
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Fig . 4. Estimated differential w-values for the radiation qualities

REWVHETH B, EPVETARICK > TP SHIHI N2 2 KA BRLTO R =7 b VATAH 510
M, ZELDELETHFEEATED. TNODOEED, $ich 2 DEPHIEREDTMREES
HIEBLE-T0E3b0EEL NG, HVAGENLSBEENBHRRARECTIzELTHSH
TEBY. TORGENAD—2hbMNEL, CORFEEABRDTE. TR THROFHETE.
WHIIRE—ELEZLON S, M4 DFRECNORTROVEEEARL T3,

KT 2 8HMA 2R OWIOFEHEEZTE LR TIORT, SRMEEE 4.3 Bk & { B%
T50E. BREDOFZDOFEETH 5, L LEDrwic, BRERERGHIETLNC Likizh,
CAICKBEEENS T BLENTE S, “Col v =HUTH LT 1.5% &5 L7z,

Table 5 Estimated differential w-values for the radiation qualities

Gas Cobalt-60 Proton Deuteron Helium-3 Neutron
AIR 33.97* 35.3 35.6 35.7 35.4
TEG 29.4 30.4 30.9 31.0 31.0*
N, 35.1 36.5 36.5 36.5 36.2
CO2 33.4 34.3 34,7 34.9 35.2
AR 26.0 27.0 27.0 27.4 30.3
CH4 26.6 27.9 28.2 28.3 28.2
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Table 7. Estimated uncertainty of the w-values

Source of error Percentage
Reference w-value 4. 0
Charge measurement 0.5
Stopping power 1.5
Gas density 0.1
Ton recombination 0.2
Beam stability 0.3
Total uncertainty 4. 3

4 & W

BT, BEETE. ‘He MFHRUEPHTFHICHT 285, MBSM. 2%, —BLRE. 7
NIV A Y HROWEERD T, CRORTRICKH T 2E A ADFHIOWER T L. 355,
30.8. 36.4. 34.8. 27.1. 28.2 eV Thotea CHLOMEE ICRU Yk~ b 31 DL bk
{—E LT3, TAeDLFIT-> B THREROEBHELE TOBIIE H o) 2 -5 BRO—E
DB SN, T TROIHTAICKH T 2 WO RREER 4.3 % &5HE L 7,

REOEN FHEEAGRO 7o Fa—v (AAPMY) #—- b+ 16) % KRT, BTicx 4 5%
K[OWEIR 34.3 eVHBEESNTVS, LALIITOMEERETHLAEEEOFH TS S
2.3 BISVETH B, COTEERINS I LD DIROIBHE AT 5,

BEMERTRELTE. BARTHET LIV EMBORMIOFE ). REELEEMEL .
EF, MBS, Z2EEHVACENEHERDN S,

X E
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AEMSEE. 37, 369-376. 1977 V
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4) AAPM Report No. 16 : Protocol for Heavy Charged-Particle Therapy Beam
Dosimetry, American Association of Physicists in Medicine, 1986, New York

5) Hayakawa, Y. and Schechtman H. : Comments on the value of the average en-
ergy expended per ion pair formed in air for a proton beam recommended by the

American Association of Physicists in Medicine, Med. Phys., 15, 778, 1988

20



Jpn. Radiol. Phys. FEBIIEREE 9% 3% (1989)
RSU”‘bquu"ﬁ'u}\ﬁ Abul-‘bu"&,m
AL AL AL YT GAT SAS SAL GAL Y

Small Scale Proton Dosimetry Intercompari-
son between Japan and USA

Takeshi Hiraoka, Katsuhiro Kawashima, Kazuo Hoshino, Kiyomitsu
Kawachi, Tatsuaki Kanai, Akira Ito'*, Lynn. J. Verhey? Joseph.C.
McDonald®** and I—Chang Ma®

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

1 Cyclotron Unit, The Institute of Medical Science, The University of Tokyo,
4—6—1 Shirokanedai, Minato—ku, Tokyo 108, Japan

2 Department of Radiation Medicine, Massachusetts General Hospital, Boston,
Massachusetts 02114, USA

3 Radiation Biophysics Laboratory, Memorial Sloan — Kettering Institute, 1275 York
Avenue, New York, New York 10021, US.A.

*  Present Address, Department of Physics, Cancer Institute, 1—37—1
Kamitkebukuro, Toshima—ku, Tokyo 170, Japan

** Present Address, Health Physics Department, Batile Northwest Laboratory,
Richland, Washington 99352, USA

(Received 19 Sep 1989)

Research Code No : 203.9

Key Words : Dosimetry intercomparison, Proton beam, Absorbed dose, Bragg curve,

Proton therapy

1. Introduction

High energy proton beams have been regarded as one of the more attractive particles for use
in radiotheapy since in 1946 Wilson (1) suggested the application of the high energy proton beams
for radiological purposes. In the National Institute of Radiological Sciences(NIRS), clinical
trials of proton beams started in October 1979, using the spot scanning system in order to obtain
the irradiation of large fields with homogeneous dose distributions. Measurements of absorbed
dose in the proton beams were made by the use of ionization chambers and of a Faraday cup.
The agreement of dose estimated by both methods is within the total uncertainties(2).

A proton dosimetry intercomparison between Japan and the United States was done in April
21—-25, 1980 at NIRS under the US—Japan Cooperative Cancer Research Program. Physicists
from the Institute of Medical Science of University of Tokyo (IMS), Massachusetts General
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Hospital ((MGH) and Memorial Sloan—Kettering Institute (MSKI) were participated in the
dosimetry intercomparisons. During this time, radiobiological intercomparisons were also per-
formed. For both intercomparisons, reasonable agreement were obtained.

2. Beam characteristics

The NIRS isochronous cyclotron can produce proton beems of a nominal energy of 70 MeV
at the treatment site. A proton spot scanning system has been used in order to obtain the
desired field sizes and shapes. In the system, maximum field of 20 x 20cm can be available to
radiotherapy. Beam control systems and precise dose distributions have been described in
anothr paper(3, 4, 5).

Figure 1 shows central axis
depth dose curves in water. The

12ne

solid line gives unmodulated beam
and dotted line gives modulated
beam with a fan shaped range
modulator for making a spread out
Bragg peak(SOBP) of 25 mm
width. From the measurement of
depth dose distribution in water

PERCENTAGE DEPTH DOSE/X

for unmodulated beams, depth of
the Bragg-peak, mean range, peak
width (FWHM), and peak to plate-
au dose ratio are 37.81+0.13mm,
38.50+0.11mm, 3.31£0.09mm,
and 5.834+0.051, respectively.
The proton beam energy estimated

B 5 18 15 3" F=1 E] £ 48 45 58

DEPTH IN WATER/mm
Fig.1. Depth dose distributions in water for unmodulated

(solid line) and spread out Bragg peak (dotted

line).
from the mean range is 68.2+0.2

MeV using the tables of Janni(6). Dose intercomparisons were made at the entrance position of
unmodulated beams and at the depth of 15 mm in Lucite for the spread out Bragg peak which is
equivalent to 17.3 mm in water.

INSTITUTION NIRS HGH 1HS MSKI
3. Materials DOSIMETER PPl 4BI-ETG IC-18  IC-18  PPTE  IC-18 TE-Cal.
Au the participants us- Shape PP PP Cyl. Cyl. PP Cyl.
ed ionization chambers as Volume (ml) 683 .38 .153 . .66 .
detectors except for MSKI Covity Gas  TEG, Air N2,C02  TEG TEG A TES TEG
which used a tissue equivale-
o Wall Mot. Lucite A-1S8  A-1SB  A-158  A-158  A-158
nt calorimeter and an ioniza-
. Wall Thick.  .155  .p87  .177 177 1 77
tion chamber. Table 1 (g/cn2)
shows the detectors used Gap fongth 3 4 1.4 1.4 5 14
and their specifications pro- Appl. Velt.  -508 -S89 580 +308 -308 +250
)
vided by each participant.
The shape of the chambers Table 1. Detectors used for the intercomparison.
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was either parallel plate(PP) or cylindrical(Cyl.). Methane-based tissue-equivalent gas(TEG)
(7) and air were used as the chanmber gas for the dose comparesons.

4. Dose estimation with ionization chamber at NIRS

The techniques of absorbed dose determination employed by each participant are in the
literature (8, 9). The Bragg-Gray cavity theory can be used to determine the sbsorbed dose in
the medium. The absorbed dose in tissue for proton beams is given by

Q x Wp/e x (Sp)wall/gas x K
M x (Sp)wall/tissue

Dt:

where Dy is tissue absorbed dose in Gy, Q is charge collected in coulomb, Wp is the average
energy required to produce an ion pair in joule, e is the charge of the electron in coulomb, (Sp)
wall/gas is the average stopping power ratio of the chamber wall relative to the chamber gas for
protons, (Sp) wall/tissue is also the same ratio of the chamber wall relative to tissue for their par-
ticles, K is the correction factor including ion recombination loss, ambient temperature and
pressure, etc., and M is the mass of gas in kg. The mass of gas in a chamber is determined by
irradiation of the chamber in a photon field(Co-60). The intensity of the field can be measured
using ionization chambers whose calibration is traceable to the national standardizing laboratory.
The mass of the gas is given by

2.58 x 102 x Qg x Wg/e x (Sg)wall/gas x K
0.957 x X x Aeq x (pen/p)wall/tissus

M::

where Qg is the charge collected in coulomb, X is exposure in C/kg. Aeq is the wall corrdction
factor, (pen/p)wall/tissue is the mass energy absorption coefficient ratio of the chamber wall
relative to tissue.  Other factors with the subscript, g, denotes the value applicable to the calibra-
tion in gamma-ray field.

5. Irradiation conditions

One of the most important problems in dosimetry intercomparisons is the stability of the
monitor chamber. Figure 2 shows a plot of the constancy of the thin walled transmission
monitor chamber used during the intercomparison which was checked with a parallel plate
chamber with a 0.118 g/cm? thick Lucite wall which was designed and constructed at NIRS.
Ionization gas of the monitor chamber was nitrogen, with flow rate of 40 ml/min. It seems that
the stability of the monitor is sufficiently good as a proton beam monitor. Figure 3 shows the
results of changes in room temperature and atomospheric pressure at the same time correspon-
ding to Figure 2. It can be seen that the variation of the correction factor for changes of mass
of the gas in the chamber was less than 1% during the intercomparison. Figure 4 also shows
the changes in temperature and pressure on April 21, 1980, when the most of the physical inter-
comparisons were performed. The data were taken at regular intervals of one minute. The
spikes in the temperature record were due to the fact that someone worked near the thermistor
sensor in the treatment room at that time.
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6. Results and discussion

NIRS used three different chamber
systems and four ionization gases for the com-
parison. Figure 5 shows the results of the
comparison of tissue absorbed dose per

monitor unit at the entrance plateau for un-

modulated beam. The agreement is quite ac-.

ceptable but the values for air seem to be a bit
low.  Figure 6 shows the results of dose inter-
comparison at the entrance plateau for two dif-
ferent dose rates. The low dose rate is
around 5 Gy/min and the high dose rate is ten
times higher. No significant difference in
measured dose appeared for both dose rates.
The values for air estimated by MGH seemed
to be small compared to the results of NIRS.
Figure 7 shows the results at SOBP for two
kinds of dose rates that are about 1.5 times
larger than the entrance dose rates. The
agreement is quite good for high dose rates.
The value of the tissue equivalent calorimeter-
(TE-CAL.*) is close to the mean value of all.

The main physical constants emploed for
dose estimations with ionization chambers, bas-
ed on Bragg-Gray cavity theory, are stopping
power ratios and W-values. The NIRS has
used values from Andersen-Ziegler (10) for
stopping power ratio. On the other hand,
other participants used the data of Janni(6).
Fortunately, the error introduced by this dif-
ference is very small, because stopping power
must be used as a ratio and the ratio varies
slowly with energy. The NIRS used W-
values from ICRU report 31(11), but MGH us-
ed other values. The difference is 2.6% both
for air and TE gas. Using more accurate
and reliable values for physical constants in all
institutions can be considered important fac-
tors for maintain consistency in absorbed dose
intercomparisons.

Figure 8 shows the photon beam
equivalent response for the proton beams of
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the chambers filled with TE gas which were

calibrated with the Co-60 gamma-rays at
NIRS. The agreement is improved in com-
parison with Figures 6 and 7 indicating
another possible source of uncertainty in the
various home institution calibrations. If a
single source is used for calibration, the agree-
ment will be improved.

In conclusion, it has been shown that
ionization chambers used by different in-
dividuals with different operating conditions
and different gas can agree well with each
other and with a TE calorimeter in these pro-
ton beams, when consistent calibrations and
physical canstants are used.
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3.15 Kerma factors for neutrons with energies above 20 MeV
K. Kitao
National Institute of Radiological Scienses
9-1, Anagawa-4-Chome, Chiba-Shi 260, Japan

Abstract
A short review is presehted concerning the calculation of kerma factors
for neutrons with energies above 20 MeV. Using the program ALICE, the
light particle spectra from neutron-induced reaction and kerma factors
for C, N, O énd tissue have been calculated. The spectra are also com-
pared with experimental results by Romero et al. at 27.4, 39.7 and 60.7

MeV neutron energy.

1. Introduction

Recent X-ray therapeutic apparatuses with energies tens of MV have pro-
vided the percent depth dose of 50% at 21 cm deep for a 10 cm x 10 cm field.
For to achieve the level of depth dose in fast neutron teletherapy, the
neutron beam have to be produced from the (p,n) reaction on beryllium with
bombardment of protons with energy more than 70 MeV. Figure 1 shows values
of the percent depth dose have been measured at some high energy accelerator
em-ployed fast neutron therapy. The energy distribution of Be-p neutrons
is varied with thickness of the beryllium target, backing materials and
filter materials. In any case, calculations of neutron kerma factors for ma-
terials of biomedical importance have to extend for neutrons up to 100 MeV.

Neutron kerma factor for a given material is equal to the initial kin-
tic energies of all the charged particles liberated by neutrons in a volume
element of material. Then, kerma per unit fluence K(E), for monoenergetic
neutrons with energy E, is defined by

K(E) = 2, Z <EJI(E)> o, (E), (D

J 71 J
where (EQ{E)) is average energy transferred to the kinetic energy of Ith

chafged particle in Jth reagtion, oJ(E) is the Jth reaction cross section at
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particle energy E.

Cross. section UJ(E) = [do and (EJ1<E)> = (IElda )J /fdo, then kerma

factor is given by,

K(E)

u

ZJ ZI !EI doJ,

= 23 ZI IE](do/dE)J]dE, 2)

where (do/dE)Ji is the spectrum of emitted Ith light charged particles from

Jth reaction, and this is equal to the angle-integrated differential cross-
section. Romere et al./l1/ had made the measurements of neutron-induced
charged particle (protons, deuterons, tritons, helium-3 and alpha particles)
cross sections on tissue elements at 27.4, 39.7 and 60.7 MeV.

In this work, we assume C with a composition of 100% 12C, N with 100%
14N and O with 100% 160, and compare charged pérticle emission spectra for
C, N and O calculated by AL*CE code/2/ with experimental spectra by Romero
et al./1/ And, we have calculate kerma factors for C, N, O and ICRU muscle
tissue, using the calculated spectra and the recoil kerma from that cited by

Romero et al./1/

2. Status on kerma calculations

As it is shown in the table 1, since 1977 kerma factors for neutrons
with energies above 20 MéV have been calculated for light elements by sev-
eral groups (Alsmiller and Barish/3/, Wells/4/, Behrooz/5,6/, Caswell and
Coyne/7/, Dimbylow/8,9/, Brenner/10/) based on calculated neutron cross sec-
tions or evaluation of limited experimental data. Therefore, there are sig-
nificant discrepancies in the results.

Brenner/10/ had pointed out that all the nuclear models used in calcu-
lation of the neutron crossVsections are quite adequate foar the heavier
elements in tissue but not suitable for low-mass nuclei. Experiments have
predict that assumption of statistical evaporation‘as a means of de-excita-
tion is reasonable for heavy and hedium mass nuclei, but not for carbon. And
assumption of an analytic form for the density of nuclear levels, as used in

the pre-equilibrium model, cannot be justified for low-massnuclei, too.

3. Code ALICE and experimental spectra
We have used the code ALICE(ALICE/LIVERMORE 82)/2/, to calculate the
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particle spectra emitted from the neutron induced reaction. Nobody hitherto
have used this code for kerma calculation. For multiple particle emission,
the ALICE code performs equilibrium (compound nucleus) decay calculations
using the Weisskopf-Ewing evaporation model. Precompound decay is treated by
the hybrid model. Emitted particle may be either neutron; n and p; n, p and
a; n, p, « and d.

Spectra calculated by ALICE codg for p, « and d from C at 27.7 MeV neu-
tron energy, and form N at 39.7 MeV, have been compared with those measured
by Romero et al./1/ And the spectra from O at 60.7 MeV compared with those
of Dimbylow/9/., These results are shown in Figure 2 to 5. The calculated and
experimental spectra are in agreement at 27.4 MeV.(Fig.2) However, deuteron
spectra show disagreement all over the energy of emitted particles from N at
39.7 MeV, and from O at 60.7 MeV. At higher d-energies, ~15 MeV or more at
39.7 MeV and ~20 MeV or more at 60.7 MeV the calculated spectra are higher
than experiment. At lower energy region, the calculated d spectra, as well
as p, are lower than experiment. The trénd can see in alpha spectra from O
at 60.7 MeV.

In table 2, comparison between the calculated kerma values for light
particles and the experimental values by Romero et al./l1/ is presented. The
calculated carbon kerma factors, included the recoil kerma factor cited by
Romero et al./1/, are shown in table 3 together with those calculated by
other authors. Using kerma factor calculated for C, N and O, kerma values
for ICRU muscle tissue( with a composition of 10.1% H, 11.1% C, 2.6% N and
76.2% O by weight) have been derived at 27.4, 39.7 and 60.7 MeV neutron
energy. Where the hydrogen kerma factors have used those of Bassel and
Herling/11/. Figure 6 illustrates these results and compares with the

values of other authors.

4. Conclusion

It is important to improve the reliability of the Kkerma calculation
there are measurements of double differential cross sections for emitted
charged particles from tissue and dosimeter elements bombarded by neutrons.
Some discrepancies between the calculated kerma by the ALICE and the
experimental values suggest to be need for a search for suitable parameter

in application of the ALICE code.
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Table 1 A summary of kerma factor calculationms.

Author neutron model or method

energy
Alsmiller(1977) {70 MeV Intranuclear cascade model
Wells (1979 <80 Intranuclear cascade + evaporation model
Caswell(1980) 20-30 Optical model
Dimbylow(1980) <50 Continuous evaporation model
Behrooz(1981,82) <60 -—-
Dimbylow(1982) <50 NOPTIC(optical model) + GNASH + DWUCK
Brenner(1983) <80 Intranuclear cascade model + optical model
Present work(1988) <60 ALICE

Table 2 Comparison between the experimental values* and calculated
kerma values by ALICE for emitted light particles.
(in 10713 Gy mz)

En = 27.4 MeV 39.7 MeV 60.7 MeV
element exp. cal. exp. cal. exp. cal.
3.2(1) 2.73 3.6(1) 3.95 5.3(2) 5.77
2.3(2) 2.91 3.7(1) 4.09 5.8(6) 6.29
2.0(1) 2.22 2.9(1) 3.28 4.8(5) 5.13

% from ref./1/.
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Table 3 Carbon kerma factor (in 1071° Gy m?)

Neutron energy (MeV)

Author 27.4 39.7 60.7
Werlls/4/ 3.86 4,12 4.75
Dimbylow/8/ 4.64 5.48

Behrooz/5/ 3.08 3.65 6.8
Behrooz/6/ 3.25 3.82 6.4
Dimbylow/9/ 3.7 4.1 5.4
Brenner/10/ 3.72 3.87 4,71
Romero et al./1/ 3.9(1)x  4.4(1)x 6.2(2)%
Present work 3.46+ 4.74+ 6.45+

* 4.0(1) means 4.0 £ 0.1.
+ value included the elasic and non-elastic

recoil kerma from ref./1/.
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Fig. 5 A comparison between calculated and experimental proton and
deuteron spectra produced by 60.7 MeV neutrons incident on O.
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Fig. 3 A comparison between calculated and experimental charged
particle spectra produced by 39.7 MeV neutrons incident on N.
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Fig. 2 A comparison between calculated and experimental charged
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A SPUR DIFFUSION MODEL APPLIED TO ESTIMATE
YIELDS OF SPECIES IN WATER IRRADIATED BY
MONOENERGETIC PHOTONS OF 50eV-2 MeV
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Abstract—A prescribed diffusion model has been developed to give G-values of water species produced
by electrons taking into account the track structure of electrons. The model can explain experimental
results of the Fricke dosimeter for various f§ emitter radionuclides. The present paper applies the model
to the estimations of G-values of water species produced by monoenergetic photons. With the primary
electron energy spectrum along a photon trajectory, which is here calculated by a Monte Carlo method,
we can estimate G-values of the species on the basis of the G-values for electrons. The results for photons
predict slightly different G -values for the Fricke dosimeter from those recommended by ICRU. Parameter
sensitivity is discussed around the set of optimum values for the parameters of the model. In a discussion
on the expression of the electron track structure a conclusion is reached that when we use electron energy
degradation spectra in the way of the present model, the spur size distribution is of little importance.

1. INTRODUCTION

Yields of species (ions and free radicals) produced in
water from ionizing radiation, as a function of time
after an irradiation, is essential for the study of
reaction mechanisms of radiation actions on living
systems. These rely on theoretical estimations, since
there are some difficulties in experimental methods to
measure the yields of the species at a very early stage,
for instance, from the time of 10~ "2 sec to 107*sec. In
a previous work (Yamaguchi, 1987) we have devel-
oped a prescribed diffusion model to solve equations
for diffusion-controlled reactions among the species
produced in water by electrons taking into acount the
electron track structure. Based on the Schwarz’s
model (1969) we define the interspur distance for
every differential path segment of electron paths
including the primary electron track and those of
successive §-rays. The concept of the interspur dis-
tance may improve the Schwarz’s model, by allowing
us to solve the reaction kinetics at a more microscopic
level. The solutions of the equations for the electron
path segments, grouped by their energies, give the
differential G-values of the species. The integral
G-values of the species are calculated through sum-
mation of the differential G-values weighted by the
electron energy degradation spectrum for the primary
electron. The spectrum contains information of the
electron track structure. It has been shown that the
calculated G-values for the Fricke dosimeter with this
model agree well with the experimental values for a
wide range of energies of electrons such as *H f-rays
(E,,=57keV) and Y p-rays (£, =0.9314 MeV)
(Yamaguchi, 1987).

This paper applies the model further to estimate
the yields of species in water irradiated by mono-
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energetic photons. The primary energy spectrum of
electrons set in motion by a photon must be known
to calculate the yields of the species by the photon.
That is, the yields are calculated by weighting the
integral G-values for the electrons with the primary
electron energy spectrum. The previous calculations
giving the integral G -values of electrons are revised in
two points. Firstly we consider the time dependence
of the reaction rate constants in the process of
diffusion (Schwarz, 1969). Secondly we obtain the
initial numbers of the species, e, and OH, from the
experimental results by picosecond pulse radiolysis
(Jonah and Miller, 1974; Jonah et al., 1976).

The present calculation provides an estimation of
the G-values of the Fricke dosimeter irradiated by the
photons of energies from 50 eV to 2 MeV. In order to
study the uncertainty of the results, we discuss the
sensitivity of the parameters of the model around
their optimum values. And we discuss the effect of the
spur size distribution on the present model.

2. A PRESCRIBED DIFFUSION MODEL

It is assumed that at a time about 10! sec after the
passage of the electron the radiolysis of water is
described by:

H,0 meg, H, H,0*, OH, H,. ) -

The subsequent reactions of these species are listed in
Table 1 (Schwarz, 1969). These reactions mainly take
place in a spur along electron traces. The species
however may react with those in neighbouring spurs,
when they are close enough to react according to the
track structure at the beginning or in the course of the
diffusion process. ‘
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Table I. Reactions and rate constants

Reactions kx10°" (M~tsh
(1) €5+ e + 2H,0 — H, + 20H~ 0.55
@) e+ H+ H,0  H, + OH- 25
(3 en+H" - H 17
(4) ez + OH — OH "~ 25
(5) i + H,0, » OH~ + OH 13
6) H+ H = H, 10
(7) H+ OH — H,0 2
(8) H + H,0, — H,0 + OH 0.01
(9 H" + OH™ - H,0 10

(10) OH + OH - H,0, 0.6

The initial electron track structure is described by
the energy degradation spectrum y(Q, E), the path
length of the electron of degraded energy Q from the
primary electron energy of E. In this paper the term
“path” is used to denote an electron trace of the
primary electron and of any § rays, and the term
“track™ denotes only that of the primary electron.

The diffusion controlled reaction kinetics is de-
scribed by a set of simultaneous differential equations
in Table 2. Equations (T1) and (T4)—(T8) were given

Table 2. Equations for a prescribed diffusion model

Equations for concentration C; of species i

dCi/dt = DVC;~ ¥ k,C,C;+ ;;klkch - k,CC,, (Th)
7 ks
D, = the diffusion constant of species i,
ky; = the feaction rate constant between species i and
species J;
k.C,C, = the rate of the reaction between species / and
solute of C,.
Distributions of species in a spur
Clr, 2) = N, {1 (mb]) Y expl—{r’ + (z — 2)’}/b]],
for i #ey, (T2)
Cilr, 2) = N{COD}(r fb) expl—{r? + (z — 2)*}/b 1),
for i = eq, (T3)
b, = the width parameter;
z; = the position of the spur along the path;
N, = the number of species in the spur.
Equations for N, and b,
dN,/dt = ~;k,/N,N,f,/+“z“kj,(N,Nkf,,‘ -k CN,, (T4)
db}/dt = 4D, ~ ‘/Lﬂi(i,j) +}§7ﬁi<f, k) + G, 5), (T)
ﬂi(i'j)= ”b,zki/Nify;bnz/(brz+b})v (T6)
Bij k) = bl NN NS L0703 1487 (0F + D)} 11, (T7)
B, s) = —(BFINDk NI — b} (b]), (T8)
Ji=guln, fori=eg, (T9)
f;/ = A'!i/{l"/z/(bz2 + bf’)}”m/“,
for i =ey, j=the other, (T10)
gy =1+ (2n(b] + 6]} Z,)/{n (b + b] )}, (T1)
Se=10+ {r(b] +6DY"Z, ) (6] + b1,
for i,k # e, (T12)
where
Z, = the interspur distance for a electron path, and
k= kagll + (kgg/ {472 (D, + D) 1))} (T13)

where

k4= the long-time diffusion-controlled rate constant.
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by Schwarz (1969) and Burn and Curtis (1972). The
present model brings about equations (T9)~(T12),
which are the results from the assumption that the
Gaussian distribution holds for species other than e
in equation (T2) and a nonGaussian distribution for
species e, in equation (T3). And we newly interpret
the quantity Z, in equations (T9)~(T12) as interspur
distance for an electron path segment, not the average
interspur distance over all electron paths.
The interspur distance is defined:

Zy=Es/L, ; )

where Es is the energy required to produce a spur,
which is assumed to be constant for all electron paths,
and L, . is the restricted energy loss as defined by:

L= j N(Q,u)(u + B)du + B.a (Q); (3)
0 «

where N,(Q, u)du is the number of the first generation
electrons with energy between v and u + du generated
per micrometer of electron path of energy Q, B is the
ionization potential of the outermost orbital
(B = 12.6 eV, Pagnamenta and Marshall, 1986), ¢ is
the cutofl energy, B, is the mean excitation energy
transfer, and ¢,(Q) is the number of excitations of
water molecules per micrometer of electron path of
energy O (Paretzke and Berger, 1978). We assume
B, =13 ¢V, since the value of B, is about 13 eV in the
energy range of 10>-10°eV (Paretzke and Berger,
1978).

The quantities Es and c are adjustable parameters
which should be determined such that the calcula-
tions of Fricke G-values are in good agreement with
the experiments.

3. G-VALUES BY MONOENERGETIC PHOTONS

The differential G-value G;(Q) for species i, i-th
radical and molecular products per 100eV by the
electron path segment of an electron of energy Q, is
calculated from the solutions N; of equation (T4) at
a particular time:

G{(Q) = Ni/Es x 100. 4)

The integral G-value G,(E) for species i, the
average yield of the i-th species per 100 eV over all
electron paths from electrons of initial energy E is:

E
J GH(Q)y(E, Q)L(Q)dQ

G(E) = )

E b
j y(E, Q}L(Q)dQ
0
where L(Q) is the LET, the linear energy transfer and
y(E, Q) is the energy degradation spectrum, which
is calculated by the method of Pagnamenta and
Marshall (1986).

For the photon which has a primary electron
energy spectrum P (E) the G-value G, for species { is
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given by:

ij(E)Gi(E) dE
G = (6)

FP(E) dE

We calculate the G-value of the Fricke dosimeter
under the aerobic condition by using the equation,

G(Fe'*)=3G(e;) + 3G(H)

+ G(OH) + 2G (H,0,). (7)

4. RESULTS

Conditions of calculation

We assign numbers to each species as ey =1,
H=2, H*=3, OH=4, OH =5, H,0,=6 and
H, =7 to solve the equations in the Table 2. We
ignore the term k,C,N, since we consider no solute in
water. The reaction constants in Table | correspond
to kg in equation (T13) and the diffusion constants
are listed in Table 3, all of which are the same values
as Schwarz’s (1969). The values of the initial radii for
species in Table 3 are the same values as Burn’s
(Burns ef al., 1984). The differential equations in the
Table 2 are numerically solved from ¢ =10"" to
3 x 10775 (Yamaguchi, 1987). To determine the val-
ues of the variables Es and ¢ we compared calculated
G-values with experimental values of the Fricke
dosimeter (Fregene, 1967) for four § rays and ®Coy
rays.

Initial numbers of species

The experimental bases for the initial number of
species in a spur is scarce. Jonah er al. (1976)
measured the yields of the hydrated electron and OH
radical using electron pulse radiolysis of electron
energy of 20-22 MeV, and gave the yield of the
hydrated electron as 4.6 + 0.2 molecules/100 eV at
the time of 100 ps and that of the OH radical as
5.9 4 0.2 molecules/100 eV at 200 ps. The width of
the sample cell containing water was 2 cm for pico-
second pulse radiolysis. An electron energy of
20 MeV decreases to about 14.5MeV on average
after a passage through the water of 2 cm long, the
range of which is 9.18 g/cm? in water (ICRU, 1970a).
This energy change corresponds to three energy
intervals from 12.7 to 21.7 MeV in our grouping of
the electron energies (see later E; for i =79 and
i = 82), in each of which we calculate the yield and

Table 3. Diffusion constants, initial radii and numbers of species

Species D x10° em’s™") r’(A) G°(100eV~")
e 45 24.58 4.78

2. H 7 11.45 0.62

3. H* 9 11.45 478

4. OH 2.8 11.45 6.86

5. OH~- 5 11.45 0

6. H,0, 22 11.45 0

7. H, 8 11.45 0.15
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Table 4. Calculated G(Fe’*) values in compari-
son with the experimental

Radiation Calculation Experiment
B rays
1.°H 12.91 12.940.2
2.3 14.76 143404
3.%Y 15.67 154+0.4
4. %p 15.62 153405
y rays
“Co 15.51 15.5+03

define it as the differential G-value for the interval.
Thus we may regard the above experimental G -values
by picosecond pulse radiolysis as differential G-values
for these three energy intervals, since we know that
the yields are almost the same in these energy inter-
vals. From extrapolation of these data down to the
time of 10ps we determined N =Nj. =478
x Es{100 and N, =6.86x Es/100. We set
Nou = Ni,0, = 0 since these species are absent at the
beginning. The values of N} and NY, are assumed to
be the same as those of Schwarz, since the present
values GSFQ = 4.78 coincides with the Schwarz’s value
for the hydrated electron.

Determination of values of Es and ¢

At first we set values of Es and ¢ to obtain the
differential G -value of the species in equation (4), and
to calculate the integral G-value of the species using
the energy degradation spectrum y (E, Q) in equation
(5). Then we calculate the G-value of the species for
five radiations using their primary electron energy
spectra and compare with experimental values. After
repeating this process, we found the best values as
Es =50eV and ¢ = 58.4eV. Table 4 shows the calcu-
lated G-values of Fricke dosimeters for the radia-
tions. The differential G-value of the hydrated
electron at the time of 100 ps was 4.63 (G,,, = 4.6)
and that of OH at the time of 200ps was 5.85
(G..,. = 5.9) from the present calculation. The calcu-
lated differential yields of these species are compared
with the experiments as a function of time as shown
in Fig. 1.

Primary electron energy spectrum of a monoenergetic
photon

Monte Carlo calculations were made to create a
photon trajectory in water and to obtain primary
electron energy spectra. We used the photon cross
sections for water from photon energy of 0.1 keV to
20 MeV by Hubbel (1977). We set the terminal energy
of a photon trajectory at 50eV. The photon cross
sections from 100 to 50eV are estimated by an
extrapolation from those of 100 and 150 eV. For the
Compton scattering processes we used the simulation
program developed by Snyder er al. (1973). We
assumed that when a photoelectric interaction be-
tween a photon and a water molecule takes place,
95% of them are on the electrons of K-orbits of
oxygen and the other are on those of L-orbits of the
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Fig. 1. Comparison of the calculations with experiments for

the decay of ey (O) and OH (0OJ) as measured using

picosecond pulse radiolysis (Jonah et al., 1976). The solid

and dashed curves show the results from the present model
for e, and OH respectively.

same atom (Hubbell, 1969) and that a /v — 532eV
K-photoelectron, a 518¢eV Auger electron and a
hv —23.7eV L-photoelectron are emitted respec-
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tively. We considered the irradiation under condi-
tions of the charged particle equilibrium, thus all
the kinetic energy of electrons at every interaction
is registered in a array according to its energy.
The arrays are divided by energy intervals of
AE=E,, —E (E=146{,{=2"" ji=1,...,78,
from 14.6eV to 10.83 MeV), which are the same
energy intervals as the electron energy degradation
spectrum y(E, Q). The primary electron spectrum
P(E) for a monoenergetic photon was estimated after
40,000 samplings of photon interactions (Fig. 2). The
G -values of species by the photons are calculated by
equation (6) and given in Table 5. The G-values of
Fricke dosimeter calculated by equation (7) are
shown in Fig. 3 with the experimental values cited in
ICRU report (1970b).

5. DISCUSSION
Parametric sensitivity analysis

The calculated G-values for Fricke dosimeter
shown in Table 4 agree well with the experimental
values. This agreement is due to the proper choice for
the variables Es and c. Table 6 gives the summary of

Table 5. G-values of species in water produced by photons

E(keV) G(eg) G(H) G(H™) G(OH) G(OH™) G (H,0,) G(H,) G(Fe*)
0.05 2.356 0.605 3.10 2.652 0.747 1.181 0.425 14.16
0.06 2212 0.597 2.94 2.500 0.726 1.201 0.446 13.57
0.08 1.983 0.578 2.67 2.264 0.686 1.230 0.479 12.70
0.10 1.775 0.555 2.42 2.055 0.643 1.251 0.512 11.77
0.15 1.533 0.526 212 1.816 0.590 1.272 0.549 10.68
0.2 1.451 0.518 2.03 1.732 0.574 1.282 0.562 10.28
0.3 1.426 0.519 2.00 1.704 0.571 1.287 0.565 10.13
04 1.447 0.525 2.03 1.721 0.579 1.288 0.561 10.19
0.5 1.501 0.534 2.09 1771 0.594 1.285 0.552 10.39
0.6 1.486 0.533 2.08 1.755 0.592 1.288 0.544 10.35
0.8 1.419 0.524 2.00 1.691 0.576 1.293 0.565 10.06
1.0 1.460 0.531 2.05 1.729 0.586 1.290 0.558 10.21
1.5 1.620 0.548 2.24 1.889 0.620 1.274 0.533 10.83
20 1.740 0.558 2.38 2.012 0.641 1.260 0.515 11.30
3.0 1.934 0.570 2.60 2217 0.669 1.233 0.488 12.07
4.0 2.051 0.575 273 2.344 0.680 1.214 0.471 12.54
50 2.163 0.579 285 2.468 0.688 1.194 0.456 12.98
6.0 2.218 0.580 291 2.529 0.691 1.185 0.449 13.19
8.0 2.271 0.581 2.97 2.589 0.693 1175 0.442 13.39

10.0 2.367 0.583 3.06 2.698 0.696 1157 0.429 13.77
15.0 2.447 0.584 3.14 2.790 0.695 1141 0.419 14.08

20.0 2.510 0.584 3.20 2.863 0.693 1.128 0.411 14.33

30.0 2.540 0.583 3.23 2.899 0.690 121 0.407 14.45

40.0 2.541 0.583 3.23 2.900 0.689 1121 0.407 14.45

50.0 2.528 0.583 3.22 2.885 0.689 1.123 0.409 14.40

60.0 2.518 0.583 321 23873 0.650 1.126 0.410 14.36

80.0 2.513 0.584 3.20 2.867 0.691 1127 0.411 14.34

100.0 2.550 0.584 3.24 2.909 0.691 1.120 0.406 14.49

150.0 2.584 0.584 3.27 2.949 0.690 1.113 0.401 14.62

200.0 2.601 0.584 3.29 2,968 0.690 1109 0.399 14.69
300.0 2.646 0.584 3.33 3.022 0.687 1.100 0.394 14.86
400.0 2.681 0.584 3.37 3.062 0.686 1.092 0.389 15.00
500.0 2.707 0.584 3.39 3.093 0.685 1.087 0.386 15.10
600.0 2.728 0.585 3.41 3117 0.684 1.083 0.383 15.18
800.0 2.763 0.585 3.45 3.157 0.683 1.076 0.379 15.31
1000.0 2.790 0.585 3.47 3.188 0.683 1.070 0.375 15.42
1500.0 2.834 0.586 3.52 3239 0.682 1.062 0.369 15.59
2000.0 2.862 0.587 3.54 3.271 0.683 1.056 0.366 15.70

43



Calculation of species yields in photon irradiated water

T

109

o

805

10~1

IO =7

P(E),

hg1tiast T

(Fraction/unit log E)

$dd 3 131

P PRI

100 101

102

103 104

Electron energy (E,keV}

Fig. 2. The primary electron energy spectrum of monoenergetic photons. P(E) is the fraction of electrons

which are accumulated in the energy interval AE, = E, |, — E, where E;=14.6 {'eV (i =1,2,...,78) and

{ =2 after 40,000 interactions between water molecules and photons (Monte Carlo calculations). The
horizontal lines represent all of the photon energies listed in Table 5.

the parametric sensitivity analysis around these opti-
mum values Es =50eV and ¢ = 58.4eV with the
G-values of Fricke dosimeter for *H f rays and “Co
y rays. The term (Es & N7) x 0.9 in the Table 6 means
the condition of a calculation that the value of
Es =45eV (=50 x0.9) and all values of N{ in
Table 3 are multiplied by 0.9 without changing the
value of the other parameters. The value of Es is not

independent of the values of Ny provided that the
energy to produce one ion pair is constant. The term
(Es & N%) x 1.1 means the calculation when Es and
N? are increased by 10% of the optimum values. For
the analysis on ¢ the values of ¢ were chosen accord-
ing to the energy points which define the energy
intervals for the electron energy degradation spec-
trum, again without changing the other parameters.
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Fig. 3. The integral G-value G (E) (solid line) of the Fricke dosimeter as a function of initial photon energy
calculated by the present model. The dashed line shows the recommended values by ICRU report (1970b).
The closed points show all experimental results which are cited in the same ICRU report.
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Fig. 4. The integral G-values of various species in water irradiated by photons, which are given in

Table 5. Numbers indicate that | =eg,

These results imply that a range of 45-55¢V as the
value of Es in accordance with the change of NY
values results in the agreement in the G-values of
Fricke dosimeter within their experimental errors.
For the value of ¢ the range of 49.1-69.4¢eV is
possible with the same criterion as Es. In previous
work (Yamaguchi, 1987) we obtained ¢ =50¢V, in
which the time dependence of the reaction constants
was ignored. The inclusion of the time dependence
may change the value of ¢ from 50 eV to the present
58.4eV. Table 6 gives further the sensitivity analysis
on the other parameters of k;, D;, and r?. It is seen
that the present values, in particular, of k; and D,, are
critical to the present results. These values should be
ascertained with less than 10% uncertainty.

Table 6. Sensitivity of the parameters around the optimum G-values
of the Fricke dosimeter

H f-rays (%) OC y-rays (%)

Experiments 12,9+ 0.2(1.55)° 15.5 +0.3(1.94)®
Optimum values 12.907 15.514
(Es & N%)x 09 13.056 (1.15) 15.795 (1.81)

(Es & N?) x 1.1 12,709 (- 1.54) 15.225(—1.87)
¢ x0.71(=413¢eV) 13.288 (2.95) 15.644 (0.93)
¢ x0.84(=49.1¢V) 12.879 (- 0.17) 15.506 (0.04)

¢ x 1.19(=69.4¢V) 12,750 (~ 1.17) 15.463 (—0.24)

¢ x 141 (=82.6¢V) 12.612(—2.24) 15.419 (—0.52)
k;x 0.9 13.380 (3.67) 15.948 (2.80)
k> 1A 12.422(-3.75) 15.088 (—2.75)
D;x 0.9 12.483(=3.29) 15112 (~2.59)
Dyx 11 13.290 (2.97) 15,859 (2.22)
rfx 0.9 12,628 (—2.16) 15.162 (~2.27)
%11 13.157 (1.94) 15.813(1.93)

*{(Calculation — Optimum)/Optimum} x 100.
YThe experimental errors.

2=H, 3=H* 4=0H, 5=0H", 6=H,0, and 7=H,.

G -values of the species by photons

Agreement of the differential G-values of OH
radicals between calculations and experiments be-
comes poorer after the time of 2.5 ns (Fig. 1). We may
ascribe this disagreement to a large experimental
uncertainty in the OH radical decay and kinetics
(Trumbore et al., 1978). Under the circumstances the
reasonable result in the calculations for the G-value
of Fricke dosimeter (Fig. 3) may have been obtained
by a favorable compensation among the G-values of
species which do not have enough experimental vali-
dation. Thus, the G-values of species in Table 5
(Fig. 4) should be experimentally checked.

In spite of this limitation, we believe that the
present prediction (Table 5) for the G-value of the
Fricke dosimeter for monoenergetic photons may
well be practically useful. Two sets of experimental
data for the Fricke dosimeter at high energies shown
in the Fig. 3 are those for '¥’Cs and “Co y rays. The
calculated curve seems to reproduce the trend of
all the experimental values which are tabulated in
Table 2.1 in ICRU report (1970b). The calculated
values are larger by 3.2% for SkeV and smaller by
2% for 100 keV than the values recommended by the
ICRU.

Spur size distribution

A spur size distribution for the 1 MeV electron is
calculated by Mozumder er al. (1966a, b) and has
been used in the calculations of the prescribed diffu-
sion model which assumes the average spur distance
over all electron paths (Mozumder et al., 1966a, b;
Schwartz, 1969). We study the effect of this distribu-
tion in the present model. We consider spurs in which
less than 6 ion pairs exist according to the definition
of spur (Mozumder ef al., 1966a, b), and assume that
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Table 7. Calculations including the spur size distribution

No. ion pairs Fraction Normalized fraction
2 0.4784 0.5202
4 0.3455 0.3757
6 0.0957 0.1060
Average no. OH (N> Pair Fraction P; (Es) (eV)* ¢ (eV)
2 22 0.1699 29.15 34.7
3 24,42 0.3681 43.73 49.1
4 26, 44, 62 0.3159 58.32 58.4
5 46, 64 0.1250 72.89 82.6
6 66 0.0212 87.46 98.2
G-values of Fricke dosimeter *H f-rays ®Co y-rays
Experiments 129+0.2 1554+0.3
Calculations 13.14 15.52

*(Es)y = {N;> % (100/6.86).

this distribution (upper rows in Table 7) is for that of
the OH radical and holds for the other electron
energies. Possible pairs among different sizes in neigh-
bours are listed in middle rows of Table 7. For
simplicity we solved equations for an average size
{N;> for these pairs, otherwise more complicated
equations are needed for pairs of different sizes. The
fractions for the average sizes were calculated by
the normalized fractions of the original spur sizes.
The value of {(Es) is estimated by (Es) = (N> x
100/6.86 for each average spur size, since the distribu-
tion of the size has been regarded as the number of
OH radicals and the initial G-value of OH is assumed
to be 6.86. The cutoff energy ¢ was determined in the
energy grouping, such that the value of ¢ was the first
energy point lager than each (Es). The initial num-
bers G¢ and radii r§ of the species for each average
spur size were estimated by (Schwarz, 1969)
G =G? x {{NY[(6.86 x 50/100)} x (Es»/100 and
ri=r? x {{N/(6.86 x 50/100)}', where G? and r?
are the values in Table 3. For each spur of average
size we duplicated the calculations to get the differen-
tial G-values, the integral G-values and a composit
integral G-values for the species by using the frac-
tions P,, then we obtained the G-values of Fricke
dosimeter for *H B rays and “Co y rays.
Table 7 shows that the similar results as in Table 4
are obtained. This may imply that the use of the
electron energy degradation spectrum fades out the
effect of the spur size distribution and that the single
size spur model with the electron energy degradation
spectrum and the concept of the interspur distance of
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the electron path may satisfactorily explain the track
structure of electrons in water.
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Ion beams of helium-4 of 185 MeV/amu and carbon -helium-3 of 12 MeV/amu
obtained from NIRS (National Institute of Radiological Sciences) cyclotron were degraded
through aluminum absorbers of various thicknesses to obtain different quantities of LET
(linear energy transfer). Dose-average LET was varied from 145 to 75keV/um for
helium-4 and helium-3 beams and from 220 to 430keV/ym for carbon beams. Chinese
hamster V-79 cells attached to dishes were exposed to those monoenergetic single and
mixed beams for a comparison with response survivals of cells for a given LET value.
The present study aimed to elucidate a correlation between the cell killing effect and
dose average LET as well as a difference between single and mixed irradiations. This
study is useful for designing ridge filters and degraders for heavy ion therapy.

I. INTRODUCTION

The differences in biological effects due to
radiation quality have been studied for many
years. A general agreement is that the biological
effects increase with an increase in LET up to
150 keV/pm and that the shape of the cell
survival curve for mammalian cells is modified
to show a remarkable reduction in the shoulder
as LET increases.’ LET is one of the most
important quantities to describe the quality of
radiation.

We are very much concerned with the
biological effect of the mixed irradiation scheme
if it is the same of the effect of single radiation
for the same value of dose average LET. By
superposing monoenergetic beams we have de-

fined a dose-average LET desired for single

Vol. 83 (1989)
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and mixed irradiations. The results are dis-
cussed in terms of the microdosimetric concept.

II. MATERIALS AND METHODS

A subline of cultured mammalian cells of
Chinese hamster V-79 cells were used for the
present study and maintained with Eagle’s
MEM medium with 15% of fetal calf serum
under the atmosphere of 95% air and 5%
CO, mixture. A monolayer of cells attached to
a dish (35 mm¢) were irradiated in air without
medium. All of ion beams of helium-4 (18.5
MeV/pm), of carbon and helium-3 (12 MeV/
pm) were obtained from the cyclotron of
NIRS. Cells were irradiated with these ion
beams in a cell assembly at the final course of
a beamline. Sample change was remotely con-
trolled in irradiation. After irradiation, cells
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were transplanted into assay dishes for checking
cell survivals by colony formation. The absorbed
dose for cellular materials was monitored by
using a transmission ionization chamber. In
order to determine the absorbed dose, the flux
density was measured with a Farady cup. The
stopping power was calculated by using Steward
and Wallace’s program.” The absorbed dose
was also estimated from the Bragg-Gray cavity
theory by using a parallel plate ionization
chamber. The results of the two different
dosimetries were in accord with each other
within 1%. An LET spectrum was measured
by using a proportional counter. The Bragg
curve for dose-average LET was measured for
the experiment everytime to compare the re-
sults with the theoretical ones. The fraction of
dose for a mixed irradiation with a known LET
was determined from the following equation

Lmix = L[ow ° Dlow /D+thigh'Dlxigh ( 1 )

where L,y and Ly, stand for dose-average
LET of mono-peaked radiation; Dy, and Dy
stand for the irradiation dose of single radiations
with low and high LET and D stands for the

total irradiation dose.

III. RESULTS

We investigated the dose survival responses
of Chinese hamster V-79 cells vs. single and
mixed LET spectra of monoenergetic a-particles
of 14.5, 25, 35, 45, 60, and 75 keV/um and
carbon ions of 230-420 keV/pm. These curves
were obtained by fitting the data to a linear-
quadratic model.” These results indicate that
cell killing ability increases as dose-average LET
increases. Concomitantly, the shape of the
survival curve was modified to be straight and
steep, and its shoulder was reduced. When
compared with that of single irradiation, the
effects of mixed irradiations showed a close

proximity to the beams in the range of dose-
average LET of 14.5-75 keV/um. The experi-
ments, using carbon ions, showed a similar re-
sponse to an exponential type of cell inactiva-
tion but no linear correlation between dose

average LET and cell killing.
IV. DISCUSSION

We have considered the cell killing effect of
mixed irradiation according to Zaider & Rossi’s
equation,” and analogized the survival parame-
ter, a, to dose-average calculation [see MATERIALS
aNDp METHODS; Eq. 1]. Thus, it was possible to
obtain a linear relation between a and dose
average LET in the range of LET less than
75 keV/pm, Similarly, the survival curve pa-
rameter, 1, in Goodhead’s model® was also
sohwn to be linear against an increase in dose
average LET. These parameters are thought
to be in close relation to such physical quantities
as dose average LET. That such parameters
showed the same variation with LET will
provide a view in favor of the concept that
the radiation induced lethal lesion can be
caused by the one hit action in the track seg-
ment and that the number of induced lesions
is proportional to the energy loss in the track
segment.
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The effectiveness of a 70-MeV proton beam in the induction
of chromosome aberrations was studied. We employed periph-
eral lymphocytes and analyzed the frequencies of dicentrics and
rings after irradiation at doses ranging from 0.1 to 8.0 Gy at
various depths within a Lucite phantom. The frequency of chro-
mosome aberrations after irradiation with an unmodulated pro-
ton beam at 5 mm showed a dose-response relationship similar
to that of *°Co v rays. However, irradiation at greater depths
with the spread-out Bragg peak induced higher aberration fre-
quencies at doses lower than those with y rays. Furthermore,
the distribution curve of chromosome aberration frequencies as
a function of depth was found to be slightly different from the
physically measured depth—dose curve. With the spread-out
Bragg peak the biological effects were more marked at greater
depths, resulting in a distribution of relative biological effective-
ness values. The results obtained from chromosome aberration
analysis may not be related directly to those for the relationship
between dose and cell killing. Slight differences in values for
relative biological effectiveness due to the change of dose and
site of proton beam irradiation may not be important for practi-
cal proton beam therapy, but may be important in the preven-
tion of late radiation injuries. © 1990 Academic Press, fnc.

INTRODUCTION

It is widely believed that the greatest advantage of a high-
energy proton beam in radiotherapy is its precise and selec-
tive spatial dose distribution, although its relative biological
effectiveness (RBE) has been considered to differ little from
that of a photon beam. The radiation dose delivered by a
proton beam has a sharp maximal point, called the Bragg
peak, due to particle deceleration, and shows a low level of
lateral scatter. For radiotherapy (/-7), by varying the en-

0033-7587/90 $3.00
Copyright © 1990 by Academic Press. Inc.
Al rights of reproduction in any form reserved.

ergy and the number of protons accelerated, the Bragg peak
can be shaped to deliver homogeneous doses of radiation to
irregularly outlined three-dimensional volumes. Values
found in a number of studies undertaken to investigate the
RBE of protons, mostly by assessing the cell-killing effect,
have ranged from about 0.8 t0 2.0 (8-15). A survey of RBE
values reported for high-energy protons indicates that RBE
is a function of the biological end point as well as beam
parameters (9-12). Chromosome analysis using peripheral
lymphocytes is now accepted as a sensitive and reliable in-
dicator of biological effect (6, 8, 16-22). No effect of spread-
ing the Bragg peak of the proton beam was detected using
cell killing as the end point. In this study, we have employed
analysis of chromosome aberrations to detect differences in
the effects of the different segments of a 70-MeV proton
beam.

MATERIALS AND METHODS

Dose Distribution and Dosimetry

A cyclotron unit at the National Institute of Radiological Science,
Chiba, was used in this study. A parallel plate ionization chamber with a
guard plate was employed to determine the absorbed dose and dose distri-
bution. This chamber (FWT Model EIC-1) was made of A150 plastic and
was small in size and filled with methane-based tissue-equivalent gas (TE).
Based on the calibration of ®Co v rays, the active collecting volume of the
chamber was determined to be 0.348 ml. The proton beam with a maxi-
mum initial energy of 70 MeV from the unit demonstrated a sharp Bragg
peak at 31.8 mm in the Lucite phantom (Fig. 1). In Fig. 2, the relative dose
as a function of depth for a Bragg peak, spread out and flattened by a range
modulator, is shown. The physical measurement of dose distribution in
the spread-out peak was made at 0.5-mm increments in depth in the Lucite
phantom located behind a range modulator which consisted of a rotating
wheel with blades of various thickness. Mean dose-averaged values for
linear energy transfer (LET) of the modulated beam were calculated using
Janni’s stopping-power table (24). The marked increase in LET values
observed with increase in depth, even after beam modulation (Fig. 3), is
considered due to the significant dependence of stopping power on proton
energy. The sharp change in the curve, calculated as a function of depth
(Fig. 3), corresponds to the build-up point on the depth-dose curve in
Fig. 2.
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Relative Dose

2
Dopth In Lucite {mm}

FIG. 1. Depth-dose distribution of a 70-MeV proton beam in an un-
modulated form within a Lucite phantom. The arrowhead indicates the
position at which the blood sampic was irradiated 1o obtain a dose-re-
sponse relationship for chromosome aberrations.

Exposure to Proton Beam

Venous blood was drawn from healthy 20-year-old donors who had no
history of exposure to ionizing radiation, except for routine chest X-ray
examinations. The heparinized blood was irradiated in small plastic tubes
(outer diameter 5.3 mm: inner diameter 4.0 mm: No. 1693, Shibata) set in
a special stand of a Lucite phantom. Employing modulated as well as
unmodulated beams, we irradiated 0.3-ml blood samples in a central por-
tion of a 4 X 4-cm broad-beam irradiation portal at a distance of 6.0 m
from the [-mm aluminum scattering foil. The plastic tube was 2 cm fong,
and the dose distribution was quite uniform. varying not more than 1.0%.
The dose rates we used were 2.0 and 6.0 Gy per minute.

Dase-response relationships at various depths.  lrradiation was per-
formed to obtain the dose-eflect relationship of chromosome aberration
frequencies in blood samples in small plastic tubes placed in a Lucite phan-
tom at depths of 5, 15, and 25 mm. The depths at which the blood was
irradiated were obtained by using the Lucite absorbers, as illustrated in Fig.
4. The irradiation at the S-mm position (a) was performed using only the
unmodulated beam, but the modulated beam was used at 15 mm (b) and
25 mm {c). The radiation doses we employed were 0.1, 0.2, 0.5, 1.0, 2.0,

Relative Dose

Depth In Lucite (mm)

FIG. 2. Depth-dose distribution of a 70-MeV proton beam ina modu-
lated form within a Lucite phantom. The spread-out Bragg peak is illus-
trated. The arrowheads indicate the positions at which blood samples were
irradiated to obtain dose-response relationships of chromosome aberra-
tions. Arrows indicate the positions at which blood samples were irradiated
to obtain RBE values based on chromosome analysis.
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FIG. 3. Mean dosc-averaged LET values of the 70-MceV modulated

proton beam were calculated using Janni's stopping-power table (24). LET
values of the modulated beam are clearly demonstrated to increase with
increasing depth.

3.0,4.0.6.0, and 8.0 Gy at a dose rate of 2.0 Gy per minute. The dose-ef-
fect relationship thus obtained was then compared with that observed after
irradiation with 0.1,0.2,0.3,0.5, 1.0, 2.0. 3.0, 4.0, 6.0, and 8.0 Gy of “"Co
7 rays at a dose rate of 0.8 Gy per minute,

Depth-dose distribution within the phantom.  The whole blood in small
plastic tubes was exposed to fixed proton beam doses, i.c., radiation doses
of 1.0 and 2.5 Gy were used in the first experiment and doses of 4.0 and 6.0
Gy in the second, to determine the change in RBE values derived from
chromosome aberration frequencies induced in samples at various depths
within the phantom. The dose rate was 6.0 Gy per minute. The depths as
arranged by the placement of absorbers were 10, 17,22, 26, 29, 31, and 32
mm. Irradiation was at room temperature, and blood culture was started
within 2 h of the completion of irradiation.

Lymphocyte Culture, Stide Preparation, and Chromosome Analysis

After irradiation. the blood was cultured in 5 m! RPMI-1640 culture
medium with | mli fetal bovine serum after the addition of 0.2 ml phytohe-

JE——— R
e
Proton beam tucite phantom
70 MeV b
Blood
Portal
4x4 cm
Absorpers H
b
a 1
t
1

FIG. 4. Plastic tubes of 4-mm inside diameter containing the blood
samples were placed in a Lucite phantom and irradiated with a 70-MeV
proton beam through a lateral 4 X 4-cm portal. The depths at which the
blood samples were irradiated were arranged using absorbers b and ¢. and
the dose-response relationship was obtained. To investigate the depth-
dose relationship, various other kinds of absorbers were used.
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TABLE I
Distributions of Dicentrics and Rings among the Cells lrradiated with 70-MeV Proton Beams at Depth of 5 mm
Number of cells with indicated number Mean
Radiation Number of  Number of of dicentrics and rings (dicentrics and
dose cells dicentrics rings per

(Gy) scored and rings 0 I 2 3 4 5 6 7 cell) + SE Y U
0.1 600 4 596 4 0.007 +0.003 0.99 -0.10
: 2y (598) (2) {0.003 = 0.002) (1.00) (~0.04)
4 396 4 0.01 + 0.005 0.99 ~1.23

0.2 400 (0) (400) 0) ) - —
0.5 300 12 288 12 0.04 +0.01 0.96 -0.47
' N ) (298) (2) (0.007 = 0.005) (1.00) (~0.06)
10 300 18 282 18 0.06 + 0.01 0.94 -0.72
: 4) (296) 4) (0.013 £ 0.007) (0.99) (—~0.14)
20 100 36 70 25 4 ! 0.36 + 0.06 1.04 0.29
’ (@] 93) (N ) ()] (0.07 £ 0.03) (0.94) (-0.46)
10 100 60 55 32 1 2 0.60 +0.08 0.98 ~0.14
. (10) (90) (10 ) [(G}] (0.10 £ 0.03) (0.91) (—0.68)

40 100 96 38 35 21 5 I 0.96 £ 0.09 0.92 =05
: (18) (84) (14) (2) (U] (U] (0.18 + 0.04) (1.05) 0.37)
6.0 100 206 9 29 34 13 8 4 3 206 £0.14 0.95 0.36
! (32) 70 28 (2) () (0) (0) ) (0.32 £ 0.05) (0.81) (—1.30)
20 50 162 0 4 t5 12 7 8 4 3.24 +£0.21 0.65 ~1.73
: @n 28 U8 (3 OO () (0.54 £ 0.10) ©.92)  (~0.41)

7 Centric and acentric rings in parentheses.

magglutinin (PHA, M-type). The cultures were incubated at 37°C for 48 h
and Colcemid {demecolcine) was added at a final concentration of 0.5
pg/mlat 24 hafter the start of incubation. The harvested lymphocytes were
treated with a hypotonic solution of 0.075 M KCt and stained with
Giemsa solution after fixation. To confirm whether we could exclude the

presence of second-division cells in the present lymphocyte culture
method, another culture technique with luorescence plus Giemsa staining
was also employed using 4.0- and 6.0-Gy-irradiated and nonirradiated
control blood (16). For these 48 h of culture, S-bromodeoxyuridine (BrdU)
and Colcemid were added at the start of incubation and 24 h before har-

TABLE Il
Distributions of Dicentrics and Rings among the Cells Irradiated with 70-MeV Proton Beams at Depth of 15 mm

Number of cells with indicated number Mcan
Radiation Number of Number of of dicentrics and rings (dicentrics and
dose cells dicentrics rings per
(Gy) scored and rings 0 { 2 3 4 5 6 7 celt) = SE oY U
01 450 6 444 6 0.013 + 0.005 0.99 ~0.18
' - (" (449) [Q)] (0.002 = 0.002) (1.00) [(U)]
02 400 12 388 12 0.03 +0.01 0.97 ~0.41
(5) (395) (5) (0.013 = 0.006) (0.99) (~0.16)
0.5 300 17 283 17 0.06 + 0.01 0.95 -0.67
: h 3) (297) (3) (0.010 + 0.006) (0.99) (—0.10)
10 200 27 173 24 3 0.15 + 0.03 1.06 0.56
’ (8) (192) (8) (V)] (0.040 = 0.014) (0.96) (—0.38)
20 100 46 64 27 8 1 0.46 £ 0.07 1.03 0.22
) {5) (95) {5) (1] 0) (0.050 + 0.022) (0.96) (-0.32)
10 100 68 50 35 13 I 1 0.68 + 0.08 0.98 ~0.14
o (12) (88) (12) ()] ()] 0) (0.12 £ 0.03) (0.89) (—0.82)
40 100 104 36 34 20 10 1.04 £ 0.10 0.93 -0.50
(15 (85) (13) (2) (0) (0.17 + 0.04) (1.08) (0.59)
6.0 100 199 7 3 34 16 9 2 i 1.99 + 0.12 0.73 -1.85
! (22) (78) (16) (6) () ) (0 ) (0.28 + 0.06) (1.16) (1.16)
8.0 —

@ Centric and acentric rings in parentheses.
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TABLE 111
Distributions of Dicentrics and Rings among the Cells Irradiated with 70-MeV Proton Beams at Depth of 25 mm
Number of cells with indicated number Mean
Radiation ~ Numberof  Number of of dicentrics and rings (dicentrics and
dose cells dicentrics rings per
(Gy) scored and rings 0 i 2 3 4 5 6 789 cell) + SE oYY U
01 550 9 541 9 0.016 = 0.005 0.99 -0.26
’ @ (548) (2 (0.004 £0.003)  (1.00)  (-0.04)
02 400 14 387 12 i 0.035 + 0.006 1.1t 1.62
: 6) (394) (6) ) (0.015 = 0.006) (0.99) (--0.19)
05 200 t7 185 13 2 0.09 £0.02 116 1.60
. 5 (195) (5) (U] (0.025£0.011) (098  (-0.22)
10 200 32 169 30 1 0.16 = 0.03 0.91 -0.97
: (7) (193) 7 (0) (0.035 = 0.013) 0.97) (-0.33)
20 100 46 62 31 6 i 0.46 £ 0.07 0.94 ~0.43
’ 9 1) 9 0y 0) (0.09 £ 0.03) (0.92)y  (~0.60)
3.0 100 80 48 31 14 7 0_.80 +0.09 1.09 0.64
: (14) (86)  (14) ©) 0) (0.14 + 0.04) 087y  (~0.96)
40 100 t3 31 37 22 8 2 113+ 0.10 0.91 ~0.64
: (19 &1y (19 ©) ) (0) (0.19 = 0.04) (0.82) (—1.31)
6.0 100 197 8 28 34 22 6 1 l 197 £ 0.11 0.67 -2.35
: (20) (82) (16) 2) (O] 0) (0) (0) (0.20 = 0.05) (1o 0.07)
20 100 353 0 7 27 26 16 10 6 323 353+£0.19 0.98 ~0.14
: [G2}] 60y 23y (14 @ B O O OO 0.61 +0.09) (1.26) (3.08)

@ Centric and acentric rings in parentheses.
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FIG. 5. Dose-response relationships of chromosome aberration fre-
quencies obtained at three depths. Solid triangles: irradiated at 5 mm with
the unmodulated beam, indicated by the arrowhead in Fig. {. Open circles:
irradiated at 15 mm with the modulated beam, indicated by one of the
arrowheads in Fig. 2. Closed circles: irradiated at 25 mm with the modu-
tated beam, indicated by another arrowhead in Fig. 2. A solid line indicates
the dose-response relationship due to ®°Co v irradiation with 95% confi-
dence limits (shown as dotted lines).
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vest, respectively, The metaphase slides were processed with hypotonic
solution and fixed. treated with Hoechst-33258 solution. exposed to ultra-
violet light, and finally stained with Giemsa solution. Metaphases beyond
first division were identified by the harlequin-stained figures on chromo-
some slide preparations. The slides were coded before being scored.

In the present chromosome analysis, only dicentrics and centric and
acentric rings were analyzed, because they could be scored easily and accu-
rately and are commonly recognized as a biological dosimeter. The num-
ber of cells examined ranged from 100 to 600, a larger number of cells
being examined for the lower dose ranges. However, for depthsof 5 and 15
mm, only 50 and 25 cells, respectively, could be scored for the 8.0-Gy dose
point; the results for 15 mm are not reported. For analysis of the dose—ef-
fect relationship, the data were fitted by least-squares regression analysis to
a linear-quadratic model.

RESULTS

We determined the effectiveness of both the unmodu-
lated beam and the spread-out Bragg peak for the induction
of chromosome aberrations in samples of blood irradiated
in the beams as shown in Figs. | and 2.

No second mitotic figures were observed among the meta-
phases of 4.0- and 6.0-Gy-irradiated lymphocytes or in the
nonirradiated controls on the preparation slides obtained
by the fluorescence plus Giemsa technique, although no
further detailed data are given in this paper. Therefore, we
evaluated cells processed by the conventional method with
the addition of Colcemid at 24 h after the start of incuba-
tion. For the control frequency of chromosome aberrations
in unirradiated donor, 1050 metaphases were scored and
two dicentrics were observed (0.0019 £ 0.0013). The dose-
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TABLE 1V

Distributions of Dicentrics and Rings amo

ng the Cells Irradiated with “°Co v Rays

Number of cells with indicated number Mean
Radiation Number of Number of of dicentrics and rings (dicentrics and
dose cells dicentrics rings per
(Gy) scored and rings 0 1 2 3 4 5 6 7 cell) + SE /Y U
4 546 4 0.007 + 0.004 0.99 -0.10
04 0 or G50 © ©) — —
7 493 7 0.014 + 0.005 0.99 -0.21
0.2 300 ) (000 (O ) — —
9 392 7 i 0.02 + 0.01 1.20 3.04
0.3 400 o) 398 @ (©) (0.005 £ 0004)  (1.00)  (~0.0%)
05 300 12 288 12 0.04 = 0.01 0.96 -0.47
- ) (2) (298) (2) (0.007 £ 0.005) (1.00) (--0.06)
L0 200 20 182 16 2 0.10 £ 0.02 11t 1.08
’ (3) (19N 3 0 (0.02 £ 0.01) 0.99)  (~0.12)
20 100 34 73 20 7 0.34 + 0.06 1.08 0.58
’ 4) (96) (4) (V)] (0.04 + 0.02) 097 (-0.25)
10 100 62 52 37 8 3 0.62 = 0.08 0.94 ~0.43
o (9 91) ()] (4] ) (0.09 = 0.03) (0.92) (—0.60)
40 100 105 32 41 17 10 {.05 +0.09 0.85 -1.00
: (14) (86) (10) (2) ) (0.14 = 0.04) (1.16) (1.18)
229 7 24 27 23 13 6 229+0.13 0.76 ~171
60 100 @7 GG @ @ O © (047+007) (109  (0.65)
80 100 360 0 11 10 2T 28 12 8 4 3.60 = 0.15 0.65 —2.49
: (63) G @5 43 @ O O O (0 0.63 +0.09) (1.18) (1.22)

¢ Centric and acentric rings in parentheses.

response relationship for the aberrations induced by the
70-MeV proton beam showed a trend somewhat similar to
the relationship for “°Co v rays. However, there appeared to
be some diflerences in efliciency of aberration induction
among the lymphocytes irradiated at depths of 5, 15, and 25
mm (Tables I, 11, and I1]) (Fig. 5). These aberration frequen-
cies were expressed in equations based on a linear-quadratic
model shown as Y = oD + D? where Y and D indicate the

TABLE V
RBE Values of 70-MeV Proton Beams
at Different Depths of Irradiation

Proton Depth of irradiation

dose

(Gy) 5mm 15 mm 25 mm
0.1 A.0+£07¢ 1.8+ 1.2 23+ 1.2
0.2 0.9+05 2.1+ 1.0 25+ 1.2
0.5 1.0+ 04 15205 2.1+£038
1.0 09+03 1.5+03 1.6 £0.5
2.0 L1403 1.34£03 14403
3.0 1.0+ 0.2 1.1 +0.2 1.4 +0.2
4.0 0.9 + 0.1 10 £0.1 t1+0.2
6.0 0.9+0.1 0.9+ 0.1 0.9 +0.1
8.0 0.9+ 0.1 1.0 £0.1

“Mcan + SE.

yield of dicentrics plus rings and the dose in grays, respec-
tively. wand 3 are the coeflicients giving a best fit to the data
points. The dose-effect relationships can thus be expressed
as follows at each depth.

5mm: Y =(872+265)X102xD

+(4.03 £ 0.40) X 1072 x D?
PSmm: Y=(1.43+030)x 107" x D

+(2.65 £ 0.50) X 1072 x D?
25mm: Y =(1.78 £ 043) X 107" X D

+(3.08 £ 0.35) X 1072 x D?

The dose-response relationship of frequency of chromo-
some aberrations induced by #'Co «y rays (Table IV) is given
by the following equation:

Y=(6.11 2049 x 102 X D

+(5.03 +£0.14) X 1072 x D2,
Compared to the aberration frequencies due to ©Co y-ray
exposure, no remarkable difference was elicited in the fre-

quencies obtained by irradiation with the unmodulated
proton beam at the site of 5-mm depth in all dose ranges.
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TABLE VI
Distributions of Dicentrics and Rings among the Cells Irradiated with 70-MeV Proton Beams at Different Depths (1.0 Gy)
Number of cells with indicated number Mean
Number of Number of of dicentrics and rings (dicentrics and
Depth cells dicentrics rings per
(mm) scored and rings [} { 2 3 4 5 6 7 cell) + SE Y U
10 150 16 135 14 1 0.11 £0.03 1.03 0.22
2y (148) (2) ()] (0.01 £0.01) (0.99) (—0.08)
- 200 23 177 23 0.12+0.02 0.89 ~1.13
(€3] (199) )] (0.01 £ 0.01) (1.00) —
2 300 37 264 35 i 0.12 £ 0.02 0193 -0.82
N (5 (295) (&) ()] 0.02 £0.01) (0.99) (-0.18)
2 300 35 267 3t 2 0.12 £ 0.02 1.0t 0.10
. 9) 91 9 0) (0.11£0.00 0.97) (-0.35)
29 150 47 304 45 | 0.13 +0.02 0.91 ~1.19
) (13) 337) (13) [(B)] (0.04 = 0.0DH (0.97) (~0.47)
3 250 45 208 40 i t 0.18 + 003 1.00 0.02
) ) (242) (8) (U] 0) (0.03 +£0.0D (0.97) (—-0.3H
3 250 46 210 34 6 0.18 +£0.03 1.08 0.87
: - (13) (237) (13) (V)] (.05 £ 0.0 (0.95) (- 0.56)

7 Centric and acentric rings in parentheses.

However, the modulated beam at 15 and 25 mm was more
effective than the y rays in the low-dose range. This was
more marked at 25 mm.

The RBE values of the proton beam were obtained by
comparing the chromosome aberration yields observed at 5
mm, |5 mm, and 25 mm with the yields induced by °Co v
irradiation. The results suggested RBE values of about 2 in
the lower dose range at 15 and 25 mm and around unity at
higher dose levels (Table V). However, at 5 mm no increase
in RBE value was observed (Table V, Fig. 5).

The chromosome aberration frequencies induced by
irradiation with the modulated beam at various depths in
the Lucite phantom revealed a specific relationship be-
tween depth at which blood is irradiated and frequency of
aberrations. The frequency of aberrations after exposure to
1.0 Gy starting at the 10-mm depth gradually increased and
reached a maximum at 32 mm (Table VI). Thus the ratio of
aberration frequencies for the 32-mm point relative to the
10-mm point was 1.6 (Fig. 6). The depth-dose distribution
obtained by irradiation at 2.5 Gy also showed the same

TABLE VI
Distributions of Dicentrics and Rings among the Cells Irradiated with 70-MeV Proton Beams at Different Depths (2.5 Gy)

Number of cells with indicated number Mean
Number of Number of of dicentrics and rings (dicentrics and
Depth cells dicentrics rings per
(mm) scored and rings 0 ] 2 3 4 5 6 7 cell) + SE Yy U
10 200 52 156 35 7 i 0.26 + 0.04 f.12 1.16
9y (191 () ©0) )] (0.045 + 0.015) (0.96) (-0.43)
17 “)
2 200 68 149 37 t 3 0.34 + 0.04 1.26 2.56
(th (189 (i) ) (V)] (0.06 = 0.02) (0.95) (—~0.53)
2% 200 85 129 58 12 ! 0.43 £ 0.05 0.93 -0.66
(14) (186) 4 0) (U} (0.07 £ 0.02) (0.94) (—0.68)
29 100 48 63 29 6 ! 1 0.48 = 0.07 116 1.1s
(10) (90) (10) (0] ) (U] (0.10 + 0.03) (0.91) (~0.67)
31 100 51 67 19 10 4 0.5t =007 1.37 2.61
(13 87 (13) (U] (0) (0.13 £ 0.03) (0.88) (~0.89)
3 100 64 99 40 9 2 0.43 +0.05 .05 0.36
) (10) (140) (10) ©0) (0) (0.07 £ 0.02) 0.94) (0.55)

2 Centric and acentric rings in parentheses.
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FIG. 6. Depth-dose distribution of the 70-MeV modutated proton
beam estimated from chromosome aberration frequencies. The units on
the ordinate are ratios of aberration frequencies along various depths.
Open circles: 1.0 Gy: solid triangles: 2.5 Gy.
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tendency seen for 1.0-Gy irradiation, although the aberra-
tion yield at 32 mm was slightly lower than the yields at 29
and 31 mm (Table VII). The maximum aberration fre-
quency obtained at a depth of 31 mm was two times higher
than that at 10 mm (Fig. 6). Another series of comparisons
of the frequency of aberrations for 4.0 and 6.0 Gy at various
depths (Table VHI and 1X) resulted in almost the same
distribution pattern described above, and the ratios of max-
imum aberration frequency at a depth of 29 mm relative to
frequencies at 10 mm were 1.6 and 1.6, respectively (Fig. 7).

MATSUBARA ET AL.

The spread-out peak of the 70-MeV proton beam in the
present study revealed an almost flat contour in the physi-
cally measured dose distribution, not unlike that reported
by other authors. However, the present results using chro-
mosome aberration analysis as a measure of biological effec-
tiveness suggest that relative dose is not constant over the
spread-out Bragg peak but changes with depth between 10
mm and the deepest site of the spread-out peak. This result
suggested the possibility of a more marked biological eflect .
in deeper areas even within the spread-out peak.

DISCUSSION

Using chromosome aberrations as a biological end point
of radiation damage, we investigated the dose-cffect rela-
tionship for a 70-MeV proton beam and its depth-dose
distribution. We also investigated the dose-eflect relation-
ship in the dose range down to 0.1 Gy, because the eftect of
proton irradiation on the induction of chromosome aberra-
tions in such a low-dose range, which may exist in the pe-
ripheral and/or surrounding normal areas of radiotherapy
portals, has not been studied extensively (25). The observed
aberration frequencies for cells irradiated at 15 and 25 mm
were found to be a little higher per unit dose than those
caused by doses of less than 2.0 Gy of ®°Co vy rays. However,
no enhanced values were observed at higher doses such as
4.0, 6.0, and 8.0 Gy. The dose-response relationships of
chromosome aberration frequencies due to the proton
beam irradiation have been reported by many authors, and
the frequencies have been found to be largely dependent on
proton energy (8, /3, /6. 26, 27). Radiation effects were

TABLE VI
Distributions of Dicentrics and Rings among the Cells Irradiated with 70-MeV Proton Beams at Different Depths (4.0 Gy)

Number of cells with indicated number Mean
Number of Number of of dicentrics and rings (dicentrics and
Depth cells dicentrics rings per
(mm) scored and rings 0 { 2 3 4 5 6 7 cell) = SE oY u
10 100 83 42 40 12 S 1 0.83 +0.09 0.98 ~0.18
(14y (86) (14) (0 0) (0) (0.14 £ 0.03) (0.87) (~0.96)
17 100 102 33 41 18 7 1 1.02 +0.09 0.87 -0.91
(13) (87) (13) () ) () (0.13 £ 0.03) 0.88) (-0.89)
22 100 109 34 36 20 7 3 1.09 £ 0.41 1.00 0.02
(18) (83) (16) (1 (V)] (0) (0.18 = 0.04) (0.94) (0.44)
2% 100 123 25 3R 26 1 1.23 £ 0.10 0.74 ~1.86
23) (78) 21 (1 [(B)] (0.23 + 0.04) (0.87) (-0.95)
29 100 129 28 36 19 13 4 1.29 + 0.11 0.99 -0.06
(22) (79) (20} [€)] (V)] (0) (0.22 + 0.04) (0.88) (-0.87)
1 100 49 69 20 7 2 | 1 0.49 + 0.09 171 5.05
- (8] (92) (7) [4)] 0) ) (0) (0.09 = 0.03 (1.14) (1.06)
12 100 23 83 t [ 0.23 = 0.05 1.31 2.19
7 93) (7 (V)] (0.07 = 0.03) (0.94) (--0.46)

¢ Centric and acentric rings in parcnthescs.
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TABLE IX
Distributions of Dicentrics and Rings among the Cells Irradiated with 70-MeV Proton Beams at Different Depths (6.0 Gy)
Number of cells with indicated number of Mean
Number of Number of dicentrics and rings (dicentrics and
Depth cells dicentrics rings per
(mm) scored and rings 0 1 2 3 4 5 6 7 cell) £ SE Y U

10 100 176 9 35 36 12 7 I 1.76 £ 0.11 0.66 -0.17
(29)° (74) (23) 3) [(§)] ) (0 (0.29 + 0.05) (0.93) (-0.50)

7 100 185 12 28 34 17 7 2 185+ 0.12 0.75 ~0.13
20 81) 17y 2) ()] (O] (O] (0.21 £ 0.05) (0.99) (-0.07)

2 100 203 12 27 29 18 8§ 4 2 203+0.14 0.96 -2.21
(38) (65) (32) 3) (0) ©0) (0) 0) (0.38 £ 0.05) (0.79) (-1.50)

2% 100 218 4 32 30 16 13 4 1 2,18 £0.13 0.76 -1.67
(35) (68) (29) 3) (0) (O] ()] ) (0.35 £ 0.05) (0.83) (—1.23)

29 100 284 3 16 31 18 15 A 5 )] 284 +0.16 0.85 -1.05
(51) (60) an 7 (2) (O ) (0) ) (0.5t £0.07) (1.01) (0.07)

31 100 54 71 16 7 3 I | 1 0.’54 +0.11 222 8.69
(12) 90) () 2) (5] ©) ) (5] {0.12 £ 0.04) (1.23) (1.63)

1 100 19 85 i1 4 0.19 £ 0.05 1.24 1.76
(6) (94) 6) ) (0.06 £ 0.02) (0.95) (—-0.39)

@ Centric and acentric rings in parentheses.

found to be influenced by the sites at which the cells were
irradiated, as reported previously (9-11). Elevated chromo-
some aberration frequencies were found to be induced
when the blood was irradiated at deeper sites within the

1.7 r
1.6 @
1.5 °

1.4
1.3 °

1.2 ° A a
1.1 S

10 ®

0.9

0.6 °
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Efficiency of chromosome aberration induction
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FIG. 7. Depth-dose distribution of the 70-MeV modulated proton
beam estimated from chromosome aberration frequencies. The units on
the ordinate are ratios of aberration frequencies along various depths. Solid
circles: 4.0 Gy; open triangles: 6.0 Gy.
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beam spread out by a range modulator. Thus the RBE val-
ues obtained at 25 mm were suggested to be around 2 in a
lower-dose range such as 0.1 to 0.5 Gy. Elevation of chro-
mosome aberration frequencies was found to be less re-
markable, and an RBE value of about 2 was estimated only
at the doses of 0.1 and 0.2 Gy, when the blood was irra-
diated at 15 mm. The unmodulated proton beam irradia-
tion at a depth of 5 mm in the Lucite phantom did not
induce an elevation in chromosome aberration frequencies
even in the low-dose range compared to the aberrations
induced by ®Co « rays, resulting in RBE values of around
unity over the dose range 0.1 to 8.0 Gy. Values for the RBE
of a proton beam ranging from 0.8 to 2.0 have been re-
ported (8-15). In the present study, however, the dose and
depth at which the blood was irradiated were found to have
a considerable influence upon the RBE values of the proton
beam. )

The measured RBE values as a function of depth based
upon chromosome aberration frequencies revealed an ap-
preciable slope even within the spread-out peak of the 70-
MeV proton beam, i.e., the irradiation at deeper sites
within the spread-out peak resulted in higher aberration
frequencies per unit dose. The chromosome aberration fre-
quencies observed at the deeper sites of the spread-out peak
were 1.5 to 2.0 times higher than those seen at shallower
sites within the same broadened peak. These results could
be explained by the increase in LET with depth in the
spread-out peak, which was calculated using Janni’s atomic
data and nuclear data table, as illustrated in Fig. 3. Further-
more, comparing the change in LET reflected in Fig. 3 and
the change in the aberration frequencies in Figs. 6 and 7,
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LET appears to have more influence on the induction of
chromosome aberrations at lower doses than at higher
doses.

In this study of proton beam dose distribution, we per-
formed two experiments and observed slight discrepancies
between them as illustrated in Figs. 6 and 7. This difference

may be explained by the diameter of the small plastic tubes .

in which the blood was irradiated, which might have been a
little too large for evaluation of the sharp reduction in the
relative dose in the spread-out peak of the 70-MeV proton
beam. It is possible that at this point in the beam, half of the
blood within the tube did not receive a uniform dose, even
though the remaining half was fully exposed to the proton
beam. This possibility may be verified by the presence of
more dispersed distribution of aberrations as shown in Ta-
bles VII to IX.

The value of RBE is not constant, but varies depending
upon the biological end point and the dose. Differences
between the RBE values obtained here and those reported
by other investigators (8-15) can be explained as follows:
(1) The chromosome aberration assay system that we em-
ployed in this study is much more sensitive than any other
biological parameters. (2) The RBE values investigated in
this study were for doses down to 0.1 Gy.

In radiotherapy, it is essential to restrict the radiation
dose only to the target area of the tumor and to eliminate
unnecessary irradiation to the surrounding normal tissue.
For this requirement, the proton beam appears to give the
ideal depth-dose distribution among the various types of
external beam therapy. In fact, superior clinical results have
been reported employing proton beam therapy for the con-
trol of selected malignant diseases in more than 5000 pa-
tients (5). Therefore, with respect to treatment with a high-
energy proton beam, the increase in RBE values at low
doses and also the possibility of a nonflat distribution of
RBE values within the spread-out peak area may indicate
factors to be considered for the prevention of late effects
due to genetically injured but surviving cells.
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Etoposide Protects Mice from Radiation-induced Bone Marrow Death
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Etoposide is known to inhibit the activity of topoisomerase II, and to possess radiosensitizing effects.
In this paper we show that pretreatment of mice with etoposide one day before whole-body irradiation
had a protective effect against radiation-induced bone marrow death. The 1L.D50/30 of mice given
radiation alone was 8.26 Gy while that of mice given etoposide one day before whole-body irradiation
was 10.35 Gy, The number of endogenous colony-forming units surviving in whole body-irradiated

mice was significantly increased by pretreatment with etoposide.

Key words:

The dose-limiting factor of etoposide, which is being
used increasingly in the treatment of malignancy, is
myelosuppression, such as leukocytopenia and thrombo-
cytopenia. Combination of fractionated WBI and high-
dose etoposide with bone marrow transplantation has
also been used for advanced hematologic malignancies."
However, there are no published data describing the
effects on bone marrow toxicity of the combined modality,
even though both radiation and etoposide cause hemato-
logical suppression. In this communication, we report
that pretreatment of mice with etoposide protected
animals from radiation-induced bone marrow death.

The animals were 8- to 12-week-old C3H/HeMsNrsf-
ICR female mice. They were produced and maintained in
our SPF (specific pathogen-free) facilities at the National
Institute of Radiological Sciences. Etoposide (Nihon
Kayaku Ltd., Tokyo) was diluted with Ringer’s solution
immediately before ip injection, and 30 ug/g of etoposide
in a volume equal to 0.01 ml/g body weight was used
throughout these experiments. This amount of etoposide
was approximately one-half of LD50 and caused no
apparent toxicity in our experimental animals.

For WBI, mice were put in lucite holders without
anesthesia, and received single doses of r-rays from a
YCs unit with a dose rate of 0.96 Gy/min. Eight mice
were used for each point and the observation period was
30 days. In the endogenous spleen colony assay,” the
spleen was removed and fixed in Bouin's solution 9 days
after irradiation. The number of spleen colonies on the
surface of the spleen was macroscopically counted.

The time course of the combined modality was in-
vestigated by employing various time intervals between

Abbreviations: WBI, whole-body irradiation; CFU-S, colony-
forming units in spleen.

Etoposide -— Radioprotection — Bone marrow toxicity

WBI and etoposide treatments (Fig. 1). The radiation
dose used here was 7.7 Gy, which killed all mice by day
30. When etoposide was administered one day after WBI
or later, no change in survival rate was observed. In
contrast, administration of etoposide prior to WBI pro-
tected the mice from radiation-induced bone marrow
death: eight out of eight mice (100%) survived when
etoposide was administered one day before WBI. Less
effective protection was observed when the time interval
between etoposide and WBI was prolonged up to 9 days.

Figure 2 shows radiation dose-mortality relationships
(LD50/30) after the combination modality in which
mice received etoposide one day before various doses of
WBI. The LD50/30 of mice given radiation alone was
8.26 Gy (7.98-8.53 Gy, 95% confidence) while that of
mice given etoposide one day before WBI was 10.35 Gy
(10.01-10.68 Gy). The dose modification factor (DMF)
was 10.35/8.26, i.e., 1.24.

The effects of the combination modality on the hema-
topoietic system were investigated by endogenous spleen
colony-forming assay. Etoposide was administered one
day before WBI. As shown in Fig. 3, etoposide pretreat-
ment resulted in an upward shift of the radiation dose-
response curve, with a minimal change in D, (radiation
dose required to reduce the colony number by 1/e); D,
was 0.98 (0.81-1.16) Gy for radiation alone and 0.82
(0.67-0.99) Gy for etoposide-pretreated mice.

The present experiments have clearly demonstrated
that a larger number of endogenous colony-forming units
survived in mice that received etoposide one day before
radiation than in mice that received radiation alone.

Etoposide interacts with topoisomerase 11, an enzyme
that catalyzes alterations in the topology of DNA
through an ATP-dependent strand-passing reaction, This
enzyme produces an enzyme-bridged DNA strand break
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Fig. 1. Effect of timing in the combination modality of WBI
and etoposide. Mice received an ip administration of 30 ug/g
etoposide either before or after 7.7 Gy WBL. Eight mice were
used at each point, and survival rates were determined at 30
days after irradiation. No mice survived after WBI without
etoposide.
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Fig. 2. Radiation dose-mortality relationship. Mice received

an ip administration of 30 ug/g etoposide one day before
various doses of WBI. Eight mice were used at each point, and
mortality rates were determined at 30 days after irradiation.
LD50/30 values were calculated by probit analysis. Open and
closed circles represent the radiation alone control group and
the etoposide plus radiation group, respectively.

which has been termed “the cleavable complex.”*”

Etoposide stabilizes the cleavable complex and results in
both increased DNA strand breaks and inhibition of
rejoining.”® Topoisomerase IT seems to play a positive
role in rejoining .of radiation-induced double-strand
breaks, and etoposide may suppress repair of DNA
damage caused by radiation.” Cell cycle distribution is
also modified by etoposide.'® ' Low and high concentra-
tions of etoposide arrest cells at G, and S phase, respec-
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Fig. 3. Survival curve of endogenous CFU-S. Mice received
either WBI alone (O) or 30 pg/g etoposide one day before
WBI (@). Symbols and bars are mean and 95% confidence
limits, respectively.

tively. These activities of etoposide, except S phase arrest,
imply that cells exposed to etoposide could be sensitized
to radiation. The combination of radiation and etoposide
showed a significant enhancement of in vitro cell killing
as compared with radiation alone.'” Etoposide seems
to inhibit repair of potentially lethal radiation damage.
Clinical studies suggest that etoposide may be the agent
responsible for enhanced radiation response in patients
with small cell lung cancer.''?

This is the first report to describe the radioprotective
activity of etoposide. Some other cytotoxic agents includ-
ing cytosine arabinoside, methotrexate, chlorambucil and
cyclophosphamide are known to reduce radiation toxic-
ity when administered to mice prior to WBL'Y These
agents do not change the radiosensitivity of the hemato-
poietic stem cells, but accelerate regeneration of the cells
surviving radiation damage.

The finding that endogenous CFU-S formation was
increased by administration of etoposide implies the fol-
lowing possibilities for the underlying mechanism of the
protection: 1) etoposide increases CFU-S, 2) regenera-
tion of CFU-S is accelerated by etoposide, and 3) the cell
cycle of CFU-S is modified by etoposide to a more
resistant distribution. We are now investigating these
possibilities.

(Received November 18, 1989/Accepted December 25, 1989)
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EFFECT OF COMBINATION THERAPY OF RADIATION AND LOCAL
ADMINISTRATION OF OK-432 ON A MURINE FIBROSARCOMA
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The effects of a combination therapy of radiation and local administration of OK-432, which is one of BRMs
(biological response modifiers), were studied using a radioresistant murine fibrosarcoma with weak immunogenicity.
Fifty percent tumor control doses were 83.5 (79.6-87.4) Gy in animals given radiation alone and 64.3 (57.9-71.0)
Gy in animals given OK-432 immediately after radiation, indicating that this biological response modifier can
enhance the radiation dose effectiveness by a factor of 83.5/64.3, that is, 1.30. Histological observations of treated
tumors showed that the combination therapy induced a marked infiltration with lymphocytes and prominent de-
generation and necrosis of the tumor cells. Examination of subsets of the infiltrating lymphocytes using the monoclonal
antibodies showed that Lyt-2 positive lymphocytes were more abundant in the group given the combination therapy
than in the radiation alone group on day 5 (p > 0.05). Two days later, Lyt-1, Lyt-2, and L3T4 positive lymphocytes
increased in the group given the combination therapy, whereas these lymphocytes disappeared in the group given

radiation alone.

OK-432, Radiation, Combination therapy, Biological response modifier, Lymphocytes subsets, NIFSa.

INTRODUCTION

OK-432 is a streptcoccal preparation (5, 12) produced in
Japan, and has host-mediated as well as direct antitumor
action (14). The intradermal administration of OK-432
is already in clinical trials as a postoperative adjuvant
therapy in Japan. We have devised a new preoperative
combination therapy which involves the local adminis-
tration of OK-432 and chemotherapy against gastric can-
cer (10) and have observed the disappearance of palpable
primary tumors in several patients within as short as 2
weeks after therapy. This new combination therapy of
OK-432 with radiation was also used in several cases of
esophageal cancer, achieving complete regression of the
tumor mass with preoperative irradiation at a relatively
low dose of 30 Gy in two cases (9).

As there are not many reports on the antitumor poten-
tial of the combination therapy with radiotherapy and
local administration of OK-432, we investigated and re-
port here on basic mechanisms underlying the combi-
nation therapy using a weakly immunogenic tumor.

METHODS AND MATERIALS

Animal-tumor system

C3H/HeMsNrsf mice were housed in SPF (specific
pathogen free) facilities and used in experiments at an age
of 8-12 weeks. The tumor used here was the NFSa fibro-
sarcoma which spontaneously originated in a C3H mouse
and is weak immunogenic (I1). Sixteen generations of
NFSa stored frozen in liquid nitrogen were implanted into
mice subcutaneously. Tumor cell suspensions were pre-
pared from tumors of approximately 2 cm diameter,
which were surgically removed and cut into pieces with
scissors. These pieces were stirred for 20 minutes in Dul-
becco’s solution, containing 0.2% trypsin, and filtered
through a No. 200 stainless mesh to purify a single cell
suspension. Cell viability was confirmed by phase contrast
microscopy and usually exceeded 95%. Approximately
109 cells were injected into the right hind leg of syngeneic
mice (1).

OK-432* is a heat and penicillin-treated lyophilized
powder of Su-strain of Streptcoccus Pyogenes A3 (12). A

Summary of this paper was presented at the 34th Annual
Scientific Meeting of Radiation Research Society which was held
in Las Vegas, Nevada, April 12-17, 1986.
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unit of | KE includes 0.1 mg of this dried bacteria, and
is not adjusted by any standard activity. OK-432 was dis-
solved in physiological saline and the suspension was ad-
ministered to mice intratumorally with a microsyringe in
volumes ranging from 40 to 80 ul. For simultaneous ad-
ministration with tumor cells, 20 ul of OK-432 was mixed
with an equal volume of tumor cell suspension. The con-

trol mice received an equal volume of physiological saline.

Irradiation

Gamma rays were obtained from a '*’Cs unit at a dose
rate of 1.9 Gy/min at 21 cm and 0.7 Gy/min at 35 cm
FSD, respectively. Animals were anesthetized with 0.05
mg/g Nembutal prior to radiation. All mice were treated
with a single dose of radiation to leg tumors.

Assay methods

Tumor Growth Delay: Three diameters of each tumor,
a, b, and ¢ were measured at least twice a week with cal-
ipers. Tumor volumes were calculated using the elipsoid
equation, V = X a X b X ¢/6. Significant difference was
evaluated by Student’s t-test and X*-test.

TCDyy (the radiation dose by which 50% of irradiated
tumors could be cured) Assay: Leg tumors were irradiated
at 7 mm in diameter with '*’Cs gamma rays and tumor
control was determined at 120 days after irradiation. Each
dose point consisted of 16 mice, and a total of 90 mice
were used for each assay. The results were processed by
probit analysis to calculate the 50% tumor control dose
together with the 95% confidence limit.

Lymphocytes subsets: Tumors were surgically removed
from mice. A single cell suspension was obtained by
pressing the tumors through stainless mesh and washing
out with RPMI-1640 (supplemented with 5% fetal calf
serum). Mononucleated cells in the Ficoll-Paquet solution
were separated by differential centrifugation and washed
two times with phosphate-buffered saline containing 10%
bovine serum albumin. The mean number of collected
mononucleated cells were 1.35 X 10® which contained 43
+ 19% (mean and S.D.) of lymphocytes. The viability of
these cells, which was determined by the trypan-blue dye
exclusion method, was 53 = 19% (mean and S.D.). An
appropriate number of lymphocytes, ranging from 2,000
to 10,000, were transferred into each Fisher tube. These
cells were reacted with FITC-conjugated monoclonal an-
tibodies} such as anti-Lyt-1 (Pan T cells), anti-Lyt-2
(Killer/Suppressor T cells), and anti-L.3T4 (Helper/In-
ducer_T cells) for 45 minutes under 0°C. After the reac-
tion, fluorescence intensity emitted from antibody-bound
lymphocytes was measured by FACS440. For each sam-
ple, nonspecific fluorescence was measured and subtracted
from the total fluorescence to give a specific value.

July 1989, Volume 17, Number {

Effect of local administration of OK-432 on
tumor growth

The mixture of OK-432 with | X 10° NFSa cells was
implanted subcutaneously into the right hind legs of mice
and the days required for these tumors to reach 1000
cu-mm, that is, tumor growth time, were studied. At a
dose of 0.5 KE or higher, OK-432 significantly inhibited
the tumor growth; tumor growth time for control group
was 11.5 + 0.6 days, whereas those for 0.5 KE and 1.0
KE groups were 15.0 + 1.4 (p <0.01)and 18.0 £ 2.0 (p
< 0.001) days, respectively. With 2 KE of OK-432, tumor
take was noted in only one (12.5%) of eight mice, the
remaining seven mice developed no tumor in the subse-
quent 6 months of follow-up.

The inhibitory eflect of local administration of OK-
432 on the established tumors was studied (Fig. 1). First,
OK-432 was intratumorally administered when leg tumors
reached 7 mm in diameter. Tumor growth was slightly
inhibited by 4 and 8 KE of OK-432, whereas no growth
inhibition was achieved by 2 KE. Second, the tumor
growth inhibitory effects of OK-432 at doses of 2, 4, and
8 KE combined with 55 Gy irradiation were studied using
tumor growth delay assay. OK-432 was intratumorally
injected shortly after irradiation. No complete regressions
were noted in animals receiving radiation alone, whereas
2/8, 5/8, and 6/8 tumors disappeared in animals given 2
KE, 4 KE, and 8 KE of OK-432, respectively. All the

Tumor volume (cu mm)

Days after treatment

Fig. 1. Effect on tumor growth of local OK-432 administration.
An intratumoral injection of OKE (O, @), 2 KE (A, a), 4 KE
(0, m), or 8 KE (V, ¥) of OK-432 was made to 7 mm leg tumors
which received either 55 Gy gamma rays (open symbols) or no
irradiation (closed symbols) shortly before OK-432 injection. In
the combination therapy, two out of eight tumors in the 2 KE
group, five out of eight in the 4 KE group and six out of eight
in the 8 KE group regressed by day 20 (dotted lines). Symbols
and bars indicate means and 95% confidence limits.

1 Pharmacia, Uppsala, Sweden.

{ Beckton-Dickinson, Mountainview, CA.
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Fig. 2. Effect of local OK-432 administration on tumor control
radiation dose. TCDj, values were obtained by probit analysis
in the group given radiation alone (#) and the group given ra-
diation plus 4 KE of OK-432 (4).

combination therapies enhanced growth delay of tumors
that did not completely regress after the treatments. Tu-
mor cure rate, which was defined if mice were free of
tumors for 4 months after treatment, was significantly
different (p < 0.05) between the 4 KE group (four out of
eight tumors) and the radiation alone group (zero out of
eight tumors), whereas no significant differences were ob-
served between the other groups treated with OK-432.
Third, optimal Time for OK-432 Administration was ex-
amined. Leg tumors were locally irradiated with 40 Gy
of gamma rays, and at various times between 2 days prior

to and 7 days after irradiation, they received OK-432 ad-
ministration. Tumor volume 20 days after irradiation was
compared between control and experimental groups. A
significant tumor growth inhibition was noted in the group
given OK-432 immediately following irradiation; that is,
1702 + 268 cu. mm for the radiation alone group and
1114 % 243 cu. mm for the radiation plus OK-432 group.
Administering OK-432 immediately before irradiation
also achieved a significant inhibition of tumor growth.
However, the tumor growth inhibitory effect of OK-432
was not detected when the time interval between OK-432
administration and irradiation was set for 1 day or over.

Tumor control doses (TCDsg)

Based on the analysis of TCDsg curves, the 50% tumor
control radiation dose in the group given 4 KE of OK-432
immediately following the irradiation was compared with
that in the group given irradiation alone (Fig. 2). TCDsg
in the group treated with irradiation alone was 83.5 (79.6~
87.4) Gy and the group given the combination therapy
with OK-432 was 64.3 (57.9-71.0) Gy. Thus, OK-432 ad-
ministration immediately after irradiation appears to re-
duce radiation dose by a factor of 83.5/64.3, that is, 1.30.

Histological finding

Effects of the combination therapy were compared with
that of radiotherapy alone by histological examination.
A leg tumor that received 45 Gy of gamma rays and 2
KE of OK-432 was sectioned and processed by standard
histological procedures. Figure 3 (left) shows the histology

Fig. 3. Histology of NFSa tumor. The left column shows the histology of undifferentiated fibrosarcoma in the
untreated control animal. The center column shows the histology of the tumor 6 days after radiotherapy with 45
Gy. The right column shows the histology of the tumor 6 days after the combination therapy with 45 Gy radiation

and 2 KE of OK-432 (100X, H.E.).
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of the undifferentiated fibrosarcoma in an untreated con-
trol animal. Six days after treatment with radiation alone,
occasional necrotic changes have developed (Fig. 3, cen-
ter). However, the histology of the peritumoral region was
characterized by active proliferation of tumor cells, de-
creasing degeneration of tumor cells, and a slight infiltra-
tion of lymphocytes. In the group given the combined
treatment, necrotic tumor cells were also observed on day
6 (Fig. 3, right). In this tumor, necrotic and degenerative
changes were also seen for tumor cells in the peritumoral
region. Furthermore, there was a marked infiltration of
lymphocytes both in the inside and in the peripheral region
of the tumor.

Subsets of lymphocytes

Lymphocytes infiltrating into tumor tissue were ana-
lyzed after the combination therapy of 40 Gy irradiation
with or without 4 KE of OK-432. Tumors were resected
and served for the analysis on day 5 and 7 of these treat-
ments. As the cell yield of lymphocytes was too low to
evaluate for the no treatment and OK-432 alone groups,
data for these groups were not presented here.

First, percent Lyt-1 positive lymphocytes were com-
pared between the radiation alone and combined treat-
ments (Fig. 4). Each point represents an individual mouse.
There was no significant difference between the two groups
on day 5. Lymphocytes in the group given the combi-
nation therapy significantly (p < 0.05) increased on day
7, compared with day 5. We could not evaluate the data
in the radiation alone group on day 7 because of low cell
yield.

Second, percent Lyt-2 positive lymphocytes were stud-
ied (Fig. 5). There was a significant difference (p < 0.05)
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Fig. 4. Lyt-1 positive lymphocytes on day 5 and on day 7 were
compared between the group given radiation alone (O) and the
combination therapy of 40 Gy of radiation and 4 KE of OK-
432 (®). Each point shows an individual tumor.
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Fig. 5. Lyt-2 positive lymphocytes on day 5 and on day 7 were
compared between the group given radiation alone (O) and the
combination therapy of 40 Gy of radiation and 4 KE of OK-
432 (@).

between the groups given radiation alone and combina-
tion therapy on day 5. These lymphocytes increased (p
< 0.1) in percentage on day 7 in the group given com-
bination therapy. Here again, the number of lymphocytes
were too small to evaluate for the radiation alone group.

Third, percent L3T4 positive lymphocytes were studied
(Fig. 6). There was no significant difference between the
radiation alone group and the group given combination
therapy on day 5. This type of lymphocyte increased (p
< 0.05) on day 7 in the group given combination therapy.
We could not, however, evaluate the data of the group
given radiation alone on day 7.
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Fig. 6. L3T4 positive lymphocytes on day 5 and on day 7 were
compared between the group given radiation alone (O) and the
combination therapy of 40 Gy of radiation and 4 KE of OK-
432 (®@).
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DISCUSSION

There are many reports on antitumor activities of
BRMs. Milas et al. (6, 7) show that systemic administra-
tion of C. parvum exerts antitumor activities against im-
munogenic murine fibrosarcomas. The effect of the com-
bination therapy of radiation and systemic administration
of OK-432 is reported (8) on MM46 which has strong
immunogenicity. In our experiment, however, systemic
administration of OK-432 did not show any antitumor
effect on the weakly immunogenic NFSa tumor (data not
shown).

There are no reports on the effect of the combination
therapy of radiation and topical administration of BRMs
including OK-432. In the present study, topical admin-
istration of OK-432 showed antitumor activity when
combined with radiotherapy. The radiation dose required
for equal tumor response was about 20 Gy less in animals
treated with OK-432 compared with animals treated with
radiation alone (Fig. 2). The NFSa tumor cells have a D,
(radiation dose to kill tumor cells by a factor of 1/e) of 4
Gy (1), and consequently, the additional cell killing ex-
erted by OK-432 would be (1/€)24,i.e. 7 X 1073, It follows
that approximately 150 cells (i.e., 1/0.007) should have
been killed by OK-432.

OK-432 is known to activate the immune system in-
cluding killer T cells (2), natural killer (NK) cells (13),
lymphokine activated killer (LAK) cells (3) in rodents,
and neutrophils in humans (4). Histological findings in
the present report demonstrated prominently infiltrated
lymphocytes into the NFSa tumor tissue 6 days after the
combination therapy. Sixty percent of these lymphocytes
were Lyt-1 positive T cells (Fig. 4). Lyt-2 positive lym-
phocytes were more abundant (p < 0.05) in the group
given the combination therapy than in the radiation alone
group on day 5. Lyt-1, Lyt-2, and L3T4 positive lympho-
cytes in the groups given the combination therapy mar-
ginally increased from day 5 to day 7, whereas these lym-
phocytes disappeared in the group given radiation alone.
These data are consistent with the results of histological
examination. As Lyt-2 positive cells were only one lym-

phocytes that showed a significant increase by the addi-
tional treatment of OK-432, we are looking on the in-
duction of killer/suppressor T cells as mechanisms un-
derlying the effect of the combination therapy. This does
not exclude the possibility that any immunocytes other
than Lyt-2 positive lymphocytes engage in the antitumor
effect of the combination therapy. The time interval be-
tween radiation and the administration of OK-432 was
critical for the combination therapy, and simultaneous
administration of OK-432 with irradiation was the most
effective treatment. When the two treatments were sep-
arated by | day or longer, the antitumor activity of OK-
432 was diminished. It is possible, at least in theory, that
OK-432 inhibits the repair of radiation damage which is
usually completed within several hours (11). The fact that
less growth inhibition was achieved for the preirradiation
treatment than the simultaneous one suggests that direct
cytotoxicity of OK-432 (14) may not be responsible for
the effect of combination therapy. A possible explanation
for the cause of the ineffective outcome that was observed
at the preirradiation treatment is that radiation might
damage a variety of effector cells which had been attracted
to the injection site of OK-432.

Clinical application of OK-432 has already been at-
tempted on malignant ascites and it has been found that
tumor cells were surrounded and probably destroyed by
neutrophils in ascites sample (4). This means that sepa-
rated tumor cells are easily damaged by contact with OK-
432. Some tumor cells are feasible to be killed by OK-
432 alone (14). Other tumor cells might be partially dam-
aged by OK-432 and recognized as foreign by neutrophils.
As the response of the established and solid tumors to
OK-432 alone in the present experiments was marginal,
we suggest that OK-432 should be used in combination
with radiotherapy. In this combination therapy, we pro-
pose that radiation plays an important role as “the at-
tacker” on malignant tumor cells and OK-432 acts as
“the sweeper™ inducer which attracts many effector cells
to local site and sweeps the damaged tumor cells by ra-
diation.

REFERENCES

{. Ando, K.; Koike, S.; Fukuda, N.; Kanehira, C. Independent
effect of a mixed-beam regimen of fast neutron and gamma
rays on a murine fibrosarcoma. Radiat. Res. 98:96-106;
1984.

2. Hojo, H.; Hashimoto, Y. Cytotoxic cell induced in tumor
bearing rats by a streptcoccal preparation OK-432. Gann
72:692-699; 1981.

3. Ishida, N.; Saito, M.; Manjo, M. Induction of LAK cells in
peritoneal cavity of mice after IP injection of OK-432 and
antitumor effect of these LAK cells. Jpn. J. Cancer Che-
mother. 11(12), Part 2:2681-2690; 1984.

4. Katano, M.; Torisu, M. New approach to management of
malignant ascites with a streptcoccal preparation OK-432.
[1. Inflammatory cell-mediated tumor cell destruction. Sur-
gery 93:365-373; 1983.

5. Koshimura, S.; Shimizu, R.; Fujimura, A.; Okamoto, H.
Experimental anticancer studies. XX1. Effect of penicillin

68

treatment of hemolytic streptcoccus on its anticancer activ-
ity. Gann 55:233--236; 1964.

6. Milas, L.; Gutterman, U. J.; Basic, L; Hunter, N,; Mavlight,
M. G.; Hersh, M. E.; Withers, H. R. Immunoprophylaxys
and immunotherapy for murine fibrosarcoma with C.
Granulosum and C. parvum. Int. J. Cancer 14:493-503;
1974,

7. Milas, L.; Hunter, N.; Basic, I.; Withers, H. R. Complete
regression of an established murine fibrosarcoma induced
by systemic application of Corynebacterium granulosum.
Cancer Res. 34:2470-2475; 1974.

8. Mukae, S.; Norimura, T.; Tsuchiya, T. Effect of immuno-
modifier on radiation-induced antitumor immunity follow-
ing local irradiation to tumor.—1. OK-432—Nippon acta
radiologica 47:838-844; 1987.

9. Mukai, M.; Ryu, T.; Kikuchi, T.; Ariga, T.; Nagashima, T.;
Koh, Z.; Yamazaki, Y.; Odaka, M.; Satoh, H.; Nagao, K.



130

I. J. Radiation Oncology @ Biology ® Physics

Preoperative combination therapy involving local admin-
istration of a nonspecific immunoactivated preparation
(OK-432) and chemotherapeutic preparations for patients
with stomach cancer. Jpn. J. Cancer Chemother. 12(4):880-
886; 1985.

. Mukai, M.: Yamazaki, Y.; Amano, H.; Hiura, T.; Oda, S.;

Namiki, S.; Nakajima, K.; Nagao, K. Preoperative immu-
nochemotherapy for gastric cancer combined with perifocal
administration of OK-432. Jpn. J. Cancer Chemother. 11(5):
1071-1077; 1984.

. Murray, D. W.; Jenkins, T.; Meyn, R. E. The efficiency of

DNA strand-break repair in two fibrosarcoma tumors and

July 1989, Volume 17, Number 1

in normal tissue of mice irradiated in vivo with X rays. Rad.
Res. 100:171-181; 1984.

12. Okamoto, H.; Shoin, S.; Koshimura, S.; Shimizu, R. Studies

13.

69

on the anticancer and streptolysin S-forming abilities of he-
molytic streptococci. Jpn. J. Microbiol. 11:323-326; 1973.
Oshima, K.; Kano, S.; Takaku, F.; Okamura, K. Argumen-
tation of mouse natural killer cell activity by a streptcoccal
preparation, OK-432. J. Natl. Cancer Inst. 65:1265-1269;
1980.

. Sakurai, Y.: Tsukagoshi, S.; Satoh, H.; Akiba, T.; Suzuki,

S.; Takagaki, Y. Tumor inhibitory effect of a streptcoccal
preparation (NSC-B 116209). Cancer Chemother. Rep. 56:
9-17; 1972.



[Reprinted from Scientific Papers of the Institute of
Physiwcal and Chemical Research, 83, 40-41 (1989)]

Radioprotection from Fast Neutron Irradiation by WR151327

By

Koichi ANDO, Hiroshi OHARA, Satoru MATSUSHITA, Sachiko KOIKE,
Shigeo FURUKAWA, and David J. GRDINA

RIKAGAKU KENKYUSHO
(The Institute of Physical and Chemical Research)

Wako-shi, Saitama
351-01, JAPAN

70



40

(Received January 10, 1989)

Radioprotection from Fast Neutron Irradiation by WR151327

Koichi ANDQO,* Hiroshi OHARA,* Satoru MATSUSHITA,*
Sachiko KOIKE,* Shigeo FURUKAWA* and David J. GRDINA**

* National Institute of Radiological Sciences, Chiba 260

** Argonne National Laboratory, Argonne, Illinois, U.S.4.

I. INTRODUCTION

Recent investigations into protection against
high-LET radiation have centered around thio-
phosphoroates.  Administration of WR-2721
before neutron irradiation has resulted in dose
modification factors (DMFs) of 1.3 through
1.4%  Furthermore, WR-151327 shows DMF
of 2.2 after fission neutron irradiation, a figure
being much larger than that after 7-ray irradia-
tion in the same LDg, ¢ assay.?? However, such
a large DMT is not reported for WR-151327
after other fission neutron® nor accelerator fast
neutron irradiations.? We investigated the in
vivo protective effectiveness of WR-151327
against cyclotron fast neutron irradiation. We
also report DMFs of WR-151326, an active
form of WR-151327, using in vitro V79 cells.

II. MATERIALS AND METHODS

The radioprotector WR-151327 [CH,NH
" (CH,);NH(CH,),SPO, H, 3H,0] was dis-
solved in 0.85% NaCl solution and 400 mg/kg
was intraperitoneally administered to mice
30 min before irradiation. C3H female mice
at the age between 10-14 weeks old were used.
Animals were kept on a 7 am. (light) to a
7 p.m. (dark) cycle and provided acid water.
For in vitro experiments, WR-151326 was used.
WR-151326 was dissolved in physiological
saline and added to culture medium 30 min

before irradiation at a concentration of 4 mm.
V79 chinese hamster cells were kept in F10
medium supplemented with 15% fetal calf
serum, and their exponentially growing cells
served for experiments. Neutron sources used
for these experiments were a cyclotron (30 MeV
d-Be, Ed=13 MeV, 60-70 ¢Gy/min) and a Van
de Graaff accelerator (Ed=2.8 MeV, 10cGy/
min). For low-LET irradiation, a **"Cs y-ray
unit (21 ecm FSD, 190 ¢cGy/min) and an X-
ray machine (200 kVp, 20 mA, 61.5 cm FSD,
60 cGy/min) were used.

III. RESULTS

The radioprotective efficiency of WR-151326
on cell kill was assessed by in wvitro colony
formation. When radiation doses resulting in
a 10% surviving fraction were chosen, DMFs
were 2.2 after X-rays and 1.5 after fast neu-
trons irradiations.

For an in vivo study, WR-151327 was used.
First, radioprotection against gastrointestinal
damage was investigated using LDso; as an
endpoint. DMFs were 1.5 after ¥'Cs 7 ray

TaBLE 1. DMFs by WRI151327 (WRI151326%*)
Gut Skin Skin Leg
Vi9*  early early late late
reaction reaction reaction reaction
X/r ray 2.2 L5 1.6-1.7 1.7-1.8 1.2-2.0
Fast neutron 1.5 1.2 1.3-1.5 1.3-1.5 1.1-1.4
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irradiation and 1.2 after cyclotron fast-neutron
irradiation. Second, skin and supporting tissue
damage was assessed after local irradiation to
leg. Skin shrinkage caused by irradiation was
quantified by measuring the distance between
two spots which had been tattooed to skin
prior to irradiation. When 50% skin shrinkage
doses were compared between control and ex-
perimental groups at 20 and 40% skin shrink-
age levels, DMFs were 1.6-1.7 after 7y-ray
irradiation (day 50) and 1.3-1.5 after cyclotron
fast-neutron irradiation (day 60). When late
effect was concerned, DMFs were 1.7-1.8 after
y rays (days 260-270) and 1.3-1.5 (day 260)
after cyclotron fast-neutron irradiations. A late
effect was also investigated for a supportive
tissue by measuring the leg length. The dif-
ference in length between irradiated and un-
irradiated legs in a single mouse was calculated.
Fifty percent leg contracture dose was obtained
by probit analysis. When leg contracture of
3mm through 6 mm was concerned, DMFs

were 1.2-2.0 after y-ray (days 260-270) and
1.1-1.4 after cyclotron fast-neutron irradiations
(day 260).

Histological examination indicated that irra-
diated skin developed marked hyperplasia. The
thicknesses of epidermis and of dermis were
measured on histological sections taken from
mice that received WR-151327 and fast-neutron
irradiation 11 months in advance. The dose
dependence of hyperplasia was observed for
both dermis and epidermis. Significant correla-
tion was observed between the skin shrinkage
and the epidermis hyperplasia.
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Prognostic Significance of

Langerhans’ Cell Infiltration in

Radiation Therapy for Squamous

Cell Carcinoma, of the Uterine Cervix

Takashi Nakano, MD; Kuniyuki Oka, MD; Tatsuo Arai, MD;
Shinroku Morita, MD; Hiroshi Tsunemoto, MD

e Prognostic significance of Lang-
erhans’ cell (LC) infiltration in cancer
nests was studied in 391 patients
with squamous cell carcinomas of
the uterine cervix. They were treated
with radiation therapy alone. Langer-
hans’ cells were identified by immu-
nohistochemical staining for $100
protein. Langerhans’ cells were
present mainly in the intercellular
spaces of tumor cells. The LC infiltra-
tion rates were higher in stage I
(31.0%) or stage Il (26.9%) than in
stage | (17.5%) or stage IV (7.8%).

Engerhans’ cells (LCs) are dendritic
mononuclear cells characterized
by an inclusion of Birbeck’s granules
and expressions of human leukocyte
antigen (HLA)-DR, OKT6, and S100
proteins.”” Langerhans’ cells are
derived from the bone marrow and
are present in the normal uterine cer-
vix as well as in the skin, lymph nodes,
and other tissues.* During the past
decade, in vitro studies have demon-
strated that they played a critical role
as effective antigen-presenting cells
in the induction of many types of
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The patients with LC infiltration
showed a significantly better five-
year survival rate than those without
LC infiltration (68% and 56.1%,
respectively). This significant differ-
ence was observed especially in
stage Il and it was suggestive in
stage IV diseases. These results sug-
gest that LCs in cancer nests may
play a significant role in the immuno-
logic defense against cancer in
advanced stage of cervical cancer.

(Arch Pathol Lab Med 1989;
113:507-511)

T-lymphoeyte responses.®® Recent his-
topathologic studies showed LC infil-
tration in cancer nests of several can-
cers.”" These investigations suggested
that LC infiltration in cancer nests
had a significant immunologic rela-
tionship with the tumor cells. Some of
these studies also demonstrated a bet-
ter survival rate for the patients with
the LC infiltration than those without
it.lLH

These LC infiltrations have already
been described in uterine disease in
relation to the host immune response
by a few investigators.®'® However,
prognostic significance of the LC
infiltration for cervical carcinoma has
not yet been studied. This study deter-
mines the prognostic significance of

73

the LC infiltration in patients with
invasive carcinoma of the uterine cer-
vix. In addition, the relationships
between the LC infiltration and the
clinical stage, age, and histologic sub-
type are also evaluated and de-
scribed.

PATIENTS AND METHODS

Three hundred ninety-one patients with
squamous cell carcinoma of the uterine
cervix who were treated with radiation
alone, from 1975 to 1980, at the National
Institute of Radiological Sciences hospital
(Chiba, Japan) were studied. The clinical
staging and histologic classification were
based on the criteria of the International
Federation of Gynecology and Obstetrics
(London)" and the World Health Organi-
zation (Geneva) classification, respective-
ly. Radiation therapy protocol is shown in
Table 1. All patients were treated with
high-dose rate intracavitary irradiation
and external irradiation. Devices of intra-
cavitary irradiation were TAO-type appli-
cators commonly used in Japan. External
irradiation was performed with anteropos-
terior and posteroanterior parallel opposed
ports with or without a central shielding
according to the protocol. The total dose at
Point A from the intracavitary sources
varied from 15 to 30 Gy. The pelvic lymph
nodes were exposed with 45 to 55 Gy from
the external ports. The weights of dose
were altered according to the stages and
tumor volumes. All patients were followed-
up for more than six years.

Langerhans' Cell—Nakano et al 507



Histologic Study

Three hundred ninety-one biopsy speci-
mens were obtained from the tumors of the
uterine cervix, which were immediately
fixed with 10% formaldehyde solution and
embedded in Paraplast. The sections, 4 um
in thickness, were stained with hematoxy-
lin-eosin and the immunoperoxidase stain-
ing was performed according to Taylor’s
method.* Endogenous peroxidase of the
sections was blocked with methanol con-
taining 1% hydrogen peroxide, then the
sections were treated with trypsin.? They
were incubated with the anti-cow S100
protein (1:100, Dako, Copenhagen) for one
hour at room temperature. Subsequently,
they were treated with peroxidase-antipe-
roxidase complex (1:100, Dako) and they
were developed by diaminobenzidine (3-

infiltration were stained for HLA-DR
antigens. Anti HLA-DR antibody (BioGen-
ex Laboratory, Dublin, Calif)® and LN-3
antibody (specific for HLA-DR, Techni-
clone International, Santa Ana, Calif)*
were used for the immunohistochemical
staining. The specimens were incubated
with the former antibody for two hours at
37°C and with the latter for one hour at
room temperature, respectively. Subse-
quently, they were treated by avidin-
biotin-peroxidase complex method and
developed by diaminobenzidine reaction.

Prognostic Study

The infiltration rates of LCs in cancer
nests were evaluated according to the clin-

ical stages and histologic subtypes. The
absolute five-year survival rates in 391
patients examined histologically were
obtained according to the clinical stages,
histologic subtypes, and degrees of the LC
infiltration. )

All results for the incidence of LC infil-
tration and five-year survival rates were
statistically analyzed with x* test and
Peto’s log-rank test.”

RESULTS

The distribution of the patients and
five-year absolute survival rates by
clinical stages and histologic subtypes
are shown in Table 2. The differences
in these five-year survival rates

Table 1.-—Treatment Policies of Combined Radiotherapy With External and Intracavitary
Irradiation for Cervical Carcinoma®

3’-diaminobenzidine tetrahydrochloride,
Dojin Chemicals, Tokyo) reaction. They
were histologically examined and classi-
fied into three groups according to the

External Irradiation Intracavitary Irradiation

Tumor Point A dose,

grade of the LC infiltration as follows: Stages Diameter, cm wP, Gy CS, Gy Total Gy Gy/Fractions
grade (++), more than ten S100-positive | 45 45 29/5
cells infiltrating under magnification field ] <5 cm . 50 50 29/5
(X100) in cancer nests of the tumors (Fig >5 cm 20 30 50 23/4

1); grade (+), less than ten S100-positive N <5 cm 20-30 30-20 50 23/4
cells infiltration (Fig 2); grade (—), no >5 cm 30-40 25-15 50-55 15/3-20/4
infiltration of the S100-positive cells (Fig v 40-50 —15 50-60 15/3-20/4
3).

* WP indicates whole pelvic field: CS, central shielding field. External irradiation is performed five fractions

Six paraffin-embedded specimens of the weekly, giving fraction doses of 1.8 Gy for whole pelvic irradiation and 2.0 Gy for central shielding pelvic

patients with S100 protein-positive cell

Fig 1.—Langerhans’ cells in carcinoma of
uterine cervix, showing marked infiltration and
grade (++4) (X180). Peroxidase-antiperoxi-
dase immunostained with anti-S100 protein
antibody.
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field.

Fig 2.—Langerhans’ cells in carcinoma of
uterine cervix, showing slight infiltration and
grade {(+) (X180). Peroxidase-antiperoxi-
dase immunostained with anti-S100 protein
antibody.
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Fig 3.—No detectable Langerhans’ cells in
cancer of uterine cervix, showing grade (—)
(X 180). Peroxidase-antiperoxidase immuno-
stained with anti-S 100 protein antibody.
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among three subtypes were not statis-
tically significant.
Histologic Findings
The S100-positive cells were ob-
served mainly in the intercellular
space of the tumor (Figs 1 and 2).
These cells were characterized by den-
dritic cells possessing cytoplasmic
processes among the tumor cells (Fig
4). In addition, they expressed HLA-
DR (Fig 5, left) and LN-3 antigens
(F'ig 5, right) as well as macrophages,
neutrophils, and lymphocytes. Hence,
they were characterized by the S100-
positive and HLA-DR-positive cells,
indicating that they are LCs.

Relationship of LC Infiltration and
Ages, Clinical Stages, and
Histologic Subtypes

The incidences of LC infiltration in
the cancer nests are shown in Table 3.
Ninety-five (24%) of 391 patients
demonstrated the LC infiltration,
showing grades (++) and (+) infiltra-
tions.

The mean ages of the patients with
grades (++), (+), and (—) were 62.1,
60.9, and 60.9 years, respectively.
There were no significant differences
among the three groups.

The incidence of the LC infiltration
is shown according to the clinical
stages in Table 4. The LC incidence in
the stage IV patients was 8% and
significantly lower (P <.05) than the
incidence of stages II and III patients.
The rate in stage 1I patients was also

slightly higher than that of stage I
patients, although the difference was
not statistically significant (P = .1).

The incidence of the LC infiltration
were analyzed according to the histo-
logic subtypes (Table 5). These inci-
dences were not significantly differ-
ent among these three histologic sub-
types.

Relationship of the LC Infiltration
and Prognosis

Absolute five-year survival rates
are shown according to the degree of
the LC infiltration in Table 3. A five-
year survival rate of the grade (+)
patients was significantly better than
that of the grade (—) patients
(P <.05). In addition, five-year sur-
vival rate of 94 patients with grade
(++) or grade (+) infiltration was
67.4%, which was significantly better

Table 2.—Distribution of Patients and
Five-Year Absolute Survivals According
to Clinical Stages and Histologic Subtypes

Patients Five-Year
—— Survivals,
No. % Yo

Clinical stages
i 40 102 80
L} 84 215 73.8

it 216 55.2 £8.2
v 61 130 17.6
Histologic subtypes

Keratinizing 62 159 61.3
Large-celf

nonkeratinizing 288 73.7 57.2
Small-cell

nonkeratinizing 41 105 63.4

than that of the grade (—) patients
(P <.025). However, no significant
difference in the survival rate was
observed between the grade (++4) and
grade (+) patients (Table 3). Accord-
ingly, five-year survival rates were
analyzed by combining grade (+) and
grade {++) as a positive LC infiltra-
tion group. Table 6 shows the absolute
five-year survival rates according to

§ 7)‘,&‘(@“ &&"0’3
B uﬂg«»‘%b&

Fig 4.—Langerhans' cells in carcinoma of
uterine cervix, showing dendritic cytoptasmic
processes among cancer cells (X7 10). Perox-

idase-antiperoxidase immunostained with
anti-S100 protein antibody.

Fig 5.—Left, Dendritic cell stained with anti-human leukocyte antigen-DR antibody, indicating Langerhans’
cells (X680). Right,
(X680).

Arch Pathol Lab Med—Vol 113, May 1989

Dendritic cells stained with anti-LN-3 antibody,
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indicating Langerhans’ cells
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* P < .05; x? = 4.45 against survival of grade (—)
group.

1P < .025; )(2 = 5.08 against survival of grade
(=) group.

the clinical stages. No significant dif-
ference was found in the survival rate
for the stages I and II between the
patients with and without LC infiltra-
tions. However, a statistically signifi-
cant difference was observed between
the stage III patients with and with-
out the LC infiltrations (P <.05).
There was also a significant differ-
ence between the two groups for stage
IV by x? test (P < .05), although it was
not statistically significant by Peto’s
log-rank test because of a small num-
ber of the LC-positive patients. These
two LC-positive patients are surviving
more than nine years following radio-
therapy, with no evidence of disease.

COMMENT

The LC infiltration in human cervi-
cal intraepithelial neoplasia has been
described by a few investigators.'™®
However, little is known of the quan-
titative assessment and prognostic
significance of the LC infiltration.
The purpose of this article was to
analyze the relationship between the
LC infiltration and the prognosis of
the patients with carcinoma of the
uterine cervix. This study seems to be
of value because a substantial number
of the patients who were treated with
radiation therapy alone according to
the same protocol were analyzed and,
furthermore, all of them were fol-
lowed-up for more than six years.

In our study, many LCs were found
mainly in the intercellular space in
cancer nests of the cervical carcino-
ma, whereas a few LCs were observed
in the connective tissue surrounding
cancer nests. These histologic findings
were similar to those observed in the

Table 3.—Distribution of Patients and Table 4.—Correlation Between Langerhans’ Cell (LC) Infiltration and Clinical Stages
Absolute Five-Year Survivals According "

to Grade of Langerhans’ Cell (LC) g;afg No. (%) of Patlents

Infiltration Infiitration Stage | Stage Ii Stage Il Stage 1V Total

Grade Patients Five-Year ) 3 12 34 2 st

of LC e, Survivals, ) 4 14 24 2 44
infiltration  No. % % (++or 4) 7 (18)° 26 (31) 58 (27) 4 (8)t 95 (24)
{(++) 51 13.0 62.7 (=) 33 58 168 47 286
) 44 113 72.7* Total 40 84 216 51 as1
(+ or ++4) a5 24.3 67.41 N
=) 206 75.7 55.6 The percentage of stage | patients with LC infiltralion was slightly lower than that in stage Il patients
Total 391 100 58.7 (P=.1).

tThe percentage of stage IV patients with LC infiltration (grade {++] or {+]) was significantly lower than
those of patients in all, stage Il and stage Il disease, P < .05.

Table 5.—Correlation Between Langerhans’ Cell (LC) infiltration and Histologic Subtype
in Patients With Cervical Cancer

Histologic Subtypes

Grade Keratinizing Large Cell Small Cell Total

of LC A ——— A P —
infiltration No. % No. % No. % No. %

(++) i1 17.7 35 12.2 5 | 12.2 51 13.0

(+) 7 11.3 30 10.4 7 17.1 44 11.3

(-) 44 71.0 223 77.4 29 70.7 296 75.7

Table 6.—Absolute Five-Year Survivals According to the Grades of Langerhans' Cell (LC)
infiltration and Clinical Stages

Five-Year Survival Rates (%) In Stages*

LC Infiltration 1 i} m v
With infiltration 86 (6/7) 65 (17/26) 69 (40/58)% 50 (2/4)%
Without infiltration 91 (30/33) 78 (45/58) 54 (86/158) 13 (6/47)
Total 80 (36/40) 74 (62/84) 58 (126/216) 16 (8/51)

* Numbers in parentheses indicate the number of patients dead of disease out of the tolal number of

patients,

1Five-year survival rate of patlients with LG infiltration was significantly higher than those without LC

infiltration in stage il disease; P < .05.

$P < .05 by x? test against five-year survival rate of palients without LC infiltration in stage IV disease.

nasopharyngeal carcinomas showing
squamous cell type microscopically.”
However, the frequent infiltration of
LCs was reported both in the cancer
nests and in the surrounding connec-
tive tissue in the gastric cancer.”
Hence, our findings and these reports
suggested that the pattern of LC dis-
tribution in cancer lesion was differ-
ent among the various cancers or
between squamous cell carcinoma and
adenocarcinoma.

Only 24% of the patients with cervi-
cal carcinoma showed a positive LC
infiltration in this study, whereas the
incidence in the squamous cell carci-
nomas of the lung and earcinomas of
the nasopharynx were reported to be
57% (8/14) and 67% (6/9), respective-
ly.’*#2 Accordingly, the incidence of
the LC infiltration in squamous cell
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carcinoma of the cervix was lower
than those in other sites. The ages and
histologic subtypes had no influence
on the incidence as in other re-
ports.'>”® Therefore, stimulation for
the LC infiltration by cervical cancer
may be lower than those by the other
carcinomas, though the reason of the
lower incidence is unclear.

This study showed significantly bet-
ter prognosis in the patients with LC
infiltration than those without it. This
positive correlation to prognosis was
observed especially in stage III and it
was suggestive in stage IV patients,
but not in stages I and II patients.
Similarly, the positive correlation was
reported in 38 patients with stage II1
gastric carcinomas.” However, in the
40 patients with stage I adenocarcino-
mas of the lung, the positive correla-
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tion was also reported." Therefore, the
positive correlation is observed in dif-
ferent clinical stages according to var-
ious cancers. The reason for the
absence of the prognostic difference in
stages I and II disease in our study
may be partially due to the good prog-
nosis of these stages in our hospital
(Table 2). That is, the superior local
control ability of radiation therapy
may hide the prognostic significance
of L.C infiltration in the early stages.

The increase in the LC infiltration
in cervical neoplasia has suggested a
specific immune response against the
neoantigens.!” Hence, the high inci-
dence of the LC infiltration in stages
II and I1I disease of this study may be
related to a specific immune response
against the cervical cancer. In con-
trast, the significantly low LC infil-
tration rate (8%) in stage IV cervical
cancer in this study may suggest
immunosuppression in the advanced
stages as reported on various
tumors.”? Moreover, the evidence

1. Marcelus CJM, Blanken R, Nanninga J, et al:
Defined in situ enumeration of T6 and HLA-DR
expressing epidermal Langerhans cells: Morpho-
logic and methodologic aspects. J Invest Derma-
tol 1986;87:698-702.

2. Murphy GF, Bhan AK, Sato S, et al: Charac-
terization of Langerhans cells by the use of
monoclonal antibodies. Lab Invest 1981;45:465-
468.

3. Cocchia D, Michetti F, Donato R: Immuno-
chemical localization of S-100 antigen in normal
human skin. Nature 1981;294:85-87.

4. Stingl G, Tamaki K, Kats SI: Origin and
function of epidermal Langerhans cells. Immau-
nol Rev 1980,53:149-174.

5. Stephen IK, Kevin DC, lijima M, et al: The
role of Langerhans cell in antigen presentation.
J Invest Dermatol 1985;85:96s-98s.

6. Nussenzweig MC, Steinman RM, Gutchinov
B, et al: Dendritic cells and accessory cells for the
development of antitrinitrophenyl cytotoxic T
lymphocytes. J Exp Med 1980;152:1070-1084.

* 7. Klinkert WEFF, Labadie JH, Bowers WE:
Accessory and stimulating properties of dendrit-
ic cells and macrophages isolated from various
rat tissues. J Exp Med 1982;156:1-19.

8. Faure M, Frappaz A, Schmitt D, et al: Role
of HLA-DR-bearing Langerhans cells and epi-
dermal indeterminate cells in the in vitro gener-
ation of alloreactive cytotoxic T cells in man. Cell
Immunol 1984;83:271-279.

9. Nakajima T, Watanabe S, Sato Y, et al:
Immunohistochemical demonstration of §$-100
protein in malignant melanoma and pigmented
nevus, and its diagnostic application. Cancer
1982;50:912-918.

10. Watanabe S, Sato Y, Kodama T, et al:
Immunohistochemical study with monoclonal
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cancer. Cancer Res 1983;43:5883-5889.

11. Furukawa T, Watanabe S, Kodama T, et ak:
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that two patients of four LC-positive
patients in stage IV are surviving
more than nine years may suggest
that LC infiltration represent a posi-
tive immune response against cancer
even in the advanced stage, though a
further substantial study is needed
for confirmation.

The patients with marked LC infil-
tration were described to have a bet-
ter survival than those with slight LC
infiltration in a small number of 14
nasopharyngeal carcinomas.'? Howev-
er, our study consisting of substantial
patients showed no significant differ-
ence in prognosis between the grades
(++) and (+). Our results may sug-
gest that the positive LC infiltration
is a preferable prognostic factor in
advanced cervical cancer, regardless
of the degree of LC infiltration.

Regarding the radiation sensitivity
of LC, it has been reperted that doses
of 1.5 Gy had no effect on L.C mem-
brane markers on the guinea pig®* and
that LC alloantigen-presenting capac-
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ity had not totally disappeared after a
single irradiation of 36 Gy.»*® This
study showed that LC may play an
important role with immunosuppres-
sive irradiation of a large field encom-
passing all pelvie lymph nodes. Hence,
it is suggested that LC is radioresis-
tant® and LCs may be effective for the
immune reaction even during the con-
ventional radiotherapy.

This study indicated that the LC
infiltration influenced the prognosis
of the patients in advanced stages,
especially in stage III, of carcinoma of
the uterine cervix. This LC infiltra-
tion suggested a significant role of the
host-defense mechanism against tu-
mors.
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Abstract

N-methylformamide (NMF) is a known maturation agent, capable of inducing

in vitro neuroblastoma differentiation. In this paper, the radiosensitizing effects of NMF
on an in vitro murine neuroblastoma were investigated. A/J mice bearing i. m. C-1300
tumors were treated i. p. with NMF daily for 6 days. NMF administered at a dosage of 300
mg/kg significantly inhibited tumor growth. NMF treatment alone inhibited growth of a
300 cu. mm tumor for 12.5 days, comparable to the effects of 22.5 Gy gamma irradiation.
When irradiation and NMF treatment were combined, the effect was more than additive,
particularly at higher irradiation doses. These results suggest that NMF may be useful as
an irradiation modifier for the clinical treatment of neuroblastoma.

Key words: N-methylformamide, Maturation agent, Neuroblastoma, Radiosensitizer

INTRODUCTION

Neuroblastoma is one of the most com-
mon solid tumors of infancy and childhood,
accounting for 7% of all childhood cancers
diagnosed each year and 15% of all cancer
deaths among children worldwide?. Clinical
observations indicate that neuroblastomas
are relatively radiosensitive '=%. Local radio-
therapy is frequently used for primary
tumors, bone metastases, soft tissue masses,
and the hepatic infiltration of neuroblas-
toma. Recent investigations have used total
‘body irradiation and supralethal chemother-
apy followed by bone marrow reconstitu-
tion. The development and use of radiation
modifiers is expected to help prevent radia-
tion damage to normal tissue and facilitate
total cancer cure.

The polar solvent N-methylformamide
(NMF)>® is currently being evaluated as an
anti-neoplastic agent by the National Cancer

Institute (NCI) in the US”. The pharmacol-
ogy and pharmokinetics of NMF have been
investigated in mice and in humans®'V.
Results from pre-clinical studies suggest that
NMF has radiosensitizing, chemosensitizing
and differentiating effects, depending on
tumor type>®!>! NMF is also known to act
as a maturational agent, capable of inducing
the differentiation of neuroblastomas in
vitro'®. Here, we investigate the radiosensit-
izing effects of NMF on the C-1300 neurob-
lastoma grown as a solitary tumor in
isogeneic mice.

MATERIALS AND METHODS

Mice

Inbred female A/] mice, bred and
maintained in our own specific pathogen-
free mouse colony. Mice were 8-10 weeks
old at the beginning of the experiments, and
housed 5-6 to a cage during the experiments.
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Tumor

Experiments were performed using C-1300
in vivo tumor cells'¥, which can be readily
transplanted to mice. The tumors were pre-
pared by 0.1% trypsin-pancreatin digestion
of non-necrotic tumor tissue, which ensures
over 90% cell viability. 5X10° cells were
transplanted i. m. to the right hind leg of
mice.

Treatment

For local tumor irradiation, mice were
anesthetized and immobilized using tape,
with the leg tumor (size: 8.5-9.0 mm) situ-
ated in the middle of the irradiation field to
insure homogenous dose distribution. Irradi-
ation was performed using a single Cs-137
unit (FSD: 21 cm, 1.9 Gy/min).

NMF (Aldrich) was dissolved in
phosphate-buffered saline and injected i. p.
in a volume equal to 0.01 m//g body weight.
Based on the clinical trial schedule of
NCI™, 300 mg/kg of NMF was administer-
ed for 6 consecutive days beginning when
the tumor measured 9.0-9.5 mm in diameter.

Tumor growth (TG) time assay

Three diameters of each tumor (a, b and c¢)
were measured with a caliper three times a
week after treatments. Tumor volume was
calculated by the formula z abc/6.

Using software developed by S. Satoh in
our lab'®, the time for each tumor to reach 5
times its initial tumor volume was deter-
mined by linear regression analysis. The
time required for half the tumors to reach 5
times the initial tumor volume was calcu-
lated by probit analysis, and designated TG
time.

RESULTS

Fig. 1 shows the effects of six daily injec-
tions of NMF (300 mg/kg i.p.) on the
growth of C-1300 tumors. NMF treatment
diminished C-1300 tumors and delayed
growth by approximately 13 days. The out-
come is comparable to subjecting this spe-
cific tumor to 22.5 Gy of gamma ray irradia-
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Fig. 1.  Growth of C-1300 leg tumors in mice
untreated (@) or treated with NMF (Q).
tion.

To determine the radiosensitizing effects
NMF, C-1300 leg tumors were irradiated
with 5, 10, 15, 22.5 or 30 Gy on the fourth
day of a six-day series of daily NMF injec-
tions (300 mg/kg). Tumors ranged in size
from 9.0-9.5 mm- at the beginning of NMF
treatment, and shrunk down to 8.5 mm at the
time of irradiation. NMF treatment enhan-
ced irradiation-induced growth delay (Fig.
2). Irradiation doses of 10 Gy and 22.5 Gy
increased TG time by 5.2 days and 12.8 days,
respectively. Supplementary NMF injections
significantly prolonged the duration of this
tumor growth retardation; in the case of 30
Gy irradiation, tumor growth was inhibited
for 40 days. As shown in Fig. 3, the result of
combining NMF with irradiation produces
more than an additive effect, especially at
the higher irradiation doses.

NMF treatment diminished the size of
primary tumors but could not control spon-
taneous metastasis. Mice treated with NMF
and an irradiation dose of 22.5 Gy or over
exhibited complete remission of the primary
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Fig.2. Growth of C-1300 leg tumors in mice treated with 5
Gy (@), 10Gy (&), 15Gy (H), 225Gy (¥), 30
Gy (@), 5Gy plus NMF (O), 10 Gy plus NMF
(A), 15Gy plus NMF (), 22.5Gy plus NMF
(), or 30 Gy plus NMF (). NMF (300 mg/kg)
was given i.p. 3 times before and 3 times after irradia-
tion when tumors had grown to 8.5 mm in diameter.

/ Fig. 3. Relationship between radiation dose and

/+ tumor growth (TG) time. Closed (@) and
¢—~“"+ open (Q) circles represent radiation alone
and radiation plus NMF, respectively.

Mean and 95% confidence intervals calcu-

. . . lated from data shown in Fig. 2. Dotted

5 10 15 20 line is a theoretical dose-response curve
representing independent action for NMF
Radiation Dose (Gy) and radiation.
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tumor, but died from metastases. It was im-
possible to complete a TCD-50 assay using
this C-1300 experimental model.

DISCUSSION

NMF is a planar, polar compound that
has demonstrated both cytostatic/cytotoxic
and differentiating activity in vitro'*'®. The

National Cancer Institute (NCI) decided to~

evaluate NMF as an anti-neoplastic agent
based on preclinical screening data indicat-
ing that NMF has substantial antitumor
activity against human colon, lung and
mammary tumor xenografts implanted
beneath the renal capsule in athymic mice”.
Elsewhere, we reported the effect of NMF
and ionizing radiation on an in vivo FSA
murine tumor and its pulmonary metas-
tasis”. We also determined the acute radiore-
sponse of normal tissues in mice receiving
systemic NMF administrations. NMF ad-
ministered in a dosage of 300 mg/kg for 8
days had little direct effect on FSA tumor
growth, but it enhanced the growth-
inhibiting action of ionizing radiation with
dose enhancement factors ranging from 1.5
to 1.7. NMF also enhanced the lethal effect
of radiation against FSA micrometastases®.
NMF combined with radiation therapy
promoted the formation of endogenous
spleen colonies but had no effect on the
LD50/30, or on the survival rate of jejunal
crypt cells and spermatogonia. These data
indicate that NMF increased the radiosen-
sitivity of the FSA tumor and its metastases
without increasing the radioresponse of the
normal tissues tested.

In this report, we have shown that NMF
has a strong inhibitory effect on the growth
of murine neuroblastomas. NMF completely
inhibited the growth of 9-mm C-1300 murine
tumors during treatment (Fig. 1). Previous
studies have shown that NMF exhibits anti-
tumor activity against small-sized tumors'?,
The current study shows that NMF can also
have significant effect against large-sized
C-1300 tumors. It is known that NMF
inhibits tumor growth differently for differ-

ent tumors'”. The current study suggests that
neuroblastoma may be a good candidate for
treatment by NMF.

It is important to consider possible mecha-
nisms by which NMF exerts its radiosensitiz-
ing effect. There are several views on NMF
activity. First, NMF might effect the struc-
ture of chromatin, making it more sensitive
to radiation. The effects of NMF on
radiation-induced DNA damage and repair
in vitro were investigated using the alkaline
elution assay'®. DNA-protein crosslinks
(DPCs) increased linearly as a function of
increasing gamma-ray dose. NMF increased
the variety of gamma-ray-induced DNA
lesions. This enhancement of radiation-
induced DPCs suggests that NMF modifies
the relationship between DNA and
chromatin protein.

Second, Cordeiro and Savarese suggested
that NMF-mediated radiosensitization in
clone A cells might be due to the depletion
of glutathione (GSH)'. However, Arundel
did not observe glutathione depletion in
either clone A or HCA-1 cells?”. Further
investigations should clarify the subject.
Third, NMF may sensitize hypoxic cells.
Leith found that daily injections of NMF
could eliminate hypoxic cells from HCY-15
tumors®”, This may explain the NMF-
mediated radiosensitization of solid tumors.
Arundel observed that NMF-induced
cytotoxic effects occurred selectively on
hypoxic cells?”’. The pleiotropic nature of
NMF accounts for these three different
views, and should be investigated further to
better elucidate NMF’s mechanism of
action.

One might expect a TCDS0 assay would
more accurately reveal the modifying effect
of NMF on radiation treatment. We attempt-
ed a TCDS50 assay but could not complete it
due to the death of mice during the experi-
ment. Mice irradiated with doses of over 35
Gy died from liver metastases even when the
primary tumor was cured. NMF-treated mice
lived longer than mice treated with irradia-
tion alone, but there was no significant
difference in survival rate. Bennett observed
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increased metastatic capacity in murine
melanoma following the induction of differ-
entiation®". Low or high levels of differenti-
ation were generated by culturing at either
low or high extracellular pH in the presence
of melanocyte-stimulating hormone. Metas-
tatic capacity was determined from coloniza-
tions of the lung following i.v. injection in
mice. Takenaga reported the enhanced
metastatic potential of cloned Lewis car-
cinoma cells (P-29) following treatment in
vitro with dimethly sulfoxide (DMSO)??.
The enhanced lung-colonizing ability of
P-29 cells treated with DMSO, a polar sol-
vent, is due to increased adhesiveness, result-
ing in arrest and retention in the lung of the
host, and degradative enzyme activities. We
reported, however, that NMF could reduce
metastases which had already been estab-
lished at the time of NMF administration®®.
It is not known whether NMF has a benefi-
cial effect on the process of metastasis simi-
lar to its effect on primary tumor growth. We
are currently attempting to determine the
mechanism of radiosensitization and anti-
metastatic activity of NMF.
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The biodistribution of 3H-PK 11195, an antagonist of the peripheral-type benzodiazepine
receptors, was studied in mice. High accumulations of radioactivity in the heart, lung, spleen,
kidney and adrenal were observed after intravenous injection of tracer amounts of 3H-PK
11195 into the mice. The radioactivity in the heart, lung, spleen, kidney and adrenal was
significantly decreased by the coadministration of carrier PK 11195, which indicated that
PK 11195 specifically binds to the receptors. No radioactive metabolites were observed in
the heart, lung and brain 20 min after intravenous administration of 3H-PK 11195. The ac-
cumulation of 3H-PK 11195 in the lung was not affected by pretreatment with either a-methyl
benzylamine or imipramine, suggesting that 3H-PK 11195 specifically binds to the receptors.
The ratios of radioactivity of the kidney, adrenal and spleen to blood increased as a function
of time, whereas that of the lung and heart rapidly reached to a steady state. 1'C-PK 11195
was synthesized by the N-methylation of desmethyl precursor yielding more than 100 mCi
with high specific activity (more than 1.4 Ci/umol). The labeling and purification procedure
was completed within 23 min after the end of bombardment (EOB). The H'C-PK 11195 solu-
tion for injection seems to have a high potential for the in vivo study of the peripheral-type
benzodiazepine receptors in the living human by means of positron emission tomography
(PET).

Key words: PK 11195, Peripheral-type benzodiazepine receptor, Positron emission tomog-
raphy, In Vivo binding, Carbon-11

INTRODUCTION

In vivo studies of the central-type benzodiazepine
receptors in the living human brain using positron
emission tomography (PET) have recently been
reported.!™ Benzodiazepine receptors are classified
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as central-type or peripheral-type on the basis of
on their relative affinities for clonazepam and Ro
5-4864[7-chloro-1,3-dihydro-1-methyl-5-(p-chloro -
phenyl)-2H-1, 4-benzodiazepin-2-one].6 The results
of a thermodynamic analysis indicated that PK 11195
[I-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-
isoquinoline carboxamide] might be an antagonist
and Ro 5-4864 an agonist at the peripheral-type ben-
zodiazepine receptors.” 3H-Ro 5-4864 and 3H-PK
11195 have been used to identify, characterize and
localize the peripheral-type benzodiazepine receptors
in the peripheral organs as well as in the central
nervous system.?’"12 In the brain, high densities of
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peripheral-type benzodiazepine receptors have been
observed in the choroid plexus, ependyma and ol-
factory bulb.11.13-15 Recently, high accumulations
of 3H-PK 11195 in the transplanted glioma in the
rat were reported.'® In the periphery, high concen-
trations of the peripheral-type benzodiazepine recep-
tors have been reported in several organs including
the kidney, nasal epithelium, lung, heart and endo-
crine organs such as the adrenal, testis and pituitary
gland.17-20 Although the precise physiological func-
tion of the peripheral-type benzodiazepine receptors
is still unclear, several laboratories have reported
interaction between these receptors and calcium chan-
nels in the heart21-23 or anion transport system in the
kidney.24 And changes in the density (Bmax) of the
peripheral-type benzodiazepine receptors in the kid-
ney following pretreatment with diuretic furosemide
have recently been reported.?¢

In a previous paper, we reported that 3H-PX 11195
had a high potential as a radiotracer for the in vivo
study of the peripheral-type benzodiazepine recep-
tors.25 In the present paper, we studied in more detail
the biodistribution and in vive stability of 3H-PK
11195 in mice. In order to determine whether a high
accumulation of 3H-PK 11195 in the lung was due
to the specific binding with receptors or to linked to
the active transport system for basic amines, the
effects of basic amines on the lung uptake of 3H-PK
11195 were also examined. Finally, a high specific
activity MC-PK 11195 solution for injection was
prepared for the in vivo study of the peripheral-type
benzodiazepine receptors in man with PET.

MATERIALS AND METHODS

1. Materials

SH-PK 11195 (87 and 90 Ci/mmol) was obtained from
New England Nuclear, Boston, MA, USA. PK 11195
and desmethyl PK 11195 were donated by Dr. G. Le
Fur (Pharmuka Laboratories, Gennevillers, France).
Paraquat (Sigma, St Louis, MO, USA), 6-hydroxy-
dopamine hydrobromide (Sigma) and furosemide
(WACO Pure Chemical Industries Ltd.,) were used.
Other chemicals were purchased commercially.

2. Distribution of radioactivity in mice after intra-
venous administration of 3H-PK 11195

In this study, male ddy mice (30-35 g) were used.
Two-tenths mL of 3H-PK 11195 solution (1 uCi) was
intravenousely injected into the mice, which were
then killed by decapitation at 1, 5, 10 and 20 min after
injection of the tracer. The blood, heart, lung, liver,
spleen, kidney, adrenal and brain were removed and
weighed, each sample being incinerated with a sample
oxidizer (Aloka, ACS-113) and the percentage of
injected dose per gram tissue (% dose/g) in each
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sample was determined with a liquid scintillation
counter (Aloka, LSC-1000).

In the carrier-added experiment, two-tenths mL of
SH-PK 11195 (I pGi, 5 mg/kg) was intravenously
injected into the mice, and the radioactivity in the
tissues was determined as described above. The solu-
tion for injection of 3H-PK 11195 (5 mg/kg) was a
10% emulsion with Nikkol HCO 40 (emulsifier,
Nikko Chemicals, Tokyo).

3. In vivo competitive inhibition of specific binding
by carrier PK 11195

Two-tenths mL of 3H-PK 11195 solution (0.1, 10, 30,
160, 300 and 1000 pg/kg, ca. [ uCi) was intravenously
injected into the male ddy mice (30-35 g), which were
then killed by decapitation at 5 min after injection.
The radioactivity in the blood, heart, lung and brain
was determined as described above. Various doses of
3H-PK 11195 solution were prepared by diluting
109 emulsion with Nikkol.

4. In vivo stability of 3H-PK 11195 in the mice

About 12 uCi of 3H-PK 11195 was intravenously
injected into the male ddy mouse. Twenty min after
injection of the tracer, the mouse was killed by de-
capitation, and the heart, lung and brain were quickly
removed. Each organ was homogenized with 1 mL of
saline, and 100 uL of the homogenate was sampled
as a standard for the determination of extraction

efficiency. One mg of carrier PK 11195 and 400 uL of

ethyl acetate were added to the 400 uL of the homo-
genate, then radioactive materials were extracted.
Extraction efficiencies in the heart, lung and brain
determined by comparison with the standard were
more than 95, 95 and 909 respectively. Organic ex-
tractable materials were analyzed by thin-layer chro-
matography (TLC, silicagel; chloroform: methanol=
95: 5, Rf value=0.48, chloroform: diethyl ether:
hexane=1:1: 1, Rf value=0.16).

5. Effects of basic amines on the lung uptake of 3H-
PK 11195

a-Metyl benzylamine (I and 10 mg/kg) and imipra-
mine (25 mg/kg) were intraperitoneally injected into
the male ddy mice. Two-tenths mL of 3H-PK 11195
(I uCi) was intravenously injected into the mice 10
min after pretreatment with these amines. The radio-
activity in the blood, heart, lung and brain 5 min
after injection of the tracer was determined as de-
scribed above. a-Metyl benzylamine hydrochloride
and imipramine hydrochloride solutions for injection
were diluted with distilled water in a volume of 0.1
mL/10 g body weight.

6. Effect of various drugs on the biodistribution of
3H-PK 11195 in the mice.
Two-tenths mL of 3H-PK 11195 solution (I uCi) was
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intravenously injected into the male C3H mice 2 days
after intraperitoneal administration of paraquat (30
mg/kg), which were than killed by decapitation 5 min
after injection of the tracer. The blood, heart, lung,
adrenal and brain were removed and the radioactivity
in each sample was determined as described above.

Two-tenths mL 3H-PK 11195 (1 uCi) was intra-
venously injected into the male C3H mice 1 week
after the second injection of 6-hydroxydopamine (50
mg/kg/day x 2, i.v.) or vehicle. The radioactivity in
the blood, heart, lung, kidney, adrenal and brain 5
min after injection of the tracer was determined as
described above.

Two-tenths mL of 3H-PK 11195 (I pCi) was intra-
venously injected into the male ddy mice 6 hr after
the last injection of furosemide (50 mg/kg/day x5,
i.p.) or vehicle (5% Tween-80 suspension in saline).
The radioactivity in the blood, heart, lung, liver,
spleen, kidney, adrenal and brain 5 min after injection
of the tracer was determined as described above.

7. Preparation of HC PK 11195 solution for injection
HC.-Methyl iodide was prepared as described previ-
ously.26 11C-PK 11195 was synthesized by the alkyla-
tion of the desmethyl precursor with 1'C-methyl
iodide in dimethylformamide solution (DMF:
DMSO: NaH=350: 150: 15, 500 pL) at room tem-
perature for 1 min, and purified by preparative high
performance liquid chromatography (HPLC) (Mega-
pack SIL C18-column, 7.2 x 250 mm, JASCO, Tokyo,
Japan) eluting with a solvent (acetonitrile: 0.01 M
ammonium acetate: phosphoric acid=70.9: 29.1:
0.05) at a flow rate of 6 mL/min. The radioactive peak
corresponding to PK 11195 was corrected in a sterile
flask containing 150 uL of Tween-80, evaporated to
dryness in a rotary evaporator and dissolved in 10
mL of saline with 80 uL of ethyl alcohol filtered
through a 0.22 gm Milex filter. Radiochemical purity
and specific activity of the 1C-PK 11195 solution
were determined by analytical HPLC (Finepack SIL,

Cl18-column, acetonitrile: 0.0 M ammonium acetate:
phosphoric acid=195: 65: 0.125) at a flow rate of
3 mL/min.

RESULTS

As shown in Table I, high accumulations of radio-
activity in the heart, lung, spleen, kidney and adrenal
after intravenous administration of 3H-PK [1195
were observed. A moderate accumulation of radio-
activity in the brain after injection of the tracer was
also observed. The time courses of radioactivity in
the heart, lung and brain rapidly decreased, whereas
increases in radioactivity in the spleen, kidney and
adrenal were observed. The half-lives of radioactivity
in the heart and lung were almost the same as that of
radioactivity in the blood, which indicated that the
tracer kinetics rapidly reached a steady state after
intravenous administration.

In the carrier-added experiment, the radioactivity
in the heart, lung, spleen, kidney and adrenal were
much less than in the carrier-free state, as shown
in Table 2. The biodistributions of radioactivity in
the blood, heart, lung and brain 5 min after intra-
venous administration of various doses of 8H-PK
11195 are summarized in Fig. 1. The radioactivity in
the heart and lung was significantly decreased in a
dose dependent manner, whereas the radioactivity
in the blood and brain was unchanged by the coad-
ministration of carrier PK 11195.

Thin-layer chromatograms of radioactive materials
in the heart, lung and brain 20 min after intravenous
administration of 3H-PK 11195 indicated that almost
all of the radioactivity in the heart, lung and brain
was due to unmetabolized PK 11195 (Fig. 2).

The effects of «-methyl benzylamine (1 and 10
mg/kg) and imipramine were examined in order to
determine whether the high accumulation of 3H-PK
11195 in the lung was due to the specific binding with
the receptors or linked to the amine uptake system.

Table 1 Distribution of radioactivity in mice after intravenous administration of 3H-PK 111935,

(% dose/g)

Control
1 min 5 min 10 min 20 min
Blood 5.60+£0.22 2.024-0.18 1.434-0.25 0.9394-0.08
Heart 28.6743.16 20.004-2.23 14.114-0.87 10.524-0.87
Lung 72.254-13.6 32.004+7.39 22.214-3.08 13.634-2.69
Liver 3.324£0.31 6.034:1.03 7.364+0.52 7.8141.14
Spleen 5.234+1.61 10.7942.11 10.77+£0.42 10.914-1.50
Kidney 14.024-3.82 19.5241.11 19.8840.57 19.724-1.93
Adrenal 40.504-15.6 61.084+159 82.844-14.5 100.24-23.6
Brain 4.144-0.34 2.33:+0.16 1.4540.10 1.09-40.18
Three mice in each group; averaged-1 SD
Vol. 3, No. 2, 1989 Original 65
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Table 2 Distribution of radioactivity in mice after intravenous administration of carrier-added 3H-PK 11195

(7 dose/g)
Carrier-added (5 mg/kg) ’
1 min 5 min 10 min 20 min
Blood 2.7440.21 1.6040.07 1.094-0.02 " 0.709+£0.10
Heart 8.304-0.52 2.80+£0.27 1.6540.15 - 0.9964-0.03
Lung 3.914+0.46 2.71+£0.26 1.904£0.20 1.334:0.17
Liver 5.914+1.91 12.7740.51 11.2541.22 7.034-0.39
Spleen 2.2340.30 1.894-0.16 1.3340.14 0.991:0.05
Kidney 10.10+0.61 4,7040.11 3.974:0.16 3.254:0.28
Adrenal 52.884-4.96 18.3543.48 18.244-5.34 16.974+6.91
Brain 5.014+0.22 2.16+0.19 0.963+0.13 0.3984-0.03

Three mice in each group; average+1 SD
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Fig. 1 In vivo competitive inhibition of specific binding by carrier PK 11195, The radio-
activity in the heart (O---O), lung (®—®), brain (E@—® ) and blood ([J---0J) was expressed
as percentage pet gram organs (% dose/g) as described in Materials and Methods. Values are
presented as the average+1 SD for three mice of each point.

As shown in Table 3, the uptake of 3H-PK 11195 in
the lung as well as the other organs 5 min after injec-
tion of the tracer was not significantly changed by
pretreatment with these basic amines. Further, we
studied the effects of paraquat, which was used as an
animal model of the lung damage,??.28 neurotoxin 6-
hydroxydopamine and diuretics furosemide on the
biodistribution of 3H-PK 11195 in the mice after
injection of the tracer. No significant changes in the
biodistribution of 3H-PK 11195 were found following
pretreatment with these drugs, as shown in Table
4,

11C-PK 11195 was synthesized by the alkylation of
N-desmethyl PK 11195 with 11C-methyl iodide (Fig.
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3) (29), and purified by radio-UV HPLC (Fig. 4)
yielding more than 100 mCi of 1'C-PK 11195 solu-
tion. The labeling and purification procedure was
completed within 23 min after the end of bombard-
ment (EOB). The radiochromatogram of the 1C-PK
11195 solution is shown in Fig. 5. Radiochemical
purity was more than 99.99%, and specific activity of
the 11C-PK 11195 solution was determined to be more
than 1.4 Ci/umol by radio-HPLC.

DISCUSSION
The in vivo mapping of various receptors in the brain

and heart in the intact human with PET has recently
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Table 3 Effects of basic amines on the distribution of radioactivity in mice at 5 min after
intravenous administration of 3H-PK 11195

(% dose/g)
Blood Heart Lung Brain
Control 1.354£0.21 16.58+1.92 34.47+8.39 1.9140.33
a-Methyl
Benzylamine 1.66+0.45 17.554-2.28 37.5242.23 2.02-+£0.34
(1 mg/kg)
a-Methyl
Benzylamine 1.674+0.03 15.59+1.39 29.464-5.89 1.8640.17
(10 mg/kg)
Imipramine 1.444-0.14 16.5242.95 33.41410.86 1.814-0.27
(25 mg/kg)

Three mice in each group; average+1 SD

a-Methyl benzalamine (1 and 10 mg/kg) and imipramine (25 mg/kg) were intraperitoneally injected into the mice

10 min before i.v. injection of the tracer.

Table 4 Effects of various drugs on the distribution of radioactivity in mice at 5 min after
intravenous administration of 3H-PK 11195

(7% Dose/g) (76 Dose/g) (% Dose/g)
Control Paraquat Control 6-OHDA Control Furosemide

Blood 2.954-0.23 3.0340.61 Blood 1.5140.15 2224026 Blood 1.4940.23  1.734-0.10
Heart 2414268 26.0+4.04 Heart 19.642.65 19.34-1.17 Heart 15.14+1.38  18.742.28
Lung 43.547.10  51.0410.2 Lung 40.84-8.40 64.7--11.3 Lung 24248.16  31.64+1.98
Adrenal 107438.5 90.74-12.3 Kidney 16.84-3.63 13.04-2.44 Liver 5.504-1.06 5.934-0.89
Brain 3.074-0.09 3.854+0.52 Adrenal  63.5412.7 6474113 Spleen 8.734+2.00 8.474-1.38
— Brain 2.67+0.29 2.8840.05 Kidney 18.143.87 2034292

Three mice in each group; Adrenal  87.6+4.01  99.94-23.8
average--1 SD Three mice in each group; Brain 1.7740.23 2.25;0,!6
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Fig. 3 Synthesis of 1'C-PK 11195

been performed. For this purpose, the selection of a
suitable radioligand is very important in order to
obtain high permeability to the cell membrane, high
affinity with the receptor and high stability in vivo.
3H-PK 11195 was found to be satisfied in the above
critical conditions as follows: 1) High uptake of
radioactivity in each organ was observed 1 min after
intravenous administration of 3H-PK 11195. 2) The
radioactivity in the heart, lung, spleen, kidney and
adrenal was found to be specifically bound with
receptors in the carrier-added experiments. 3) TLC
analysis showed 3H-PK 11195 to be quite stable in
the heart, lung and brain for at least 20 min after
injection of the tracer.
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Very high accumulations of radioactivity in the
heart, lung, spleen, kidney and adrenal following
intravenous administration of 3H-PK 11195 were
observed. More than 809, of the total radioactivity
in the lung and heart was found to be due to the
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specific binding with receptors. The time courses of
radioactivity in the heart and lung after injection of
the tracer were parallel to that in the blood, which
suggested that the in vivo kinetics of 3H-PK 11195
would reach the steady state soon after intravenous
administration. These in vivo characteristics of 3H-
PK 11195 simplify the estimation of the binding
potential (BP=-Bmax/Kd) of the receptors. Since a
considerable amount of peripheral-type benzodia-
zepine receptors exists in the platelets (30), a rapid
estimating method for the determination of the free
ligand concentration in the blood is required for the
quantitative analysis of receptors.

From the previous data in vitro,17 high densities
of the peripheral-type benzodiazepine receptors have
been observed in the heart, lung, kidney, adrenal
and other organs, while the physiological functions
of this receptor were not clearly understood. In order
to examine the relationship between the peripheral-
type benzodiazepine receptors and the catecholami-
nergic neurons, we studied the effect of neurotoxin
6-hydroxydopamine on the biodistribution of 3H-PK
11195 in the mice. The present results indicated that
the peripheral-type benzodiazepine receptors might
not be regulated by the catecholaminergic neurons.
Since it has been shown that the peripheral-type
benzodiazepine receptors could be coupled to the
calcium channel in the heart, 21,22 the in vivo study of
the peripheral-type benzodiazepine receptors with
HC-PK 11195 and PET would be of great value in
the investigation of the living human heart.31.32 In
fact, Charbonneau et al. had already started a clinical
study with 11C-PK 11195 and PET.33

It has been recognized that the lung plays an im-
portant role in the regulation of a lot of circulating
substances, including endogenous and exogenous
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Fig. 6 Time courses of ratio of radioactivity in each or-
gans to that in blood. (A) (Vv— V) and (E-—) are
expressed as ratios of radioactivity in the heart and lung'to
the radioactivity in the blood in the carrier-free state.
(v---v) and (E---B) are ratios in the carrier-added
state. Three mice in each group; average--1 SD

(B) (m—m), (A—a)and (®—®) are ratios of radioac-
tivity in the spleen, kidney and adrenal to the radioactivity
in the blood in the carrier-free state. (H---#), (A---4)
and (@---®) are ratios in the carrier-added state. Three
mice in each group; average--1 SD

amines, and high accumulations of the basic amines
in the lung have been widely reported.34-38 We
examined the effects of basic amines («-methyl ben-
zylamine and imipramine) on the lung uptake of 3H-
PK 11195 in order to determine whether the high
accumulation of 3H-PK 11195 in the lung was due to
the specific binding with receptors or to the uptake
system of basic amines. These results indicate that
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the uptake of 3H-PK 11195 in the lung might be due
to the specific binding with receptors. 1t is also of
interest to investigate the lung functions as receptor
levels under various diseases with *1C-PK 11195 and
PET. However, the lung uptake of 3H-PK 11195 in
the paraquat pretreated mice, which was used as
animal model of lung damage,??-28 was unchanged
when compared with that in the control mice. Fur-
ther studies on the functional role of peripheral-type
benzodiazepine receptors in the lung are necessary.
The distributions of radioactivity in the spleen,
kidney and adrenal were increased over a period of
20 min after injection of the tracer. The time courses
of the ratio of radioactivity in each organ to that in
blood are shown in Fig. 6. The ratios in these organs
were significantly decreased by treatment with carrier
PK 11195. Since these ratios in the spleen, kidney and
adrenal were increased over a period of 20 min after
injection of the tracer, this radioligand would be
suitable for the imaging of the spleen, kidney and
adrenal. One possible reason for the difference be-
tween the binding kinetics of this radioligand in vivo
in these three organs and other organs such as heart
might be due to the different subclass of peripheral-
type benzodiazepine receptors. It has recently been
reported that the peripheral-type benzodiazepine
receptors in the kidney was regulated by an anion
transport system.2? In the present study, the bio-
distribution of 3H-PK 11195 in the kidney as well as
other organs was not significantly changed by pre-
treatment with diuretic furosemide. Studies to further
determine the relationship between the biodistribu-
tion of 3H-PK 11195 in the kidney and anion trans-
port system are necessary.
The distribution of radioactivity in the mouse brain
5 min after injection of 3H-PK 11195 was not de-
creased by treatment with various doses of PK 11195,
However, the radioactivity in the brain 10 and 20
min after injection of the tracer was slightly reduced
by carrier PK 11195, Autoradiographic distribution
of 3H-PK 11195 5 min after intravenous injection was
found in the ventricular structures, such as the
choroid plexus and ependyma (data not shown).
However, it was recently reported that marked species
differences exist in the distribution and density of the
peripheral-type benzodiazepine receptors in the
brain.3?,40 It is necessary to remember this in connec-
tion with the in vivo study of the peripheral-type
benzodiazepine receptors in the living human brain.
Furthermore, the 1'C-PK 11195 solution for in-
jection was able to be obtained in high yield with
high specific activity and high radiochemical purity.
In conclusion, 11C-PK 11195 would be a suitable
radioligand for the in vivo study of the peripheral-
type benzodiazepine receptors in the living human
with PET.
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Measurement of Regioﬁal Myocardial Blood Flow in
Hypertrophic Cardiomyopathy:-Application of the First-Pass

Flow Model Using [**N]Ammonia and PET
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AKIHIKO KAGAYA ,mp, YOSHIAKI MASUDA, mp, YOSHIAKI INAGAKI, mp,
HIROSHI FUKUDA, mp, TAKESHI IINUMA, mp, TOSHIRO YAMASAKI, mp,
NOBUO FUKUDA, mp, and YUKIO TATENO, mp
Third Department of Internal Medicine, Chiba University School of Medicine (K.Y., T.H., AK.,

Y.M., Y1), and Division of Clinical Research, National Institute of Radiological Sciences
(ME,HF.,TI,TY., NF., Y.T.), Chiba, Japan

ABSTRACT Positron emission tomography (PET) has become an important tool in the study of
regional myocardial blood flow. The purpose of the present study was to measure regional myocardial
bloed flow using dynamic [**NJammonia PET and the first-pass flow model. Thirteen patients with
hypertrophic cardiomyopathy, and with a considerably thickened ventricular wall (25 mm or
greater), were selected for the study in order to minimize errors due to spillover of radioactivity from
blood to the myocardium and to the underestimation of myocardial activity caused by the partial
volume effect. Arterial input function was determined by assigning a region of interest to the left atrial
cavity on the PET images. Using left atrial and myocardial time-activity curves, regional myocardial
blood flow was calculated using the first-pass flow model. Mean myocardial blood flow ranged from
47.8 to 76.5 mVmin per 100 g (63.0 + 9.4). Regional myocardial blood flow in the septum was
significantly lower than in the anterior and lateral walls of the left ventricle (P < .01). These results
indicate the potential usefulness of dynamic PET in the measurement of regional myocardial blood
flow in man.

Key words: Regional myocardial bloed flow, hypertrophic cardiomydpathy, first-pass flow model,

[**N]ammonia, Positron emission tomography

INTRODUCTION

Positron emission tomography (PET) offers the potential
of noninvasive measurement of regional myocardial blood
flow in man. Mullani and Gould developed the first-pass
flow model for the measurement of regional blood flow [1]
using first-pass tracer kinetics [2]. This model can be applied
to the human heart using dynamic PET and ["*N]ammonia.

However, the capability of this procedure is limited
because of the relative low sensitivity and spatial resolution
of most existing PET devices. The former problem could be
overcome through the use of a high sensitivity PET device
(POSITOLOGICA-II) {3]. We previously performed serial
5.5 sec PET scans in man after an intravenous injection of
{"*NJammonia using this PET device and demonstrated a
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temporal relationship between arterial input function and
myocardial tracer concentrations [4]. The relatively low
resolution causes the partial volume effect and the bidirec-
tional cross-contamination of recorded counts between my-
ocardium and blood [5]. In the present study, we selected
patients with hypertrophic cardiomyopathy in order to mini-
mize these problems.

The purpose of the present study was the measurement of
regional myocardial blood flow in gatients with hypertrophic
cardiomyopathy using dynamic ['*NJammonia PET and the
first-pass flow model.

MATERIALS AND METHODS
Patient selection
We selected 13 patients with a clinical and echocardio-
graphic diagnosis of hypertrophic cardiomyopathy (Table 1).
The study group was composed of nine males and four
females, ranging in age from 26 to 66 years with a mean age
of 46 years. Cardiac catheterization was performed in nine
patients (nos. 2, 3, 5, 6, 7, 8, 10, Ui, and 12). The
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TABLE | Patient data

RMBF
Patient no.  Age (yr)/sex BP HR mMBF Septum Anterior Lateral
| St/M 126/80 60 495 44.9 50.7 50.0
2 56/M 138/84 60 517 490 56.9 525
3 62/M 160780 68 652 592 62.3 734
4 40/M 138/92 66 478 484 46.0 499
5 36/M 122770 712 736  71.6 769 790
6 43/F 130/84 54 646 637 64.6 63.3
7 66/M 108/70 52 709  68.0 69.5 75.5
8 32 102/54 64 699 429 737 80.1
9 35/F 104/60 62 582 428 61.0 70.6
10 45/M 120/82 64  56.1 51.6 61.7 64.4
1t 45/M 136/78 66 688 660 69.8 734
12 26/F 96/56 50 659  50.¢ 66.7 722
13 64/F 164/90 68 765  68.0 734 80.6
Mean : 630  559* 64.4** 680
+ SD 94 10.5 9.1 1l

BP = bload pressure (mm Hg): HR = heart rate (/min): MBE = myocardial blood flow (ml/min
per 100 g RMBF = regional myocardial blood flow: mMBF = meuan myocardial blood flow.
*P < .01 compared 10 anterior and lateral Row values.

**P <05 compared 1o fateral flow values.

interventricular pressure gradient was observed in two pa-
tients (nos. 6 and 7). Coronary angiograms were normal in all
nine patients studied. The patterns of left ventricular hyper-
trophy were identified using two-dimensional echocardio-
graphy. In all patients, substantial portions of both the
ventricular septum and the left ventricular free wall were
considerably thickened. In patients 1, 2, 3, and 4, the
hypertrophied segments of the septum and free wall were
nearly equal in thickness. In the other patients, the predom-
inant region of left ventricular hypertrophy was in the
ventricular septum. All patients underwent contrast en-
hanced X-ray CT, as outlined below, to measure the thick-
ness of the ventricular septum, the anterior wall, and the
lateral wall of the left ventricles. Written informed consent
was obtained from all patients.

Preparation of ['*N]Jammonia
Nitrogen-13 was produced using the medical cyclotron of
the National Institute of Radiological Sciences through the
bombardment of pure water with proton beams by the
10(p,a)'*N reaction. The product was reduced to ammonia
and collected in physiological saline. The radiochemical
purity of ['*N]ammonia was greater than 99.9% [6].

Positron emission tomography
Tomography was performed using a whole-body positron
tomograph (POSITOLOGICA-II) [3]. This device permitted
the serial acquisition of data in 5.5 sec intervals and provided
five transaxial sections simultaneously. Midpoints of the
sections were separated by 18 mm. Sensitivities for a 20 cm
diameter phantom were 22.5 and 33.6 kcps/pCi/ml for
in-plane and cross-plane, respectively. Tomographic images
were collected and reconstructed ina 128 X 128 matrix. The
spatial resolution for the reconstructed image was 13 mm
FWHM at the center, and the in-plane and cross-plane slice

thicknesses were 13 and 10 mm, respectively.
Initially, blank data for the correction of detector effi-
ciency and transmission data for tissue attenuation correction

were collected using the Ge-68/Ga-68 source built into the
POSITOLOGICA-II. Subsequently, a bolus of 6-13 mCi of
[**NJammonia contained in 2-5 ml of saline solution was
injected intravenously from the antecubital vein with a 15-20
ml flush. An initial set of twenty 5.5 sec images were
acquired, followed by a 30 sec image at the same level.
Transmission scans contained 25-60 million counts for all
five slices; emission images contained 0.3~1 million counts
intheearly 5.5 sec scan and 1.4-2.8 million counts in the late
30 sec scan for all five slices. The count losses at the high
count rate were corrected with an object-independent method
using a single count rate [7]. All reconstructions were
performed without ECG gating. All images were corrected
for physical decay of the tracer. The scale used for display
and photography was normalized to the peak counts in each
image. "

Data analysis: calculation of regional myocardial
blood flow

Regional myocardial ["*N] activity was determined at
three different scan levels (left atrial, mid-ventricular, and
low-ventricular level). At each tomographic level, one to
seven square-shaped regions of interest (RQIs) were as-
signed. Each ROI was 1.0 cm? in area. The wall thickness
corresponding to each location was measured by contrast
enhanced X-ray CT imaging at approximately the same
level. Each thickness ranged from 25 to 40 mm.

The underestimation of myocardial ['*N] activity due to
the partial volume effect was less than 5%, that is, the
calculated count recovery coefficient is about 0.95 for a wall
thickness of 25 mm with an imaging resolution of 13 mm
FWHM [8,9]. The overestimation due to the spillover of
["®N] activity from blood pools can be considered to be
negligible on the late tomographic images, when the [>N]
activity has been cleared from blood pools.

On ascan 18 mm cephalad to the mid-ventricular level, the
left atrium was visible. In order to obtain the arterial input
function, a slice at this level was selected and an ROI was
assigned to the center of the left atrial cavity. The left atrial
size was measured using the X-ray CT image at approxi-
mately the same level. The maximum anteroposterior diam-
eter of the left atrium ranged from 36 to 43 mm. The
transverse diameter ranged from 62 to 80 mm. Accordingly,
no attempt was made to correct for errors due to the partial
volume effect or the spillover of ['*N] activity from the
myocardium. From these ROIs, time-activity curves of the
myocardium and the arterial blood were determined.

With these data, regional myocardial blood flow (RMBF)
was calculated using the first-pass flow model. This model is
based on a hypothesis: During the initial pass of a tracer
through an organ, there exists a time before the tracer reaches
the venous drainage, when all the tracer is withinthe organ of
interest. Using this premise, RMBF can be calculated using
the following equation:

Cm (T)
[T Caode - g

RMBF = + 100 (ml/min per 100 g)

85



where Cm(T) is the activity in the myocardium at time, T
(PET number/min per pixel); Ca(t) is the activity in the
arterial blood at time, t (PET number/min per pixel); tis the
elapsed time since injection; T is the integral time of Ca(t);
and g is the myocardial density (1.05 g/ml).

The above relationship is valid for all times until initial
venous effluent of tracer occurs. After that time, the value of
flow should decrease as the tracer begins to leave the region
of interest. This hypothesis was tested by generating graphs
of the calculated value of flow as a functicn of the integral
time, T.

Also, the bolus arrives in coronary artery slightly later than
the left atrium. In order to investigate the inaccuracy of the
flow values calculated by the input function from the left
atrium, flow vs. time curves were also generated for condi-
tions in which the arterial activity curve was shifted later by 1
and 2 sec increments.

In order to validate the reproducibility of this technique for
flow measurement, duplicate determinations were made in
three patients (nos. 4, 12, and 13) and the percent difference
between two repeated measurements was calculated. The
second measurement was performed 50-60 min after the first
injection of ['>NJammonia with no movement of the patients
after the first scan.
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X-ray computed tomography (CT)

Contrast enhanced X-ray CT without ECG gating’ was
performed with a GE CT/T 8800 as described previously
[10]. Each patient was examined in a supine position during
full expiration. First, conventional nonenhanced scans were
done with 1 cm thick slices from the aortic arch to the
diaphragm. Subsequently, three scans were obtained imme-
diately after each bolus intravenous administration of 15-20
ml Renographin 76 (76% megulumine diatrizoate) at approx-
imately the same levels as the PET slices: the left atrial,
mid-ventricular, and low-ventricular levels. The left ventric-
ular wall thickness and the left atrial size were measured
using these images.

Statistical analysis
Flow values are expressed as mean * 1 standard deviation
(SD). Flow in the ventricular septum, the anterior wall, and
the lateral wall of the left ventricle at the mid-ventricular
level were compared using Friedmann’s test, followed by a
Wilcoxon signed-ranks test. :

RESULTS
Initial passage of the tracer through the heart was obtained
with serial 5.5 sec PET images. Examples of serial images
are shown in Figure 1. Figure 2a shows the time-activity

Fig. 1.
sampling time permits visualization of the initial passage of the tracer through the heart.
Nos. indicate the frame numbers. The last frame (no. 21) represents a 30 sec image. RA

Serial PET images at the mid-ventricular level in patient 7. The 5.5 sec
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and LA = rightand left atrium; RY and LV = right and left ventricle; DA = descending
aorta; ant = anterior; lat = lateral wall of the left ventricle; septum = ventricular
septum.
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Fig. 2. a: Myocardial and left atrial time-activity curves in the same patient as in
Figure I. The myocardial data (cross marks) were obtained by summation of all
myocardial ROIs and smoothed using a three-point smoothing algorithm. Circles
indicate the myocardial smoothed data. b: Flow vs. time curves of a. The dashed and

curves of the myocardium from all myocardial ROls and the
arterial blood from a left atrial ROl in the same patient as in
Figure 1. Arterial ['>N] activity reached its peak by the third
frame. Next, an early, rapid clearance phase occurred, which
was nearly complete at the sixth frame. Myocardial {’N]
activity rapidly increased up to this frame and cleared slowly
from blood pools while myocardial ['*N] activity increased
gradually. Figure 2b illustrates the time vs. flow curves from
Figure 2a. The flow value before the fifth frame was

dotted lines indicate flow vs. time curves in which the arterial activity profiles were
shifted to a later time (I and 2 sec) than those of the left atrium. The final value of flow
used in the clinical analysis was selected at the sixth frame (arrow) in this case.

extremely high due mainly to the spillover of activity from
the left ventricular blood pool. After the sixth frame, the flow
value decreased gradually as the tracer began to leave the
myocardial region of interest. The final flow value used in
the clinical analysis was selected at the sixth frame in this
case. In the 13 cases in our study, the time point (T) in the
clinical analysis varied from the sixth to the eighth frame.
The flow values for all 13 patients are listed in Table 1.
Mean myocardial blood flow, obtained by averaging the flow
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values in all ROIs, ranged from 47.8 to 73.6 mi/min per 100
g (63.0 = 9.4). At the mid-ventricular level, the ROIs were
the ventricular septum, the anterior wall, and the lateral wall
of the left ventricle. The regional myocardial blood flow in
the ventricular septum was significantly lower than in other
regions at this level (P < .01).

In patients 8, 9, and 12, diminished (*N] activity in the
ventricular septum was clearly demonstrated in the PET
images. Figure 3 shows the myocardial perfusion patterns
from patient 8. In this case, subendocardial biopsies were
obtained from the septal and anterior walls of the right
ventricle (Fig. 4). Cell disorganization and interstitial fibro-
sis were predominant in the septal region, but could not be
detected in the anterior region.

The results of the duplicate determinations obtained for 27
ROIs in three patients were in good agreement (percent
differences 6.5 £ 7.4%,r = .92,y =0.96 X + 3.4) (Fig. 5).

DISCUSSION
Myocardial [**N]ammonia concentrations
We selected patients with hypertrophic cardiomyopathy
with wall thicknesses greater than twice the FWHM to
minimize any possible errors due to partial volume and
spillover effects [5]. In order to render this technique useful

Fig. 3. Upper panel displays the comparison between X-ray CT image (left) and
PET image {right) at approximately the same leve! in patient 8. Diminished accumu-
lation of {'*NJ activity in the septum is clearly demonstrated. Seven ROIs are assigned
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for a more general cardiology population, further studies are
required to correct partial volume and spillover effects [11].
The PET images were recorded in an ungated mode to
assemble all the available counts and to obtain the best data
during tomography. ROIs were assigned in the center of the
myocardium to minimize spillover of activity from adjacent
regions. Thus, minor inhomogeneities of regional myocar-
dial blood flow, especially subendocardial ischemia, cannot
be distinguished using our technique.

Arterial input function

The arterial input function can be determined in cardiac
PET studies from an ROI over the left ventricle, left atrium,
and aorta. Weinberg et al. [12] have recently compared the
measurements of left ventricular blood pool activity using
PET with beta probe measurements of arterial blood with-
drawn directly from the left ventricle using 5Rb and
["*N]ammonia. Time-activity curve shapes obtained with
these two measurements matched well, and the integral
arterial input function were in good agreement. However, the
arterial blood concentration of the left ventricle may be
overestimated, especially in patients with hypertrophic car-
diomyopathy, due to spillover of radioactivity from the
myocardium. The previous work in our laboratory [13] has
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identity.

shown that this limitation can be overcome by assigning an
ROl over the left atrium.

Measurement of myocardial blood flow

The technique developed for measuring myocardial blood
flow in this study was derived from previously described and
validated first-pass tracer fractionation methods {1,2}. Mul-
lani and Gould demonstrated the general model with a canine
heart by using an intravenous bolus injection of rubidium-82
with beta probes and then compared this with the micro-
sphere technique [1]. They have also shown that venous
egress of the tracer from the region introduces errors of flow
value underestimation [14]. Lear et al. [15] have recently
applied this model to the measurement of renal transplant
perfusion using Tc-99m DTPA. They demonstrated the
extent of errors due to venous egress of the tracer from the
region by calculating the flow vs. time curves. In the present
study, the time point used for the actual flow measurement
was also based on an analysis of the flow vs. time curves.
Early in the time course, all of the tracer can be considered to
be totally extracted from the region of interest. However,
spillover effect introduced errors of flow value overestima-
tion. At later times, the flow value decreased as the tracer
began to leave the myocardial region of interest. Thus, the
time point T, at which the first-pass arterial input appeared
nearly complete, was chosen as a comparison between these
effects. Finally, Mullani and Gould reported fast bolus
injection of Rb-82 from the femoral vein in dog studies [1]
and the arterial bolus was shorter in duration than in our data.
Consequently, although ['*NJammonia has higher extraction
fraction than does Rb-82 on the myocardium [16,17], it is
possible that small amount of tracer could have passed
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through the myocardium within the time point in our study.

The arterial input function was obtained by assigning an
ROI over the left atrium in this study. However, the bolus
arrives in the coronary artery slightly later than it does in the
left atrium. The simulation in which the arterial activity
curve was shifted later (Fig. 2b) demonstrated errors of flow
values calculating by the left atrial input function that were
greatest early in the time course and decreased with time to
insignificance. Underestimation of flow value due to this
effect was less than 5% at the time point in the clinical
analysis. ’

The potential of ['*N]ammonia as an indicator of regional
myocardial blood flow has been suggested by Schelbert et al.
[16]. Shah et al. [18] demonstrated an excellent correspon-
dence between PET measurements of myocardial blood flow
using ['*N}ammonia and simultaneous in vitro microsphere
measurements, with an almost linear relationship to flows of
44-200 ml/min per 100 g in canine studies. However, in
experimental studies, changes in the metabolic state of the
heart can affect the trapping mechanism of this tracer
[19,20]. In addition, we studied only a narrow range of blood
flow at rest. Therefore, further studies are required to address
these limitations. Rosenspire et al. [21] have recently char-
acterized the metabolic degradation of ['*N]ammonia in
human blood. Within the first minute, the N-13-labeled
metabolites in arterial blood may be assumed to be negligi-
ble.

Using the technique developed in this study, mean myo-
cardial blood flow in 13 patients with hypertrophic cardio-
myopathy was 63.0 = 9.4 mI/min per 100 g. Selwyn et al.
[22] measured regional myocardial blood flow in patients
with myocardial infarction using PET with human albumin
microspheres labeled with ''C. The regional myocardial
blood flow in areas remote from the infarct was 82.0 = 32.0
ml/min/100 g. lida et al. [23] have recently reported myocar-
dial blood flow using H,'°0 and dynamic PET. Normal
mean myocardial blood flow was 95.0 = 9.0 mi/min per 100
g. Myocardial blood flow per gram of tissue in patients with
hypertrophic cardiomyopathy has been measured using the
133X e washout technique [24] and coronary sinus blood flow
corrected for left ventricular mass [25,26]. Mean myocardial
blood flow was significantly lower in patients with hyper-
trophic cardiomyopathy compared with normal subjects. Our
data may also indicate a reduced mean myocardial blood
flow in hypertrophic cardiomyopathy. However, the slightly
lower values in our study could be related to the assumptions
in our technique. Further studies are required to evaluate
these points.

Regional myocardial blood flow in hypertrophic
cardiomyopathy
Regional abnormalities of myocardial blood flow in hy-
pertrophic cardiomyopathy have been suggested by thallium
perfusion studies, which demonstrated reversible and irre-
versible perfusion defects in the septum {27,28]. Grover-
McKay et al. [29] have recently reported the relative de-
crease in myocardial blood flow in the septum compared with
the lateral wall using {'*N]ammonia and PET. These find-
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ings may express regional ischemia or fibrosis. In our study,
regional myocardial perfusion in the septum was signifi-
cantly lower than in other regions. In patient 8, the histolog-
ical findings support these data. In addition, Nagata et al.
[30] have recently reported thallium perfusion and cardiac
enzyme abnormalities in patients with familial hypertrophic
cardiomyopathy who show dilatation or diminished contrac-
tion of the left ventricle. In our study, patients 8 and 9
showed dilatation of the left ventricle.

Finally, our approach was limited to patients with wide-
spread hypertrophy involving the ventricular septum as well
as portions of the free wall. This pattern was classified as
type I according to the criteria of Maron et al. [31]. Further
studies are required to investigate the perfusion abnormali-
ties in other types of hypertrophic cardiomyopathy.

CONCLUSIONS

We measured regional myocardial blood flow in 13 pa-
tients with hypertrophic cardiomyopathy using dynamic
{'*NJammonia PET and the first-pass flow model. Mean
myocardial blood was 63.0 * 9.4 ml/min per 100 g.
Regional myocardial blood flow in the septum was signifi-
cantly lower than in the anterior and lateral walls of the left
ventricle. These results indicate the potential usefulness of
dynamic PET in the measurement of regional myocardial
blood flow in man.
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Abstract. Benzodiazepine receptor occupancy in the brain
following oral administration of clonazepam (CZP) with
a dose of 30 pg/kg in six healthy young men and a further
dose of 50 pg/kg in one of the subjects was estimated by
carbon-11 labeled Ro15-1788 and positron emission tomog-
raphy (PET). The effects of CZP on the latency of auditory
event-related potentials (P300) were also studied. Overall
brain ''C uptake was depressed and the % inhibition of
''C uptake in the gray matter of the brain at 30 min after
[*!CJR015-1788 injection was 15.3-23.5% (mean, n = 6) fol-
lowing 30 pg/kg CZP when compared with that in the con-
trol experiment without any previous treatment. The '!C
uptake in the cerebral cortex in the subject who received
both doses decreased in a dose-related manner after 30 pg/
kg and 50 ug/kg CZP. The P300 latency was prolonged
significantly by 30 ug/kg CZP [31.6+16.3 ms (mean+SD,
n=6), P<0.05]. The P300 latency in the same subject was
prolonged in a dose-related manner by 30 pg/kg and 50 pg/
kg CZP. The technique using [''C]JR015-1788 and PET per-
mits comparison of the pharmacological effects with the
percentage of receptor sites which benzodiazepines occupy
in the human brain. P300 also seems to be useful to investi-
gate the pharmacological effects of benzodiazepines.

Key words: Benzodiazepine — Receptor — Positron emission
tomography — Event-related potential - Ro15-1788

To date, pharmacokinetics has been mainly concerned with
monitoring drug levels in the blood. However, plasma phar-
macokinetics alone may not be sufficient to predict the du-
ration and level of the clinical effects of benzodiazepines
(Bellantuono et al. 1980; Ansseau et al. 1984). Rather, the
clinical effects of benzodiazepines appear to be mediated
via binding to specific central nervous system receptors and
only the measurement of the amount of receptors occupied
by a given benzodiazepine and the duration of that binding
may be reliably correlated with the level and the duration
of the clinical effects (review in M&hler and Richards 1983).

The feasibility of studying benzodiazepine receptors in
living baboons using [''CJR015-1788 and positron emission
tomography (PET) has already been well documented
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(Hantraye et al. 1984, 1987a, b; Chavoix et al. 1988). Car-
bon-11 labeled Ro15-1788 hasbeen also successfully used
for imaging benzodiazepine receptors in the human brain
with PET (Samson et al. 1985; Persson et al. 1985; Shino-
toh et al. 1986; Pappata et al. 1988). Carbon-11 radioactivi-
ty in the human brain reaches a peak within 12 min follow-
ing IV injection of [''C]JR015-1788 and shows a high ratio
of specific to non-specific binding thereafter. Therefore,
[''CJR015-1788 should be a suitable ligand for detecting
the change of benzodiazepine receptor binding and moni-
toring the level of benzodiazepine receptor occupancy by
benzodiazepines in the human brain.

The present study was undertaken to determine if the
level of benzodiazepine receptor occupancy in the human
brain after therapeutic doses of oral clonazepam (CZP) can
be detected by [''CJR015-1788 and PET.

Benzodiazepines impairs the cognitive, learning, and
memory performance of human subjects (Loke et al. 1985;
Roy-Byrne et al. 1987). The event-related potentials have
been shown to be intimately related to cognition and P300
latency can generally be regarded as reflecting stimulus eval-
uation time (Kutas et al. 1977; Ritter et al. 1979; McCarthy
et al. 1981; Callaway 1983). The effects of CZP on P300
would seem to be worth investigating along with the PET
study.

Materials and methods

Subjects. Five healthy young male students served as sub-
jects on two occasions, another student on three occasions
in this study. They were aged from 21 to 25 years, their
height was 175.1 + 7.0 cm (mean + SD, n=6) and their body
weight was 64.8+8.2 kg (mean+SD, n=6). All subjects
had not taken any drug at least 1 month prior to the study.
Informed written consent was obtained from each of the
subjects.

Reproducibility of PET measurements was assessed on
two male subjects, aged 49 and 69 years. Reproducibility
of P300 measurements was assessed on six subjects (four
males and two females, aged 22-35 years).

Experimental procedure. Five subjects were studied on 2
separate days from 1 to 2 weeks apart, another on 3 sepa-
rate days. They had a light breakfast before 8 a.m. on the



day of the study. The PET study was performed at around
noon at the National Institute of Radiological Sciences
without any previous drug treatment on the first occasion.
Then the subjects were transferred to Chiba University and
auditory event-related potentials (P300) were measured at
around 15:00 hours. On the second occasion, CZP (30 jig/
kg, 104 nmol/kg) was administered orally about 1.5 h prior
to the PET study. Then the PET study and P300 measure-

ment were performed at about the same time as on the

first occasion. One of the subjects (subject 1) took part in
a third experiment, in which he received 50 pg/kg
(173 nmol/kg) CZP orally 1.5h before IV injection of
[''CJR015-1788 and the PET study and P300 measurement
were performed at about the same time as on the first occa-
sion.

CZP plasma level. Blood samples were drawn at 0.5, 1,
1.5, 2 (just after PET study), and S h after oral CZP admin-
istration for the serial measurement of CZP plasma level
in three of the subjects. Blood samples were drawn once
just after the PET study in the other subjects. The plasma
samples were frozen and stored at —20° C until analysis.
CZP plasma levels were determined using gas chromato-
graphic techniques (Beharrell et al. 1972).

PET. Carbon-11 labeled Ro15-1788 was produced by meth-
ylation of nor-Ro15-1788 with [*!C]methy! iodide (Suzuki
et al. 1985). Radiochemical purity was >99% and the spe-
cific activity of [*'C]JR015-1788 at the end of preparation
was from 400 to 2500 Ci/mmol.

The three-ring PET system was used to follow radioac-
tivity in five sections covering an axial distance of 72 mm
of the brain (Takami et al. 1983). The spatial resolution
of the reconstructed images is about 10 mm full width at
half maximum, and the slice thickness is 13 mm for direct
slices and 10 mm for cross slices.

The head was positioned with the aid of a vertical laser
line so that the lowest slice corresponded to 10 mm above
the subject’s canthomeatal line. On the second and third
occasion, the subject’s head was carefully positioned as on
the first occasion, so that the same level of the head was
scanned on all three occasions. After the head was in place,
a transmission scan was performed with a ring phantom
containing germanium-68 for attenuation correction. Two
venous cannulae were inserted in a right and a left antecu-
bital vein for isotope injection and blood aspiration.

Specific activity of [''C]JR015-1788 at the time of injec-
tion was 66-1550, 426 +430 Ci/mmol (mean+SD, n=13).
A dose of 5.5+1.7mCi, 7.8£6.3 pg, 4154374 pmol/kg
(mean+SD, n=13) of [*'CJR015-1788 was injected in each
subject. Serial dynamic scans (each scan took 1 min) were
performed for 30 min without interval starting just at the
time of injection. Timed venous blood samples were collect-
ed sequentially during emission scan. Venous blood (1 ml)
was counted in a sodium-iodide scintillation counter to ob-
tain the total radioactivity in each sample. Then 2 ml meth-
ylene chloride was added to 1 m! of the blood and mixed
well. The radioactivity in the extracted fraction of the blood
with methylene chloride was counted. With this technique,
the recovery of unchanged [''CJR015-1788 as an internal
standard to blood was more than 98%. The thin layer chro-
matography analysis showed no radioactivity other than
that of the unchanged [''CJRo15-1788 in the extracted frac-
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tion of the blood 20 min after injection. Thus the extracted
fraction of blood with methylene chloride contained almost
all the unchanged [''C]Ro15-1788.

The radioactivity measured by PET and the blood ra-
dioactivity measured by a well counter were adjusted to
allow for physical decay at the time of injection. The recon-
structed PET images were displayed on a 128 x 128 pixel
matrix. Regions of interest were in the left frontal cortex,
the left temporal cortex, the left occipital cortex, the left
basal ganglia, the left thalamus and the cerebellum. Calibra-
tion of the tomograph to obtain the actual regional isotope
concentration in the brain from the reconstructed image
was performed by imaging a homogenous phantom filled
with a known concentration of germanium-68. The radioac-
tivity in the brain and the blood was expressed as normal-
ized activity, defined as:

tissue radioactivity/cm?®
injected radioactivity/g body weight

Benzodiazepine receptor occupancy. Benzodiazepine recep-
tor occupancy was estimated by obtaining the % inhibition
of C uptake at 30 min after injection of [''CJRo15-1788
in each of the brain regions in the presence of CZP when
compaired with that in the control experiment. The validity
of this method is based on the fact that [*'CJRo15-1788
reaches near-equibrium within 20 min following injection
and the ratio of specific”binding to non-specific binding
at 30 min after injection is high enough to ignore the non-
specific binding and regard total binding as specific binding
(Shinotoh et al. 1986).

P300. Event-related potentials were elicited by presenting
a series of binaural 990 and 1980 Hz tones at 65 db SPL
with 5 ms rise/fall and a 50 ms plateau time. Changes in
the target frequency were employed to produce an easy
discrimination task. The tones were presented in a random
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Fig. . Time course of the plasma level of clonazepam when the
subjects received 30 pg/kg clonazepam at time 0 (mean+SD, n=3)
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sequence from 1 to 1.5 s with the high (target) tone occuring
15% of the time and the low (non-target) tone 85% of
the time. Subjects were instructed to count the number of
the target tone mentally and then given a brief practice
session to insure that they could discriminate the tones.

Electroencephalographic activity was recorded with a
time constant of 1.5 s, at the Fz, Cz, Pz, Oz electrode site
of the 10-20 system with plate electrodes affixed with elec-
trode paste and tape, referred to linked earlobes with a
forehead ground. Wave forms were averaged on line by
an averager which also controlled the artifact rejection
{(Neuropack 8, Nihon Kohden). The EEG was digitized for
875 ms with a 125 ms prestimulus baseline. Trials on which
the EEG exceeded +87.5 uV were automatically rejected.
P300 represents the average of 30 responses for the target
tones. The latency of the components of the event-related
potentials were measured on CRT with a screen cursor.
The positive component with a peak latency of
250-500 msec at Pz was labeled P300 and the amplitude
from the prestimulus baseline to the peak of P300 was calcu-
lated.

Data analysis. Effects of CZP on the P300 latency, the P300
amplitude and the ''C uptake in each of the brain regions
were analysed using Student’s paired r-test.

Results

Clinical effects of CZP

All the subjects fell asleep for 0.5-1 h before and during
the PET study. They were drowsy and they felt unsteady
on walking for 4-5 h after receiving CZP.

CZP plasma level

The CZP plasma level just after PET study with 30 pg/kg
CZP was 5.8-15.6, 8.843.7 ng/m! (mean+SD, n=6) and
21.8 ng/ml with 50 pg/kg CZP in subject 1. Serial measure-
ment of CZP plasma levels showed that they reached a
plateau level within 1.5 h after oral administration and was
fairly constant until the end of the experiment (Fig. 1).

Kinetics of ['1CR015-1788

In the control experiment without CZP treatment, carbon-
11 radioactivity in the brain reached a peak within 12 min
and the highest uptake was observed in the occipital cortex,
followed by that in the frontal and the temporal cortex.
A moderate uptake was observed in the cercbellum, the
basal ganglia, and the thalamus (Fig. 2a—f). The uptake
in brain stem and white matter was lowest (data not shown).
This distribution corresponded well with the known distri-
bution of benzodiazepine receptors in the brain (Richards
and Mohler 1984).

The radioactivity in the whole blood showed a slight,
and transient increase 10-16 min following injection and
remained at a constant level thereafter (Fig. 2g). The radio-
activity in the extracted fraction of the blood (unchanged
[''CJR015-1788) decreased gradually until the end of the
experiment (Fig. 2/).

When the subject received CZP, a similar distribution
of carbon-11 radioactivity was observed to that in the con-
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Table 1. Per cent inhibition of ''C uptake at 30 min

30 pg/kg CZP 50 pgikg CZP

meantSD, n=6 n=1
Frontal cortex 15349.0 30.1
Temporal cortex 17.6+7.8 30.1
Occipital cortex 23.54+10.2 30.1
Basal ganglia 22.9410.7 6.8
Thalamus 16.4+14.7 26.8
Cerebellum 21.5+145 27.3

Fig. 3. The % inhibition of ''C uptake in the frontal cortex in
each of the six subjects. O Control; 8 CZP 30 pg/kg; ® CZP
50 pg/kg

trol experiment. However, carbon-11 radioactivity in the
brain reached a peak earlier (within 9 min following injec-
tion) than that in the control experiment and the overall
''C uptake was lower. than that in the control experiment
(Fig. 2a-f). The kinetics of *'C radioactivily in the blood
was almost the same as those in the control experiment
(Fig. 2g, h).

The % inhibition of ''C uptake in each of the brain
regions at 30 min after injection were 15.3-23.5% by 30 pg/
kg CZP (Table 1). The ''C uptake in the cerebral cortex
at 30 min after injection decreased in a dose-related manner
by CZP in subject 1 (Fig. 3).

Reproducibility of measurements (brain uptake of
[''C]R015-1788 at 30 min after injection) without any pre-
vious drug treatment at intervals on the order of several
months was assessed on two normal volunteers. The result
demonstrated a variation of less than 7% in the cerebral
cortex, 11% in the cerebellum, 15% in the basal ganglia
and 22% in the thalamus (Table 2).

P300

The P300 latency in the control experiment was 359 + 14 ms
(mean+SD, n=6) and after administration of 30 pg/kg
CZP was 393432 ms (mean+SD, n=06). The latency of
P300 prolonged 37423 ms in the presence of 30 pg/kg CZP
(mean+SD, n=6) (Fig. 4) and the difference was signifi-
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Table 2. Comparison of repeat PET measurements (*'C uptake
at 30 min after injection) without treatment

49/M 69/M

fst  2nd %change 1st 2nd % change
Frontal cortex 5.89 599 1.5 6.51 623 —4.21
Temporal cortex 545 586 7.6 6.68 623 —6.66
Occipital cortex 5.85 593 1.2 122 1271 0.66
Basal ganglia  3.83 442 155 410 4.15 1.27
Thalamus 345 3.04— 35 340 4.15 2220
Cerebellum 3.69 326116 410 404 —1.48

'1C uptake is expressed in the unit described in the text

P300 Latency

500 msec

Subj. 1

Subj. 2

Subj. 3

Subj. 4

Subj. &

Subj. 6

—

Fig. 4. The P300 latency in each of the six subjects. O Control;
CZP 30 pg/kg; B CZP 50 pg/kg

Table 3. Comparison of repeat P300 measurements without treat-
ment

AgefSex  Latency (ms) Amplitude (nV)
1st 2nd Change  1st 2nd Change

22/M 384 380 -4 12.4 4.1 —-83
25/F 352 354 2 7.6 11.3 3.7
26/M 378 378 0 21.2 14.4 —6.38
27/M 368 378 10 14.1 11.6 -2.5
30/F 350 364 14 203 15.8 —4.5
35/M 344 346 2 8.4 7 —1.4

cant (paired t-test, P<0.05). The P300 amplitude in the
control experiment was 21.94+6.0 pV (mean+SD, n=6)
and after administration of 30 pg/kg CZP was 19.5+7.9 uV
(mean+SD, n=6). The difference was not significant
(paired t-test, P>0.05).

Reproducibility of P300 measurements at 1 week inter-
val was assessed on six normal volunteers and the result
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demonstrated a variation of less than 14 ms (4%) in the
latency. The amplitude of P300 in the two studies were
rather variable [up to 8.3 pV (66%)] (Table 3).

Discussion

The present paper reports on the feasibility of detecting
the level of benzodiazepine receptor occupancy by thera-
peutic doses of benzodiazepine with PET.

All subjects fell asleep for 0.5-1h and suffered from
ataxia by oral CZP (30 and 50 pg/kg). The CZP plasma
level in each subject reached a therapeutic level, which has
been reported to be 3.0-34.6 ng/ml for the treatment of
epilepsy (Naito et al. 1987), by a single oral administration
of CZP (30 and 50 pg/kg) and was fairly constant during
the whole experiment. The half-life of CZP plasma levels
after oral administration has been reported to be 2040 h
(Naestoff et al. 1973).

The specific activity of [''C]R015-1788 at injection in
this study was very high and only tracer doses of ['!C]JRo15-
1788 were injected in each of the subjects, which produced
brain concentrations far below those necessary for satura-
tion of benzodiazepine receptors in the brain. Since benzo-
diazepine receptor concentration in the human frontal cor-
tex has been reported to be 125 fmol/mg tissue (Whitehouse
et al. 1985), less than 5% of benzodiazepine receptors were
believed to be occupied by ['!CJR015-1788 in the frontal
cortex in this study. Thus the amount of [*'C]Ro15-1788
bound to the specific binding sites should be directly pro-
portional to the number of receptor *“free” at that moment,
i.e., not occupied by CZP.

The kinetics of ['!CJR015-1788 in the control experi-
ment were the same as those reported previously (Persson
et al. 1985; Samson et al. 1985; Shinotoh et al. 1986). When
the subjects took CZP orally, the brain radioactivity
reached a peak earlier and the clearance of !'!C became
faster than that in the control experiment. The !'C uptake
at 30 min after injection decreased significantly in the cere-
bral and the cerebellar cortex by 30 and 50 pg/kg CZP
when compared with that in the control experiment. The
change in ''C kinetics following CZP was similar to those
in the partial saturation experiments after co-injection of
unlabeled Ro15-1788 (Pappata et al. 1988) and the result
indicates that specific binding sites were partially saturated
by orally administered CZP, and injected [''CJR015-1788
competes for a limited number of binding sites in the brain.

Another possible explanation for the apparent decrease
of '*C uptake in the brain by CZP is that CZP alters non-
specific uptake of [''CJR015-1788 into the brain, by chang-
ing the regional cerebral blood flow and/or blood-brain
permeability of the radioligand. However, Miller et al.
(1987) reported that the brain concentrations of Ro15-1788
were similar in animals treated with saturating doses of
lorazepam when compaired with vehicle treated controls.
Thus, unlabeled benzodiazepines do not appear to alter
non-specific uptake of ['*CJRo015-1788 into the brain.

Our experiment revealed the effective doses of CZP
(30 pg/kg) produced only 15.3-23.5% inhibition of
['!CJR015-1788 binding, indicating that only a small pro-
portion of receptors need to be occupied in vivo in the
human brain to produce pharmacological effects, such as
sleep and ataxia.

We investigated the effects of CZP on P300 and found
that CZP produced a significant prolongation of P300 la-



tency. Although, to the best of our knowledge, there have
been no reports concerning the effects of benzodiazepines
on P300, there have been several reports, which have ex-
plored the effects of drugs on P300 (Callaway 1983; Strauss
et al. 1984; Naylor et al. 1985; Herning et al. 1985; Black-
wood et al. 1986; Teo and Ferguson 1986). Callaway (1983)
reported that scopolamine slowed P300 latency, and in a
reasonably dose-dependent fashion. Teo and Ferguson
(1986) reported that digestion of ethanol prolonged P300
latency in a dose-dependent manner and the P300 ampli-

tude was reduced by ethanol but not in a dose-dependent .

manner. It appears that P300 is useful for the subjective
measurement of pharmacological effects of drugs.

This technique using [''C]Ro15-1788 and PET permits
comparison of the pharmacological effects of benzodiaze-
pines with the percentage of receptor sites which they oc-
cupy in the human brain. P300 also seems to be useful
to investigate the pharmacological effects of benzodiaze-
pines. These techniques open up a new field of clinical phar-
macology. Future studies should elucidate the level and du-
ration of benzodiazepine receptor occupancy in the human
brain and its relationship to the pharmacological effects
of various benzodiazepines.
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Introduction
in bio-medical research, various kinds of

radioisotopes and their labeled comgouﬁds ?3ve;

been applied and used. Among them, “H and Cc-
labeled compounds have ‘revealed bilochemical
processes such as transport, metabolism and
binding because of their availabllity of
labeling of various biochemical molecules.,
Another important polnt which should be
considered in radlo-tracer techniqueb is the
speciflc activity of labeled compounds. For
example, investigation of .binding
characteristics of receptors have beey able to
be performed by development of ii-labeled
ligands with high specific activity. As shown
in Fig 1, several bioactive molecules, which
seem to ,gct at very low concentrations less
than 10 M4 have been discovered. For examble.
stimulation of luteinizing hormone releasing
hormone (LHRII) by leukotrien C, was reported to
bg observg?aat concentrations ranging from 10
to 10 M (Kyriaki,1986). With regard to
dose response curve of leukotrien C,, a bell-
shaped curve was found, which {indicated non-
tinear drug-recepter interaction. In order to
investigate mechanism for such bioactive
molecules with target cells or recepters,
development of new labeling technique with very
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high specific activity is needed. For this
purpose,labeled compounds with short-lived
isotopes have high potency.

By -the recent advance in positron emission
tomography (PET),the external measurement of
biochemical processes in 1living animal and
human have been able to be done. Indeed, this
new jn vivo measurement method have of great
value, however it also require to dissolve
variovs problems in blochemistry in vivo. For
example, it has been reported that there are
significant differences - of ligand-recepter
binding between tissue-homogenate, tissue slice
and intact animal Ag shown in Fig 2,
cooperativity of TH-morphine binding = with
receptors was only seen when tissue slice was
vused Instead of tissue homogenate (Davis,
1977). As the cooperativity of proteins seems

‘"to have important roles . for physiological
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Fig.2 hApplications of radiotracers with
high specific activity(Davis,1977)
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function, more detailed studies using various
kinds of labeled ligands with high specific
radioactivity are needed. Pogitron-emitter-
labeled 1ligands with high specific activity
will be of high potency for these future
research, since it can be applied both in vitro
and in vivo.
PRACTICALLY ATTAINABLE SPECIFIC ACTIVITY
hortslived sitron emitters such as
11C, §JN, 1}‘O and YBF are very important in the
field of wnuclear medicine and biochemistry,
since they can be produced easily with a
commercially available compact cyclotron and
give the labelled compounds  which play
important roles in blochemlical processes. Since
theoretical specific activities of ’‘these
nucliges are eTSremely high, compared to those
of it and C, as shown 1in Tab.l, the
requirements for higher specific activity may
be satisfied. llowever, practically attainable
specific activities are much lower than the
theoretical ones due to isotopic dilution in
the course of target preparation, irradia@i?n,
labelling procedure, etc. A number of c~
labelled radiopharmaceu&icals and useful
precursors, such § Lt cicn 1{1wata 1979,
Crouzel 1987), (1- C)?EH I{ "R=alkyl group,
Langstrom, 986), [2- C}(Cﬂ )_co {Berger,
1980) and | C)HCY {Berger, 197&) have been
synthesized from {" CJCO.. MNon-radioactive CO
is liable to be contaminated in a target gas, a
production system and "reagents used for
l?belling. and causes isotopic dilution of
co to lead o a decrease of specific
activity of C-label}ed precursors and
radiopharmaceuticals. {" clucn {Christman,
1975) may be an alternative precursor to attain
higher  specifie iftivity since it is
synthesized from [ "Clch, which {is produced
directly in a target box (tar Yt gas: N
containing -5% I1i_), an?anot from [""ClcOo_, nigh
specific activity of [ FJF, as shown in~ Tab.1l
was achieved after the develgpment of a small
volume target box (-0.2 ml { O]NZO), designed

Tab.l Theoretical and practically attainable specific activity

to stand high beam current irradiation and to
meet the requirement for further organic
sxgthesis. ngrent specific activities of
[""NIN and [ 7010 are not Nhigh enough. At
present, the efforts to achieve high specific
activity for these nuclides seem no to be
eygugh, compared to the efforts for [ CJC and
[T FIF. This may be due to too short half-
lives of the oy lides.

PRODUCTION OF C-labelled compounds with HIGH
SPECXF]Y ACTIVITY

{ C]CHJI lis the most widely wused
precursor for C-labelling since it n  be
easily and rapidly synthesized from ( CJco
and it can react with pharmacologically activé
and interesting compounds by HN-, §-, 0-
methylation reactions. At NIRS, wany c-
labelled compounds such as Rol5-1788, N-
methylspiperone, SCi123390, cyanoimipramine,
phenethylamine, benzylamine and PK11195 have
been : produced at high - radiochemical purity,
high radiochemical yield and h}?h speclfic
activity by the reactions with [ "CICH_I and
used clinically with PET for the in vivo
studies of receptor and engyme in brain. A
production method of {” CJrRol5-1788 is
presented bellow, as an example for the
productions of radiotracers with high specific
activigy. labelled .with positron emitters.

{ "Clrols5-1788 was  synthesized and
purified automatically with a specially
designed equipment(Suzuki, 1985 ). Fig.3 shows
the set up of the eguipment, Hore than 99.9998
% pure nitrogen gas loaded into a target box
(front diameter 20 mm, rear diameter 30 i,
length 150 mm) at a pressure of 1.4 MHPa was
irradiated at 10-15 uA for 20-50 minutes by 18
MeV protons(14.}lMeV on target) from the NIRS

F cyclotron. C activity generated by the
lY(p,alpha) o] reaction was converted to

177¢clco, by passage through the CuO column (at

800 C)7 and then introduced into the cooled
reaction vessel RVl (¢-5 C) with 0.7 mL TUF
solution of Llhln4 (LA), prepared carefully

under innert atmosphare with
alir-tight distillation
apparatus, at a flow rate of

1oo0p l‘cnll

e 180 ¢n'cn?
3y 10.0 n 700000 7 teaoa - “nny®
5o 122 e 3100000 —_
" 109.7 = 63000 3200 ("ry
1900 ¢“r7)

a
185 {Alprazolam - CH, COOHgbr) Bankg {1988}

130 (reazostn - “ann

2300 {aplperong - 'r“,

Huclide | Maif Lite | Theoretfcal Value | Bractlcal Valua Author Z?Y mL/min. After trapping

GBg/umol ' GBg/umol [ clco,., THF in RVl was

3 12.33 y it — evapora%ed by heating under

X nitrogen gas flow, then, 0.2
"c e ! o-00n - . mL of water was added after

c | 2000w 340000 120 (rots-1708 - "o, susvkt  (1905)] ?ling RVI. Generated

Borger {1983} { Tclcn_ ol was distlilled into
RV2 (130 C) with 1 mb
Hi{refluxing) under a flow of
n &rogen (70 wL/min), where
Fowler {1901} [""clcn,I was synthesiz by
reaction with NHI. Then, ci.l
was collected in RV3 at aboit
-10 C after purification with
Ascarlte and phosphorus
pentoxide, [ cicu X wag
allowed to react wigh 1 mg

Dikslc {t988)

Lambracht {1586}

Bargman (19808}

Rilbourn {1986}

ftamacher {1966)

¢t at the end of bombardment
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nor-Ro 15-1788 in 0.5 mL DMF containing ca. 1
mg Nall at about 50 C for } minute in RV3. - The
reaction mixture was transferred from RV1 into
the reservolr and separated on a Megapak Sil
c a column(7.2 x 250 mm, JASCO, Tokyo, Japan)
e‘utlng with acetonitrile : 6 mH-H]PO (35 1
65) a8t a flow rate of 5 mbL/min. The graction
containing { "Clrols5-1708 {ca.18 mL}) was
collected In a sterillzed flask and evaporated
to dryness manually with a rotary evaporator
under reduced pressure on a water bath,
dissolved in 10 mL sterile isotonic saline
solution and filtered through a 0.22 um Hilex
tilter.

The chemical and radiochemical purlties of
the products were determined using a Finepak
Sty C T column{4.6 x 250 wmm, JASCO, Japan)
eluting” with acetonitrile ¢ 6 mM~-H_PO, (60
10) at a flow rate of 4 wL/min. The amounts of
nor-Ro  15-1788 and Ro 15-1788 were determined
by comparison with the corresponding standards.
The tests for the presence of pyrogen and
bacteria in the product were carried out with
Pyrogent (Mallinckrodt Inc, U.S.A.) and Bactec
tode! 1301 {(Johnston Laboratory, Inc. U,S.A.)

Tab.2 summarizes the :eslef of typical
three successive productions of [ "ClRol5-1788,
aiming at high speclific activity. Each product
was sufliclent to carry o three clinical
studies (0.2 - 0.4 GBg of | "CJRo15-1788 with
specific actlivity higher than 1.9 GBg/umol was
required for one clinical study.) since the
yleld (10 4/- 2.8 GbBg/batch) and the lipeciflc
activity (110 4/~ 20 GDq/umol) of [ "CJRol5-
1788 were very high,

The 1lowlng precautions were token to
prepare | ClRol5-1788 with high specific
activity, that is, preventing the system from

CO2 contamination by using pure nitrogen gas as

Tab.2 Results n the mynthesls of 1lc-no15-1708
for clinical voa,

Run 1 Run } Run 3 Average

¥ield (mcl) 1 1%y 191 68 /-8

Radlochemlcal yle1d(v) ss.0 fss.e Jae |so.onz-re
Redlocttamical purity{s} $8.2 99.4 5.6 F9.94/-0.3
pecitio mctivity(Cl/pmol) | 3.2 1.2 1.3 |1.91/-0.8

Carrlee Ro 15-1760 {vmol) ¢.107 0,074 ¢.0012 0.094+/-0.0))
Ro 13-5528 {winol} 9.013 0.01¢ o.117 0.085¢/-0.0%¢

Fytogen thd'\uehrll‘ fras tron froe troe
Synthesls timaimin.) 3.8 26,6 15.) 2s.14/-1.8
“Ircadintlony 4,2 MoV proton, 16-20 yA, 11-40 min. ¢

*Torget gaes puce nitrogen(s99.9998 \J, L kg/eml, IS cn YTength,

9
*Yleld and speclflc sctivity are the value for an k.v. Injectable
Cil-Ro 13-1780.

a target material,'decreaslnq the volume of the
system by using a'conlcal target (inner volume;
75 .mL)} and flne tubling (i.d. 0.5 mm}, drying
radloactivity flow line by heating réaction
vessels and the CuO column under a pure
nitrogen gas flow, sealing the target box with
metal Instead of rubber '0' ring, preparing and
handling the THF solution - of LA carefully
under innért atmosphare and shortening the time
requi ed for radiosynthesis and quality control
of [" CJrol5-1788.
PROBLEHS CAUSED BY HIGH SPECIFIC ACTIVITY

In the preparation” and storage of
radiopharmaceuticals with  high speckific
activity, several problems, such as radiolytic
decomposition, reactions with trace jfmpurities
in solvent and adsorption on the surface of
reaction vessels or storage bottles may occure.
Complete elfmination . of substrates from
products is also Important since  they have
frequently the similar biochemical effects as
products and the amount of substrate used for
radio-gynthesfs fs much larger éompi ed to that
of product, Ve observed several C-labelled
compoun?f in the DMF solution which was used to

trap {77clen 1 (specific activity : 74 - 260
GBg/umol) and left at room temperature ‘for a
few minutes. This phenomenon was t observed

when the specific activity of [ "Cici_I was
much lower and carefully purified DMF wa3 used
as  solvent, MacGregor et al(1987) reporiﬁd on
the radiolytic siﬁt-decomposition of | F})-N-
methylsplperone({” FINHS) with high specific
afﬁlvity. They synthesized 19 - 37 MBg/ml of
O Finus saline ‘solutions with specific
activity of 150 -300 GBq/umol and observed the
decrease of radiochemical purity of 10 - 25 &
by «xadiolysls during the first hour, They
o?gwed that the rate of decomposition of
{" FInNMs was proportional to the specific
activity of the tracer. We also observed the
phenomenon of radiolytic decomposition in the
pyeparation  of an V. injectable 3-N-
{7 Clmethylsplperone({ "CIHMS) solutfon with
high speclfic activity and high radiochemical
purity for the measurement of  dopamine-D2
recepter in braln with PET (Suzuki, 1990), The
radfochemical purity of products varied widely
( 99 - 90 % at EOS ) Erom batch to batch,
Impurities were observed even immediately after
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the end of synthesis (including dlispensation
procedure) and radiochemlical purity decreased
g:adu?!ly with time. Radiolytic decomposition
of | CINMS 1is described below as a  typical
example of problem accompanied by high speciflc
activity. 11
The saline solution of ([ "CINMS was
prepared by the similar way as described above
(Fig. 3) with minor modifications The time
course of radiochYTical purity of [~ CJNMS wexe
measured  on {"cinMs  in two  series of
solutions: 1)1 miL TELC eluates used for the
purification of { "CluMsS { CHH.CN : 0.03 M-
CY COONHa : CH_COOI / 100 : 100 :71 ) and 2)1 mL
{ CciuNs saline solutions for, i.v. injection
(prepared from the purified [" CJNHS solution
by evaporating the solvent, dissolving it in
saline and filtrating the solution through a
0.22 um Milex filter), containing alJl0 mg
KI{hydroxyl radical scavenger}, b)no additives
and c}10 mg MNaNO {hydrated electron
scavenger}, respectivéely. The solutions were
allowed to decay in sealed vials and analyzed
at irregular time intervals by radio HPLC
(column; Finepak SIL C _T 4.6 mm dla. x 250 mm,
eluent; Cit CN/0‘0§ Ctf_COONi} _/Cll_COOH
{100/100/1), fgow rate; 3 mL/min, UV 554 3nm).
Further information = about the compound
generated . by radlolysis " was obtained with
LC/MS system( HP1O9OL/UP5988A, Yokogawa, Tokyo,
Japan). Analytical conditiéns were as followst
column and eluent; same as above, flow ratey 1L
mi,/min, mass scan rangej 180 - 500,
Fig.4 shows th?i radiochromatogram and
mass spectra of the {7 CINHS in saline ( 0.6
g q/ml and 31 GBgq/umol at EOS), The percent of
C-labelled unknown product was observed to be
9.1 % and increased with time, From the results
of mass spectra, the unknown product wasg
assumed to be the compound generated by the
replacement of hydrogen atom on NMS(Mw=409) by
hydroxyl group.
Fig.5 shows the 1 dependency of
radiochemical purity of { "CINMS on time and
1
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additives. it was obse{ ed that the
radiochemical purity of [ "Cluus remained
constant throughout the expeximents In the
solutions containing 1 % of potassium Jfodide(a
and A), expected to scavenge hydroxyl radicals
generated by the radiolysis of water,. On the
other hand, the purity of the [  CINMS solution
of 1 % sodium nitrate (¢ and C, hydrated
electron scavenger) decreased more rapidly than
that without additives(b and B). From these
results, it seems that hydroxyl radicals
generated by radiolysis of water play very
important role in the decomposition of [ CJHMS
and that they h?Ye to be scavenged for the
synthesis of [ 7CluMs with high specific
activity and high radiochemical purity. This
assumption may explain the slow progress of the
decomposition in the solution of IHPLC
eluate(a,b,c) which may act as weak hydroxyl
radical scavenger., In the A, B and C solutions,
radiochemical purities were very low (84-93 %),
even at early time from £0S. This may be caused
mainly during solvent elimination | the
dispensation process since the {"Ccluns
solution is concentrated during the process and
acetonitrile evaporates at first. Ethanol and
Polysolvate-80 (emulsifier, three alcoholic OH
groups are c?Ttggned in one molecule) was added
into the [ CluMS solution before and after
solvent elimination (final concentration:
ethanol . 0.8 vol.s, Polysolvate-80 1.5 vol.%)
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'?T suppression of radlolytic decomposition of
{ cIuMs and Increane of flltration efflclency
through & 0.22 um Milex filter. On 47 routine
productions aft the above improvements, 2.7
#/- 1.7 GBq of [ "CINMS agueous solutions have
been produced at 98.3 4/~ 1,0 % radiochemical
purity and 37 +/- 18 GBg/umol specific actlvity
( at EOS ).

From the above results and discussions, it
may be concluded that the sallne solution of
{ cJuns  decomposes by the reactlon  with
hydroxyl radical generated by the radlolysis of
water and that the radlolysis can be suppressed
by adding the hydroxyl radlcal scavenger such
#s ethanol and potassium lodide.

ATTEMPTS TO ACHIEVE HIGHER SPECIFIC ACTIVITY

Radiotracers with  higher specifle
activity may be obtalned by 1)irradiating the
target at highexr beam current, 2)using the
anlear iqactlYns wityglarger cross section
(" Clp,n) "N, O{p,n) -F reactions, etc.),
J)decreasing  ,the carrler amount coming from
jmpurities ( C: wusing pure H_ gas target
without €O and CO_ and pyriiied TﬂF solution of
LAl witbout carboinate. N: using small amount
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of pure water wlthoyg NU} and NO 18?: using
emall amount of I O aild avoiding the uce of
Teflon tubing or eeeaels.), 4)designing a new
synthetle . route where the probabiliiy of
isotople dlluiion is less l use_of [ clcH

lgatead of {"7Cclcu 1 and { FIF instead of
UFIF,)e S)encichiig the desirld isotope’ by
severaz methods such as a capillary
gaschromatography, a laser technique and a
electromabnetic technique. Up to now, the above
1} - 4) have been attempted mainly to qbtain
radiopharmaceuticals  with higher  specific
activity. . ' 1

Berger(1983) succeeded to obtain [ cjci
with specific activity of 11,000G6Bg/umol by
capillary gas ‘ch:omatogrnphy at very low
temperature (-208 C) on a hydrated soft glass
column {(Chrompack, i{.d. 0.25 mm, length 200 m),
using a helium nitrogen mixture (2.5 % N in
lle) as  the eluent. The apparatus ° and
chromatogram are shown in Fig.6. The Ffollowing
subjects have to be solved - for the routine
production of ctlabelled radiopharmaceuticals
with the techpique. thailis, 1nci5aslng the
injectable amount of o (+""cu,)  and
effective . cotversion 2§ ( )cnd LntYIa more
reactive  precursor ([ "CjcH_I or {  Clucio)
without isotopic dilution,

Laser technique has been appliedlgo enrich
the stable isotopes such as “I and “C  (Aral
S., 1985) using a CO_ laser. Search of working
substances sultable Eor isotopic enrichment and
furthéxr labelling process seems to be most
important for the technigue to be applied in

the preparation’ of short lived
radiopharmaceuticals with  hish specific
activity.

81 Hanser (1989) succeeded to separate

Rb(T 2 " 4.6 h) with an efficiency of >85 3
from o%‘er isotgpegzét the depletion EQCtoéﬁ of
0.2 - 1.5 x 107 ( ib), 0.6 - 4 x 10° (" nb)
and X.5 - 9 x 107 ( Rb), using electromagnetic
lsotope separator. This technique may be
applied to the other short-lived {sotope
encichments with small modifications in the
injection port- of the electromagnetic
separator.,

For the application of above techniques to
the automatic synthesis of short-lived
radiotracers, following modlfications should be
done, f.e., l)considerable reduction in time
required for isotopic enrichment,
2)miniaturization of the equipments to install
fnside 8 hot cell, 3)connection to a automatic
synthesizer, etc.
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Comparative Studies on Various Iterative
Image Reconstruction Algorithms for
Emission Tomography

Hideo MURAYAMA™, Eiichi TANAKA*"** and Norimasa NOHARA™

Abstract: Scveral iterative reconstruction methods appropriate for crmission tomography are
compared in regard to the rate of convergence and image quality, by using the noise-frec and
noisy projection scts gencrated from a mathematical phantom using a computer. Two modificd
versions of the simultaneous iterative reconstrunction technique (SIRT) method are intro-
duced as the additive SIRT (ASIRT) and the multiplicative SIRT (MSIRT). The MSIRT
method is analogous to the iterative space reconstruction algorithm (ISRA). Simulation
studies proved that the MSIRT method has faster convergence and better image quality than
the ISRA method. It is suggested that, though the expectation maximization (EM) method
gives good estimates for the same noisy projection set among all the methods rcported here,
the fast methods such as the filtered iterative reconstruction algorithm (FIRA) and the
conjugate gradient mecthod in weighted version (CONGRW) are good candidates for practical

image reconstruction.

INTRODUCTION

Recently, iterative reconstruction methods have received considerable attention f{or their use
in emission computed tomography (ECT), especially in positron emission tomography (PET)
which is rapidly emerging as a versatile diagnostic tool in nuclear medicine. Compared to
analytical reconstruction methods such as the convolution backprojection (CONVO) method (1]
and the Fourier transform method [2], iterative methods have advantages in that they are
tolerant to incomplete sampling of projection data, and that it is easy to incorporate a priori
information about the emission distribution, such as non-negativity, etc. They are also
promising methods for a stationary PET system with fine spatial resolution and high sensitivity
using a three dimensional detector arrangement, in which undesirable gaps among the
detector banks are inevitable or the finite distance between the adjacent detector elements
restricts the spatial resolution of the image over the intrinsic detector resolution [3,4]).

It has been almost 15 years since Gilbert introduced the simultaneous interative Recon-
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struction technique (SIRT) method (5], and Goitein proposed the gradient (GRADY)
method [6, 7] based on iterative least squares techniques. The conjugate gradient (CONGR)
method [7,8) was also developed in order to accelerate the rate of convergence. In the last
five years, the expectation maximization algorithm (EM) method [9, 10j, introduced by
Shepp and Vardi [11], has been studied extensively by a number of investigators [12-31])
because it is based on the realistic assumption that photon counts follow a Poisson process.
The virtues of the EM method are not only that convergence to the maximum likelihood
estimate can be proven theoretically, but also that automatic inclusion of non-negativity
constraints and preservation of total image counts in every iteration are possible. Since its
convergence rate is low, modified versions of the EM method have been developed by several
authors 18,19, 21, 23, 24].

One simple method is to reduce the number of views in the initial iteration steps.
Another modification is to double or triple the size of the EM step while still proceeding in
the EM direction. Lewitt et al [18) and Kaufman [24] suggested accelerated algorithms in
which the changes to the images are multiplied at each iteration by an over-relaxation
parameter. They obtained about three times faster speed of convergence. From a different
approach, Tanaka [34) proposed the filtered iterative reconstruction algorithm (FIRA)
method which is based on a modified EM algorithm. This enhances the convergence speed
dramatically and improves the frequency response.

In spite of the virtues of the EM method, it is well known [11, 14, 15, 28] that reconstructed
images with the EM method become noisy and have large distortions near the edges as
iterations proceed beyond a certain point. In order to suppress both the noise and edge
artifacts, improved versions of the EM method have recently been proposed to include
constraints with a penalty function [23,31] or to use a method of sieves (15,16, 22].
Verklerov and Llacer [30] introduced a stopping rule of iterations for the EM method based
on statistical hypothesis testing.

As an alternative to the EM algorithm, the image space reconstruction algorithm (ISRA)
method has been proposed by Daube-Witherspoon and Muchllehner (32,35]). In terms of
asymptotic theory, the ISRA method provides an image which is not as good as the maximum
likelihood in terms of precision [33], but is advantageous since it reduces the size of large,
sparsely populated arrays of projection data by backprojecting them directly into a more
compact image matrix. The ISRA method is a promising tool particularly for volume
imaging, namely, three-dimensional image reconstruction.

The purpose of this paper is to present comparisons among several iterative reconstruction
methods for both their algorithms and properties of convergence, from computer simulation
studies, and to provide useful information to choose a method for practical use. The FIRA
method as a [fast algorithm is investigated, comparing with the CONGR method. Two
modified versions of the SIRT method, which are called ASIRT and MSIRT, are also

introduced in this paper.

METHOD

1. Reconstruction methods

We assume that a set of I measurements y; (1<i<I) are available, where y; is the number
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of events counted in the i-th projection. The basic problem is to estimate the emission
density x; (1<j<]) from the measurements, where j is a source pixel in a set of J elements.
A set of the J emission densities x; defines an image vector x. Let us denote the normalized
probability that an event emitted from pixel j is assigned to projection i by a;;. Then for

cach j,

1
Z:laij::l- . (1)

In this paper, it is assumed that the effects of scattering and attenuation of photons are
negligible, and the aj; are known from the geometry. A set of I elements z; (1<i<I) are
the expected values of y;, where
3
Zi =§ai,xj. (2)

3

-

1) GRADY method (6, 7)
This method generates a sequence of sets of estimates x;¢», where the index n specifies the
iteration, according to the following step. For each n=0, 1,---- ., and for each j (1Zi<),

Xj(lH-l) ZXj(“) 4 ﬁ(n)AXj(u), ( 3 )
1 1
dxi = le(Yi - Zim))aij/Zl(aij/Ui)z;
i= i=

where Ax;™ is an error image at pixel x; at the n-th iteration, and z®™ is the expected

value of y;, namely,

J
Zi(“)=.2“ianxj(“)' ( 4 )
=

In eq. (3), B™ is a damping factor which is determined so as to minimize the difference
between the measured projections y; and the estimated projections z; in a least squares sense.

The function to be minimized is
1
Ke(x) =3 (yi—2z )%/ 0, (5)
i=1

where ¢; is the uncertainty with which y; is measured, and x{ represents the image vector
with J components, x;, In this method, we chose ¢;=1 for all i

2) GONGR method (7, 8]

This method is similar to the GRADY method except that the convergence is improved
by making an error image vector in each step of iteration orthogonal to those in the previous
steps. While the first step is taken to be the same as in the GRADY method given by eq.(3),
the succeeding steps are given by

Xj(n'*'i) :Xj(m + ﬁ(")dxj("), ( 6 )

I 1
5, = 33— Va0 A 00,
1= 1=

where 7@ is determined so as to make all steps of iteration orthogonal in the sense that,
L& \ L
3 (Saad) (S 020,
15" =

for all kaem, and B¢ plays the same role as the damping factor in the GRADY method.
In the CONGR mecthod, we chose ¢;=1 for all i
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3) CONGRW method (7, 8]

This method is a special case of the weighted least squares method and is run using the
same algorithm, as given by eq. (6), except that the choice of ¢; is different from the
CONGR method. In the CONGRW method, ¢; is given by

{Yi it y;>0
7= .
1 il y;=0.

4) EM method [11]

The iteration step for this method is given by

i
B =xj(‘")zl(aij§”i/zi>- (1)
=

Equation (7) can be rewritten in the following additive form:
Xj(n+l) =Xj(")+AXj(“), ( 8)
1 I
Ax V=5, (v =7 )ayg [ Yagx e,
=1 =1
where eqs. (1) and (4) are used to transform eq. (7) into eq. (8).
5. FIRA method (21}
This is a method modified from the EM algorithm. FEach iteration step is given by
X Gy U Pl if U;<1
M {Ci*+ (Us—1)-p/A5} il Up>1, (9

where @ and f are constants, and

(n+1)
x;(n __{

Cy= 2 ) /7,
Uj= S L™ sh),) s Geh),},

Aj=(x;+ p)j}:—.‘rl[{aii(zi(n)*h)s}/{Zi(n)(Yi*ll)s}]~

Here p is a small positive constant, and h is a low-pass filter, namely
h=h(s)=(s3+252+3)"! (—~10<s<10), (10

where sis the bin number of the projections in the same view angle of the projection i. Two
convolutions, (z;Wxh), and (y;xh),, are performed on the sampling points on the s axis.

The total density of the reconstructed image is normalized to the total number of events
at every iteration. For noisy data, the correction matrix Uj for the high frequency component
is smoothed by a nine-point weighted filter (1:2:1 for the X and Y directions) before
inserting it into eq. (9). In this study, we used the parameters @=2 and f=0.8 in the
first iteration, but the f value was halved in the following iterations.

6) ISRA method [32)

This method uses the following iteration step,
1 1
®D =x (3 yia) /(7). D
i=1 i=1

Projection data are back-projected into image space, and the back-projected image is compared
to. an image produced by projections calculated from the corresponding iterative reconstruc-
tion image in each iteration.

The total density of the image is normalized to the total number of events at every
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iteration.
7) ASIRT method

We introduce a new algorithm given by

1
X, = Max [x® 4 330y, — 2y /b, 0], az)
i=1
where
3
by=3la;. as
i1

The total density of the image is normalized to the total number of events at every
iteration. This algorithm is analogous to the additive form of the Gilbert’s SIRT [5), which
is described using components whose length is that of the i-th ray, and where the number
of pixels lying along the particular i-th ray are substituted for a;; and b; in eq. (12). For
this reason, the new method is called the additive simultaneous iterative reconstruction
technique (ASIRT).

Compared with eq. (8) in the additive form of EM, eq. (12) is a similar expression
except for the factor multipling the residual (y;—z;¢). In ASIRT the factor is proportional
to a;; and its normalization over all the J pixels, while in EM the factor is a;jx; and its
normalization. The former is a simplified algebraic expression of the latter.

8) MSIRT method

Another new algorithm is introduced by

1 1
xptD =Xj(")i_§1 (yiai3/by) /i;l(Zi(")a”/bi)' (14)

where b; is given by eq. (13) and total density of the image is normalized to the total
number of events at every iteration. This algorithm is analogous to the multiplicative form
of Gilbert’s SIRT (5], and it is therefore called the multiplicative simultaneous iterative
reconstruction technique (MSIRT).

Equation (14) is a similar algebraic expression to eq. (11) in ISRA. At the backprojection
stage, MSIRT wuses a dividing factor, b;, in order to correct the total detection probability
for each i-th projection, but ISRA neglects this factor. This algorithm is derived by
minimizing the least-squares distance measures between y; and z; as in [33). The quantity

to be minimized with respect to the (x;) is
I I
_k_‘vlwi (Yi”“;;aijxj)z, (15)
1= b

where the w;’s are weighting factors. If we denote the vector (y;) by y, the Ix] matrix
(a;;) by [A], and the diagonal matrix (w;) by [W], then this can be written as
(y—[AI)T[WI(y—[A]x), (16)

where T denotes transpose.

The least squares estimates, x of x are obtained by solving

[AIT[W][A]lx=[A]"[W]y an
The link with the MSIRT can be made by noting that the j-th equation in (17) is written
1
:laijwiczlairxr) = ZIYiaijWi, 18
o r- 1=

or
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1= ;31 (viaw;) /{ éﬁ(él A%, ) AW ). a9

Multiplication of both sides by x; provides the following equation

1 I
XD = Xj(“’(Zl Y@iswi)/(__Zl z;(Magwy). (20)
1= T

The weighting factor (w;) should be chosen to be about the same size for all the components

in expression (15). If all the components of x are equal, then we should choose
I
Wi:l/ziaﬁ' (@29
&

This introduces the MSIRT algorithm. The above assumption is reasonable when we choose
a uniformly distributed source for the initial guess of x. The ISRA algorithm is also derived
from the same equation, (20), for the case that w;=1 for all i.

2. Simulated data

The mathematical simulation phantom as shown in Fig. 1 A was gencrated by computer.
Fig. 1B shows the emission density distribution. The mathematical phantom is digitized in
a 64 X 64 matrix and the emission density x; is unifrom within a square pixel j. We restricted
the reconstruction region to a circle inscribed in a 64 X 64 square, and chose equispaced
projections in which rays are prarallel lines with uniform spacing of the same side of a pixel.

A “true” noise-free image was prepared for the simulation study. Corresponding to the true
image vector T, a set of noise-free projection data y;’s was calculated analytically for 240

equally spaced angles over 180° from the following equation. For each i (1<i<I),
1
Y= Zﬂf‘”’T"’ (22)
£

where Tj is the j-th component of the true image vector T, J=3228 and I=68x240. A set
of noisy projection data was also obtained by generating pseudo-random numbers from a
Poisson distribution with a mean equal to the noise-free value of Y.

In the following simulation study, we used the three sets of projection data based on the
same phantom: the first was the noise-free data with a total count of 1x 108, the second was
the noisy data with a total count of 1x 108, and the third was the noisy data with a total
count of 2x10% By using the Shepp-Logan convolution method (1], the reconstructed
images shown in Figs. 1 G, D and E were obtained form the first, second and third
projection data sets, respectively.

In this study, all the iterative reconstruction procedures were started from a uniform disk,

namely the initial set of estimates x;(® is given by

xj(O)zé_“,lyi/J’ for all j. 23)

No constraints or a priori information were used in any of the reconstruction methods in
order to clearly show differences between the algorithms.
Three functions were defined as measures of the goodness of the estimated image. The

first was the mean absolute error, m(x), of the image defined by

I I
m(x)=2_31ixj—151/_211j- (24
= i=
The second was the square of residual norm, N2(x), of the projection data defined by
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Fig. 1 The mathematical phantom used in the simulation (A), and its image (B).
The values in front of the parentheses are diameters or distances in units of
pixel width, and the values in parentheses are relative emission densities.
Images C, D and E are reconstructed with the convolution backprojection

(CONVO) mecthod for the three sets of projection data; the noise-free data,
and the two noisy data sets with the total counts of 1x10% and 2x 108,

respectively.  These images are normalized by their total counts.

1
NeG) = 3 (vi— )" (25)
The third was the log likelihood function 1(x), defined by
1
1G9 =Zal<Yi log z;—z;). (26)
&

The function m(x) provides a measure of “source convergence”, N2(x) provides a measure
of “projection convergence” in the sense of mean square error and 1(x) indicates how closely
the reconstructed image approaches the maximum likelihood estimate. Simulation studies
allow the evaluation of m(x) by the direct comparison of reconstructed image with the true
source distribution, but in practice, the other two functions only are available because the

true image is usually unknown.
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Fig. 2 Plots of the mean absolute error m (x(™) as a function of the
iteration number n, for the noise-free projection sct. The point
marked on the ordinate shows the value of m(x) for the
CONVO image.

RESULTS AND DISCUSSION

1. Convergence for noise-free data

First of all, reconstruction was performed using noise-free projection set to demonstrate the
dependence of rate of convergence on th/e reconstruction method. Fig. 2 shows plots of the
mean absolute error m(x() as a function of the number of interations n, for the first 100
iterations with the eight different methods. The value of m(x) for the CONVO image
(Fig. 1C) is marked by “x” on the ordinate of Fig. 2.

Plots of the square of residual norm N2(x(™) and the log likelihood 1(x(™) are shown in
Figs. 3 and 4, respectively. It can be secen that, as the number of iteration increascs,
m(x™) and N2(x™) decrease monotonically, and 1(x‘) increases monotonically. Fig. 5
shows the reconstructed images at 20 iterations with all methods. As compared with the
CONVO image, FIRA, CONGRW and CONGR yield superior images, while GRADY and
EM provide almost the same image quality, and ASIRT, MSIRT and ISRA provide inferior
images. We found that by the 100-th iteration the images of all methods are close enough
to the true image shown in Fig. 1B.

In order to evaluate the rate of convergence quantitatively, we introduced three CONVO
equivalent iteration numbers n(m), n(N?) and n(1), which give the closest reconstruction
images to the CONVO image by measures of the mean absolute error, the square of residual
norm and the log likelihood, respectively. Table 1 lists the CONVO equivalent iteration
numbers for all the methods reported here. The fastest convergence was obtained with FIRA
and the second fastest with CONGRW. The slowest is ISRA. The EM method is faster
than ASIRT, while ISRA is slower than MSIRT.

Compared with GRADY, EM is inferior in terms of both n(m) and n(IN%), but superior
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Fig. 4 Plots of the log likelihood 1(x(™) as a function of the iteration
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in terms of n(1); the value of n(1) is about a half of n(IN2) for EM, but n(1) is nearly
equal to n(N?) for GRADY. This reflects the fact that the EM algorithm is designed to

pursue the maximum likelihood estimate.

That is, EM incorporates larger weights on the

matching of projection data with low counts as compared with GRADY. The value of

N2(x) is affected by the difference between measured and estimated projections with equal

weight as given by eq. (25), while the matching of the low count data seriously affects the
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Fig. 5 Reconstructed images at 20 iterations with FIRA (A), CONGRW (B),. CONGR
(©), GRADY (D), EM (E), ASIRT (F), MSIRT (G) and ISRA (H), for the
noise-free projection set.

Table 1 Comparison of the CONVQO equivalent iteration
numbers n(m), n(N?) and n(1), where the reco-
nstructed image is closest to the CONVO image
in Fig. 1 C, by measure of the mean absolute
error, the square of residual norm and the log
likelihood.

CONVO cquivalent iteration number

Method

n (m) n (N2) n (1)
FIRA 2 3 2
CONGRW 6 6 4
CONGR 8 6 6
GRADY 25 21 20
EM 31 35 19
ASIRT 46 48 35
MSIRT 62 57 >100
ISRA 82 86 >100

value of n(1) due to the terms of log z; in eq. (26).

For the same reason, both MSIRT

and ISRA provide much larger values of n(1) than the values of n(m) and n(N2?) when

compared to EM.

124



August 1989

0.8

MEAN ABSOLUTE ERROR: m{x")

7:325

1x 108 counts ( noisy )

e

S 107
=

=

o

(o]

z

1

5

o 108
(23

)

o

0 5 10 15 20 40 60 80 100 0 5

1x106 counts ( noisy )

T

NUMBER OF ITERATIONS : n

B

A
3.45 v ¥ e U e a
1x !Oecounls ( noisy }

2 CONVO

x 3.40

E,\

%

-+ 335

Q

o

Q

ey

o}

u

=

~ 330

o

o

!

325 R . . . A
0 5 10 15 20 40 60 80 100

NUMBER OF ITERATIONS : n

C

20

40

60

80 100

Fig. 6 Plots of (A) the mean absolute error m(x®), (B) the square of residual norm
N2(x), and (C) the log likelihood 1(x), respectively, as a function of itera-

tion number n for the noisy projection set with the total count of 1x108.

2. Convergence of slow methods for noisy data

In this section, we shall be concerned with the five slow methods of GRADY, EM,

ASIRT, MSIRT and ISRA only, in order to avoid complexity in the comparative discussion.
The others, FIRA, CONGRW and CONGR, will be discussed in the next section. In order

to examine the effects of statistical noise on the rate of convergence, the reconstruction was

performed for the noisy projection set with a total count of 1x108.

Figs. 6 4, B, and G

show plots of the mean absolute error m(x(), the square of the residual norm N2(x(»)

and the log likelihood 1(x(m), respectively, for the first 100 iterations. The values of m(x),
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Fig. 7 Plots of (A) the mean absolute error m(x™), (B) the square of residual norm
Nz(xm), and (C) the log likelihood 1(x™), respectively, as a function of itera-
tion number n for the noisy projection set with the total count of 2x10°.

N2(x) and 1(x) for the CONVO image (Fig. 1 D) are marked by “x” on the ordinates of
the corresponding plots.

Although the values of m(x™) approach zero for noise-free data, Fig. 6 A demonstrates
that noise in the projection data prevents this and causes the values to increase after a
certain number of iterations regardless to the recontruction method. By contrast, the values
of N2(x(™) in Fig. 6B and 1(x™) in Fig, 6 C do not change thcir monotonical behavior,
similar to the plots of Fig. 3 and 4. The plots of 1(x() have almost the same shape as

the plots of Fig. 4. This implies that the relative values of 1(x™) are insensitive to
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Fig. 8 Reconstructed images at 8, 20 and 100 iterations with GRADY (A1, A2, A3),
EM (B1, B2, B3), and ASIRT (C1, C2, C3), for the noisy projection set with
the total count of 2x10% The top, middle and bottom images were obtained at
iteration numbers of n=8, 20 and 100, respectively.

existence of noise in the projection data.

To demonstrate a noisier situation, we ran the methods for 100 iterations, using another
noisy projection set with the total count of 2x10% The resulting plots of m(x(™), N2(x(m)
and 1(x™) are shown in Figs. 7 A, B and G, respectively. For all the methods, the
minimum values of m(x() in Fig. 7 A are obtained at a smaller number of iterations than
in Fig. § A. The monotonical behavior of the functions N2(x() and 1(x™) does not
change in Figs. 7B and C.

Fig. 8 illustrates the reconstructed images obtained from the noisy projection set with 2x
105 counts at 8, 20 and 100 iterations with the GRADY, EM and ASIRT methods. All the
bird’s-eye view images at 100 iterations demonstrate ‘“noise artifacts”, and the reconstructed
images differ from the truc image at high iteration numbers. From this, it is apparent
that both the functions 1(x) and N2(x) are not good measures to obtain desirable recons-
truction with noisy data.

Outside the boundary of the phantom in Fig. 8, GRADY introduces noise enhancement
even at low iterations, due to the lack of non-negativity constraints, and ASIRT produces
dot-like artifacts due to the non-linear operation carried out in order to remove negative
image density. EM produces much less noise due to the automatic non-negativity constraints.
One remarkable result from Figs. 6 A and 7 A is that EM provides the smallest value of
m(x) among all the methods for the same noisy projection set. The minimum value of

m(xm) for EM is 0,129 at n=28 for 1x 108 counts, and 0.188 at n=16 for 2x 10% counts.
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Fig. 9 Reconstructed images at 28 iterations with EM for the noisy projection set with
the total count of 1x10% (A), and at 16 iterations with 2x10° (B).

ISRA (n=20) MSIRT (n=20)

2%10°

counts

Fig. 10 Reconstructed images at 20 iterations with ISRA (A1, A2), and MSIRT (B1,
B2). The top and bottom images were obtained by using the noisy projection
sets with total counts of 1x10° and 2x10%, respectively.

The corresponding reconstructed images are shown in Figs. 9 A and B.

Fig. 10 illustrates the reconstructed images at 20 iterations with ISRA and MSIRT for
the noisy projection sets with total counts of 1x 108 and 2x10% The MSIRT method has
almost the same recovery rate of spatial resolution and the same noise properties as ISRA.
The only difference between the two methods is that, outside the object, MSIRT has faster
recovery than ISRA. This difference gives an insight into the reason why the minimum
value of m(x) for MSIRT is smaller than that for ISRA, as shown in both Figs. 6 A and
7 A. Thus, we can expect that MSIRT provides better images as compared with ISRA for
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Fig. 11 Plots of the mean absolute error m(x) as a function of iteration number n for the
noisy projection sets with total counts of 1x10% (A) and 2x10% (B).

CONGR CONGRW FIRA

Fig. 12 Reconstructed images at 2, 4 and 6 iterations with CONGR (A1, A2, A3),
CONGRW (B1, B2, B3) and FIRA (C1, C2, C3), for the noisy [projection
set with the total count of 1x10% The top, middle and bottom images were
obtained at iteration numbers of n=2, 4 and 6, respectively.

the same noisy projection set.
3. Convergence of the fast methods for noisy data
In this section, the three fast methods of FIRA, CONGRW and CONGR are compared.
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Fig. 13 Reconstructed images at 2, 4 and 6 iterations with CONGR (A1, A2, A3),
CONGRW (B1, B2, B3) and FIRA (C1, C2, C3), using the noisy projection
set with a total count of 2x105. The top, middle and bottom images were
obtained at iteration numbers of n=2, 4 and 6, respectively.

Figs. 11 A and B show plots of the mean absolute error m(x(™) for the first 18 iterations
using the noisy projection sets with the total counts of 1x 108 and 2x 105, respectively.
These plots demonstrate the fast convergence of FIRA for the noisy data as well as for the
noise-free data. This is because the f{requency response of the iterative correction is
significantly improved by incorporating adequate high frequency enhancement in the FIRA
reconstruction. A suitable number of iterations may be from 2 to 4. In addition, FIRA
proved to be more stable, based on the values of m(x(), when iterating after the minimum
value had been reached, compared with CONGR and CONGRW. This is because FIRA
uses a selective filter function such as eq. (10), with which the convergence of each frequency
component is controlled.

Figs. 12 and 13 illustrate the reconstructed images at 2, 4 and 6 iterations with the three
methods for the two noisy projection sets. It can be scen that FIRA produces better images
at a few iterations. The image of C1 with FIRA at n=2 provides a similar recovery of
resolution as the image of B3 with CONGRW at n=6, while the former image produces
less noise than the latter. This is because the automatic non-negativity constraints involved in
FIRA effectively suppress the noise enhancement in areas of low image density, in a similar
way to EM. From the above comparison, we conclude that FIRA is a good candidate for
the image reconstruction of ECT data, in practice.

From Figs. 11 A and B, it is scen that CONGRW has a smaller minimum value of m

(x(m) than CONGR, while the minimum wvalues for both methods are obtained at almost
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the same iteration number. A comparison of the reconstructed images with CONGR and
CONGRW in Figs. 12 and 13 shows that CONGRW is superior to CONGR due to the
suppression of the noise in areas outside the object. This is because CONGRW achieves better
matching of projection data with low counts than that with high counts by virtue of the
weighted least squares, with which the low counts are assigned large weights to the minimi-
zing function given by eq. (5).

The image quality for the fast methods is not pariticularly worse than that for the slow
methods. From Fig. 11 A, the minimum value of m(x™) with CONGRW is 0.130 for
1%x108 counts, which is very close to the corresponding value (0.129) with EM from Fig.
6 A. The CONGRW method secems to be practical because the minimum value of m(x™)
is achieved at n=5 iterations, which is about 6 times faster compared with n=28 iterations
with EM. For 2Xx10° counts, however, the minimum value of m(x™) with CONGRW
becomes larger than EM. Compared with the image of EM shown in Fig. 9B, the image
of CONGRW in Fig. 13 B 2 is inferior especially in areas of low image density. This is due
to the excess enhancement of the high-frequency component of statistical noise, although the
reconstructed images are sharpened too much at early iterations. For the FIRA method,
we bave the freedom to sclect the parameters @, f and the filter h(s) in eq. (9), so as to
minimize degradation of the image quality. Further studies on FIRA will be reported
elsewhere (34).

CONCLUSION

For a noise-free projection set, all the methods reported here provide stable convegence;
that is, the three functions, m(x), N2(x) and 1(x), approach their final values monotonically
as the iterations proceed. The three CONVO equivalent iteration numbers, n(m), n(N?) and
n(1) were used to evaluate the rate of convergence. From these quantitative comparisons,
the fastest convergence can be obtained with the FIRA method.

Discrepancies in the values of n(N?) and n(1) are observed with some methods; namely,
FIRA, CONGRW, EM and ASIRT give smaller values of n(1) than n(N?%), while MSIRT
and ISRA give larger values of n(1). This is because the former methods incorporate larger
weights for matching low count projections than for high count projections, compared to the
latter methods. The former methods are superior in terms of noise enhancement in the arca
outside the object.

We introduced the MSIRT method as a candidate for the reconstruction of volume images.
This is a modified algorithm of Gilbert’s SIRT and has a similar algebraic expression to ISRA.
It was shown that MSIRT provides faster convergence and better image quality than ISRA,
especially in the area outside the object. \

In practical use, the FIRA method is a good choice due to its fastest convergence, its low
noise on the images with the automatic non-negativity constraints, and comparatively stable
image quality for iterations after the optimum at 2-4 iterations. The CONGRW method
is also useful in some practical cases because it provides adequate images at several iteration

numbers.
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CTImage Reconstruction from Incomplete Projection Data

Takehiro Tomitani, Norimasa Nohara and Hideo Murayama
Division of Physics, National Institute of Radiological Sciences

Introduction

In National Institute of Radiological Sciences, consiruction of heavy ion accelerator for radiation
therapy is in progress. The merit of heavy ion therapy over electron/photon therapy lies in good dose
localization. To make full use of it, accurate measurement of dose distribution is necessary. Direct
measurement of dose distribution is possible by use of positron emitting radioactive beams,(1) e.g.,
11¢, a product of stripping reaction through matter from '2C.  Distribution of the end points of the
beams can be measured with positron emission tomography. However, there must be an entrance
opening for ion beams and the projection data corresponding to the opening is lacking, and thus we are
forced to solve CT image reconstruction from incomplele projection data.

Several algorithms have been reported, such as coordinate transform technique,(2) estimation

maximizalion algorithm,(3) projection space iteration,(4) and constrained Fourier space method.(5)
The last method was tested because of simplicity and economy in compuiation time, since FFT can be
done efficiently with an array processor.

Principle
Suppose a point source on the image plane located at (p,$) in polar coordinates. Its projection,
p(1,0), and Fourier transform with respect to t, P(T,0), are

p(1,8) = &(t - pcos(¢ - 9)), P(T,0) = exp{ipTcos(¢ - 8)}.

Fourier expansion of P(T,0) is
21 2R

P(T) = ;—n fP(T,e) exp{-ike}de = -2-1-; fexp{ipTcos(¢ - 9) - ike} do = Jx(pT),
0 0

which distributes almost like (pT)¥ near the origin of the coordinates and signals are rarely seen in
4- region,(®) as seen in the middle row in Fig.1. True image information is confined to the outside
of a-region.  This property comes from the sinusoidal nature of the projection data. While, in the
case of incomplete projection, the projection is not sinogramic and considerable amount of frequency
components leak into A-region. By cutling components in A-region along with low-pass filter, only
sinogramic components can be restored from incomplete projection data.

Algorithm
The algorithm based on the above principle is summarized below.
1) Perform 2-dimensional Fourier transform on the incomplete projection.
2) Cut out frequency componentis in A-region (and apply low-pass filter).
3) Perform 2-dimensional inverse Fourier transform.
4) Pad the resultant signals into the missing portion of the measured projection data.
5) Go to 1).
Note here that the measured projection data is defined in the angular range (0,x), while Fourier ex-
pansion is defined in the range (0,2x). Therefore, after Fourier transform with respect to t, con-
version of the data from the range (0,x) to the range (0,2rn) is necessary.

i

To test the algorithm, a simple elliptic disk was use, in which 1/6 of the deiectors are lacking and
projection data are deficient by about 60° which correspond to about 1/3 of the whole projection. The
opening of 1/6 of the whole ring is considered large enough to allow the heavy ion beams to enter into
the object. The results are shown in Fig. 1. In the figure, only a half part of the power spectrum of
the projection is shown because of symmetry. It can be seen in Fig. 1 that spurious components in
the power spectrum of incomplete data overlaps with that of signal only at high lateral frequencies,
which suggests that low-pass filter is effeclive io restore low frequency components of missing data.
in fact, it is effective up to a few iterations. After low frequency components have been restored, one
must not use it in furlher iteration steps, since it limits the band width. Also, low-pass filter along
angular frequency would work as well, but this was not implemented in this experiments, because 4-
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fillering works efficiently.  However, if the object has more complex structure, then A-filtering
perhaps will not work so efficiently and we would need low-pass angular filter.

Conclusions

Characteristics found in this experiments are 1) total counts are preserved through A-filtering, 2)

aller A-filtering, part of the signals spreads into the missing region on the sinogram and the intensity
of the region where dala is available decreased, 3) by inserting the measured data into the filtered dala,
lotal counts gradually increases as ileration proceeds, 4) interpolation of the missing region prior to
the iteration enhances the restoration, but artifacts may occur and may not be advantageous, 5) low
pass filter works efficiently up to a few iterations, but it degrades spatial resolution after a few
iterations and should be removed, 6) the convergence speed drops after several iterations and the

projection data recovers slowly.

It might be advisable to use other iteration methods such as

Estimation-Maximization algorithm after most of low frequency components are restored.

Figure 1. Results of compuler simulation. The complete projection dala, the incomplete pro-
jection data, the restored projection data after 5 iterations and that after 10 iterations are
shown from the right side to the left side on the top row. The corresponding 2-D Fourier power
spectrum are shown on the middle row and the corresponding images are shown on the bottom
row.
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PROTON RADIOTHERAPY BY NIRS MEDICAL CYCLOTRON
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Abstract Clinical trials on proton radiotherapy began in November, 1979 at NIRS-
Chiba. Proton beams have a highly defined dose distribution, resulting in no radiation
exposure beyond the beam range and very little side scatter. Since a 70 MeV proton beam
penetrates about 38 mm through aqueous environments, only superficial tumors and ocular
neoplasms are indicated for treatment with this radiotherapy. To optimize the dose
distribution, the most important factors to consider are correct positioning, reproducibility
of the clinical set up, and immobilization during irradiation. For treatment, fixed horizon-
tal or vertical beams are used. Over the past 9 years, a total of 59 patients have been treated,
and some preliminary clinical results have been obtained: (1) Thirty-nine patients were
treated for skin cancer, soft tissue sarcoma, malignant melanoma, etc. Local control was
achieved in 67.5% using radiotherapy alone, and in 30% with salvage surgery. Skin
reactions after proton irradiation were generally mild to moderate. (2) Twenty ocular
neoplasms (17 malignant melanomas and 3 retinoblastomas) were treated. For melanoma,
average radiation dose was TDF 137, and the result was | complete regression, 7 partial
regressions, and 2 enucleations due to glaucoma. For retionblastoma, average dose was
TDF 77, and the result was 2 complete regressions and | partial regression. There were no
severe radiation-related complications.

Key words: Radiotherapy, Proton, Superficial tumor, Ocular melanoma, Retinoblastoma
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Fig. 1. Depth dose distribution of 70 MeV proton beam in water for

unmodulated beam (solid curve) and spread out Bragg peak
(dotted curve). Field size; 4 X4 cm?, 30 mm Range modu-

lator. (Hiraoka, T., 1982)
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) k lback

Sharp dose distribution of collimated proton beam. 15mm

diameter collimator was used for ocular tumor. There was
no side scatter in left and right or front and back. (Hiraoka,

T.,1986)
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Table I. Clinical results of superficial tumor, treated with proton irradiation (1979-1988, NIRS)
No Policies Proton | Tumor response Skin reaction
Site of Average ith Sal Mod
pats.| TPF |Radical| Palliativ St‘l)tlgtelry Alone[Boost| CR | PR | ;:g"' Mild | 00 | Severe
Skin ca. 6 91.5 5 1 5 | S 1 4 2
Malig.
endothelioma 2 | 1145 2 2 2 2
Parotid ca. 3] 1133 1 2 3 1 2 1 2
bkin meta. 711047 5 2 3| 4| 7 2 2 3
reast ca.
Soft tissue 7| 9 2 2 30 5| 2] 4 3| s | 1
sarcoma
Malig. 9o |i221]| 2 70 3| 6| 2 7| 3 6
melanoma
Neck modes | ¢ | 1566 | 5 I 2| 4| 6 3 2 I
meta,
Total 40 | 109.5 22 6 12 20 | 20 | 27 [ 12 18 17 5
(%) (55) (15) (30) | (50) | (50) |(67.5)](2.5)| (30) | (45) | (42.5) [(12.5)
Table 2. Proton irradiation for ocular mal'gnancies (1985-1988, NIRS)
No. of | Average Salvage . Retina
pats. TDF CR | PR | NC | PD ope. Cataract detachment
Melanoma N
(adult) 17 137 L 7 7 0 2 0 0
Retino
blastoma 3 77.6 2 1** 0 0 0 0 0
{child)

* . due to neovascular glaucoma
** . boost treatment by photo coagulation
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AU ERREE O 64§ O R HIHIE 3 67%
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HETOBFHREREE PR E > RED»D
T, VR R BN O 2
KHTHEDTWIERMETH S, SEBIEBEKE
HLT, BFREROERCEH Lz hidk
520,

WK TIIBEORELR bl <, BRI EA
THREEBLBSNLTLEY, HIbEEERE
HEWBEEL T2 EE (FRECHEARE), T
EREE, BEIREFE, BIUBREAS / —<
Thd. BERLVIEREEREOSZHDE, FA
Mo D/N—N—F KRy r7as«HAfr7abar
TOHDT, 1963 FE b5 4600 IEL T3, A
SRIZARER X 5/ —= 1065 fl, T4k 510 41, 5
BIREEL 2050, DIETH B, IRERAT ) —=
HECKTREE DS WKRRAT, REREFEREL
LB FRBHEBENIEFREL TwE, KA b
v DIREY ZIBEHEE 70 CGyE  (Cobalt Gy
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EnH AR b DIEN, BRYEED 128 flos
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16 20/200 & Y RWIKEOREER DS, eI 6
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WIEWEEIED o LB,
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TORATH o Tz, T OEE IFHEHRRZ MR
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SOIERIOSHEIE S Nz, MES ORI S e ld, FEMRGFETNEFEEob 22y V7 v 7,
WP OBIOBEEZE L AVIRKFTH B, WIRERE LT 39 FoBREEEE T, Brme
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5. BMETIRIBEOEREFIEHE
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H FIRES I 2MERIRIES D80~85% 2 5%, £ D5
520~30UMBEETH S, 11& A ERTOREHILFH
1B 51T A0, ZOEBRBEICHER RIITHETIL,
1) ZE% & WIS OB, 2) MFEn s EE
ORMEEICL AFHOHSZE, 3) BRMEORNEE
ZEUFHN(T) 408, 4) BHY v @iEE (N) 58
s EThH B, HE, FHTEEIIERICSERL, Eke
W15 ¢ T, BRI ER U3V A, BiERE
ED 5 LOM60% % (L B BEHEE O OB OIS Tt
50%% C A AR FEFE LKLY, UbbiEFilitd i
FRtEOEL, £2TOHEFRE TONN & BIED B
W85 L EMTRTaV, EROMEHFERIEE S U TR
#®iEsd L BREOHK BB GNTE, Tu 5
L, IR & Tl RO i T, B TS
TEEFRO LR UEGNE, 1) PR, 2) EftEos
WL 3) EFIIG, 4) BEMERELNTH S L LT,
$72 Guillamondegui 5™k % &, HiEE O HEIS
i, 1) BEICEN S, 2) -8 - KE - BT
BAET - #hiE - ERE Y o YENCREM, 3) MY LY
i El, 4) MREAOYRE, 5) BEOKE, 6) F
WEOERGFEREEA A X /26, 7) BB MR ICHEELIE
BTHH VD, RICEHE O VEEOREITL,
&% D mucoepidermoid ca., malignant mixed
tumor, FE R, ROMEE, T3 T4 ORELEE
nT5,

FHAGEOETINEE T 5 BEHREROZ BRI R
ERTAISNY, HEHRBEZMEE TOBODIT T
0D, BEL THREHHERIETH b, BFHEE %2 m
L&A TH OB P TRIEEICHIES - TET,

TR ORI & DN AR AR Ric
Hb, A, 1) E¥¥n5hEE (RBE, Relative Bio-
logical Effectiveness) i X#k hEL, 2) B a3 H
T O EHFEREH» 6 ORIERMA S I 240, 3)
iAo NHRYOBZOEEICHFLT s hicd v, 4)
fs#E5h R (OER, Oxygen Enhancement Ratio)
LS, BUHRERMEORRD 1 > & s h 3 K= E
mia2MA L b 2L,

Lo L, PEFEIERESTNE 2700 Fe0DSITE &R
M%ETHD, LSBT 4 F v 97T Y 4~

nub
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RS AIEEHIVEFHRD RBE MHH C:ﬁ:c\ EWVH R
SHEEYENT - 490 5 L ELNE, WIEFE
ﬁﬁ@?%ﬁbﬁ%@lﬁf&%&safiho

WEMHENY 4 7 o ko olck A8 7 G
1975 Bils &, 1988IERITIZLTITHIOMEFT ISR TE
& SRR ERDSIER s N, 20> LESERmIE
#20% %2 5w, HTIREEESIZM2.5% Th -1, H
TIRIEBHAREGI D D20, S kw4 X4y =
TR T AT MEIFTA s - 1203, S1HZ DEENE 2
MEL, MEBB2MATHRET 2

() fE A

EBHFRE T PETFARIE R 2 5 1T KB O
(e CRSHICOWTE—R S 5 1FTc % M ahTals,

1975411 > 51988412 8 F TO124ERB QA4 I3 34
S &1, FBicldo0nt24, FEETIL1288D 5 825%,
SESIERRIZ 5955255, 48,158, BHIEHES : 6 ¢ (T2 -
I, T3:4, T4 1), TR0l &G (FIRECH 6 H
I B ETRORAE D 72 VES) - 1661, BIFii ‘BQWU
(W E s E TR OW 50> 2 fEB) - 9, THFEM
{5il, HEEAMDITIE, 1) Adenoid cystic ca. : 11{}‘1,
2) Malignant mixed ca.: 9 3) Adeno ca.

(moderate diff.): 7{, 4) Adeno ca. (poorly
diff.) : 6 fil, 5) Mucoepidermoid ca.: 5 fil, 6)

Acinic cell ca.: 4], 7) zDfh: 25 (F1),
U1 BeHaE
1) BRI
HMAPHTFRIZEMN Y 4 7 0 ko T 30 MeV 1T
INTEKFERR) Y27 LOBRVERES —7 5 M

EIFTELGNS, BEATIZT U R0y BOTh &
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# 1 Fast Neutron Radiotherapy for Malignant

Parotid Tumors
(1976— 1988, NIRS)

No. of patients: 44
Male: Female: 20 : 24
Age: 1282
Previous treatment :

1) None 6

(T2:1, T3:4, T4:1)

2) Post ope. (prophylactic) 16
3) Post ope. (residual) 9
4) Recurrent 13
Histological classification :

1) Adenoid cystic ca. 11
2) Malignant mixed ca. 9
3) Adeno ca. (moderate diff.) 7
4) Adeno ca. (poorly diff.) 6
5) Mucoepidermoid ca. 5
6) Acinic cell ca. 4
7)  Others 2

IHEHE LWL, 10x10ecm OBEEHF, SSD=175em, 7 7
v b ARORETCERL D 1em FH100% 5, 5cm
TH380% M, 10cm TA354% M, & 72 5, T HELIE
Scm FD2cm ATHIONTH B,

2) ESHRE

PR MR O AR R E NI R R TD=
1620 CGy. /1806 #M(TDF 100) Té %, TDF(Time
Dose Fractionation, 4PNV MERE) &, ik

FHEEXBENS LS, RBE ORGSR
THERTHE &, MBOITHRCERNTH B, —HHCHE
WETIE TDF 100~120, ez i8E¢ T1x80~90, #iii
HESTIE50~600 HIERR R & 75 5, SO H FIRMEIE
D TDF i, a) HiBkOIOMRERS TL09, b) T
Byt il #2884 T87.6, ) FETFiNiEIREST92.5, d) FF
{1790.0, 2ETR.2TH -1z, HEATHLPUETSH
P THE P T RENHOBICBFE I B TEE T - 2
MBS LTRGBS - 128, COfEIck 2RAERR
i6hE TDF134 GHEpE:FHRT60CGY /8 [l + BT
3600 CGY. 7120 + BF#800CGy /1 [8]) TH-1z,

QUL

1) Rl & SR R

FIEGIEFC LD re L &6 6 H ALLREBIEE Uk
RTORIHIEE & ZEIRBRARLRYT, a) HlHE
{55 :476 (67%) &£2,76 (33%), b) TFTRHifHT%mEt
{5l - 13,716 (81%) &7.716 (44%), c) FE{Eik%EYd
@ -8,9 (89%) &£29 (22%), d) FIZ&M - 3,713
(23%) £6.713 (46%), e) @it : 28744 (64%) &
17744 (39%) (#£2),

WIS Tk 2N Eh, a) Adenoid cystic ca. :
10711 (91%) &4.711 (36%), b)) {&5MEIFRE - 5.6
(83%) &£36 (50%), c) HoHEigss 57 (711%)
EL/T (14%), d) BHREIES 579 (56%) &4
9 (44%), e) mucoepidermoid ca.: 15 (20%)
E1,75 (20%), ) Acinic cell ca.: 274 (50%)
E2.74 (50%), g) #Dfh:072£2,72 (%£3),

# 2 Fast Neutron Radiotherapy for Malignant Parotid Tumors Local Control & Metastatic Rates and

Previous Treatment Methods

(1976—1988, NIRS)

None Post ope. Post ope. Recurrent Total
(Prophylactic) (residual)
Local control 4,6 (67%) 13,716 (81%) 8,9 (89%) 3,713 (23%) 28,44 (64%)

Distant meta 2,6 (33%)

716 (44%)

2/9 (22%) 613 (46% ) 17744 (39%)

# 8 Fast Neutron Radiotherapy for Malignant Parotid Tumors Local Control & Metastatic Rates and

Histological Classification

(1976—1988, NIRS)

Adenoid cystic Adeno ca poorly Adeno ca Malig. mixed Mucoepider- Acinic cell
diff. moderate diff. moid
Local control 10711 (91%) 576 (83%) 657 (11%) 5/9 (56%) 175 (20%) 2,4 (50%)
Distant meta. 411 (36%) 3.6 (50%) 17 (14%) 4,9 (44%) 1.5 (20%) 24 (50%)
Others Total

Local control 00 ( 0%) 28744 (64%)

Distant meta. 2,2 (100%) 17,744 (39%)
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Fast Neutron Radiotherapy for Malignant
Parotid Tumors Early Radiation Compli-

cation
(1976—1988, NIRS)
Grade Category No. %
1 Not recognizable 8 18
2 Mild, No treatment required 14 32
3 Moderate, Temporary treatment 17 39
required
4 Severe, Continuous treatment or 5% 11

surgical reconstruction required
5 Life threatening or radiation 0 0

induced cancer

* . .
4 patients were recurrent cases, only one patient
developed severe late complication

2) EFRFREEEALAE STERO ST

a ) EREBOBAIIGIEK (EF)

ffi 11 (5 EIEESR, 2E~94), B 5, IK:
2061, v ooeE: 16,

b) FE, BETEF . 641, BEREER . 5 fl
8 1O, T 3P (K, MK, Z2EE 1),

3) MUOHEEEFRAR

Wil L M, NEEEOSHNOREDORE % 5
BT TREI LT, a) 1R BEaL, 8 (18
%), b) 28 BE, WBEAE 460 (32%), ¢) 3
E e, —ReRERRAE, 1701 (39%), d) 4% :
BE, FRMESETIINBLELE, 56 (11%),
e) 5%  BOEMIE L 2R3, 001 (0%). BE
OFEE S HION 4 fIEFREHN TH -1z, TOR1HID
SIS DWRFEIERE (BEFE) iU (R4,

4) TR LRI, EEFEEOBE

FIEGIERIC Y 2 B8R (TDF) LRAHE (8
&), B (Bab), gEOlgRRE (Z8) 0f
HPR LIORUTS,

5) IETEE

BIEGIEEDHFF il % Kaplan Meier BETR LT
(Bi2).

FED 5 FAEFE (BHEFRE) 1, a) HEHEG : 60.0
% (13.3%), b) TPIMIkEBaH : 63.9% (5.3%),
c) BTFHiZIBEE - 43.9% (51.7%), d) FFEY -
21.4% (38.4%), e) £ :52.9% (2.9%) TH-1,

£ E

ETROBMHESE. SHOMEOELIE, 127EH T
44FIHRIE Y, FEV L, Uh iR 2O
B EDBEDTH-1203, B LET (Linear Ene-
rgy Transfer) MSHFERODH CILREDED L
TWAEED1IDTHE",
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TDF (s}
130
@
1200 4 u} o
Q control
110 o a & @ recurrence
® severe
complication
a
Y m® S—
100 & o) g 7
A O FN
o
“a o N AFN+X, 7
01 A ag | @ & OFN+EP
@
Ay
oo oo a8
80 O oom| A& A
(o)
70 ®
0o
60 ®

No previous Post ope.  Post ope  Recurrent
treatment  {prophylactic) (Residual)

1

Radiation Dose and Results

no previous treatment

prophylactic

Percent alive

Residual

0 12 24 36 48 60 n 84 96 108
Months from start of treatment

Bl 2 Survival, Parotid Gland Tumors, treated

with Fast Neutrons
(1976—1988, NIRS)

HRETESE TIRESEBICHRENTH L C &M
Battermann 5™iC > THEHREMFEIICHED 61
TV 3%, Adenocystic ca. OIEBEES HuCHirh ik
FH#E Co-60y HODRPHE, RBE 251 HEE T
5.7, SYEIEAT8.0& Uiz, WIRINBIRICHEE T 2B
WU TS L D RMIcE L C & BRULIZED
T, {bO—8FDIERE D RBE »25~4.0THAHL & %%
AN T OEIEEN,

FRIRBE O RE S Ch 2 BT T A%, Griffin
SO REMERD 6 OWED F & HicLhiE, BIRIE
VLSS O TR IR Gl % B T Tl ARG & R
Pl RFTHIRAR L, kTR 51 T67%(194.7289),
XiR, BT, & 5VIEHEHERG TR ARG T24
% (61,7254) TH-12, SEIOMER O R % FED
EOIRECHE TS E54% (15,728) Th-1z, BREHID
D ETEL DI IIDIL L ORBEIC 2 -T1 8BRS,

LR Uy & (B) BHBESHOMEHRIGEE 37



Hammersmith FlEO Catterall’” &, 1560 CGY
1200, 458 (TDF99) DA P a— LT, 3% &
tes8lo> T 4 fEGI 2 IEREL, 2% ORI 2 S, B
BHEHOD 5 RITTHIESIE80% T, FEHEINID% TH-
toitcwwmhu%41+%fM% . THBEHI T
1% TdH -~ 12, BENFOMENL & 6 fﬁ‘l@fj Il LS
66%, TGFEENL23% (13f4)) ThHh b, BEFEAIINE &
I ABEOHITHEE 16% (1.76), MIFHT3I1Y%
4/ 13) TH-1,

S OEEGIT & R HD44% 1 2 ML LT % 2

T, TR 0RTOBEED 1 >TH AL,

R TH9 5 B TOREEHOLERIEIRD 5h T
%, Matsuba 6%, KD & B O T 5
i, FiliMT2%, NTERETRYTHHDITHL,
I EHINE80% Tdh » Tz &l TW %, Sullivan 67
& T T68%, HikIBgi#nA % &86%, Barthne
SEMNEFHHIMTH3%, G T66%, Fu 6213 F1l
Hinhd69%, Hi%IRad86%, il EBRBIEAE Gl T
WIT14%, H%RAT69% (Tran™), T DL 5 il
HIFHIRED & 5 BRI T IR TH 5,
BERFOOIE G X FRIREH I IENDS b TR0 i 1%
HEREHGE T B 181 %, WikiiEiil: % & L %77 T89% T
H-12,

ZEVED & B FEITHIEE B DB DI L » T3
KELEFHIND, Spiro 57t acinic cell % low
grade mucoepidermoid ca. 85%M10HEEHFT 3
73, high grade mucoepidermoid ca % malignant
mixed tumor, I#, adenoid cystic ca. (344~50
%, RSELBRII0%L T TH A EFEXZL TS, U5
A TNSIZTFIRERDOBEFHEOK T 2O T, SIEESR
P{E5HE mucoepidermaid ca. (3EERIICHE T HEE
fHH% | adenoid cystic ca. EsHE mucoepide-
rmoid ca, acinic cell ca. {IZAEFTHIGIH D7z &
WAHFROMITHIOEI K E B IN TV AR EEA
5,

TR T OB DI O IR AR 0 321
Catterall 5% Adenoid cystic ca.: 76%, Adeno

ca.: 82%, Mucoepidermoid ca.
mixed tumor : 67%, Griffin 5”55 Adenoid cystic
a.: 88%, Mucoepidermoid ca.: 67%, Malignant
mixed tumor: 100%, &SMERE : 75% EFEEL T
% AEIORMEFOKETIE Adenoid cystic ca. : 91
%, Adeno ca.: 77%, Malignantmixed tumor: 56
%, Mucoepidermoid ca.: 20% Td» b, Mucoepide
rmoid ca. ZRRNEZIIEETH - 12, HHEAEN O
#5 S LTHEVBITMHERE SR SN T2 D1
RO HEBALN S,

38 R TY A (B HBEEOMIRIGH

0 64%, Malignant.

i, RTOG (74 Y #)/MRC (1 ¥)2) ®F
VERAZX )= TA T ADERBERE I N
®o 2L L ORGBIEE T, BEHIREEh -AR
69% (9.713), X 17% (2.712), 2HEAEFRILHS
48 62%, X8 25%Th-7T0. TOFERITLH
CEIOBREITIFLVWEOTH b, ik gkt
FNF -2 REEIIUE, S UT, EhiE TR

EFHTREE, UIBARHE, FROBIERRIRIEE Mo <
BHThHD EBNTNA
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RG] - 63.9%, I iRImadH]
4%, &k 52.9% ThH-10,
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43.9%, TFEH
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Characteristics of Malignant Melanoma
Cells in the Treatment With Fast Neutrons

HIROSHI TSUNEMOTO,' SHINROKU MORITA,! aNp SHUNJI MORI?

National Institute of Radiological Sciences,! Chiba-shi, and School of Medicine, Gifu
University, *Gifu-shi, Japan

The radioresistance of malignant melanoma cells has been explained by the
wide shoulder of the dose-cell-survival curve of the cells exposed to photon beams.
Fast neutrons, 30 MeV d-Be, were used to treat patients who had malignant
melanoma in order to confirm the biological effects of high linear energy transfer
(LET) radiation for tumor control.

Seventy-two patients suffering from malignant melanoma participated in the
clinical trials with fast neutrons between November 1975 and December 1986. Of
72 patients, 45 had melanoma of the skin, 20 had melanoma of the head and neck,
and seven had choroidal melanoma.

Five-year survival rate of the patients who had previously untreated melanoma
of the skin was 61% and for patients who received postoperative irradiation, it
was 35.7% whereas no patients who had recurrent tumor survived over 4 years.
Of 22 patients who had melanoma of the skin, stage I, local control in four cases
was achieved by irradiation alone, whereas local control was achieved in 17 of
18 patients who required salvage surgery after fast-neutron therapy. The results
of pathological studies performed with specimens obtained from salvage surgery
have shown that melanoma cells growing in intradermal tissue are radio-resist-
ant, compared with cells growing in intraepidermal tissue. This might suggest
that melanoma cells acquire radioresistance when the connective tissue is in-
volved.

Five-year survival rate of the patients who had locally advanced melanoma of
the head and neck, previously untreated, was 15.4%. Radiation therapy with
accelerated protons was suitable for patients suffering from choroidal melanoma.

Key words: High LET radiations, Malignant melanoma, Radiation therapy

INTRODUCTION

Patients suffering from malignant melanoma have
been preferentially treated with surgical procedures,
because melanoma has been found to be markedly ra-
dioresistant. Although the features of malignant mel-
anoma cells have not been fully elucidated in biological
studies, it has been suggested that malignant mela-
noma is radioresistant, because the cells markedly re-
pair sublethal damage of irradiation and that when fast
neutrons characterized by high linear energy transfer
(LET) were used the repair capability of the irradiated
cells would be controlled. With regard to fast-neutron
therapy, preliminary studies with 2.8-MeV d-Be neu-
trons performed at the National Institute of Radiolog-
ical Sciences (NIRS) showed that of 23 patients who
had malignant melanoma 10 demonstrated marked re-
sponse to fast neutrons without unacceptable compli-
cations [Tsunemoto, 1986].

© 1989 Alan R. Liss, Inc.

MATERIALS AND METHODS

One thousand four hundred ninety-seven patients
participated in the clinical trials with fast neutrons
between November 1975 and December 1986, Of the
1,497 patients, 72 had malignant melanoma. Forty-five
of these 72 patients were suffering from melanoma of
the skin, of whom 24 had previously untreated mela-
noma, eight required postoperative irradiation, and 13
had recurrent tumor that had developed after surgical
procedures. There were 20 patients who had malignant
melanoma of the head and neck, of whom 16 had pre-
viously untreated tumor and four had recurrent tumor.
Choroidal melanoma was seen in seven patients who

Address reprint requests to Hiroshi Tsunemoto, National Institute of
Radiological Sciences, 9-1, Anawaga 4-chome, Chiba-shi 260, Japan.
Received August 23, 1988; accepted September 21, 1988.
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Fig. 1. Cumulative survival rates of patients suffering from ma-
lignant melanoma treated with 30-MeV d-Be ncutrons (NIRS, No-
vember 1975-December 1986).
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Fig. 2. Cumulative survival rates of patients suffering from cu-
taneous malignant melanoma treated with 30-MeV d-Be neutrons
(NIRS, November 1975-December 1986).

TABLE 1. No. Patients Suffering From Malignant
Melanoma Referred to Treatment With 30-MeV d-Be
Neutrons (NIRS, November 1975-December 1986)

Site

No. patients

Skin 45
Previously untreated © 24
Postoperative 8
recurrent tumor
Recurrent 13
Head and Neck 20
Previously untreated 16
Recurrent 4
Choroid 7
Total 72

were excluded from the evaluation because they were
treated with 70 MeV protons (Table 1).

The treatments were performed with fast neutrons,
which were produced by bombarding a thick beryllium
target with 30-MeV deuterons accelerated by a cyclo-
tron. Depth-dose curves of the beam for a 10 x 10-cm
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field at SSD 175 cm were equivalent to those of Tele-
Cobalt gamma rays for a 10 X 10-cm field at SSD 80
cm. The dose rate measured in a tissue equivalent phan-
tom was 42 c¢Gy (n, v/min/30 pA for a 11.4 x 11.4-cm
field at STD 200 ¢m. Gamma ray contamination was
estimated to be less than 4% of the beam.

The patients who participated were usually treated
with fast neutrons only, by which a total dose of 16.2
Gy was delivered in 18 fractions over 6 weeks as the
standard (TDF 100). In the treatment of radioresistant
cancers, such as malignant melanoma, doses equivalent
to TDF 110-120 were required to achieve tumor con-
trol. Salvage surgery was prescribed for the patients
who had uncontrolled tumor at the completion of ir-
radiation.

RESULTS
Survival Rate and Local Control

Survival rates of patients who had malignant mel-
anoma and were treated with fast neutrons are shown
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Fig. 3. Cumulative survival rates of patients suffering from ma-
lignant melanoma of the head and neck treated with 30-MeV d-Be
neutrons (NIRS, November 1975-December 1986).
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TABLE 2. Results of Treatment With 30-MeV d-Be Neutrons for Patients
Suffering From Malignant Melanoma of Cutaneous Tissue (November 1975
December 1986, NIRS)

Follow-up

Response® (September 1987)
No. PR Moist
Site patients CR (S-CR) reaction Months Dead
Hand N 7 3 4 (4/4) — 3-86 3
Leg 15 1 14 (13/13) 4 8-108 5
(sole)
22 4 18 (17/17) 4 3-108 8

*CR: complete regression, PR: partial regression, S - CR: CR with surgery.

in Figure 1. Five- and 10-year survival rates of patients
who had either melanoma of the skin or the head and
neck were 31.3 and 26.5%, respectively. In the treat-
ment of patients with melanoma of the skin, the sur-
vival rates for 5 and 10 years were 39.3 and 35.7%,
respectively. For patients who had melanoma of the
head and neck, the survival rates were 11.9 and 5.7%
at 5 and 10 years, respectively. Figure 2 shows the
survival rates of patients who were suffering from cu-
taneous malignant melanoma treated with fast neu-
trons. In the treatment of 24 patients who had a pre-
viously untreated tumor, of whom 22 were in stage 1
and two in stage 1I, survival rates for both 5 and 10
years were 61%. The rate for patients who required
postoperative irradiation was 37.5% at 5 years, whereas
no patients with recurrent melanoma survived more
than 5 years.

The survival rates of patients who had melanoma of
the head and neck were 15.4% at 5 years and 5.5% at
10 years (Fig. 3). The reason why the survival rates of
patients with melanoma of the head and neck were
lower than those with melanoma of the skin are ex-
plained by the fact that patients with advanced tumors
were referred to the clinical trials.

The status of local control of the tumor was evaluated
in 22 patients who were suffering from stage 1 malig-

nant melanoma of the skin. The results show that for
seven patients who had melanoma of the head and neck,
local control by irradiation alone was achieved for three
of them and four showed local control when salvage
surgery was also done. Of the 15 patients who had ma-
lignant melanoma of the extremities, 13 required sal-
vage surgery in order to achieve local control, in which
the surgical margin of the treatment could be mini-
mized by means of radiation therapy with fast neutrons.

Moist desquamation was seen in four patients, whose
reactions were managed by conservative treatment. Late
reactions of normal tissues were acceptable (Table 2).

Characteristics of Malignant Melanoma

Radiosensitivity of malignant melanoma was eval-
uated by histopathological studies on specimens ob-
tained by operation performed after completion of fast-
neutron therapy. The 34 patients participating in this
study were referred for fast-neutron therapy by the Na-
tional Cancer Hospital, University of Gifu, and Uni-
versity of Kanazawa between 1970 and 1982. Of 34
patients, 20 had acral lentiginous melanoma (ALM)
and 14 had nodular melanoma (NM). There were no
patients suffering from either superficial spreading
melanoma or lentigo maligna melanoma (Table 3). This
supports the report that melanomas are likely to arise
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Fig.4. This male patient, 68 years old, was suffering from a subun-
gal melanoma on November 1980 and received fast-neutron therapy.
Amputation of the forefinger was performed in January 1981 after
irradiation of 17.7 Gy of fast neutrons delivered in 13 fractions in 31
days. The patient was still well without local recurrence and metas-

TABLE 3. Clinico-pathological Classification of
Malignant Melanoma Referred to Fast-neutron

tasis on September 1987. Photogram taken just after irradiation showed
a marked effect of the irradiation (A) and the specimen obtained by
surgery showed the intraepidermal tumor cells to be markedly de-
generated (B).

TABLE 4. Results of Fast-neutron Therapy for
Malignant Melanoma (1970-1982, NIRS)

Therapy From the Institutions (1970-1982, NIRS) Effect®
No. patients CR PR MR NC
Acral lentiginous melanoma (ALM) 20 ALM 2 3 12 2 1
Nodular melanoma (NM) 14 (25%)
Superficial spreading melanoma — NM 0 4 5 3 2
Lentigo maligna melanoma - (29%)

34
NCH and Universities of Gifu and Kanazawa (Mori, 1987).
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*CR: complete response, PR: partial response, MR: minor re-
sponse, NC: no change (Mori, 1987).
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Fig.5. The patient, 57 years old, had a nodular melanoma arising
from the cutaneous tissue behind the ear on September 1980. Surgical
removal of the tumor was performed on December 1980 after irradia-
tion, where 20 Gy of protons were delivered to the target volume in
two fractions following irradiation of 12 Gy of fast neutrons delivered

from the sole or oral cavity in Japanese, whereas mel-
anomas are common in the regions exposed to the sun
for patients in the European countries [Mori, 1973].
Patients referred to the clinical trials from 1970 to
1974 were treated with 2.8-MeV d-Be neutrons, for which
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in 25 days. The photograms, A and B, were taken before and after
radiation therapy, respectively. Specimens obtained by salvage sur-
gery showed degenerated tumor cells that were surrounded by a fi-
brotic tissue (C). The patient was still living without local recurrence
in October 1987.

the depth-dose curves were equivalent to those for 150-
kV X-rays, whereas patients referred since 1975 were
treated with 30-Mev d-Be neutrons when the cyclotron
became available. The results show that of 20 patients
suffering from ALM two achieved complete response of
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TABLE 5. Effect of Fast Neutrons on Malignant
Melanoma Cells Evaluated With Histological
Specimens Obtained by Salvage Surgery
(1970-1982, NIRS)

Effects
Intraepidermal melanoma cells
Degeneration of cytoplasma (+)—(+ +)
Degeneration of nucleus (+)=(+ + +)

Intradermal melanoma cells
Degeneration of cytoplasma
Degeneration of nucleus (=)—(++)
Retraction of tumor mass (—)-(+)

5(+ + +): marked, ( + +): moderate, (+): low, (-): no change
(Mori, 1987).

(=)-(+)

the tumor and three achieved partial response and that
of ten patients who were suffering from NM none showed
complete response of the tumor. Although there were
no statistical differences between the results from the
series with ALM and that with NM, NM seemed to be
more radioresistant than was ALM (Table 4).

Studies performed with histological specimens have
indicated that melanoma cells growing in intraepider-
mal tissue showed marked degeneration of the cyto-
plasma and nucleus, while the cytoplasma and nucleus
of cells in the intradermal tissue showed no response
or were slightly degenerated (Table 5). These results
might suggest that malignant melanoma cells will ac-
quire radioresistance when the cells grow into the in-
tradermal tissue through the intraepidermal tissue (Figs.
4, 5).

Unfortunately, the relationship between radiosensi-
tivity and histological appearance of malignant mela-
noma has not been confirmed, although malignant mel-
anoma consisting of spindle cells seems to be
radiosensitive compared with tumors classified as either
epitheroid cell type or small cell type.

DISCUSSION

Studies with human malignant melanoma cells per-
formed in vitro have indicated that the cells have a
wide shoulder in the dose-cell-survival curve of the ir-
radiated cells, which means that the cells are markedly
able to repair their sublethal damage when treatment
is scheduled with a conventional fractionation regime
[Dewey, 1971]. Therefore, treatment with a large frac-
tion of the doses has been recommended in treatment
of patients who had malignant melanoma. The results
of clinical trials for patients with malignant melanoma
have indicated that when the treatment was performed
using fraction sizes ranging from 4 to 8 Gy the rates of
complete regression of the tumor have been improved,
compared with the results of treatment obtained by
using fractions under 4 Gy |Hornsey, 1978; Overgaad,
1986; Konefal et al., 1987]. Although the radioresis-
tance of malignant melanoma seemed to be explained
by the wide shoulder the fact that malignant melanoma
cells in culture have not shown any marked additional
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resistance to radiation damage compared with cells de-
rived from normal tissue still remains as a problem to
be studied |Barranco et al., 1971]. As to the radiores-
istance of malignant melanoma cells in vivo, it was
suggested that, because the growing fraction of the cells
was found to be small in malignant melanoma and a
large portion of the cells are keeping the cell cycle in
“GO,” malignant melanoma are protected from irra-
diation and behave as radioresistant, while malignant
melanoma cells in culture are growing in an exponen-
tial phase and behave radiosensitively.

On the other hand, when radical treatment for the
patients who have malignant melanoma is concerned,
clinical appearance of the tumor has to be considered
in managing the disease and in deciding the most ap-
propriate treatment in order to preserve the function
of the patients. The results of clinical trials performed
with 30-MeV d-Be neutrons have shown that nodular
melanoma is radioresistant, even to irradiation by fast
neutrons and that the radioresistance of nodular mel-
anoma can be partly explained by the fact that the cells
of nodular melanoma tend to grow into the intradermal
tissue, whereas acral lentiginous melanoma cells had
a tendency to grow in the intraepidermal tissue and
showed a response to fast neutrons compared to nodular
melanoma cells.

It was emphasized that the features of radioresis-
tance of malignant melanoma have to be confirmed by
studies pursuing the interaction between cells of ma-
lignant melanoma and cells of the intradermal tissues.

CONCLUSIONS

The response of malignant melanoma to radiation
was evaluated with special reference to fast neutrons.
The results of the studies are summarized as follows:

1. The response of malignant melanoma was found
to be dependent on the clinical appearance of the tumor,
since nodular melanoma seemed to be more resistant
to radiation compared with acral lentiginous melanoma
even when fast neutrons were used.

2. Histological studies indicated that malignant mel-
anoma cells growing in intraepidermal tissue showed
a response to fast neutrons and that cells growing in
intradermal tissue through the intraepidermal tissue
were radioresistant.

3. Preoperative irradiation is recommended in the
treatment of malignant melanoma in order to minimize
the surgical margin and to improve local control rate
of the tumor.

It was concluded that high LET radiation is suitable
for treating malignant melanoma, in which the cells
are markedly able to repair sublethal damage from ir-
radiation [Thomson et al., 1975} and that the response
of malignant melanoma cells to radiation has to be eval-
uated with reference to consideration based on clinical
pathology.
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Present status of fast neutron therapy in Asian countries

H. Tsunemoto, S. Morita, S. Satoh, Y. lino', Yul Yoo’

National Institute of Radiological Sciences, Chibashi, Japan, Institute of Medical Science', University of Tokyo, Tokyo. Japan, and Korea
N L0
Cancer Center Hospital®, Seoul, Korea

The present status of the treatment with fast neutrons performed in Asian countries is reviewed and the experiences with
respect to the radiobiological indications are presentated and discussed. There are three facilities under operation. the
National Insitute of Radiological Sciences (NIRS) in Chiba, the Institute of Medical Science (IMS) in Tokyo and the
Korea Cancer Center Hospital (KCCH) in Seoul. The clinical experiences can be summarized as follows: Fast neutrons
are the treatment of choice for carcinoma of the salivary gland, Pancoast tumor of the fung, osteosarcoma, soft tissue
sarcoma and malignant melanoma. Provided the isodose planning can be improved. it seems that also squamous cell car-
cinoma of the head and neck and esophagus, adenocarcinoma of the lung. stage 1 and prostatic adenocarcinoma can be
benefit from neutron therapy. The same holds for malignant meningioma, while the benefit for gliablastoma muitiforme
has not yet been confirmed. Studies are going on for the treatment of other cancers and for evaluating the possible role of
neutron therapy in combination with surgery.

Der derzeitige Stand der Neutronentherapie in Asien

Uber den derzeitgen Stand der Neutronentherapie in Asien wird berichtet und die Erfahrungen im Hinblick auf die
radiologische Indikation dargestellt und diskutiert. Es gibt zur Zeit drei laufende Anlagen in Asien, ndmlich das
National Institute of Radiological Sciences (NIRS) in Chiba, das Institute of Medical Science (IMS) in Tokio und das
Korea Cancer Center Hospital (KCCH) in Seoul. Die klinischen Erfahrungen konnen wie folgt zusammengefafit
werden: Schnelle Neutronen sind die Methode der Wahl fiir Schleimdriisenkarzinome, Pancoast-Tumoren der Lunge,
Osteosarkome, Weichteilsarkome und maligne Melanome. Bei verbesserter Dosisplanung scheinen sich auch noch Plat-
tenepithelkarzinome im HNO-Bereich und frithe Adenokarzinome der Lunge sowie der Prostata zu cignen. Giinstig
diirfte die Neutronentherapie auch noch fiir maligne Meningiome sein, wihrend ein Vorteil bei der Bestrahlung von
multiformen Glioblastomen noch nicht erwiesen ist. Klinische Studien werden zur Zeit fiir die Therapie weiterer Tumo-
ren und zur Klirung der moglichen Rolle der Neutronentherapie in Kombination mit der Tumorchirurgie durchgefithrt.

Introduction I. National Institute of Radiological Sciences

There are three facilities for fast neutron therapy in
Asian countries; the National Institute of Radiological
Sciences (NIRS), Chiba, Institute of Medical Science
(IMS), Tokyo, and Korea Cancer Center Hospital
(KCCH), Seoul. On November {975, NIRS started cli-
nical trials with fast neutrons, while the trials began at
IMS on November 1976. A new project study was orga-
nized at KCCH, where the trials with a modern equip-
ment for fast neutron therapy started on October 1986.
In Table 1, the characteristics of the beams used in the
clinical trials and the number of patients participated are
summarized.

1. Irradiation technique

Vertical beams were used for clinical trials with fast neu-
trons which were obtained by bombarding a thick Beryl-
lium target with 30-MeV deuterons. The depth dose
curves of the beam for 10 x 10 cmi? field, at SSD 175 cm,
were equivalent to those of telecobalt gamma rays
measured in 10 X 10 cm? field, at SSD 80 cm. The dose
rate (n, y) in a tissue equivalent phantom was 42 cGy
min~ 30 pA™ for 11.4 X 11.4 cm? field, at STD 200 cm.
Gamma ray contamination was estimated to be less than
4% in the beam.

The patients who were suffering from locally advanced

The present status of the treatment with fast neutrons
performed in Asian countries is reviewed and the indica-
tions for fast neutron therapy are discussed.

cancers as well as radioresistant cancers were treated
either by fast neutrons only, mixed schedule or fast ncu-
tron boost. For fast neutrons only, a total dose of {620

Neutrons Beams Start treatment Number of patients
NIRS* d(30) + Be Vertical Nov. 1975 1498 (Dec. 1986)
[MS#* d(14) + Be Horizontal Nov. 1976 402 (Sept. 1987)
K.C.C.H.*** P(50.5)+ Be Rotational Oct. 1986 67 (Sept. 1987)

* National Institute of Radiological Sciences, Chiba. ** lustitute for Medical Science, Tokyo.

##% Korea Cancer Center Hospital, Seoul

Table 1. Fast neutrons using for clinical trials
in Asian countries.

Strahlenther. Onkol. 165 (1989). 330336 (Nr. 4)
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Table 2. Results of clinical trials with fast

Numhcr of Comp!qe Complication neutrons for the patients suffering from car-
patients regression cinoma of the parotid gland (NIRS).
Locally advanced Carcinoma 5 3(60.0%) i (April 1987)
Postoperative radiotherapy 14 14 (100 %) 1
Radiotherapy for recurrence 16 10 (62.5%) 2
Total 35 27 (77.0%) 4

cGy was delivered in 18 fractions in six weeks as the
standard (TDF 100). In the treatment with mixed
schedule, the irradiation was performed with neutrons
(72 ¢Gy) on Tuesday and Friday, and with photons
(170 ¢Gy) on Monday and Thursday. Radical irradia-
tion was performed with the doses equivalent to TDF
100 to 120, while the doses equivalent to TDF 80 were
delivered to the target volume for postoperative irradia-
tion.

Surgery was designed to remove cancers within two and
three weeks following preoperative irradiation per-
formed with fast neutrons equivalent to TDF 60.

2. Resulis

A total number of 1497 patients were treated with fast
neutrons between November 1975 and December 1986.
Neutrons were mainly given as a radical treatment, and
patients who had radioresistant cancers were preferen-
tially treated with fast neutrons only, while, for the can-
cers of head and neck, lung and brain, fast neutrons
were given as boost following photon beam irradiation
at doses of 30 to 40 Gy.

Mixed schedule was the treatment of choice for the
patients who had carcinoma of the uterine cervix
(Figure 1). Preliminary studies indicate that five year
survival rate was 31.9 % for stage 11T cancers and 20.1 %
for stage 1V cancers.

a) Carcinoma of the larynx

The patients who had carcinoma of the larynx were
treated with neutron boost after photon treatment at
doses of 30 to 40 Gy. The total doses delivered were
equivalent to TDF 120. The results showed that fast
neutrons were effective to treat carcinoma of the supra-
glottis. 13 patients were treated with fast neutrons,
eleven (84 %) achieved local control, while local control
was achieved in only 25 of 100 patients (25%) after
photon irradiation. There was no definite difference in
local control between fast neutrons and photons for
carcinoma of the glottis and subglottis [7].

Strahlenther. Onkol. 165 (1989), 330-336 (Nr. 4)
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Therefore, a randomized study has been conducted to
confirm the superiority of fust neutrons on carcinoma of
the larynx.

b) Carcinoma of the parorid gland

35 patients were treated with neutrons from 1975 to
1986: 27 had local control. Among five patients who had
inoperable cancer, three achieved local control. Among
16 patients who had recurrent cancer after radical paro-
tidectomy, ten (62.5 %) had local control. Post-opera-
tive irradiation was prescribed for 14 patients, none of
them developed recurrence. Moist desquamation of the
skin developed in four patients, and required only con-
servative treatment (Table 2). Five year survival rates of
the patients who had either inoperable cancer or recur-
rent tumor were 30 % or 60 %, respectively. The survi-
val rate was 58.2 % for the patients who received post-
operative irradiation. The cause of death of the patients
who received fast neutron therapy was distant
metastasis.

¢) Carcinoma of the lung

Fast neutron therapy was prescribed for 74 patients
suffering from carcinoma of the lung between 1975 and
1984. The results showed that adenocarcinoma of the

( Palicy )  Schedute )

o crvz) RN |

10.3 (107)

Lung

Esophagus

Female Organs 22.8 {214)

Bladder-Prostate 5.1 ( 53)

Brain 4.5 ( 47)

Bone 6.8(71)

Soft tissue 6.1 (863)

Skin 4.0 ( 42)

Others 13.2 (137)
i Radical @ Neutron Only [T} Boost
{7} Palliative Mixed Schedule

Figure 1. Treatment policy and schedule for fast neutron therapy
performed at NIRS.



Tsunemoto et al.: Status of fast neutron therapy in Asia

Stage Number of Age TDF Alive Dead Months of Cumulative 5 year
patients (mean) (mean) surviving survival rate (%)

18 11 62 115 3 8 21.2 36.3

v 10 62.6 108 1 9 8.7 10.0

Total 21 62.2 112 4 17 14.6 232

Table 3. Results of clinical trials with fast neutrons for the patients suffering from Pancoast tumor of the lung (NIRS) [5].

Modalities No. of cases  Complete regression (%)
F-N 34 15 (44.1)

Mixed schedule 20 7(35.0)

Boost therapy 14 8 (57.1)
Photon 81 24 (29.6)

Table 4. Results of clinical trials fast neutrons for the patients suffer-
ing from carcinoma of the esophagus (NIRS) {2].

ung in early stage and Pancoast tumor of the lung are
indications for fast neutron therapy. For seven patients
with adenocarcinoma of the lung, stage I, the cumula-
tive five year survival rate after neutron therapy was
52%, which was almost the same as after radical
surgery. Cumulative five year survival rate of the 21
patients who had Pancoast tumor and participated to the
clinical trials was 23.2 % . For the patients, stage III, the
cumulative five year survival was 36.3 %, while it was
10.0% for stage 1V. Neutron doses equivalent to
TDF {10 were delivered to the target volume without
unacceptable complications (Table 3) [5].

d) Carcinoma of the esophagus

99 patients suffering from carcinoma of the esophagus
were treated with fast neutrons between 1976 and 1983.
Among then, 34 had radical irradiation with either
mixed schedule or fast neutron boost. Doses equivalent
to TDF 90 to 120 were delivered to the target volume.

Among the 34 patients who received fast neutron thera-
py. 15 achieved local control of the tumor (44.1%),
whereas 24 out of 81 patients treated with photons had
local control (29.6 %) (Table 4). Another study suggest-
ed that the results were strongly dependent on the
extent of the lesion of the esophagus. When the lesions
were smaller than 8 cm in length, local control rate after
fast neutrons was 50 % (13/26), which was superior than
the rate of 41.5% (17/41) obtained with photons.
However, when the lesions were longer than 8 cm, local
control rates after fast neutrons or photons irradiation
were 28.6 % (2/7) or 25.9 % (7/27), respectively. There-
fore, it was recommended to evaluate the results of the
treatment for patients with tumor of the esophagus

smaller than 8 cm, in order to confirm the superiority of
fast neutrons [2].

Five year survival rate for the patients who received the
planned postoperative irradiation with fast neutrons
was 16.7%, while all patients who had photon beam
therapy died within 24 months.

e) Carcinoma of the uterine cervix

98 patients with squamous cell carcinoma of the uterine
cervix, stage 111b, entered in clinical trials from 1975 to
1983. 45 were treated with mixed schedule and 53 with
photons only. The whole pelvis was irradiated by two
opposed fields with a mixed schedule, three times a
week with photons and twice a week with fast neutrons.
The total doses were equivalent to 50 to 55 Gy of pho-
tons delivered in five to 5.5 weeks. All patients received
intracavitary therapy with a remote afterloading high
dose rate intracavitary system (RALS). The treatment
was performed in two fractions with one week interval
during the last two weeks of external irradiation; doses
of 11 to 13 Gy were delivered at point A.

Local control rate was 73 % (33/45) after mixed sched-
ule and 66 % (35/53) after photons. Although the local
control rate for tumor of small size was improved in the
neutron series (83 %; 19/23) compared with photon
beam series (65 % 17/26), no significant difference was
observed in the survival rates. The cumulative five year
survival was 49 % in both series.

These results suggest that, in order to confirm the supe-
riority of fast neutrons for carcinoma of the uterine cer-
vix, the patients entering the clinical trials should be
selected, since involvement of the para-aortic lymph
nodes is common for patients with stage I11b cancers.
This view was supported by the results obtained for
patients who had recurrent tumor in the pelvis due to
carcinoma of the uterine cervix. Among 39 patients who
had recurrent tumor in the pelvis and received fast neu-
tron therapy, five year survival rate was 20.5 %, while it
was smaller than 10 % after photon irradiation.
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) Carcinoma of the urinary bladder

Preoperative irradiation was prescribed for carcinoma
of the urinary bladder. 49 patients participated to the cli-
nical trials between 1976 and 1986, of whom 20 received
fast neutron therapy and 29 had photon beam irradia-
tion. Surgery was performed within two to three weeks
after the irradiation, where the doses equivalent to TDF
60 were delivered with either fast neutron only or pho-
ton beams. The results evaluated for the patients staged
T2 or T3, without metastasis, showed that five year
survival rate for 13 patients who received fast neutrons
was 82 % and was 76 % for 15 patients who had photon
beam irradiation.

A complication was seen in one patient after fast neu-
tron irradiation: dysfunction of the kidneys due to
obstruction of the urethra. '

g) Carcinoma of the prostate

47 patients were referred to the clinical trials with fast
neutrons from University of Chiba between 1976 and
1986. Among them, 36 were treated with fast neutrons
only and eleven with photons. Doses equivalent to TDF
100 were prescribed for either fast neutrons or photons.

Local control rates were evaluated for the patients
staged A2, B and C, at three years after completion of
the treatment: they reached 100 %, 60 % and 52 % for
the patients staged A2, B and C, respectively (Figure 2).

Some complications appeared in the fast neutron series:
stricture of the urethra, deformity of the penis and ulcer
of the skin. There was no complication in the photon
series.

Cumulative five year survival rate of the patients treated
with fast neutrons were 50 % . All patients, staged A or
B, are still surviving without no evidence of evolutive
cancer.

h) Osteosarcoma

The patients suffering from osteosarcoma were treated
with fast neutrons combined with chemotherapy from
1975 to 1981. The drugs for chemotherapy were injected
through a femoral artery prior to irradiation, and, there-
after, fast neutrons equivalent to TDF 100 to 120 were
delivered to the target volume.

Since 1981, the policy of the treatment has been modi-
fied to preserve the leg, because the late effects of the
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Non-L-F. Rate
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Figure 2. Local control rates of carcinoma of the prostate treated
with fast neutrons (NIRS).

normal tissues were found to be more severe than
expected to make prothesis. The treatment was modi-
fied as follows:

{. The patients who had the lesions ranging 1/3 to 1/4
long of the femur were selected for fast neutrons.

2. The doses equivalent to TDF 80 were delivered with
fast neutrons only.

54 patients with osteosarcoma were treated with fast
neutrons between 1975 and 1983. The results evaluated
in 48 patients who received radical radiation therapy
showed that five year survival rate was 67 % after fast
neutron therapy, which was better than thatrate of 19 %
obtained with photon beam therapy. When the results
were evaluated for the patients received limb salvage

100 g ————-a
% ™~ Limb salvage group (n=20)
\<0_____ o B5%
Neutron (n=48)
87%

2 S0r Photon (n=39)
= histological control
g
=
A
D 1 I 1 i
0 1 2 3 4 5

Year ———e

Figure 3. Cumulative survival rates of the patients suffering from
osteosarcoma treated with either fast neutrons or photons [6].
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operation, the five year survival rate was found to be
85% (Figure 3) [6].

i) Soft tissue sarcoma

Between 1975 and 1983, 84 patients suffering from soft
tissue sarcoma were treated with fast neutrons. Of 82
patients, 22 were treated with radiation only, 16
received preoperative irradiation and 36 were treated
with radiation therapy following various surgical proce-
dures. Cumulative five year survival rate for the patients
treated with radiation only was 20%. These patients
had an advanced disease. For the patients who received
pre-, or postoperative irradiation, the cumulative survi-
val rates were 77.1 % or 69.8 %, respectively (Figure 4)

(3]-

Preoperative irradiation was found to be of value in the
treatment of soft tissue sarcoma in order to minimize
surgical margin of the treatment and to preserve the
function of the tissues. The doses of fast neutrons equi-
valent to TDF 60 were acceptable to perform surgery
and to control local recurrence.

j) Malignant melanoma

Fast neutron therapy was performed for 65 patients who
were suffering from malignant melanoma. 45 had mela-

[}
b
100 %
Pre—op(18) 77 1%
o 69.8
= Post—op(36 )
-
,‘—é’ 50+
g
=
1%
RT (22) 20.0
0 T T T -+ ]

(o] 1 2 3 4 5
Years after start of therapy

Figure 4. Cumulative survival rates of the patients suffering from
soft tissue sarcoma treated with either fast neutrons or photons [3}.

noma of the skin and 20 had melanoma of the head and
neck. Cumulative ten year survival rates were 35.7%
for the patients with skin melanoma and 5.7 % for those
with head and neck melanoma.

Of 45 patients with skin melanoma, 24 had previously
untreated tumor, eight required postoperative irradia-
tion and 13 had recurrent tumor after surgical proce-
dures. Cumulative five year survival rate was 61 % for
the patients who had previously untreated tumor and
37.5% for those receiving postoperative irradiation,
while no patients with recurrent tumor survived over
three years.

An evaluation performed for the patients who had
melanoma of the skin, stage I, indicates that preopera-
tive irradiation is of value to control tumor and to mini-
mize surgical margin. Among the 22 patients evaluated,
four achieved local control with radiation alone and 17
have had local control after surgical procedures. Moist
desquamation developed in four patients treated by
conservative modalities (Table 5).

k) Malignant brain tumor

Malignant brain tumors were treated with either mixed
schedule or fast neutron boost, for which a total gamma
dose equivalent of 55 Gy was delivered to the target
volume. For boost irradiation, fast neutrons equivalent
to 15 to 20 Gy of photon beams were delivered to the
target volume by using a shrinking field after 40 Gy of
photon beam irradiation.

Among the 45 patients, with malignant brain tumor and
receiving fast neutron therapy, 15 had astrocytoma,
grade 111, and 22 had astrocytoma, grade IV. The results
showed that cumulative five year survival rates for the
patients with astrocytoma grade I or IV were 36 % or
16%, respectively. The results of fast neutron therapy
for the patients, grade 1V, seemed to be better than the
results accumuljated in the Brain Registry in Japan,
where five year survival rate of the patients who had
astrocytoma, grade IV, was 9.8% [1].

Site No. Response Moist Follow-up
patients CR* PR** (S - CR)***  reaction months  dead
H&N 7 3 4 (4/14) - 3-86 3
Leg (sole) 15 1 14 (13/13) 4 8-108 5 . . .
Table 5. Results of clinical trials with fast
22 4 18 (17/17) 4 3-108 8 neutrons for the patients suffering from

*CR = complete regression, ** PR = partial regression, ***§ - CR = complete regression with

surgery.

malignant melanoma of the skin, stage I.
November 1975 -~ December 1986 (NIRS).
(September 1987)
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Malignant meningioma was found to be an indication
for fast neutron therapy.

IL. Institute of Medical Science
1. Irradiation technique

At the Institute of Medical Science (IMS), clinical trials
with fast neutrons started on November 1976.

A horizontal beam line was used for the clinical trials
with fast neutrons produced by bombarding a thick
beryllium target with 14 MeV deuterons accelerated by
a cyclotron. The measurements performed for 10 X 10
cm?® field at SSD 150 cm, indicate that the 50 % isodose is
located at 8 cm in depth in a tissue equivalent phantom.
The dose rate was 20 Gy - min™ for a beam current of
50 pA.

The fast neutron beams are available every Monday and
Friday. When fast neutrons only were used, 120 Gy
were delivered every Monday and Friday. When mixed
schedule was use, 80 cGy of fast neutrons were deli-
vered on Monday and Friday, and 540 ¢Gy of photons
were delivered in three fractions between Monday and
Friday. The treatment was usually performed in six
weeks and a total dose equivalent to TDF 100 was deli-
vered to the target volume. When the tumours seemed
to be radio-resistant to photon beams, boost irradiation
with fast neutrons was prescribed and 120 ¢Gy of fast
neutrons were given in two sessions each week.

2. Results

402 patients received 14 MeV d-Be neutrons at IMS
between November 1976 and September 1987.

%
100 (IMS 1987)
N 5/6 Neutrons  X-rays
\\ s.C.C 5 30
Y Ad. C 1 8
9 '\‘ Others 1] 3
\
% N O——0O Neutrons
; 501 \\ ~~~~~~ O X-rays
e \
S W
£ 167417+,
a N
.3{?1‘“_;/20
o v X v 0/2
4] 1 2 3 4 5

Years after start of treatment
Figure 5. Survival rates patients suffering from carcinoma of the
lung, stage I1, treated with either fast neutrons or photons (IMS).
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A non-randomized clinical trial was performed for the
patients suffering from carcinoma of the lung. Out of
118 patients, 62 received radical treatment with fast neu-
trons. A group of 132 patients who received photon
beam therapy was used as historical control. Prelimi-
nary results showed that, for the patients suffering from
carcinoma of the lung, stage I1, survival rate was better
than for the series receiving photon beam irradiation,
while for the patients, stage T or I'V, treated with either
photons or fast neutrons, the survival was almost the
same (Figure 5).

On the other hand, the results evaluated for 16 patients
with Pancoast tumour showed that mean survival after
fast neutron therapy was 10.6 months, while the patients
treated with photon beams died within five months after
the treatment.

IIl. Korea Cancer Center Hospital
1. Irradiation technique

Studies with fast neutrons are carried out, at the Korea
Cancer Center Hospital, using a machine, which is cap-
able to make rotational irradiation. The fast neutron
beams used in the clinical trials were produced by bom-
barding a thick beryllium target with 50.5 MeV protons,
accelerated by a cyclotron made by Scanditronix,
Sweden. The depth dose curves fora 10 x 10 em?” field,
at SAD = 150 cm, are similar to that of 6 MV X-rays
and the 50% isodose lies at 14.3 cm in depth in a
tissue-equivalent phantom. The current dose rate was
50 ¢cGy - min™', at SAD = 150 cm.

Three modalities were used for clinical trials: fast neu-
trons only, mixed schedule and fast neutron boost. In
the treatment with fast neutron only, 140 to 180 cGy of
fast neutrons were given two to three times per week,
and the total doses prescribed to the target volume were
16 to 22 Gy. For mixed schedule, a total dose equivalent
to 50 to 70 Gy of photons was delivered using the follow-
ing fractionation scheme: 80 ¢Gy with fast neutrons
twice weekly and 180 cGy with photons three times
weekly.

2. Results

67 patients who were suffering from either locally
advanced cancers or radioresistant cancers referred to
clinical trials between October 1986 and September
1987. Out of 67 patients, 23 had a carcinoma of the head
and neck, twelve a sarcoma, eleven a carcinoma of the
salivary gland, six a carcinoma of the prostate, five a
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Complete regression

> 90 % = 50% <20%

Salivary gland Sarcoma Head and neck

Prostate Miscellaneous

Advanced breast

Table 6. Preliminary results of fast neutron therapy performed at the
Korea Cancer Center Hospital (KCCH). (September 1987)

carcinoma of the breast and ten suffered from mis-
cellaneous cancers.

Preliminary study showed that the cancers of the
salivary gland and pmstaf% and advanced breast cancer
are indications for fast neutron therapy: a complete
regression of the tumour was achieved in 90 % of the
patients (Table 6).

Discussion and conclusion

Studies performed at various institutions throughout the
world including Asian countries have shown that
tumours, characterized by a slow growth rate, a poor
reoxygenation, or a marked repair capability, are good
indications for high-LET radiation therapy.

The indications for fast neutrons evaluated by the stu-
dies performed in the Asian countries are summarized
in Table 7. Fast neutrons are the treatment of choice for
carcinoma of the salivary gland, Pancoast tumor of the
lung, osteosarcoma, soft tissue sarcoma and malignant
melanoma. The studies also suggest that, withimproved
dose distribution for minimizing the exposure to the sur-
rounding normal tissues, fast neutrons (high-LET radia-
tions) could bring a benefit for squamous cell carcinoma

of the head and neck and esophagus, adenocarcinoma of
the lung, stage I, and prostatic adenocarcinoma. Malig-
nant meningioma could be effectively treated with fast
neutrons, while the benefit or fast neutrons has not yet
been confirmed for glioblastoma multiforme. Further
studies are still required to confirm the benefit of fast
neutrons in the treatment of carcinoma of the pancreas
and of the urinary bladder.

Clinical trials have to be performed in order to confirm
the role of fast neutrons in cancer therapy, combination
with surgery.
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Estimation of Absorbed Dose in the
Covering Skin of Human Melanoma
Treated by Neutron Capture Therapy

HIROSHI FUKUDA,! TOORU KOBAYASHI,? JUNICHI HIRATSUKA,® HIROSHI KARASHIMA,*
CHIHIRO HONDA,? KEIZOU YAMAMURA,” MASAMITU ICHIHASHI’ KEIJI KANDA,? AND
YUTAKA MISHIMA®
Djvision of Clinical Research, National Institute of Radiological Sciences, Chiba 260,
2Kyoto University Reactor Institute, Osaka 590-04, *Department of Radiology, Kawasaki
Medical School, Matsushima Kurashiki 701-01, *Department of Radiology, Hyogo
Prefectural Cancer Center, and Department of Dermatology, Kobe University School of
Medicine, Kobe 650, Japan

A patient with malignant melanoma was treated by thermal neutron capture
therapy using °B-paraboronophenylalanine. The compound was injected sub-
cutaneously into ten locations in the tumor-surrounding skin, and the patient
was then irradiated with thermal neutrons from the Musashi Reactor at reactor
power of 100 KW and neutron flux of 1.2 x 10 n/cm%s. Total absorbed dose to
the skin was 11.7-12.5 Gy in the radiation field. The dose equivalents of these
doses were estimated as 21.5 and 24.4 Sv, respectively. Early skin reaction after
irradiation was checked from day 1 to day 60. The maximum and mean skin
scores were 2.0 and 1.5, respectively, and the therapy was safely completed as
far as skin reaction was concerned. Some factors influencing the absorbed dose
and dose equivalent to the skin are discussed.

Key words: Skin reaction, Melanoma, BNCT

INTRODUCTION

Skin-absorbed dose is important in any radiotherapy,
including boron-neutron capture therapy (BNCT), be-
cause we must eradicate tumors with minimum dam-
age to normal skin. More than 30 years ago, several
patients were treated by BNCT at Brookhaven Na-
tional Laboratory | Farr et al.,1954]. Moderate or severe
dermatitis developed in these patients (in spite of low
neutron fluences), because of extremely high '"B-con-
centrations in the blood and a high contamination with
primary gamma-rays [Archambeau, 1970]. Kanda et
al. [1975] improved the beam quality of the Kyoto Uni-
versity Reactor by reducing the primary gamma-rays.
The same modification was also made at the Musashi
Reactor. These reactors were then suitable for biolog-
ical and medical purposes. Furthermore, new tumor-
seeking !°B-compounds were developed. These com-
pounds showed a specific accumulation in the tumor
with good tumor:blood ratios and a specific killing effect
of malignant melanoma was shown in both in vitro
{Nakanishi et al., 1980; Ichihashi et al., 1982] and in
vivo systems |Mishima et al., 1985]. These improve-
ments encouraged us to begin clinical trials.

A patient with malignant melanoma was recently
treated by BNCT at the Musashi Reactor. We describe

© 1989 Alan R. Liss, Inc.
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the evolution and time course of the early skin reactions
of this patient. These reactions were compared with
those produced by X-rays, and dose equivalent to the
capture therapy was estimated.

MATERIALS AND METHODS
Patient

At the end of November, 1985, a 66-year-old male
patient came to Kobe University Hospital because of a .
pigmented nodule around the nail of the right big toe.
The nodule was diagnosed as malignant melanoma, and
his big toe was resected. In 1987, 14 months after the
operation, a subcutaneous tumor in the right occipital
region was observed and was diagnosed by X-CT as
skull metastasis of malignant melanoma. It daily in-
creased in size in spite of interferon treatment. Surgical
treatment was impossible because the tumor had in-
vaded the internal plate of the skull and venous sinus.
We decided to treat this patient by BNCT.

Address reprint requests to Dr. Hiroshi Fukuda, Division of Clinical
Research, National Institute of Radiological Sciences, 4-9-1 Anagawa,
Chiba 260, Japan.

Received August 23, 1988; accepted September 21, 1988.
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Fig. 1. Schema of irradiation port and collimation system at the
Musashi Reactor. The primary collimator was a flexible sheet of LiF
reinforced by LiF tile. The secondary collimator, attached to the pa-
tient's head, was also a flexible sheet of LiF. The radiation field was
an ellipse of 6.5 x 6.7 cm. '"B-paraboronophenylalanine (640 mg) in

Neutron Irradiation and 'B-Administration

The Musashi Reactor was used as the neutron source.
The reactor has a neutron flux of 1.0-1.2 x 10° n/cm®s
at the collimator surface and a primary gamma-ray
dose rate of 40—50 rad/min. Six hundred and forty mil-
ligrams of '°B-paraboronophenylalanine hydrochloride
(**B-BPA-HCI) in 2 ml saline were injected subcuta-
neously into each of ten locations in the tumor-sur-
rounding skin 5 em from the tumor margin. The injec-
tions were administered 20 hours and 6 hours before
neutron irradiation, resulting in a total administered
dose of 12.8 g (482 mg 'B). The patient was irradiated
under general anesthesia for 139 min at 9 reactor power
of 100 KW (Fig. 1). The patient’s hair was cut a few
days before irradiation in order to fix the collimator
with the skin and to observe the skin reaction.

Dosimetry and Estimation of Absorbed Dose

The neutron fluences were measured by gold wire or
foil and gamma-rays by thermoluminescence dosimeter
(TLD) of MgSiO4(Th). Absorbed dose to the skin was
the sum of gamma-radiations from "H(n,y)?H reaction
and primary gamma-rays, and from high-LET radia-
tions of "N(n,p)'*C and '"B(n,o)"Li reactions. The for-
mer was measured directly by TLD and the latter was

H. Fukuda et al.

2 ml saline was injected subcutaneously 20 and 6 hours before irra-
diation into the normal skin surrounding the tumor (A-J). The patient
was irradiated under general anesthesia for 139 min by a thermal
neutron flux of 1.2 x 10° nfem™s and primary gamma-ray dose rate
of 40-50 rad/min at the top of the head.

calculated by multiplying the thermal neutron fluences
by the conversion factor. The concentration of B in
the skin was estimated by prompt gamma-ray analysis
[Kobayashi and Kanda, 1983] carried out under the
same conditions as the treatment. 'B concentration in
the blood before, during, and after the therapy was
chemically determined.

Skin Reaction

Skin reaction of the tumor-covering skin in the ra-
diation field was checked from day 1 to day 60 of the
treatment. The skin scoring system developed by Ai-
zawa [1973] (Table 1) was used for grading the der-
matitis.

RESULTS
Absorbed Dose Estimation

Figure 2 shows the distribution of neutron fluences
at the skin surface. The maximum and mean fluences
in the radiation field were 9.37 and 9.05 x 10'%cm?,
respectively. Neutron fluence decreased sharply from
the edge of the LiF collimator and was one-tenth of the
maximum at 1 cm inside the collimator edge. Figure 3
shows !°B distribution in the skin estimated by prompt
gamma-ray analysis. The concentration was very high
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Skin Reaction After Neutron Capture Therapy
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Fig. 2. Neutron fluences at the skin surface. The neutron fluences
decreased sharply from the edge of the collimator. Maximum and mean
fluences in the radiation field were 9.37 and 9.05 x 10'? n/cm?, re-
spectively.

TABLE 1. Skin Reaction Scoring System (Early
reaction)*

Score Finding

0.5 Doubt of difference from normal skin

1.0 Slight reddening

1.5 Definite reddening

2.0 Severe reddening or dry desquamation (+)
2.5 Dry desquamation (+ +)

3.0-5.0 Moist desquamation

Area (A) N
As] 3.0 35 4.0
A <3 35 40 45
Az 40 45 5.0

*From Aizawa, 1973.

TABLE 2. Absorbed dose in the Skin Surface by
Thermal Neutron Beam

Radiation Rad/min Percentage
Primary-y 0.83 14.1
Capture-y* 3.12 52.9
“N(n,p*C 1.95 33.0
Total 5.90 100

*From 'H(n,y)?H reaction in the body and supporting mate-
rials for irradiation.
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Fig.3. Distribution of ""B-concentration in the skin and the tumor.
The values were estimated by prompt gamma-ray analysis. The con-
centration in the tumor-covering skin was estimated by extending the
concentration curve in the surrounding normal skin Lo the center of
the field. @, '"B-concentration in the skin; O, in the tumor.

at the injection site (200-300 pg/g) and decreased lin-
early toward the center of the radiation field. B con-
centration in the tumor was 15-25 pg/g. The concen-
tration in tumor-covering skin was estimated by
extending the concentration curve for the surrounding
normal skin; it was 3 pg/g in the center of the field and
10 pg/g at the edge of the collimator.

Table 2 shows human absorbed dose from the thermal
neutron beam at the skin surface. Besides this dose,
the absorbed dose from '*B(n,«a)’Li was added. '°B con-
centration is a function of the distance from injected
points, as shown in Figure 3. Figure 4 shows total ab-
sorbed dose distribution in the skin, including absorbed
dose from '°B. Maximum and mean absorbed doses in
the skin were 12.5 and 11.7 Gy, respectively. Dose
equivalents (Sievert) of these absorbed doses were ob-
tained as 24.4 and 21.5 Sv respectively, by assuming
that the RBE of the '"B(n,a)’Li and "N(n,p)!*C reac-
tions was 2.5.

Skin Reaction

A few days after irradiation, slight reddening devel-
oped in the irradiated skin. It increased in degree and
reached a maximum at day 20, subsiding during the
following week. Pigmentation and fine scale developed
after day 20, reached a maximum at day 30, and then
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equivalent (Sv) by assuming that RBE of the "*N(n,p)"'C and ""B(n,«)’Li
reactions was 2.5.

subsided. The skin was almost normal after day 50.
Figure 5 shows the degree and time course of early skin
reaction scored on a scale. Maximum and mean reaction
scores were 2.0 and 1.5, respectively.

DISCUSSION
The observed maximum and mean skin reaction scores
of 2.0 and 1.5, respectively, means that the therapy was
completed within safety limits. Blood concentration of

H. Fukuda et al.

9B remained at 1.1-1.5 pg/g during the irradiation.
This is one of the reasons our patient suffered less skin
damage. In previous BNCT, B concentrations in the
blood were estimated to be 20-30 pg/g. Although B
measurements were not taken for the treated patients,
the same dose administration to swine yielded 20-30
pg/g of '“B in the blood [Archambeau, 1971}

These skin reactions were comparable with the re-
action in humans after a single irradiation of 12.5 Gy
X-rays or 4.54 Gy fast neutrons [Field et al., 1976].
Twenty Gy (Sv) of X-rays produced maximum and mean
skin reaction of 2.5 and 1.8, respectively, in C3H mice
[Baba, 1985]. In our patient, maximum and mean skin
absorbed doses in the radiation field were 12.4 Gy and
11.7 Gy, respectively. Dose equivalents of these doses
were estimated as 24.4 and 21.5 Sv, respectively, by
assuming that the RBE of the '*B(n,a)’Li and *'N(n,p)!*C
reactions was 2.5. Therefore, there will have been some
overestimation of our calculated dose equivalent.

There are at least four explanations for this finding:
1) the RBE of high-LET reactions is less than 2.5; 2)
1B concentration is lower than we estimated; 3) non-
homogeneous distribution of B in the skin may result
in less damage being caused to the target cells of the
skin; and 4) effect of low dose rate (4 rad/min for gamma-
rays). However, we have treated only one case and fur-
ther clinical experience is necessary for a final conclu-
sion.

ACKNOWLEDGMENTS
The authors thank Dr. Aizawa, Dr. Nozaki, and Dr.
Matsumoto for arranging for the medical irradiation
with the Musashi Reactor. We also wish to thank Dr.
Obara and his anesthetic team for excellent control of
the patient’s condition, and Mr. Ono for technical as-
sistance.

3 —
NCI-136
s 2
o
2
©
o
Q
o
=
a
m 1
1 L 1 1 4
0 10 20 30 40 50 60

Days

Fig. 5. Early skin reaction of the patient treated by boron neutron
capture therapy. The scoring system shown in Table 1 was used. Max-
imum and mean scores were 2.0 and 1.5, respectively.

169



Skin Reaction After Neutron Capture Therapy

REFERENCES

Aizawa, H. (1973) Relative biclogical effectiveness of fast neutrons,
observed in the skin reaction of mice, after single or fractionated
irradiation. Nippon Acta Radiologica, 33:602-616.

Archambeau, J.0. (1970) The effect of increasing exposures of the
'*B(n,a)’Li reaction on the skin of man. Radiology, 94:179-187.
Archambeau, J.0., R.G. Fairchild, and H.J. Brenneris (1971) The re-
sponse of the skin of swine to increasing absorbed doses of radiation
from a thermal neutron beam, a degraded fission neutron beam,

and the “*B(n,a)’Li reaction. Radiat. Res., 45:145-165.

Baba H. (1985) Biological effects of charged particles. In: Basic Re-
search on Radiotherapy With Charged Particles. Supported by a
grand-in-aid for cancer research from the Ministry of Education,
Science and Culture, Japan, pp. 52-56.

Farr, L.E., W.H. Sweet, J.S. Robertson, et al. (1954) Neutron capture
therapy with boron in the treatment of glioblastoma multiforme.
Am. J. Roentgenol., 71:279-293.

Field, S.B., R.L. Morgan, and R. Morrison (1976) The response of
human skin irradiation with X-rays or fast neutrons. Int. J. Radiat.
Oncol. Biol. Phys., 1:481-486.

170

369

Ichihashi, M., T. Nakanishi, and Y. Mishima (1982) Specific killing
effect of '*B-para-boronophenylalanine in thermal neutron capture
of malignant melanoma: In vitro radiobiological evaluation. J. In-
vest. Dermatol., 78:215-218.

Kanda, K., T. Kobayashi, K. Ono, et al. (1975) Elimination of gamma
rays from a thermal neutron field for medical and biological pur-
poses. In: Biomedical Dosimetry. International Atomic Energy
Agency, Vienna, pp. 205-223.

Kobayashi, T., and K. Kanda (1983) Microanalysis of ppm-order '°B
concentration in tissue for neutron capture therapy by prompt gamma-
ray spectrometry. Nucl. Inst. Method, 204:525-531.

Mishima, Y., M. Ichihashi, T. Nakanishi, et al. (1985) Cure of malig-
nant melanoma by single thermal neutron capture treatment using
melanoma-seeking compounds: '*B/melanogenesis interaction to in
vitro/in vivo radiobiological analysis to preclinical studies. Kyoto
University Reactor Institute-Technical Report 260:1-13.

Nakanishi, T., M. Ichihashi, Y. Mishima, et al. (1980) Thermal neu-
tron capture reaction of malignant melanoma: In vitro radiobio-
logical analysis. Int. J. Radiat. Biol., 37:573-580.



R TR Y 2 7 & QR

H

i
b,
=t

IMAGE TECHNOLOGY & INFORMATION DISPLAY

B {5 15 $R MEDICAL

VOL.21 NO.19 (387> 1989

171




husdl

TR AREIE Y 2 7 s ORI

@ SHREB DI
TR TR #R IR

OB OE L

M L s

. & L &® I

EHREFBEPIZEN (REDD T, 1993 )% Dl
RRITEBE D LT, MATREO 225 0 B T4 il
BEBBFTHELY, TOFHEHI~NY Y ALLT AT Y
FTORTRABTHIc b ke 800MeV * T LTA
R fRET U, BN RO OB ICHRES M & EMED
MR LV PABRBEREoM ERI» s LML L
Tw5b, B, BRFHC IANAEEE, BRTLk
Hor—LvAe =7 AP0 (LBL) TER T
HUIRBONERAYEMR L TITHhh T 5DRTHD,
WETF o E TSR, R ot — RSN Bk
FiEER L D, PABBEOWEKIIE L g -
EMFEOPRICEE RE LR T ENE SR, BOR
S b X OSERPBE IR TS,

BRFHEELERT CHI-

HBOME A R L0 THS, ZoRiliici
FERTHPAABTER S, ¥ HIMAC 2 5%
B2 6t b, OB R i 4 Heavy Ion
Accelerator in Chiba #W§ L4 DTH S,

RIWCRT X 2 WwRERIL A + v, RFQ 7130
Mo2o00 =7, 70blichHEMER, L F2B
Ve bRrY EEa K- € AR, W -
RS FR, 2K — 28GR, AMIRER I OGS %
X O E RS, e, BRGSO ERIBS TN, B)
K« MEE AT, OAFIRHHEHDO 3B S5,

vvrwbwe v 2RI E Licolk, BRI E LT
DOEFYHE Lo BDTHD, B E LCHEH - 4
Y v rrh, KPEE-ARTY v It sh B
1o, DRHERO € — s PoREl, @BEiTsT
5K - EE RSB AFEE B, £, @200

T, ERTHRIERLYER IS
DR TH BN, IR RMO EHN
L CERL TR OMBEN - W
v R IBEL, ot ol
FTHRERTS L 5 ERY AT &
EET B LEN DB, THTHRMN o

R TR TR O IR Ay g7
R DREMI I D . & 2T [

B AT AT DOWTEE 5 B
T, EXTWB T Earhbicah
Bofftilz b Eicw,
2. BRTFHEMNALSE
#E (HIMAOC)

N
I

¢ g7
/ ARV Physics & Rpl
Med’”m ‘JG:neral\ <
e Energy Beam - ¥
e \<

R
Q ) s I o, ¢
Syachrotron | 74
> o
=

Synchrotron if

lon Source o
ﬁ‘g!lﬁb) o
’ ) ¥R 1 6 i
p A!va(/ 1 ) P »"l 4
&)

" wWaiting
&y Room

4 e

B 12 8ge, Bk oo EA T8N B 1

172

BTN AREREER (HIMAC) o

BRIGIBER(M) - 19894 9 A



@B FINAR L X T LDER

VIO - KA RIKEEE L LAREC, ML duty
factor # 2 (512 T& 5, 6, i LT~
DY v rRERY vl Ao bk b,
b TR A A O L D T2 o
— AW FMT B ELE R TS,

F 11 HIMAC DAL E LD DTH 5,
LC kB XA, lnTiEc iy He (Z=2) » 5 Ar

vvom

(Z=18) FTThbH, Db, A4 VHOHM LT

Mo s He(Z=2), C(Z=6), Ne(Z=10), Si (Z=
4), Ar(Z=18) »fifloduincie s ETIsh w5,
i = Fov F — ik i b 100 -800MeV TH B, L
HL, ETOEMEZ D= FAF —INC e » T
TobiTCiil, BUWEodi=F ¥ —phsl,
D I = F 4 F & W SRR i O
BIRCTAOPIRFE A 30eni I L C 20 bThH B,

- sk He, C o L CILIAIEE (71 7 ¢
v & =) T 5Gy/min/l DN LRD X 5 ik
xhTuvb, Ne ik Uit 25Gy/min/l ofp B TH
B7, Zhix Ne » RBE 2ikEwz ba®)fiLicto
T, AW R & LT He,C LigiE M DR
Th B, Si, Ar ot LTk A A v R0 RPN fn o,
BMERLY TR0 EE LT 5B,

T 2IBRFBIMEA, B, COBI AR Licd DT
BB, RKHAT L, BIAMERE L LTERTOR
WAITO S C ERMELTCHADEHL, A, C MHER
g CHYE~ORERM + $1T2 5 L 5 wE L
BT 5, RSB ORG OFFME MG S h X
5o

3. AMDFIR

HIMAC G &0 X5 Il A BT B o cifin
DOHLEEZLETHBEMN, LBL TIRADL 5 lcd Ors
HLELTHEBLTWS,

%1 HIMAC o4t
IR ET He, C, Ne, Si, Ar
i 4oL X -~ 100800 MeV/n
Aol g 30cm (he X))
= 2 He 1.1X10" PPS
ViR AT c 1.8X10°
Ne 3.1X10°
Si 4.0X107
Ar 2.4X107
e, C 5Gy/min/¢ (F474v3-)
Ne 2.5Gy/min/t
Si,Ar o 0.5Gy/min/t

D& UCHE P OM S0 X2 FIF T 2 KB
PN R ORI s O NS, MRUSKPINEES, Mo B
R AT, I4F TefR R IE

2)F & UTHAL TR 0L HFNRDR AT T 55 EBR
S O IR LB (Mg 7 &), At o B IR IE
5

DERIE A &AL ENDEATIR S 2 E B
Fh, WEER, RO, Nk, BT

ZhBEDH BDWLL O, B & T L TR

LM LS Z EMFEEhooH BP, L, B

BFRo#EGRIhbcBEs o TIRRL, BIKRNS

A7 A DOBRIEE Tt leiF R Ty, EIBERE A R

BLBENRES S,

EOX o AR R E LTRIRT Bice X, &
BLFAR O W e ooy, FIRTTHE/ 2T
OEEEZE L EGZE OR R b & D& B AT
BTV, ThACh E T EERRA IR RET 5 LEYND
BHe T, PHEHLDENLWER Y 514 7 AL DIBERS
R OWTHIT T 5, BixD7F—s%2&b

sz

F2 BIUBEOMLE AEEBR LT bicw, D b, &
A B c BLFRR G CRPEE DRI E R OB L L
WAty )yt &y IV Y a KooF DIBERET B DRADD
W0y )51 I i Bl /A < - N N
RPN 50,100,150, 220mm 100,150, 220mm 50,100,150, 220mm B2, B, H2T05HH TR
- 2ty +2% £2% + 2% EROFEHAE 70 ~F 4o — b ELTRLIED
ARUR e ) 300mm 300mm 300mm DTHD, BEILMEE CHEROESEZ M
TAVEr 954 ’ 1250mm 1250mm 1250mm HEELTWBE EMED T B —F 4 — b ICA
SV £ VI ZHE YON] 600Mev/n 600Mev/n( i) 800Mev/n » . . .
800Mev/n( A7) L L es, HIMMOBEEHRTIE, Th
AR A B WAL BOfEEE b & IC Rk, Bk, B
ayA-g Bgay -5 PAFY=7 ME W3 A—p NN ot
! — A (A A V) OHifHARYD, Fiy i
Hoo% AU, B0 00 S ¢ ) PR B R

Vol. 21 No. 19

EOAY o= ) Y IHAT

173



QFEHNFIAEL AT LORE

2 BHMFSAEOFIE

BIEAFEE LTS — e BEmeBE s » 1 (F 4
5, BEREXEN TREROEELHRESETH D,
ZTORLELAENTFREFEOR X EGT B, L
ELWEHB, BT, BoBECRE - EBRELFEOE
BBV TORE®T > T 5,

Wi BECEEE AN LBBRERA UL TXHCT
DRFEEATH o DARBOERTHOZRICOWTiX,
X CTL ey MRI 7 KBHR M 0 Bl 239k 3wt
HBLTWT, RECAT A BRI DAL LEN
bB, LrL, RESHFIET 2B FHROGN
RREBETEENPORDBLEND Y, ZhiXC T
LRE IR, COERTXECTRERTN TR
AR RSB TH S, Jofs, BFEHINXHC THB
W E R AN TREND Y, ERTHK
BE IR TVD SR D TR, DIk 8 L
Uy

fhoEEEl (MRI/S % PET 7 &)k, XECTT
FRR OB, WERESOMM L & NWEIEC S
BEPEEOMIK (e high LET @45 v 2 # v
A) wELLAD BRSNS, MRI izl
fiEoBEic, MRS ® PET x#HoiBacisfsm
2B EPPFEIRTCB,

Blbo X 5o & & miREHTEA 1T 5 o HE i
RFRIC ST 1 AR S L IR oMo & CoFE
T TH B, BEERCTENER LD, Fot
N T 50 € — a0FRA, Bk, BEESZRDS

174

=5 REEE TR EHIE
HEEN PET |— B _ BEE
1=Y2vh T=Yryh
A {=Y7h
BEEETE MR | piire iy
XBCTRE - |
X#CT L tiERDEE
VRISEE
v2aL-9 | S5 | | S
TL]
BEFTEE
RRT<ILS, N
e B D]
A58 ||
BRBE EERESE
T ) M3 SHTIHARSATA

T ERWS, BEOERTORBEIEIL 3 RITHEE T
— F HMFERCED 5 EBRTARTH DRI E A
FBPBERIRS,

B2 OISR AH CIEFEHELERBC L v BE L,
RIEAMET METREE T 5, F/, INESROMEEREA 7 2 2
—AERBB LG, BEBEA Y 0o -V ERET S,
MRS TVARE 7 s v ax LBEa Y 2 — 23Rl
IR D WEN T E—- 22 BT 570HDL0THD,
MRS R, BREIRSH OB E Tt BlFEh s,
Y3 l—g i, XECT THRD BRI
EEOHFBOBIERCB LT = » 7 THEETHY,
B> o V=i hiThbhs,

BFIRG T, REGHTE D BB T C - 2%
BaT s, & TIRENMTRIER S BRITE A VS
XA RENH D, TOLDTEERTC - 208
Nz T, BEOREE L MERSPRETH S, Kk,
BB AL OERBSCE SRR TRET S 7 — 2l
BAEeHTELELAVCEERLOTHS, 2hb
BARFRTHRICESY S, BEOBKT 4 L8 Tk
ACBEFEEoMTcRIHEhS,

4, BEVATLOHEE

HIMAC oo A5 2 TR ED X 5 IsfFEomh
25, B R T hhdadie by, E1, i
27 sk HIMAC Kfk (igs) v~ 7 & LHA R

ORBBERBE D, LI VAT AD version up EHIC
Fhhao ENBE L, ChboEEHELT, H3

BRETEHEI (M) - 19899 A



OEHFILAEL AT LDIER

Rt XSl AT ok LR HBELE Lic, B
X ERE T 5 S 3 X F MBS BFE LT B B
Ths,
Riz7~3 & 5w HIMAC i~ A7 »~ OfF iy,
AR ERy Y — sk WS RA v T A A
PTibhbivs,
DEBMLEDT - 23R TTLELDLDR B,
tur ks,
CRHEDSL, IR T = 2 HETT V2 AT
WoihsEworFE L hERNTHD, DO v IA
v Fy by =2tz B RRICAE EFhTE T
5o W3 DEMNIIERLN EERG LA 1T 5 ooy 7
v AF ARFLTWS, PET, MRI, X#C T/ & Dl
BZMER s W TRR 2 & UKo 3 RITHi$ 25844
L, BO%y b7 =2 %A LTHERMO7 — 27 27 —
Vg VIEEREINRS, WFEHBOY -7 AT —v g vk
LT, Bolf, il Ihs X o> TElA—
Re e 5T 4 gV e T— VAT — g VEMELT
%, V=0 AT = g vV ECEHBEBRORESL 3 KITH
REME, rhicd L SRS Y - A i), IR, R
Bloy DY i EDMEER TS, =0T 7 b — Al
BFEEBIERERETH OGN LD TH D, B
moGEREBS I RESMER R ENERRIND, ¥ 12
V=Rt v S a b=y g VEITSLDOERTHY,
[ g A O BRI G 2 RIE S h b, KA Riliff il ge
v, BT L RIEET, X DI IR BB A ST e
DLEBRTRET AR T — # XBE L TR DHDh
DTH5D, ek, UK 3 DOy 7 v AT A0k,
BAE, BAFEHHEA TV 5 PACS (B JHEEBERE >~ 2 T &)
LALBRTAERENL L, Oy 0zt PACS o
WL DR TEBETMHOANRL ExELT V5,
Pzl & LTl 2SR 200k v A7 KR DK &
fegtchh, B, L IhTuws S —%%y XD
1L, @Eo b oo MBANFLTV5,
BRI IAIEHE O KR E B BT T 2
—x (E—an=xr¥—, B TORME, A,
— 2 OBEERL L) EfrfkSIOfiE 2 HIMAC (S5
AT REHHE B Rk Lich, SF SE BT
— XD, BIFEAr V.-V OFR ¥R IT 5, E
P Wi T 4 L& =2 ) 2 — & OFFRIEE AT S
DIHAVERD, X5, HEEMETEE 05 — &
o2 b 1175, HIMAC filcix, JESHEIBE
BT — i b &3 I R R I g oo SH R
HEIET 5, fLERS ORE TILERDHOER Y 5

a2y R

Vol. 21 No. 19

175

WL b, Bl _5 ik chEORBIRDEITS,
TRIEE RS R, RRUEEG NS, RS HIME SR Ot
IR BIEE T ETBE I 0 5 — 2 BRI A — &k o PR L
TAT D o

LU EA HIMAC ifff > A7 2 OBEETH B 0%, LLFD
Wi TR E IR L 70 B BN ERTOWRE, WG, B
85, BRI OWTELIEELLRRS,

5. EMREDRE

BB AIET S 2 2k, —BONA DI HEHE
ERWTREEARZ EO—>ThHBHN, TR THIAEH
THILEN I EW A Fo, Tieb b, BIARtcaE S
MEE I T& s o EXER TR KD KT TH
Dh, b LLEMAER A - TS kbbb, IR
BN HH 2 B o R BT, ko BT
WRDREWCEI>TLE Y, L L, EEHO /NN
AR COBELL ICK E BN A D 2 &b, Tk T4
RO A E USRS S bl b, Licdi->T, &b
iz LT AR 2 RETRE RS uvp, Th
GHAEDMES: L@ Wiitia & > TLTHL RS Tk
Vs,

31333 & Hic, HIMAC ol ~ 5 & T,
PET, MR, X C T 3 >0 M &£ /e TR L LTHi It
BWiAITO S LRGN LTV, BRI MRI L X§
CTHEINNED X B Thh, Shbic X bW
BoMPN b EScie il 5, L, ¥ V3
i~ DN SRR 2 YA M O AT 2 A - s ok
I CHE T2 ORANATHE &3 2 7o T & i Rk
TH Do R CIE Z D D S 5 R Tl o g )
Wiz hEclbweiERkahks,

C08110. /AN

16T 21-AUG~1384 03 51 SORLIL.MAM  TGT 21-4UG-1034 03.52

€08112.Ra0 TGT 21~AUG~1384 0834 CORILIT.AAM TGY 21-AUGC-1984 0301

4 FERRMORE



OFHFHAEEL AT LD

S30RPERCTIVE BLAN 100% e  7E D Gif

’ln,ll' LA

E5 HEIMOEER
BRIy, B4 wiid X o, Hi
Mty — 7 A5 — v 5 v e WiBinig 2205 L, iy
1B, /e ANT s bk vifbhs, K&
A RE T Bk, BB oWFinigacx LT o
PROE AR DT HEND B, ZARIERCiEhi s 5
TETHY, IWITREER O N X oo g T & e
W EFE LTS, Fie, KOG e 2 ) T 4 Mo
by oBilx (Hz X MRL Cila L7z B 7
Bl XBCTWRB T/ &) # Rt o i d ©
BThD,

6. A & Ft

FART oM 8T, FAuciifz 4 % TR
MO A RET D, & T, TR & R &
P\ <, F e otV il T A s XiE L
b, quality of life %% L < fi7c 5 Bh b B A
5, K4 o o mi o, Bt X Ok
M5, TR LB E ke, v -7
AT — v g v R & W Bl ia A J) LT
W ERIDIREINS,

F T, T OB TR O Tk~ B AN o (7
DIRFIC BB T v F~— 27 Mifg e A Ehs, 5
VET =23 BO=, O MM, T ETH
D, XEEC TR Tidis AL R DIFC Y S hu s X
F UG b S h A 0E B D, 7V P~ — 7k

BT 570080 THS,

TR i O Yo D BB, TSR R o WSS A sl T
I Ra a3 2 IR o J7 i & R R AL A7,
Th ETSE SRICMBAMEFFTHE ETHB, WG
JiEnk, 3L S WIE &P T (WAHW B coplanar) g
55T i 537, non-coplanar 7o i ou T T A

176

=69
100 ;
|
K |
I
B |
@ |1 »%ﬂ%
g O
i i
] ;

# 8 (Gy-Eaquivalent)

@ 6 dose-volume (ﬁi;-;gﬁ) = 1 K7 N
BRIGAEDIBE

a2 Ly
-
{

|

7 KT 4 LS DEE

DA H B, non-coplanar % &I HNC s LT,
TN & BRI fie 0 A 2SR BE T 5 0
BB Y, 3KV T 7 4 v 7 ADMNIcTBLEEL
16553,

BHRN O Z OFE Y, WETE BRSNS R
HETE VR LERTALEND S, FHRH SRy
fivk, BSRTEowWBRCERELTERSh, £
NEWET A& THRIGHTOBE? M E s, Lx
LU, 3UOniBREmiTi, METXENEGROKI E -
Z &, Fic non-coplanar ¥ TUMIE SR T O
AL L LR Lic S WIBIk R & B 2 L K oF
XD, BEANERUAOIRELLETH S, B, %
DY iR L LT 6 kT X 5 7¢ dose-volume (§
=58 e 2 b 75 a2 X LT 5, dose-volume
A b7 7 AOFBERSLT ULTE LTwiewh, &
HEFINTOWTOL A b 7T ahbFOEERER Y HE

BRIRIFER (M) - 198949 B



@EHFIUARL R T L O

8 55 kv—sklc kB mERD

BT AU TR TWS, xd, 20X 5 mEHEm
e L b, BN OEE Y HET s LRk D v A
FAKPHIET B 2O HWE LIt EE L TULA,
BREED AiEEEL & AR,
OFRE, JRAKE - 270D LIRS, E, B
a3 2FEE LT, RTRIET LS RAM 7 4
sh D TR AGEEOS T D IR £ Co v —
LR ORDRME D ORMBETHRODOLDOT, §
BTSRRI (& — A IR 7o T T O
T4 EDIEXARDDH L) Mibhb, Ehic,
[k A dirh T A ooy, € — A v B RciE s o
ELQBTH Y, =Y A~ 2fFHE LTHENO E— 2T
P ORI A TGS , 2O X, E— LD F5 A —
ZRa Y A — g EHIHET & DEE T 4 — & DRI
HEOfE, Mehso bicih, TRbLAREI
VIR R T, HIMAC A€ /0diififli7 s v 5« 2y 2
— #EREE B R B,

ok, HHREHEE R VTIL, SKILOXHCTF -4
HIBGTT B L, WhPBEF A AEK Y §
L — v 5 v (digital reconstruction simulationgraphy—
DRS) ilif§ 5 & 59 MY, AT O R REESTHIE
DBHENERD &R T A0 TEI TE LTl
RHZ LT A,

7. & & B 4t

ERBGHE— B E ~HFEhe B L CiThbh A ©
T, NG 0w B B Q¥R T B oo, B
DB DT ORI BRI & 37 LU L b ik bl 58
MQNEEEZ HRE, BEOEB OV TRBIE, V<

E—bDAT A—=5 (= A

Vol. 21 Ne. 19

BEBIFER TBREEER
Xp=yr—-Zp XM YN—Zx
Al
Py
;
' P2 Vi
Rt -
/Pl
iX N
SURI—IPi~Ps

3RRCT7—9

DRS

9 DRS oFE®E

OPRETH AN, DR H A Lo,

B ORI B, S OBSHRIG IR g O <
— ZEWH ATRT A P E—AD =, S GRS T
L vfThits, LL, COFERIDEE~—2
AT D & EDME, 2) BHOMUHEA DY, 3) A&k
O E, RUhiECL OMhDOBREBERNFEL, 47
L, BIFE, Tha iz T b Sk E ORI b h R EE
ERE LRI,

FoC, fixi3 LBL  MGH 7 & BRI TG AT
S TV AERROME RS (7 v Fx—2L b o
E LT, WHRFEFCIEE LT v P~ 27 DXHE
HAFJH U CRERD®ITH) RRBBEIRL, Foza
X7 Ve X BERsER AT S LIt Lk, &
DHEOMAEREKD L 5T b DTHB, Tirbb, H—
BRI E Y RET RO Fh ey BEcEE S hk
FEBR & AR — b CREUED wEE S h e ERM o
FThé#Ezxsd, LT, B8ICHET L5 BB PcELE
LZeRiil 7c B R0 BEa D 5 v P~ — 28 (P~Pu) O
WA ED, BBEHRIERLEOEYHETS, C0%
LR Dt 5 2 -2 L LTH 2 bR, BE (R
TER) OBEIR LA, 22T, SYFT—7DEE
FEERL AT A D S, EHRBIERE R T o2 v X
M7 rveo2 e L bR B,

SV N~ — 7 BEEAYXRT VRSB IRD B oD
i, 2V N =R A Sl xR 5 0NE D
B, TORDIL, HERGTERCXET v EEB Y >3
2 U= P T BHIRAERL, TO LT v F~— 2 %28
LB, Co@@rjifioRgeili~icrF s s
B> iav—>gv (DRS) @ Thh, I CRT L

177



OEHTBRES 27 ADRIE

SWWIRLCT T — 2%, X — 22T 5EKI
LToTHESTHIERIDVEDRhD, A A =2V /KD
—DLEL L EDDRESDEHEEE, BEFTH B,

%7z, DRS @ AEHVTHEHEHE L ETHEEOM
DF v » TRKEVZ EBTFEINDOT, EEOHBRE
DR 3 2 V=Y g VEFTW, EEAST A -2 %
HHEDLHIRDTE L, Lich - T, DRS @Ei{Ess R
BELTHVLRDDIL Y o v— 3 VT, EFH
B viav—v g Vil (v 3. v—v 5 VK
BEIhLXBET VEEBR VBRI,

ks, BEMERD OFEMHE LTXRC TR L
DEXY)T 4 A HELHBEF LTS, 35T
NI RRON G EE T T B2 S D IR
LichEEZ T35,

8. ® E ¥ &

BRI T4 aFE % clinical science D TL i & X,
BLABEERI LML ESHBETHENECIEE R b
2= ADIERE, TOHRBOLNRSE T — & OMBIFHE &
THHH, T—2EFBLTHCRE->TELLNBERE
ThoH, EBETe b2 A OWTORENTE®AT
WIRWBRTE, FHIEEEOMSVERIITER L,

Lo L, BN FREFIABEORERREBRE VL5 0
T, TaADLicl LuHBo AN, retrospective i FE AR
THDORADN T~ 2% BT NETHDHEEHEIELT
Wh, Lch->T, BFEOLBE (207w —F 4 —
FER) THRETHET—20Fb0 (P, 3KT
BREEIH T — &, Y~ 4025 £ — &, (CBHRDK
CRPT5 X7 v Ul etc) EH LCE, R
FEHEahhEnbhkv, 2hbid, oEXF - 227
BB T — 2 L ELEH I, BofTc LV bh s,

IDX3 T - A EBOEEE, K3 oRBEERIN
BLBEETRAERBOM A Tbhs o bk s, %
OBESEEFEBE IR TR, Thhid, BT
| b o= & T OFRITEHITE ORI AW ST fo &
&, ThieB L chdbhao s,

9. & H Y [C

BlER~NRT X4k 5 HIMAC o5E v A7 a1, B
FEDOLIABTLIMILTWA LT b2 WSkt
e B FEHMER—THbDTHH, TOERE TRELD
BHRS I NER RS, Flzid, BEEMRE LR, &
DO DWTORE o fThlulliebicy,

D) FUAAXBT VERIBNUERD (5 Fv—7

178

)

2) 1 A= v 7l LTo DRS

) A== FS5T 4 P e T I AT~y VR

WPz 3 IRTTIRIE i

4) BRERIZEK

5) RFEEBRD 7 + —~ 5 + OHi—

6) REHGOMESE LIEROBARE

7 BT 2 N - AORELRIBER AT A0
8) WHMEEHEMXMCT

9) BHEEEE
10) M7 + v 2 RUBZ =Y 2 — 2 OFEHEIERIE
T, AT AMEOBICREBONB LR Y Tk
LU, Thicdf b 0B ATHSRENS B, &
NHEOWTRIBLERAVWER TR, Y27 2Fil0
EEL THEhs, b, oo Tli~Neififios o
Mok, BEDEIAEELOBRTHY, LIFLLH
FREOEFELELLO LRI, 48, oy
TlcERELTELDADERC I WVEER ML B2 &
LUETHSH S, UL, HIMAC &\ 5B G
ER LT, ThICRE - eRE OB A 7 & %t
FTRETHDEVIONEEDELTH Y, RIRMIAE
TR EYEE RSO VAT AR ER Lo L
- T%, BEERC P TR, ABEHRA TOHEE
B, @A L bEBCRFR L EL Y,
<FEE>

W IR oA R BFE R TR DT IE I o e R
RBHE, AFEESOETESRCECEROEYE L
¥, ¥, LA HIMAC 7w v o 7 FAFETF LT
BEYHE I TN TR R o RcAgoELE L
WEBCET, FRICEELE 3UIRER, &bENE
EHFRE I, AT T EnavH LT
e EE Lic, 7ok, RPIRO—IE A TIIEBIR &R
W (63—24) OBUEFT 7,

BENE>

1) K.Kawachi, T. Kanai, M. Endo et al : Radiation
oncological facilities of the HIMAC. B A&jt & ¢
TRk 1 19—29, 1989.

2) A.M. Berson, J. R. Castro, P. Petti et al:Charged
particle irradiation of chordoma and chondrosa-
rcoma of the base of skull and cervical spine :
The Lawrence Berkeley Laboratory experience.

Int.] Radiation Oncology Biol.Phys. 15 : 559565,
1988.

3) WEEHEIR : 3 ROCHHRUBE ORI TG E ~ D5
S, (M) 19 : 10731076, 1987.

4) ERIR, TG, SURR 725 AR §
a V=g VEREOIFREOWHN, BAET L EMR
% Vol. 27 suppl. pp. 46, 1989.

BREREER (M) - 19895£ 9 A



I R A e A R S
WEZEdRkas & sl

£ RS B 5 BEUREOMRIC & 5K

oo E oMo v o
WA B W T Mok oW 5
it H45 Y feowoz W

TRICAELE

179



o e 98~101

R EHITIZ 0T 2 BE IR

Toah Wt W

T YU TR

0o
BRAMBEIEICIBT A 4 Y — 7/ NS RDE,

Shy-Drager it i, Ak UEE R E VN
LIV — ARSI E L, N—F vy =
XLZSLTTEMNSNTOS, Ak 4 13wy
Wy MRL &0 v T & B 850 o WEWA %
R—F vy e E BTl L.

MR EHik

g, MUK H EN/cA Y — TR/ uEE
i 6 4 (46~T1 i, HEWIN 2 ~ 84£), Shy-
SHE2 B (47, 60 %, RIS, 7
), BRAURWEAS HEAE S 41 (48~68 5%, Wil
B3 ~ 941, Wwarnd 8 41 (59~T72 %) TH 3
CORMITEUCEINEZATT B0 —F > Vi
22 () (50~78 %, WM ~ 11 4E) APl
MELT, hiMsc kit L.

MW ey 1.5 Tesla ol {z 8% MRI
(Gyroscan S15) ZJHuy, a2 RZ¥EEHEL

Y 2600 msee, x = —I%|ii] 40msec &, 80msec
0)»\{6[‘032 Ervxa—iickh T, digmige i

AR AR BHR TR o D e i
ul!'lx'é B s &+ 10 RN E UT ikl %
Borl, A54 A omm THREMK L ~vET U4
A5 A ZDIMBETT > P Wi, TRAKERTRIC
BOTHREO YL & A0 5 Wi Lo fd ol
e 7a7 4 —nick L, RESBERTRELS

Drager i fie

© YRR IEE R
o JBHALKE S A LTI

f‘u\r
Fhap

180

o
KR P
gyes

B 1 EBMREIOFRKTEHREESRENTAT ¢
—Jb 8SE & (TR 2500ms/TE 40ms)

SRR ol & 2 e R 0 (5o © — 7
D5 D & &C;&)H =7 OWiZEMEL, M
RfEEomE U (B 1), GG O
JERE D JVELBICE b 15 oo Wi oo ~12 kg & i 42 7
& & Student t-test Thivw L7z,

w R
ERPRMC B T 2 BOER S o hild 4.28
mm6D=&%)c&0.%m%me—*yy
YT 2. 69mm (SD=0.34) &Ap@is P (b
W B (p<0.0D), R E S = F vy v
WA p % 2, 3 1289,

Fre—F vy PHTE Yahr o DiE s kO
WIS E S 2L T, Bl C T & TR O
Lo, kGO P s < 78 D N s
dHw sl (A 4, 6).

(2) A& Y — 7R 2R T BeER LT Ko
SR 3.65mm (SD=0.64) T, WL b )
PONMED A SN B D, 78— v VPO LD 5]



(mm

Width of the Pars Compacta signal

= 4

B2 E¥XRO PR MRI
(59 1%, Uitk

B3 /—FvVUEOBl MRI
CRRa A AE, 5458, UMD
BB RGO B MEDED S0 5

) (mm)
4}- 4 ® A4f 7]
g‘ r=10.352
% N.S.
il
L ® G [
L °
3t had ° - § 3} o ] ° J
S ! ) 2 . o1 .
. . ° ° ‘:; ° ° o °
. ’ £ * .
2} ° 4 % 2t ° ]
L L }E 4 3
L i 2 1 § N . Il i A 1 N 1 s
0 | 2 3 4 [] 2 4 6 8 10 12
Hoehn and Yahr's Grade Disease Duration
NR—% oY UEICHITSE Yahr O BEFEHHEE Bs nN—F+rYURLEYSRBNMEBERE

WERESROE & ORIE

B 6 AU —THRNREERED PR MRI
CREE) 541, 58, Ytk
M SO MEIZRIET H 5

181

A =R T EER

‘ .y Ry r

B 7 Shy-Drager FERBOPR MRI
(REBY 746, A7 j%, Lodk)

BRGSO PUMEDED S5

(yrs)

(=]
=5



B8 mEERFREEMEOSH MRI

(R A A, A8, o)
‘H \‘I: N lt’J}xko)v\! {tf))ub y)b117

(mm)
5 5l 1
'g__c SND O
: X A OPCA x
‘6 SpS o
E o ‘
Q
5]
¢ * *
o b3
a 3 o
o 8 e o
<
° <] )
£ 2F o b
2
=

0 A 1 1

mild moderate severe

Extrapyramidal sign
R0 ZREFBHIEICH T B HRIMNREIR & BRI
SHOREE OMIER

i

B MEED SN is e - /e,

{3) Shy-Drager i ER T 12 HUHEIE SO L
1’4%:41 2.15mm (SD=0.01) ©, 24l —JUCU\'/J\«{E

S 7.

4) B HIVET A VRN T 3 s R S o il
2. 70mm (SD=0.55) &, sre—F v Lk
IR M Lk U T 78 Bl e hsige S v
(p<0.0D).

A Y — 7K NEERE, Shy-Drager §i i 45
JUBMGKAEEE DA E B 6, 7, 8 i
Y. E S BLIN O BUE R (F 95 o s A B 9
WRT.

182

Width of the Pars Compacta signai

o
T

go © pooo
[SST——
S—

Bl Y
2} F o 8% |
1§ 8 |
0 1 1 1 L i i
Control PD SND OPCA SDS
L]
P<0.0! ]
L P<0.05 s
N.S.
9 ZREEWEL N —F2 Y UE, EFHEOR
REESHOZTH
(6) A U — 7 K5/ A i, Shy-Drager 3 i

IR, BRI NPT A VRS 00 13 (T MEAA 2L B i AR (AT
Bl W, g, SSIEo 3 BT, i
WRE SR & oM FE R U Motk
FAESSEIR O &R, BN B RHE Sk o hiiE &
2 RO LSRR L, HiHMCHET
R boo, HARABEARSEIFICIIZ1coN
TRV RE S R oW /NE {8 B MilhAs S
.

% B

MRI o T, 33 SE (L TRIEWMTHRE, W
gk ssidgeid e EMuehTsh, ¢
DOBEES R oMM c L EHEL ST

%Y. MRL Lo JVH 61 558 & s i 73
BEOMISIRERODBELECATHBHN, s9—+

v IRERERGRIK IV ZEVESE, Shy-Drager it
Nk&bﬂtNW@ﬂﬁﬂdu&@ﬁ$md,f
""" WD EM S D O BUE T O §E L o 8 & Bk
LTWa EEZ '911/5.

1986 42, Duguid 5%, Braffmann &7 )irv—
F vy Wik D W o BRIk o S ik
WA LTRLE, ZHRkEmEICBOLTLNPT O

{15 5 8 00 P K 2 Ml R A o TSR S5 As 4Ly
x0T, s oiicrd 2 MRL o

FIHAEDS S DICTE » T E T B DS, [BIAKIRD
MHE Y, KON & o IR 7S & HERINS B & f -



fofi i, AT OMGET, f5R R UH 2k
Jit, Shy-Drager #iifitCld s—+ v v &E
B LERR 0w 0D © 3505 N 18 S5 I o B ME s D
SNADIx L, A Y — 7 k/NREERE TRAN
[T A0k TREERGERo BRI TO
fo. COTERAY —TH/NEERAICE Y 51
T2 00 AEF7 R (T ARk VT 28 PksiE %> Shy-
Dreager Jiif il & e H 5
5. 1 WP O BRGSO WS 2 R RN
OSSR D FLIL & WRIE LD SIS B T
EM s, MRE TWE O BUEERHE S o623
2T B T ENE RN O IEE BT 5 — 1
EEA LA oI,

I

£ L ¥

CEEs MRIZ &0 £ B Hic s 5 W0
IR — 4 v i & bICHE LR,
TR 55 D W R SR K VL ZE VLS, Shy-Drager
SEEIE TR =+ v v v SRR BB

MR S AP, A Y — T E/NRMER TR
Itz Tk, SRERED 134T, #Hk

BRIER D P D3l { 18 B DN THER A E 51
OFNED R 78 B MDA S S L.

X

1) Drayer BP, Burger P et al
ance imaging of brain iron.
1986,

2) Duguid JR, Paz RDL
ance imaging of the midbrain in Parkinson’s
disease. Ann Neurol 20: 744, 1986.

3) Braffmann BHl, Grossman Rl et al: MR Imag-
ing of Parkinson Discase with Spin-Echo and
Gradient-Echo  Sequences.  AJR  152: 159,
1989,

4) Pastakia B, Polinsky R et al: Multiple system
n‘(‘mphy(Shy—Dragcr syndrome) : MR imaging.
Radiology 159: 499, 1986,

5) Rutledge JN, Hilal SK et al: Study of move-
ment disorders and brain iron by MR, AJNR
8: 397, 1987,

: Magnetic reson-

AJNR 7: 373,

et al : Magnetic reson-

T &AM LT,

Abstract
MRI of the Midbrain in Multiple System Atrophy
by

Keizo Hirayama?”, Akiyo Aotsuka”,
Shinoto", Takahiro Hashimoto®,
Hiroshi Fukuda®,
Tateno?

Hitoshi
Hiroo lkehira®,
Nobuo Fukuda® and Yukio

fronx\

"Department of Neurology, Chiba University
School of Medicine
»Division of Clinical Research,
of Radiological Sciences

National Institute

We studied 13 patients with multiple system
atrophy (OPCA 6, SDS 2, SND §), 22 patients
with Parkinson’s discase (PD) and 8 age matched
controls by high field strength MRL

The results were as follows.

1. The mean width of the pars compacta signal
was 2. 69mm (SD=0.34)in the PD group and
4, 28mm (SD=0.66)in controls.
between the means was highly significant (p<
0.01). There was a trend toward narrowing
the width of pars compacta signal of substantia
nigra as the Yahr's grade or discase duration
progressed.

2. The mean width in the OPCA group was
3.65mm (SD=0,64), but the decrease was not
significant.

3, The mean width in the SDS group was 2,15
mm(SD=0,14) and very narrow.

4, The mean width in the SND group was 2,70
mm (SD=0,39). Compared with that in con-
trols, narrowing of the pars compacta signal
was also significant in this group (p <0, 05).

MR imaging with measurement of the width of
the pars compacta is useful in understanding of
the pathogenesis of multiple system atrophy and

PD.
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The feasibility of 2-deoxy-2-{'*F}fluoro-p-galactose (['*F]FdGal) for imaging galactose metabolism in
tumors with positron emission tomography (PET), was investigated using two hepatomas, Yoshida
sarcoma, or glioma in rats, and mouse mammary carcinoma. In hepatoma-bearing rats the highest uptake
of [*F]FdGal was observed in the liver followed by the kidney and tumor. The tumor uptake increased
with time, and the high uptake ratios of tumor to organ were observed except for the liver and kidney.
Tumor uptake was also measured in all tumors. As main metabolites in all tumors, ["*F]FdGal
1-phosphate and UDP-["*F]FdGal were found by HPLC. Two hepatomas showed a slightly higher uptake
and a larger percentage of UDP derivative than the other three tumors. By autoradiography the brain
tumor was visualized clearly. These results indicate that ['*F]JFdGal has potential as a tracer for imaging

galactose metabolism in tumors with PET.

Introduction

Recent experimental and clinical studies of tumors
using positron-emitting radiopharmaceuticals and
PET have opened a new methodology in cancer
diagnosis (Beaney, 1984). As metabolic substrates
["'Clglucose and  2-deoxy-2-["*F]fluoro-p-glucose
({("*FIFDG) are useful for measuring glucose utiliza-
tion (Beaney, 1984; Patronas et al., 1985; Paul et al.,
1986; Joensuu and Ahonen, 1987; Di Chiro et al.,
1987), and ''C-labeled L-amino acids for measuring
amino acid utilization and/or protein synthesis rate
(Beaney, 1984; Kubota et al., 1985; Lilja et al., 1985;
Bustany et al., 1986; Bergstron et al., 1987; Bolster et
al., 1986). Fluorine-18-labeled pyrimidine is cor-
related to the nucleic acid metabolism (Abe et al.,
1985). Besides the metabolic substrates, several other
positron-emitting tracers have been applied to tumor
studies in connection with the altered transport or
permeability of substrates through cell membrane of
tumors (Beaney, 1984). Ligands for receptors in the

*Author for correspondence.

tumors are another candidate (Brandes et al., 1987).
The wuse of several positron-emitting radio-
pharmaceuticals in tumor diagnosis with PET enables
one to characterize the metabolic function of the
tumors. Consequently it could be possible to measure
the viability of tumor tissue before and after treat-
ment and to estimate the validity of protocols of the
treatment.

Flourine-18 labeled 2-deoxy-2-fluoro-p-galactose
(["®*F]FdGal) has been developed for measuring galac-
tose metabolism in the liver with positron emission
tomography (PET) (Tada et al., 1984, 1987; Fukuda
etal., 1985, 1986, 1987a, b, ¢; Matsuzawa et al., 1985;
Ishiwata et al., 1988). The [®*F]FdGal is taken by the
liver at the highest level, and is phosphorylated to
2-deoxy-2-["*F]fluoro-p-galactose 1-phosphate (['*F]-
FdGal-1-P) by galactokinase. Compared to the
metabolism of ["FIFDG, which is trapped in the
phosphate derivative in the tissue (Gallagher et al.,
1978), the different metabolic fate of the ["*F]FdGal
is observed (Ishiwata et al., 1988). The ['°F}-
FdGal-1-P is further converted to UDP-2-deoxy-2-
["*F]fluoro-D-galactose (UDP-[®F]FdGal) by UDP-
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glucose : galactose-1-phosphate uridyltransferase. The
trapping of ["*FJFdGal by the phosphate and uri-
dylate forms are also observed in the brain, heart,
spleen, lung, small intestine and kidney. The metabo-
lism of ['*F]FdGal proceeds via the UDP-galactose
synthetic pathway. The presence of enzymes concern-
ing this pathway is confirmed in all animal tissues
(Ballard, 1966; Noltman, 1972; Wallenfels and Weil,
1972). In the tissue the UDP-galactose is transferred
to UDP-glucose by UDP-glucose 4-epimerase, and is
introduced into the glucose metabolism. This path-
way is expected to be predominant in the liver. In
clinical studies with PET, a high accumulation of the
["*F]FdGal was observed in the normal liver, while
the accumulation was much lower in the cirrhotic
liver (Fukuda er al., 1985, 1987c). Preliminarily,
a high uptake of [®F]FdGal was also measured
in hepatocellular carcinoma with PET (Fukuda
et al., 1985, 1987c) and an experimental hepatoma
(Matsuzawa er al., 1985).

On the other hand, the UDP-galactose has a role
as a galactose donor to oligosaccharide, glycoprotein
and glycolipid. The significance of UDP-galactose in
the glycoprotein synthesis in the cell membrane is
indicated in tumors (Kalcker, 1965; Mitchell e al.,
1975). These findings prompted us to investigate
further the tumor studies using [*F]FdGal. In this
paper we compare the tumor accumulation and me-
tabolism of ['*F]FdGal in two experimental hepa-
tomas in rats and three kinds of other tumors in rats
or mice.

Materials and Methods

[®F]FdGal was synthesized by the reaction of
CH,COO"F and tri-O-acetyl-D-galactal as described
previously (Tada er al., 1987; Ishiwata et al., 1988).

Donryu rats with hepatoma, AH109A and AH272,
and with Yoshida sarcoma, YS and C3H/He mice
with mammary carcinoma, FM3A, were prepared as
described previously (Ishiwata et al., 1985). Wistar
rats with brain tumor, glioma KEG-1 (Kaneko et al.,
1980), were prepared by the method of Tsurumi et al.
(Tsurumi et al., 1984). The KEG-1 tumor cells were
also inoculated subcutaneously on the back of the
same rats.

Tumor accumulation of [*FFdGal

Male Donryu rats with AH109A were injected with
30 1 Ci of ["*F]FdGal through a lateral tail vein. The
rats were sacrificed by cervical dislocation at 10, 30,
60 and 120 min after injection. Blood was removed by
heart puncture using a syringe. The tumor, brain,
heart, lung, liver, kidney and muscle were dissected
and washed with physiological saline. The tissues
were counted for *F and weighed. The tissue uptake
was expressed as differential absorption ratio (DAR),
(counts of tissue/total injected counts) x (g body
weight/g tissue), to correct the data for body weight
of rats and mice.
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Metabolic studies

For metabolic studies rats and mice were injected
i.v. with ["*F]JFdGal. The injected doses of ['*F]FdGal
were 3-5mCi and 0.6-1.5mCi for rats and mice,
respectively. The animals were sacrificed at 60 min
after injection and the tumor uptake was measured as
described as above. Analysis of metabolites was
carried out by high-performance liquid chro-
matography (HPLC) as described in a previous paper
(Ishiwata et al., 1988). The tumor tissues were treated
with HCIO,, and the metabolites in the acid-soluble
fraction were analyzed by HPLC. An anion-exchange
column, Radial-PAK SAX (Waters Associates), was
used with 0.1 M sodium acetate, pH 4.1, containing
0.15M NaCl as eluent.

Autoradiography of brain tumor

Wistar rats bearing KEG-1 tumor were sacrificed
at 60 min after i.v. injection of 5 mCi ["*F]FdGal. The
brain was removed, frozen on dry ice and cut into
40 pm-thick slices using an autocryotome. The slices
were dried at 40°C on a hot-plate. An x-ray film
(NMC-1, Eastman Kodak) was exposed on these
slices and then developed. The same slice was stained
with hematoxylin and eosin. Autoradiograms were
scanned with a Chromoscan 3 (Joyce-Loeble). The
data were digitized and the density of radioactivity in
the region of interest was measured.

Results

The results of tissue distribution of ["*F]FdGal in
AHI109A-bearing rats are represented in Fig. 1.
Blood clearance of radioactivity was rapid. The high-
est uptake was observed in the liver followed by the
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Fig. 1. Tissue distribution of radioactivity after i.v. injection
of 2-deoxy-2-["*Flfluoro-p-galactose in rats bearing
AHI109A tumor.
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Table 1. Tumor accumulation and metabolites at 60 min after i.v. injection of 2-deoxy-2-{"*F}fluoro-p-galactose

(["*F]FdGal)
Metabolites*
Uptake ['*F]FdGal ("*F]FdGal-1-P UDP-{"*F]FdGal

Tumor No. (DAR) (%) (%) (%)
AHI09A 4 1.7540.12 72+16 64.9+2.1 174413
AH2T2 3 1.86 +0.21 72422 75.7+3.6 148422
KEG-1 4 1.55 +0.41 94+22 76.9+3.6 9.0 1.3
YS 4 1.15 + 0.30% 1.7 +41 80.5 + 4.1 6.7 + 3.8%
FM3A 3 1.40 + 0.09%¢ 30403 86.4+1.2 9.4+ 1.3°
Livert 2.7+0.1 364 +4.6 60.5+3.2
Braint 6.8 +0.5 16.9+3.9 258406

*Percentage of each peak was normalized as total recovered "F to be 100%. Small amounts of unknown materials
with smaller retention times than the [*FJFdGal-1-P were detected.

tReference: Ishiwata er al.,, 1988.

Data indicate an average of three or four rats. Error is +SD. » . )
Student’s (-test was carried out: *P <0.001; °P < 0.01 (compared to AHI09A); *P <0.01; P <0.02; ¥P <0.05

(compared to AH272).

kidney and AHI109A tumor. The radioactivity in-
creased with time in the liver and AHI109A, and
decreased in the lung and muscle. The uptake in the
brain remained constant for 120 min. The uptake
ratio of tumor to tissue increased with time, and the
uptake ratios of tumor-to-brain, tumor-to-blood and
tumor-to-muscle were 2.0, 4.4 and 15 at 60 min after
injection.

In Table 1 the accumulation of ["*FJFdGal in five
tumor tissues are summarized at 60 min after injec-
tion. To compare the data obtained from rats and
mice, the uptake is corrected for body weight. Al-
though the injected amounts of the ["*F]FdGal in the
metabolic study were over 100 times higher than
the amounts used in the tissue distribution study, the
similar high uptake of radioactivity (DAR) was
measured in the AH109A tumor. KEG-1, FM3A and
YS tumor tissues showed a slightly lower accumu-
lation than AH109A and AH272. Compared to the
metabolism of [*F]JFdGal in the liver and brain, the
different metabolic fate was observed. Figure 2 shows
a radio-HPLC chromatogram of metabolites in the
acid-soluble fraction of AH109A tissue. Five com-
ponents were detected. The ['*F]FdGal, the peak a,
has no retention time on an anion-exchange column.
The peaks d and e were identified to be
[*F]JFdGal-1-P and UDP-["F]FdGal, respectively.
The peaks b and ¢ were not identified. In the other
four tumor lines the predominant metabolites were

Table 2. Regional distribution of radioactivity in brain section of
rats with glioma, KEG-1, at 60min after i.v. injection of
2-deoxy-2-["*F]fluoro-p-galactose

Relative density of '"F*

Region Case A Case C Case D
I Cortex 1.00 1.00 1.00
2 Striatum 0.80 0.84
3 Amygdaloid cortex 0.74
4 Hippocampus 0.75
5 Thalamus 0.95
6 Hypothalamus 0.73
7 Corpus callosum 0.74
8 Tumor region 1.49 1.70 1.40
9 Tumor region 1.47 1.65 1.36

10 Tumor region 1.22 1.54 1.21

“The relative density in the individual region is presented as the
density in the cortex, region 1, to be 1.00.

also ['*F]FdGal-1-P and UDP-[®F]FdGal at 60 min
after injection. The proportions of the main three
components are also represented in Table 1. The
summed percentage of minor components was 10.5,
2.3,4.6, 1.1 and 1.2% for AH109A, AH272, KEG-1,
YS and FM3A, respectively. The radioactivity in
the acid-precipitable fraction was less than 1% of the
total radioactivity in tumor tissue. The ratios of
the uridylate form in tumor tissues is smaller than
those in the liver and brain. In two hepatoma tissues
the ratios of uridylate form were larger than in
KEG-1, YS and FM3A tissues.

By autoradiography, the higher accumulation of
radioactivity in KEG-1 tumor was clearly visualized
from the surrounding brain tissue. Three cases are
presented in Fig. 3. The density of radioactivity in
several regions of tumor and normal brain was
measured. The relative density in the regions was
expressed as the ratio to the normal cortex. The
results are summarized in Table 2. In the first case,
Fig. 3(A), the high density of "*F was coincident with
the regions deeply ‘stained with hematoxylin and
eosin, and the different regional distribution in the
tumor was recognized. No accumulation of '*F was

8 Response

Retention Time (min)

Fig. 2. High-performance liquid chromatography of

F-labeled metabolites in AHI09A tumor tissue on a

Radial-PAK SAX column after injection of 2-deoxy-2-['*F]

fluoro-D-galactose. The peaks a, d and e are identified to be

['*F]FdGal, ['*F]FdGal-1-P and UDP-["F]FdGal, respec-
tively (Ishiwata er al., 1988).
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plasma tissue
a b
[8FIFdGal |[<=>| ['8FIFdGal |<=>|('8FIFdGal-1-P|<—>|uDP-[18F]FdGal

Fig. 4. Metabolic model of 2-deoxy-2-["*F]fluoro--

galactose in the liver, tumor and other tissues. a:

galactokinase; b: UDP-glucose: galactose-1-phosphate uridyltransferase.

shown in the central necrotic region. In the other two
cases without a necrotic region, the nonuniformity of
the "WF distribution in tumor was also observed. In
the normal brain tissue a different regional distribu-
tion showed the highest density in the cortex. The
uptake ratios of tumor to cortex were 1.21 to 1.70.

Discussion

Fluorine-18 labeled FdGal has been developed for
the purpose of functional imaging of the liver with
PET (Tada er al., 1984, 1987; Fukuda et al., 1985,
1986, 1987a, b, ¢; Matsuzawa et al., 1985; Ishiwata et
al., 1988). In the liver and other tissues, the radio-
activity is trapped by the phosphate and uridylate
forms according to the galactose metabolic pathway,
and further metabolism is inhibited substantially
(Ishiwata er al,, 1988). In the liver the transfer of
galactose into glucose metabolism by this UDP-
galactose pathway may be a predominant metabolic
pathway. On the other hand, this pathway is
significant in the glycoprotein synthesis in the tumor
cells (Kalcker, 1965; Mitchell er al., 1975). In adult
animals UDP-galactose is supplied by the inter-
conversion of UDP-glucose to UDP-galactose. The
reaction is catalyzed by UDP-galactose 4-epimerase,
the activity of which is significantly enhanced in the
hepatoma (Reutter and Bauer, 1978). From these
points of view, the ['*F]JFdGal was applied to several
kinds of experimental tumors.

As indicated in the preliminary study using
AHI109A-bearing rats (Matsuzawa et al., 1985), in all
tumors investigated a high uptake of radioactivity
was observed. The metabolism of ['®*F]FdGal, sum-
marized in Fig. 4, results in the trapping of
['®*F]FdGal as the phosphate and uridylate forms as
observed in the liver and other tissues (Ishiwata er al,,
1988). However, compared to the metabolism in the
fiver and brain, in the tumor tissue the phosphate
form is a predominant metabolite, and the pro-
portion of UDP-[®*F]FdGal is much smaller.
The metabolism of ['*F]FdGal is possibly due
to the presence of galactokinase and UDP-
glucose: galactose-1-phosphate uridyltransferase. As
minor unidentified metabolites, two components,
peaks b and ¢ in Fig. 2, were found. Peak b may
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correspond to a very small amount of unknown
component in the liver (Ishiwata et al.,, 1988). The
finding of these metabolites indicates a complicated
metabolism of the ['*FJFdGal in tumor tissue com-
pared to the liver tissue. It is pointed out that the
interconversion of UDP-{®FJFdGal to UDP-
[®*FIFDG is uncertain in our HPLC analysis as
indicated in the previous paper (Ishiwata et al., 1988),
although the incorporation of [®F]FdGal into
macromolecules was substantially inhibited.

Among five tumors different characteristics were
observed. Two hepatomas, AH109A and AH272,
showed a slightly higher uptake than glioma,
Yoshida sarcoma and mammary carcinoma. Also in
these hepatomas the proportions of uridylate deriva-
tive were larger than in the other three tumors. These
results may be explained as follows: the hepatoma has
a high activity of galactose metabolism inherent in
the host liver tissue. In the literature the galacto-
kinase activity in Morris hepatoma was nearly equal
to the activity in the host liver tissue, although both
the concentration of UDP-galactose and the uri-
dyltransferase activity were reduced to a fourth or to
a half (Reutter and Bauer, 1978). It is possible that
the PET study using ["*F]FdGal differentiates the
hepatoma from other kinds of tumors. This ex-
pectation was demonstrated by the preliminary PET
studies in patients with hepatocellular carcinoma
(Fukuda et al., 1987c). The application of [*F]FdGal
to hepatomas will be discussed in detail in another
report. On the other hand, the uptake in KEG-I,
FM3A and YS indicates that [®F]FdGal is also
suitable for the imaging of tumors other than hepa-
toma, especially when located in the regions of the
head, neck and chest. The distinct regional distribu-
tion of radioactivity in KEG-1 by autoradiography
[Fig. 3(A)] represents the image of galactose metabo-
lism rather than the breakdown of the blood-brain
barrier. The brain images may also reflect the re-
gional activity of the galactose metabolism. Further
investigations are required to find out whether the
uptake and metabolism of [*F]FdGal is correlated to
the biological activities of glycoconjugate synthesis
and/or galactosyl transfer.

For the quantitative measurement of galactose
metabolism with PET, a metabolic model is shown in



Fig. 3. Autoradiographic distribution of radioactivity in the coronal section of rat brain with KEG-1

tumor afler injection of 2-deoxy-2-["*F}fluoro-p-galactose. Figures (A), (C) and (D) present auto-

radiograms of the individual rat brain sections. (B) presents the hematoxyline-eosin staining of the same

brain section used to obtain the autoradiogram in (A). The relative optical density in the regions [ to
10 was measured. and the results are represented in Table 2.
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Fig. 4. The pathway from ["*F]FdGal-1-P to UDP-
[®F]FdGal is significant in the liver. In tumor the
contribution of this pathway is relatively small, while
it is considerable in the hepatoma. Probably, the
uptake of [®F]FdGal in the tumors except for the
hepatoma is mainly attributed to the activity of
galactokinase, as the hexokinase is responsible for
the accumulation of [*FJFDG. The contribution of
the pathway to minor metaoblites on the model is
reasonably small based on the accuracy of PET.

In conclusion, uptake of [®*F]FdGal and the meta-
bolic trapping of the phosphate and uridylate forms
were confirmed in five tumor cell lines. Two hepa-
tomas showed a higher uptake and a larger per-
centage of UDP derivative compared to the other
three tumors. The [¥*F]FdGal is promising as a tracer
evaluating galactose metabolism for tumor diagnosis
with PET.
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