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DOSIMETRY OF 70 MeV PROTON BEAMS
FROM THE NIRS CYCLOTRON*

T. HIrRAOKA, PH.D., K. HOSHINO, PH.D., A. FUKUMURA, B.S,,
and K. KAWASHIMA, PH.D.
Division of Physics, National Institute of Radiological Sciences, 9-1, Anagawa-4-chome, Chiba-shi 260, Japan

Abstract—Dosimetry of 70 MeV proton beams for radiotherapy was carried out using various ionization
chambers. The beam irradiation conditions, dose estimation with an ionization chamber, measurement of dose
distributians, and calculation of isodose curves for the proton beams will be discussed.

Key Words: Proton desimetry, proton radiotherapy, absorbed dose, Bragg curve.

INTRODUCTION

High energy proton beams have been regarded as one
of the more attractive particles for use in radiother-
apy since Wilson' suggested the application of the
high energy proton beams for radiological purposes.
In the National Institute of Radiological Sciences,
clinical trials of proton beams started in 1979 using
the spot scanning system? in order to obtain the irra-
diation of large fields with homogeneous dose distri-
butions. Superficial treatment of less than 4 cm depth
in tissue is possible because of the maximum energy
of the proton beams. At the present time over 60
patients, who mainly had eye tumors, were treated by
the beams.

Dosimetry with ionization chambers can be con-
sidered as one of the most useful methods for abso-
lute dose determination because it has characteristics
of being reliable, easy to handle with good repeatabil-
ity, good accuracy, and high resolution for many
types of radiations.

MEASUREMENT METHOD

Irradiation condition

Proton beams of 70 MeV from the AVF cyclo-
tron were directed by a switching magnet and the
beams are then delivered to a treatment room. The
beams pass through an upstream monitor, vertical
and horizontal scanning magnets, a main monitor,
and a range modulator. Details of the dose delivery
system were published in a separate paper.?

The transmission monitor ionization chamber
which have thin aluminum plates is located at 30 cm
upstream from the treatment site. Nitrogen gas with a
flow rate of 40 ml per minute was used as the
chamber gas and —1000 volts is applied on the high
voltage plate. Ionization current reduction by ion re-

* Corresponding author: Takeshi Hiraoka, Ph.D.

combination loss was less than 0.2% for the ranges of
dose rate in patient treatment. The saturation char-
acteristics of proton beams for chambers are de-
scribed in other paper.?

Absorbed dose determination

The Bragg-Gray cavity theory can be used to
determine absorbed dose in the medium. The ab-
sorbed dose in tissue for proton beams is given by

_ O X Wple X (Spywg X K
M X (Sp)w,t ’

Dy (1)

where Dy is tissue absorbed dose in Gy, @ is charge
collected in coulomb, Wp is the average energy re-
quired to produce an ion pair in joule, e is the charge
of the electron in coulomb, (Sp)w,g is the average
stopping power ratio of the chamber wall relative to
the chamber gas for the proton beams including sec-
ondary charged particles, (Sp)w,? is also the same
ratio of the chamber wall relative to tissue for their
particles, K is the correction factor including ion re-
combination 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 stan-
dardizing laboratory. The expression used for estima-
tion of the mass of the gas is given by,

M= 2.58 X 1072 X Qg X Wgle X (Sg)w,g
0.957 X X X Aeg X (npen/p)w,t

(2)

where Qg is the charge collected in coulomb, X is
exposure in C/kg. Aeq is the cap correction factor,
(1en/p)w,t is the mass energy absorption coefficient
ratio of the chamber wall relative to tissue. Other
factors with the subscript, g, denotes the value appli-
cable to the calibration in gamma-ray field.
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Fig. 1. Ceﬁtral axis depth dose curve of 70 MeV proton
beams.

Depth dose distribution

The depth dose distributions were measured
with a parallel plate ionization chamber the volume
of which is 0.603 ml estimated by °Co gamma ray
calibrations. The wall material is Lucite with a dag
coating. A methane based tissue equivalent gas was
used with a flow rate of 10 ml per minute. The ion-
ization currents were measured with a vibrating reed
electrometer Cary model 401 and read with a digital
voltmeter. A water phantom was located in front of
the chamber and the thickness of the phantom was
selected by a remote control system. The thickness
was measured with a large micrometer and the value
was read on a TV monitor.

Isodose distribution

In the proton spot scanning system, spatial dose
distributions in the field can be calculated by super-
position of dose distribution for one spot beam in a
given depth. The central axis depth dose distribution
of the spot beam is measured with a small ionization
chamber of 0.004 ml volume. Measurements are
made for unmodulated and modulated beams with

IONIZATION CHAMBER
PARALLEL
PP-1

SPHERICAL
1€-17

CYLINDRICAL
1C-18

R
W

ERTEOIGIN
s

Fig. 2. Ionization chambers used for absorbed dose deter-
minations.

Volume 15, Number 2, 1990

Table.l. Results of absorbed dose obtained by
three different types of ionization chambers.

Chamber-

Gas M (X107 kg) Q(X107'°C) D (cGy/mu)
PP-1-AIR 7.218 2431 1.367
PP-{-TEG 6.303 2.852 +.010 1.376
IC-18-AIR 1.580 0.5380 + .0056 1.382
1C-18-TEG 1.391 0.6312 + .0058 1.379
1C-17-AIR 11.38 3.885 +.017 1.386:
IC-17-TEG 9.982 4.566 =+ .049 1.391

(Wpl&)s = 35.3 J/C, (Wp/eheg = 30.4 JIC

the range modulators of 10, 15, 20, 25, and 30 mm
thick. The lateral dose distributions of the spot beams
for various depth in phantom is also measured with
the chamber. From data obtained for one spot beam
at any depth, we can compute isodese distributions
for desired fields. More detailed calculation method is
described in elsewhere.*

RESULTS AND DISCUSSION

Figure | shows the results of the depth dose dis-
tribution in water which was measured on seven sep-
arate days. The curve was drawn through the mean
value of each point and error bars show a standard
deviation. Bragg peak depth, peak width (FWHM),
peak to plateau dose ratio, and mean range deduced
from the curve were 47.81 + 0.13 mm, 3.31 + 0.09
mm, 5.834 + 0.051, and 38.27 + 0.11 mm, respec-
tively. The estimated incident energy from the mean
range is 67.4 £ 0.2 MeV using the range-energy
table.’

Three different shapes of the ionization chamber
for determination of absorbed dose is shown in Fig. 2.
A parallel plate ionization chamber, made at the
NIRS, has dag-coated Lucite walls (we designated
pp-1). Commercially available ionization chambers,
Model IC-17 and IC-18 (Far West Technology, Go-
leta, CA), are made of A-150 plastic. For these
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Fig. 3. Plot of constancy of the monitor chamber gathered
with room temperature and atmospheric pressure.
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Fig. 4. Depth dose curves for modulated beams and un-
modulated beam.

chambers, two ionization gases were used for ab-
sorbed dose determinations. Table | shows the
chamber to gas combination, mass of the ionization
gas, and the charge collected which was measured at
the entrance plateau for the unmodulated beam.
Using the equation (1), tissue absorbed dose per
monitor unit was calculated and given in the last col-
umn. The value is quite acceptable. The small differ-
ences appearing among the chambers depend on the
chamber shapes in which the proton beams will travel
in the wall material. The absorbed dose values were
confirmed by a proton dosimetry intercomparison
between Japan and USA.®

A plot of the constancy of the thin walled trans-
mission monitor chamber which was checked before
irradiation is shown in Fig. 3. The figure also shows
the results of changes in room temperature and atmo-
spheric pressure at the calibration time. It seems that
the stability is rather good as a proton beam monitor.

In order to obtain desired spread out Bragg peak,
some rotating range modulators were constructed.
Figure 4 shows depth dose curves for the modulated
beams which were obtained with the range modula-
tors of 10, 15, 20, 25, and 30 mm thick. The unmod-
ulated depth dose curve is also shown in the figure for

25me RANGE MODULATOR 15mm RANGE HODULATOR

59

a8

2.8

DEPTH IN WATER/am

[}

z8 L8 e 8 28 e 4.8 (9}

DISTANCE OFF AXIS/cm

Fig. 5. Calculated isodose curve for both 25 (left hand side)
and 15 mm (right hand side) range modulatorsin 6 cm X 6
cm field.

comparison. The thickness of the modulators were
designed for Lucite for which the effective thickness is
equivalent to 1.15 times for water. We have only used
the 25 mm thick range modulator for regular radio-
therapy except for some special requirements.

Figure 5 shows calculated isodose distributions
of the modulated beams for both 25 and 15 mm mod-
ulators. The penumbra is very small because of a
block collimator made of brass. It has been found
that the both calculated and observed isodose curves
agree within 1 mm width at any dose level greater
than 10%.
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A new beam course dedicated to proton radiation therapy was constructed at NIRS (National Institute of Radiological Sciences,
Japan). The vertical beamline, which is assumed to be suitable for radiation therapy, has a scatterer, wobbler magnets, monitor
ionization chambers, a range shifter, a range modulator, a multileaf collimator and other patient-positioning devices. A simulation
program for beam propagation in a beam port was developed in order to estimate beam profiles for any proton radiotherapy beam
course. The results of the beam profile obtained by the simulation program were compared with the experimental results and were

found to be in good agreement.

1. Introduction

Protons are promising for use in radiation therapy
owing to their excellent dose localization, compared to
conventional photon or electron radiation [1,2]. The
excellent dose localization of protons is realized due to
their physical characteristics: to penetrate in materials,
for example, their relatively small degree of multiple
scattering and their small amount of energy-loss strag-
gling are important factors. On the other hand, these
characteristics make it difficult to realize an appropriate
irradiation field size for treatment. Usually, an accel-
erated proton beam with a diameter of several mm is
delivered to the irradiation site. If the beam is injected
without any modulation, it creates a very sharp hot spot
in the irradiated material. For treatment purposes,
therefore, it is necessary to spread the beam uniformly
over a size of about 10 c¢cm in diameter. Such a uni-
formly spread beam should be collimated so as to fit the
shape of the targeted region of the patient. Secondly,
monoenergetic proton beams show a sharp Bragg peak
near the stopping region in the depth dose distribution.
In radiation therapy, it is most important to uniformly
irradiate the target volume in order to reduce any
damage to normal tissue. Therefore, the sharp Bragg
peak should also be spread uniformly over the target
volume. The proton irradiation facility should have the
above-mentioned beam modulation functions, as well as
a precise irradiation dose control function, and a precise
patient-positioning function.

A new irradiation facility for proton radiation ther-

apy with the above-mentioned functions was con-
structed at NIRS (National Institute of Radiological
Sciences), Japan, for the use of 70-90 MeV protons.
This facility was constructed in order to provide a
vertical beam which is suitable for radiation therapy.
Devices to broaden narrow proton beams and to spread
the sharp Bragg peak should be inserted in the beam
course for proton radiation therapy. The quality of the
radiation field, such as the physical penumbra, depends
on the position of the devices in the beam course.

At present, the beam-course arrangement for proton
radiation therapy and the method to spread a narrow
beam and the sharp Bragg peak have not been fixed. So
far, we have not had much experience to construct a
proton therapy facility. Furthermore, it is often neces-
sary to modify the beam course. It would be very useful
if there exists a simulation program which can predict
the beam profile or the best location for a scatterer, a
range modulator or collimators. Although the various
physical processes for describing beam transportation in
a radiation therapy beam course are already clear, de-
signing the geometrical layout of the devices will be
difficult because of the complexity involved.

In this paper we describe our new irradiation facility
as well as the measured physical characteristics of the
facility for proton radiotherapy. Also described is a
program which has been developed for evaluating beam
propagation for many variations of the beam course.
When we improve the irradiation facility, the simulation
program will be a powerful tool to estimate the effect of
any modifications.

0168-9002,/91 /$03.50 © 1991 — Elsevier Science Publishers B.V. (North-Holland)
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2. General description of the proton facility

The proton irradiation facility was constructed in the
same room as the neutron radiation therapy facility [3].
The room is on the first basement of the NIRS cyclotron
facility. The distance from the level of the horizontal
beamline on the first floor to the floor level of the
treatment room is about 4 m. The radius of curvature of
the 90° bending magnet is 1.25 m. The irradiation site
was set 1.0 m above the floor. The length of the straight
section between the scatterer and the irradiation site,
where it is possible to set beam-modifying devices, is
only 2.79 m. Fig. 1. shows a conceptual layout of the
vertical proton beamline.

The vertical beamline comprises four parts: (1) de-
vices to produce uniform irradiation fields; (2) a depth
dose modification device; (3) irradiation dose monitors;
and (4) patient-positioning devices.

To broaden the proton beam uniformly, we have
adopted a wobbler scanning method which was origi-
nally developed at Lawrence Berkeley Laboratory [4]. A
scatterer and a pair of scanning magnets are used to
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Fig. 1. Schematic illustration of the vertical beam course for
proton radiation therapy.
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Fig. 2. Depth dose distributions for the spread Bragg peak of

70 MeV protons. The solid and dashed curves are the results

for the cases of 15 and 30 mm width spreads of the Bragg
peak, respectively.

broaden the beam uniformly. A multileaf collimator is
used to produce irregular fields. The multileaf collima-
tor comprises 12 leaves on each side; the width of each
leaf is 10 mm. With this multileaf collimator, an irregu-
lar field can be formed in steps of 1 cm. The aperture of
the multileaf collimator can be controlled, even during
irradiation, in order to realize three-dimensional irradia-
tion [5].

In order to spread the Bragg peak a rotating range
modulator was used [6]. For a 70 MeV proton beam, the
range step for modulation is about 1 mm of water in
equivalent thickness. The range modulator has 8 fan-
shaped leaves which are fixed in a large wheel rotating
at between 100 and 250 revolutions per minute. At this
rotational speed the Bragg peak is swept between 13
and 33 times per second in the depth direction. Fig. 2
shows the results of the depth dose distribution for a
Bragg-peak spread of 15 and 30 mm for 70 MeV pro-
tons. The 30 mm range modulator is made of aluminum
in order to reduce the height of the ridge. The 15 mm
range modulator is made of Lucite. The range shifter is
used for adjusting the depth of the distal end of the
spread Bragg peak. The range shifter comprises 7
aluminum sheets, each 0.25 to 16 mm in thickness. The
range in the patient’s body can be adjusted in steps of
0.53 mm owing to the stopping power ratio of aluminum
and soft tissue.

This vertical beamline has three ionization chambers
for monitoring both the irradiation dose and the beam
profile. A multiwire ionization chamber is used for
monitoring the beam profile. Two parallel-plate ioniza-
tion chambers are used for monitoring the irradiation
dose.

A laser marker and a TV camera are used for pa-
tient-positioning. With the TV monitor we can see the
target marker on the beam’s eye view.
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3. Single-radius beam wobbling

At LBL the wobbling radius of the beam is changed
during treatment in order to reduce the thickness of the
scatterer [7]. For heavy-ion radiotherapy at LBL, energy
losses in the scatterer are relatively large when obtain-
ing appropriate scattered beams. Further, the use of a
higher incident energy of heavy ions causes larger frag-
mentations in the scatterer and worse depth dose distri-
butions. For the beam wobbling of multiple radii, how-
ever, uniform irradiation fields are not realized unless
the doses are delivered in wobbled beams of all radii
that are scheduled. Therefore, if the patient moves
during irradiation, dose uniformity in the patient would
not be maintained. In the case of proton radiotherapy,
the energy loss in the scatterer is not so serious com-
pared to the case of heavy ions. In order to improve the
defect of the multiradius wobbler method, single-radius
beam wobbling has been adopted. In this method a
uniform irradiation field can be obtained in a period of
beam wobbling when using the appropreate ratio of the
radius of the circulating beam and the standard devia-
tion of the scattered beam deflection. The optimum
radius of beam wobbling is about 1.1 times the standard
deviation of the scattered beam deflection, which is
assumed to be Gaussian.

A golden scatterer of 0.1 mm thickness is used for a
70 MeV proton beam in order to obtain a large radia-
tion field which is 140 mm in diameter. The energy loss
in the scatterer is about 1 MeV. The range is reduced by
abcut 1 mm because of the scatterer.

The physical specifications of the wobbler magnets
are shown in table 1. By using this wobbler system it is
possible to obtain a uniform field in 40 ms if the beam
current is constant during this interval. In a typical
treatment the beam current is about 25 nA. The dose
rate in this case is about 1 Gy/s second. This means

Table 1

Physical specifications of the wobbler scanning magnets
Magnetic rigidity 1.3661 Tm

Pole length 200 mm

Gap size 60 mm

Frequency 0-25 Hz

Inductance 4.5 mH

Maximum current 200 A

No. of turns 58

that the beam circulates 250 times in an irradiation of
10 Gy.

Fig. 3 shows a typical example of the transversal
intensity distribution for an optimized irradiation field
which was obtained by measuring the blackening of
X-ray films. The lower intensity at the central part
results from a larger radius of beam wobbling than for
the case displayed in the figure; the smaller size of the
irradiation field results from a smaller radius of beam
wobbling. The ratio of the number of protons used in a
uniform irradiation field to the total number of protons
transported to the scatterer is about 26%.

In the case of the wobbler method, it is easy to tune
the beam before a treatment. During beam tuning, the
scatterer, range modulator and range shifter are re-
moved and the wobbler magnets are turned off. To
confirm the beam image, an intensifying screen for
X-rays is placed at the isocenter. The transport line is
tuned so as to focus the beam onto the screen. After
tuning the transport line, a uniform irradiation field is
obtained by only putting a regular scatterer and exciting
the wobbler magnets. In the case of the beam flattening
method, which uses double scatterers and an occluding
ring [8], any misadjustment of the beam profile at the
occluding ring causes a great deviation in the flat radia-
tion field at the isocenter. It therefore takes a longer
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Fig. 3. Typical example of the transversal intensity distribution of an optimized irradiation field of maximum size.
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time to tune the beam for radiation therapy than when
using the single-radius wobbler method.

4. Simulation program for beam propagation

It usually requires much work to change the arrange-
ment of the beamline. After doing so, a large amount of
checking of the physical characteristics of the beamline
must be carried out before any radiation treatment is
performed. It is therefore very important to develop a
computer program which can estimate the dose distri-
bution for any type of irradiation facility. The principal
purpose of the developed simulation program is to
estimate the beam profile for any beamline configura-
tion. The program should be capable of answering

questions as to where is the best location to place the .

range modulator, the range shifter or the collimator for
eliminatinging useless scattered particles; it must also
deal with the question as to how large is the penumbra
of the radiation fields for any beam port configuration.
There already exist many programs describing beam
development in an electromagnetic beam transport line;
we have therefore restricted our program to the beam
irradiation system. Therefore, in this program, for a

|
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Fig. 4. Block diagram of a Monte Carlo calculation regarding
beam propagation in the proton radiation therapy course.
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Fig. 5. Beam profile at the isocenter. A 30 mm range modula-
tor and a 6 X 6 cm? square field collimator were used. The solid
curve and the dashed histogram represent experimental mea-
surements by X-ray film and the result of a Monte Carlo
simulation, respectively.

given beam condition at the exit of the beam transport
line (which is the entrance of the beam irradiation
system) the beam profiles at the isocenter are calcu-
lated. In order to take into account the complex geome-
try of the collimator, or the entrance beam profile, it is
almost impossible to calculate the beam profile analyti-
cally. A Monte Carlo simulation method was therefore
used to estimate the beam profile. The Monte Carlo
code was written with recourse to Berger’s textbook [9].

As described in the former section, the irradiation
system comprises a pair of wobbler magnets, a scatterer,
collimators, a range modulator and dosimetric moni-
tors. Using the wobbler magnets the particles are kicked
so as to have a circular trajectory at the isocenter. When
the beam passes through the other materials of the
devices as well as free air — the flight path between the
devices — the particles experience both energy loss and
multiple scattering. The physical processes which are
taken into account in this program are: (1) the energy
loss in various materials and (2) multiple scattering in
these materials. In a preparatory program the beam
path in the irradiation system was divided into small
slabs. The injecting and ejecting energies of the beam
for each slab were calculated by the Bethe formula, in
which the values of the average ionization potentials
were those reported in the ICRU report [10]. Energy-loss
straggling was neglected in the calculation. The angular



distribution, 4y (w), of the multiple scattering in each
slab was calculated according to Moliére’s theory, as

follows:
Ay(w)w do=/sin w/wf d6 {2 exp(—0?)
+fD(8)/B+1P(6)/B},
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where w is the deflection angle and § is the reduced
scattering angle defined as 8 = w/(x /B ). Further, f®
and @ are numerical functions tabulated by Bethe
[11]. x. and B are parameters defined in Berger’s
textbook [9]. The cumulative probability distribution for
each slab was deduced by integrating the angular distri-
bution. These cumulative probability distributions of
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Fig. 6. Results of a Monte Carlo simulation for the 70 MeV proton beams in the proton radiation therapy course. The dotted, solid
and dashed histograms represent results for the intensity distribution 10 cm upstream from the isocenter, at the isocenter and 10 cm
downstream from the isocenter, respectively. (a) Results without the range modulator, (b) results with the 15 mm range modulator, (c)

results with the 30 mm range modulator.
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the deflecting angle were tabulated for all slabs in the
preparatory program.

A Monte Carlo simulation was performed which
generated histories at the entrance of the beamline. The
beam characteristics, such as the beam profile and the
angular distributions, can be taken into account in the
program. Regarding the propagation of each step, the
histories are pursued by a random-walk looking up of
the accumulated probability distribution of multiple
scattering. Then, the particle drifts to the next step with
a kinematically determined angle. Regarding the free
drift during each step, the history is terminated if a
particle hits the collimator. The calculation procedure is
briefly outlined in fig. 4.

5. Results and discussions

Experimental beam profiles were obtained by expos-
ing X-ray films and measuring their blackening density.
Fig. 5 shows the results of the beam profile at the
isocenter. The radius of beam wobbling and the thick-
ness of the scatterer were set so as to produce a uniform
field of 140 mm in diameter (fig. 3). The uniform field
was collimated to a 6 X 6 cm® field with the multileaf
collimator. The 30 mm thick range modulator was used
to spread the Bragg peak. The histogram in the figure
shows the result of the Monte Carlo calculation for the
corresponding case. As shown in the figure, the Monte
Carlo calculation satisfactorily agrees with the experi-
mental results of the beam profile. In fig. 6, the results
of the Monte Carlo calculations are plotted for uniform
radiation fields collimated to a 6 X 6 cm square field by
the multileaf collimator. The solid, dotted and dashed
histograms represent beam profiles at the isocenter as
well as 10 cm higher and 10 cm lower than the iso-

center, respectively. Figs. 6a, b and c¢ show the results’

obtained without the range modulator and with the 15
mm and the 30 mm range modulator, respectively. As
shown in fig. 6, the results of the Monte Carlo calcula-
tions show the general characteristics of the beam port
for proton radiation therapy. The amount of beam
divergence and the physical penumbra for a beam using
a thicker range modulator are much larger than those
for a beam using either a thinner modulator or even no
range modulator.

The exposures for the unit monitor output at three
heights on the central beam axis (i.e. at the isocenter, 10
cm upstream and 10 cm downstream from the iso-
center) were measured using a parallel-plate ionization
chamber. Fig. 7 shows the change in the dose rate due
to the height of the measured locations for the case of
the 30 mm range modulator. The vertical axis shows the
inverse square root of the measured ionization charge.
The measured data fell on a straight line within the
region displayed in the graph. The point at which this

Ay
AV

i I 2l

B i i
DISTANCE FROM ISOCENTER (cm)
Fig. 7. Inverse square root of the dose rate versus the distance
from the isocenter for the case of the 30 mm range modulator.

INVERSE SQUARE ROOT OF IONIZATION

line crosses the horizontal line is at about —200 cm.
This means that the dose rate decreases as the inverse of
square of the distance from a virtual focal point 200 cm
upstream from the reference point. The position of the
scatterer or the wobbler magnets is more than 2.8 m
upstream from the reference point. The downward dis-
placement of the virtual focal point from the position of
the scatterer is caused by scattering in the range mod-
ulator. The position of the virtual focal point therefore
moves up and down for the various range modulators.
Actually the virtual center of the beam divergence
without the range modulator and with the 15 mm range
modulator was about 225 cm upstream from the iso-
center. This is due to the fact that the amplitude of
multiple scattering in the 30 mm range modulator was
much larger than that in the 15 mm range modulator.
In fig. 8 the field size is plotted against the height of
the measured point. The open squares, triangles and
circles indicate the experimental results without the
range modulator and with the 15 mm and the 30 mm
range modulator, respectively. The solid marks indicate
the results of Monte Carlo calculations for the cases of
the corresponding open marks. For the cases of no
modualtor and the 15 mm range modulator, the results
of Monte Carlo calculations coincided with the experi-
mental results. The experimental results shown in fig. 8
fall on straight lines. All of the lines cross the horizontal
axis, which corresponds to a field size of 60 mm at
around —23 cm. The multileaf collimator was placed at
this location. The slope of the lines is steeper for the 30
mm range modulator than that for the 15 mm range
modulator. The slopes for no range modulator and the
15 mm modulator were not different from each other.
The size of the physical penumbra is plotted against
the height of the measured point in fig. 9. The distances
from the 80% dose level to the 20% dose level were
taken as the physical penumbra. The experimental re-
sults fell on lines which intercepted the horizontal axis
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Fig. 8. Field size versus the distance from the isocenter. A 6X6

cm? field collimator was used. The open circles, squares and

triangles represent experimental results without the range mod-

ulator and with the 15 mm and 30 mm range modulators,

respectively. The closed circles are the results of a Monte Carlo

simulation. The simulation results were similar for the three
cases of range modulators.

at —23 cm. This location is the same collimator posi-
tion as in the case of the field size. Just as in the case of
the ficld size, the slopes were the steeper for the thicker
range modulator.

Regarding the case of small irradiation fields, such
as used in eye treatments, the physical penumbra was
too large to use. In this case, a small collimator (which
can be set very close to a patient) is used to define the
final irradiation fields. The physical penumbra for these
cases were examined, as shown in fig. 10. The 30 mm
range modulator was used in these measurements. If the
physical penumbra is less than 1.5 mm, the small col-
limator must be set 1 cm from the patient.

In order to realize a sharp edge for the irradiation
fields by the wobbler method, it has been found that the
ratio of the distance from the range modulator to the
collimator to the distance from the collimator to the

PHYSICAL PENUMBRA (P80/20 mm)

DISTANCE FROM ISOCENTER (cm)

Fig. 9. Physical penumbra, which is defined as the distance
from the 80% dose level to the 20% dose level, versus the
distance from the isocenter.
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the collimator. For small irradiation fields, the distance from
the collimator to the patient is as small as possible in order to
reduce the physical penumbra.

isocenter should be large. On the other hand, if the
range modulator is placed very far upstream of the
beamline, the doses at the proximal part of the spread
Bragg peak are reduced due to scattering by the thicker
part of the range modulator. Therefore in designing the
range modulator we must consider the dose reduction
due to multiple scattering in the range modulator, which
can usually be neglected. It is therefore very important
to simulate the beam profile when designing either the
range modulator or the layout of the beamline.
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An ultra high energy neutron facility was constructed at PARMS, University of Tsukuba, to
produce a neutron beam superior to an X-ray beam generated by a modern linac in terms of dose
distribution. This has been achieved using the reaction on a thick uranium target struck by 500 MeV
proton beam from the booster-synchrotron of High Energy Physics Laboratory. The percentage depth
dose of this neutron beam is nearly equivalent to that of X-rays at around 20 MV and the dose rate of 15
¢Gy per minute. Ralative biological effectiveness of this neutron beam has been estimated on the cell
killing effect by the use of HMV-I cell line. Resultant survival curve of cells after the neutron
irradiation shows the shoulder with n and Dq of 8 and 2.3 Gy, respectively. RBE value at 10-2 survival
level for the present neutron, compared with 3Cs y-rays is 1.24. The result suggests that the biological
effects of high energy neutrons are not practically large enough whenever the depth dose distribution
of neutrons becomes superior to high energy linac X-rays.
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REPAIR OF SUBLETHAL AND POTENTIALLY
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CELL CARCINOMA CELLS FOLLOWING MIXED
NEUTRON AND X-RAY IRRADIATION:
RELEVANCE TO EARLY CF-252 IMPLANT
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The effects of mixed neutron—photon irradiations on the cultured murine squamous cell carcinoma
$g-1979 cells were studied. Neutrons were produced by the NIRS cyclotron by bombarding 30 MeV
deuterons on a beryllium target and photons were 200 kVp X-rays. The cells were irradiated with
split-dose schedules to investigate SLD repair. Time-recovery curves were obtained in 4 irradiation
schedules, i.e., X~X, X~N, N-X, N-N, using X-ray and neutron doses of 6 Gy and 4 Gy respectively.
SLD repair was maximal following split X-ray doses. The use of mixed beams inhibited the repair of
sublethal damage and this inhibition was maximal for two neutron doses. Mixed beam irradiations
(X-N or N-X) given with a treatment interval of 3 hrs inhibited SLD repair. At a treatment
interval of 22 hours N-X and N-N regimens continued to demonstrate a synergistic effect. The X-N
regimen lost the synergism within 22 hours, but N-X continued to show the synergism. PLD repair
was also inhibited by neutron irradiation. The results indicate that the synergistic effect between Low-
and High-LET mixed beam may be related to the cellular capability for repairing SLD and PLD and
that the use of neutrons as the priming or first dose had a much greater and prolonged effect.

INTRODUCTION

Repair of the sublethal damage (SL.D) has been observed in cells irradiated with
photons® while this type of repair is non-existent or minimal®>” in cells irradiated
with high-linear energy transfer (LET) radiation such as neutrons. Other
biological effects of High-LET radiations include lower OER,®° inhibition of
PLD repair,'®" large RBE, and minimal dependency of radiation sensitivity on
cell cycle.’*'* These biological features favor use of High-LET radiations for
radiotherapy for malignant tumors. It has been reported, however, that High-
LET radiations can cause higher rates of normal tissue injury’>'’ compared to
low-LET photons. Mixed Low- and High-LET radiation therapy was proposed to
reduce this problem and was tested in the U.S.A. and Japan.'®' Likewise,
Cf-252 has been used with success for radiotherapy.? Its radiations are mixed and
Cf-252 is used in mixed sequences with photon therapy, but the sequence can
greatly affect outcome.

The biological effects of mixed beam irradiation have been studied by
Barendsen et al. who reported that the killing effects on cells by mixed

47
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alpha-particles and X-rays were synergistic.>! In contrast, cell killing by mixed
neutrons and X-rays?® and mixed Neon particles and X-rays®® were additive. The
results of Railton et al.* and Durand and Olive** show that SLD repair in cells
irradiated with mixed neutrons and X- or gamma-rays at intervals of 3 or 4 hours,
was inhibited regardless of the sequence of the irradiations. Ngo et al.” reported
that the synergistic effect on cell killing between mixed Neon particles and X-rays
was lost when the fractionation interval between both irradiations was prolonged.

These results suggest that the synergistic effect between the two mixed
radiations is related to effects on the capability of cells to repair SLD.

We investigated the effect of mixed radiations using 6 Gy of photons and 4 Gy
of neutrons since these doses are isoeffective.”® Fractionated irradiations were
carried out using X-rays, neutrons, and mixed neutrons and X-rays, and the
kinetics of SLD repair were investigated.

MATERIALS AND METHODS
Cells and Culture

Cell Culture: 8q-1979 (derived from C3H mouse squamous cell carcinoma) cells
were cultured in Eagle MEM medium supplemented with 10% fetal calf serum at
37°C in 95% air and 5% CQO,. The population doubling time of cells was about 14
hours and plating efficiency for colony formation was 30-50%.

Preparation of Sample: Exponentially growing cells were trypsinized with
trypsin-EDTA solution and resuspended in complete medium. Cells were plated
in plastic flasks (Falcon #3012) and incubated in a CO,-incubator for 2-3 hours
at 37°C to allow attachment to the flask. After irradiation with X-rays or
neutrons, cells in the flasks were incubated to allow the colony formation,

For experiments of PLD repair we used cells in the density-inhibited stationary
phase. Immediately after irradiation cells were incubated in air plus 5% CO,.
After various post-irradiation times, cells were trypsinized to a single cell
suspension and seeded to assay viability using colony formation assay.

Irradiation

X-rays: An X-ray unit (Shimazu, Shin-ai #259) was operated at 200 kVp and
20 mA with 0.5 mm Cu plus 0.5 mm Al filter (H.V.L. =1.2mm Cu.) at a source
surface distance of 50 cm. Dose rate was 1.0 Gy/min. Samples were irradiated on
a rotating table at room temperature.

Neutrons: Thirty MeV deuterium-on-beryllium fast neutron beams produced
by the NIRS cyclotron were used. Two lucite plates (10 mm thick) each were
placed above the samples. Dose rate was about 0.7 Gy/min (0.1 ml ionization
chamber, EG & G) at room temperature.

RESULTS

1) Cell Survival After X-rays or Neutrons Irradiation:

Survival curves were fitted to the linear-quadratic (LQ) model in the low dose
region (0-9 Gy for X-rays; 0-6 Gy for neutrons) and the multitarget model in the
high dose region (9-15 Gy for X-rays; 5-9 Gy for neutrons) (Figure 1). RBE was
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3.72 at 90% survival level, 2.03 at 50%, 1.52 at 10% and 1.45 at 5%, respectively.
D, was 1.38 Gy and n was 20 for X-rays; for fast neutrons, D,=0.81 Gy and
n=>52. By the LQ model for X-rays, a=0.035Gy™"; 8=0.039 Gy ?; for
neutrons, a =0.299 Gy~ ! and 8 =0.038 Gy™2.

2) PLD Repair of Cells Irradiated with X-Rays or Neutrons:

5q-1979 cells in the stationary phase were exposed to 12 Gy of X-Rays or 8 Gy of
neutrons. Single dose survival curves showed that these doses were isoeffective.
After irradiation, the cells were incubated up to 8 hours.

Results are shown in Figure 2. The surviving fractions of cells exposed to
neutrons were nearly constant during the incubation period for 8 hours. The
survival of cells irradiated with X-rays and incubated for 2 hours was two times
higher compared to survival of cells plated immediately after irradiation,
indicating that these cells repaired PLD.
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FIGURE 1 Dose effect—survival curves of 8g-1979 cells vs various doses of NIRS cyclotron-

produced 30 MeV (d* — Be) neutron, and 200 KVp X-rays. Curves were fitted by linear-quadratic

model for low dose level, i.e., 0~9 Gy for X-rays, and 0~ 6 Gy for neutrons, and by multi-target

model for high dose level, i.e., 9~ 15 Gy for X-rays, and 5~ 9 Gy for neutrons. From Majima® with
permission of Nippon Acta Radiol.
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FIGURE 2 Repair of potentially lethal damage (PLD) in S$q-1979 celis. The cells were irradiated

with 200 kVp X-rays (12 Gy) or NIRS 30 MeV (d"— Be) neutrons (8 Gy) in the density inhibited

stationary phase of growth and subcultured up to 8hrs after the exposure. The bars indicate the
standard deviations. From Majima® with permission of Nippon Acta Radiol.

3) Repair of SLD in Cells Following Irradiation by X -rays, Neutrons and Mixed
Neutrons and X -rays:

Split-dose experiments were carried out in 4 irradiation schedules: (1) The D,
priming radiation and the second D, test dose were X-rays (X-X), (2) X-rays
and neutrons (X-N), (3) neutrons and neutrons (N-N) and (4) neutrons and
X-rays (N-X). Six Gy of X-rays and 4 Gy of neutrons were given. Figure 3 shows
the time-survival curves for SLD repair in the 4 irradiation schedules.

Following X~X irradiation, cell survival rose rapidly, reached a maximum at 3
hours and became constant at 10 hours. Following N-N the recovery curve
showed no peak at 3 hours. The survival at 22 hours was lowest in this schedule
compared to those in the other 3 irradiation schedules. The survival at 30 hours in
the N-N schedule was about 30% of that in the X-X schedule.

The shape of the recovery curve in the X-N schedule was similar to that in
the X-X schedule but the peak at 3 hours was smaller than the peak in the X-X
schedule. Survival increased with increasing time intervals from 5 hours to 22
hours, and reached almost the same level as in the X—X schedule at 22 hours.

There was no rise in survival at 3 hours in the N-X schedule. Survival
increased very slowly with increasing time to 22 hours.
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FIGURE 3 Spilt-dose experiments with Sq-1979 cells. Iso-effect dose, i.e., 6 Gy for 200 kVp X-rays

and 4Gy for 30MeV (d*—>Be) neutrons, were chosen for each fraction of doses. The survival

changes in four groups, X-X (O), X-N (@), N-X (4), N-N (A), were obtained as a function of

various time intervals. Short dashed line shows theoretical full level of SLD repair. From Majima®
with permission of Nippon Acta Radiol.

4) Dose Survival Curves Following the Second Dose Given 3 or 22 Hours After
Priming Dose:

Dose survival curves to the second dose were studied at 3 or 22 hours after the
first priming dose® (Figures 4, 5). D; of 6 Gy X-rays or 4 Gy of neutrons were
followed by graded doses of X-rays or neutrons. Two hypothetical curves are also
presented in the figures: one is the curve for cells which fully repaired SLD and
the other is the curve where cells did not repair SLD. In the X + N, N+ X and
N+ N schedules with a 3 hour interval (Figure 4), the experimental points fell
between these two hypothetical curves. The 22 hour survival curves following a
D, of X-rays showed complete repair while those following a D; of neutrons
demonstrated a persistent defect and deficiency for SLD repair. Cells were
irradiated with a priming dose of 6 Gy X-rays or 4 Gy neutrons and received
graded test doses of X-rays or neutrons (X + N or N + X) as shown for 22 hours
in Figure 5. The survival curve for the N + X schedule was steeper at 22 hours
after neutrons than after initial irradiation with X-rays.

The data show that after the priming X-radiation exposure, SLD repair
capacity was intact and cellular recovery complete. After the priming neutron
irradiation, recovery and SLD repair were always incomplete and fell below the
full recovery curves. The neutron SLD lesions were still present 22 hours later
(Figure 5). Similar observations have been noted by others.”>**
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FIGURE 4 Survival data of 5q-1979 cells irradiated with graded test doses of neutrons or X-rays

with 3 hrs. incubation after priming exposure of X-rays (6 Gy) or neutrons (4 Gy). Long dashed lines

show theoretically defined curves for full repair, and dotted lines indicate no repair. The bars indicate
the standard deviations. From Majima® with permission of Nippon Acta Radiol.

DISCUSSION

The RBE of fast neutrons produced by the NIRS c7yclotron varied between
1.45-3.72 depending on the size of dose per fraction.*”*® The survival curve of
Sq-1979 cells irradiated with X-rays had a wide shoulder in the low dose region.
There was a narrow shoulder in the survival curve for neutrons for these cells.
Damage produced in Sq-1979 cells by X-rays were of the SLD type and
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FIGURE 5 Survival data of $q-1979 cells irradiated with graded test doses of neutrons or X-rays

22 hrs incubation after priming exposure of X-rays (6 Gy) or neutrons (4 Gy). Long dashed lines show

theoretically defined curves for full repair, and dotted lines indicate no repair. The bars indicate the
standard deviations. From Majima® with permission of Nippon Acta Radiol.

repairable when X-rays were the priming dose for the 4 irradiation schedules.
Repair was complete after X-irradiation. Survival after the second irradiation
depended on the initial radiation and the test irradiation schedule (X + X, X + N,
N+ X, N+ N), providing that adequate time for SLD repair was allowed. When
X-ray was the priming radiation in the mixed beam irradiation, full or partial
repair was observed at 3 hours.

When the priming dose was neutrons there was no SLD repair. It is well known
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that SLD damage produced by neutrons are not repaired.>”'' When neutrons
were the priming radiation no survival peak was observed at 3 hours. When
neutrons were the priming radiation the survival to graded doses of X-rays was
between the theoretically defined curves for full repair and no repair for at least
22 hrs. These results indicate that the effects on cell survival of mixed beam was
synergistic but the magnitude of this synergism depended on the LET of the
priming radiation, the time interval of the split doses and the type of second
radiation.

When neutrons were given first, the rise in survival i.e., SLD repair, was not
observed and survival increased only slowly with time. This indicates that the
SLD produced by neutrons was repaired at a slow rate and with low efficiency
compared to photon-induced SLD repair. The slow increase in survival may be
partially due to cell repopulation. The present results indicate that SLD repair
following initial neutron irradiation could be greatly inhibited for long periods of
time.

PLD repair® was observed in Sq-1979 cells irradiated after X-rays (Figure 2)
but no PLD was observed after neutrons (Figure 2). This indicates that PLD in
Sq-1979 cells was repaired after Low-LET radiation but no repair occurred after
neutrons. Similar results have been reported for neutrons by Gragg et al.*® and
for Cf-252 by Schroy et al.*!

Figure 4 shows the survival of cells irradiated with graded test doses 3 hours
after the priming exposure. The slope of the survival curve following graded
neutron doses given immediately after a X-ray dose of 6 Gy were steeper and
indicates that the effects of mixed irradiation with the two different radiations
were synergistic. Railton et al.* investigated the survival curves of cells after
simultaneous irradiation with a beam with X-rays to High-LET ratio of 50% :50%
or 75%:25%. Their results showed that the steepness of the survival
curves was increased and the width of the shoulder reduced with increasing
proportion of High-LET radiation. Ngo et al.” reported that the steepness of the
survival curve of cells irradiated with 50%:50% mix was greater than that
obtained by assuming that the effect on cell killing was additive.

In the present studies, when cells were exposed to mixed X-rays and neutrons
the cell killing effect by the mixed radiations was synergistic. Railton er al.* and
Ngo et al.? observed that the survival curve was steeper with increasing
proportion of High-LET radiation in the total dose from the two radiations.

The results in the present experiments indicate that the survival of cells
irradiated with mixed X-rays and neutrons changed according to the proportion
of high-LET and low-LET radiations, the type of initial radiation, the time
interval between 2 doses and the radiation dose. The damage produced by X-rays
was not independent of those by neutrons i.e., they were synergistic. The
independence of damage produced by each radiation increased with an increase
in the time interval between the split doses, up to 22 hours, and a priming
neutron dose greatly inhibited the repair of SLD to subsequent X-rays. The SLD
produced by the priming X-rays were least repairable when the high-LET
irradiation followed X-rays in the split schedule.

We conclude that:

1) No PLD repair was observed in cells exposed to neutrons.

2) SLD induced by neutrons repaired only slowly.

3) SLD repair was incomplete after neutrons for at least 22 hours (when the
neutrons were given first).
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Mixed X-rays and neutrons produced:
1) Synergistic cell killing if two doses were given with an interval of 3 hrs.
regardless of the priming radiation.

2) Synergistic cell killing, when neutrons were the priming radiation were
observed for treatment intervals up to 22 hrs.

These results are highly pertinent to the clinical experiences using Cf-252

neutrons.”® There, up-front neutrons followed by fractionated photon therapy
produced much better results than delayed boost neutrons.* The synergism
between neutrons and photons used in the early implant schedule was supported
by the finding of a long-lived suppression of SLD and PLD repair induced by the
initial high-LET neutron treatment. This synergism between neutrons and
photons may have contributed to increase the efficacy of subsequent photon
irradiations in clinical Cf-252 radiotherapy trials.*
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Chromosome Aberration Frequencies Produced
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MATSUBARA, S., OHarA, H., HiraoKkaA, T., KOIXE, S.,
ANDO, K., YAMAGUCHI, H., KUWABARA4, Y., HOSHINA, M.,
AND Suzuki, S. Chromosome Aberration Frequencies Pro-
duced by a 70-MeV Proton Beam. Radiat. Res. 123, 182-191
(1990).

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 ~ rays. However, irradiation at greater depths
with the spread-out Bragg peak induced higher aberration fre-
quencies at doses lower than those with v 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, Inc.

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-
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Copyright © 1990 by Academic Press, Inc.
All rights of reproduction in any form reserved.

182

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-
munm 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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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 sample 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-m! 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 I-mm aluminum scattering foil. The plastic tube was 2 ¢cm long,
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.

Dose-response relationships at various depths. lIrradiation was per-
formed to obtain the dose-effect 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 5-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

TS SR T T
10 20 30 40
Depth in Lucite (mm}

VIS STV SN S TS S S € T S S |

FIG. 2. Depth-dose distribution ofa 70-MeV proton beam in a 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 dose-averaged LET values of the 70-MeV 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.¢., 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 thé 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, Slide Preparation, and Chromosome Analysis

After irradiation, the blood was cultured in 5 ml RPMI-1640 culture
medium with | ml fetal bovine serum after the addition of 0.2 ml phytohe-
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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 1
Distributions of Dicentrics and Rings among the Cells Irradiated 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 1 2 3 4 5 6 7 cell) + SE Py U
0.1 600 4 596 4 0.007 £ 0.003 0.99 -0.10
' 2 (598) 2) (0.003 + 0.002) (1.00) (~0.04)
5 4 396 4 0.01 % 0.005 0.99 -1.23
02 400 © @) (© © — -
0.5 300 12 288 12 0.04 £ 0.01 0.96 -0.47
: 2) (298) (2) . (0.007 + 0.005) (1.00) (—0.06)
1.0 300 18 282 18 0.06 + 0.01 0.94 -0.72
: @) (296) 4) (0.013 £0.007) (0.99) (—0.14)
20 100 36 70 25 4 1 0.36 + 0.06 1.04 0.29
. (7N 93) (@) 0) ) (0.07 £ 0.03) (0.94) (—0.46)
10 100 60 55 32 11 2 0.60 + 0.08 0.98 -0.14
: (10) (90) (10) ()} ©) (0.10 £ 0.03) (0.91) (—0.68)
40 100 96 38 35 21 5 1 0.96 + 0.09 0.92 -0.5
. (18) (84) (14) 2) 0) (1) (0.18 + 0.04) (1.05) (0.37)
6.0 100 206 9 29 34 13 8 4 3 2.06 £0.14 0.95 0.36
’ (32) (70) (28) 2) ) ©) ©0) ) (0.32 £ 0.05) (0.81) (-1.30)
8.0 50 162 0 4 15 12 7 8 4 324 £0.21 0.65 ~1.73
. (27) (28) (18) 3) () 0) ©0) 0) (0.54 £ 0.10) (0.92) (-0.41)

¢ Centric and acentric rings in parentheses.

magglutinin (PHA, M-type). The cultures were incubated at 37°C for48 h
and Colcemid (demecolcine) was added at a final concentration of 0.5
ug/mlat 24 h after the start of incubation. The harvested lymphocytes were
treated with a hypotonic solution of 0.075 M KCI 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 fluorescence plus Giemsa staining
was also employed using 4.0- and 6.0-Gy-irradiated and nonirradiated
control blood (/6). For these 48 h of culture, 5-bromodeoxyuridine (BrdU)
and Colcemid were added at the start of incubation and 24 h before har-

TABLE 11
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 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
0.1 450 6 444 6 0.013 + 0.005 0.99 -0.18
’ (1 (449) (H (0.002 £ 0.002)  (1.00) )
0.2 400 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
: 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) ) (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) ) 0) (0.050 + 0.022) (0.96) (—0.32)
3.0 100 68 50 35 13 1 i 0.68 +£0.08 0.98 —0.14
: (12) 88 (12) © (0 (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) ) 0) (0.17 £ 0.04) (1.08) (0.59)
6.0 100 199 7 31 34 16 9 2 { 1.99 +0.12 0.73 ~1.85
- (22) (78  (16) (6 (0 (O (O (O (0.28 + 0.06) (1.16) (1.16)
8.0 —

@ Centric and acentric rings in parentheses.
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TABLE III
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 1 2 3 4 5 6 789 cell) = SE 1Y U
o1 550 9 541 9 0.016 + 0.005 0.99 -0.26
. 2 (548) (@) (0.004 £0.003)  (1.00)  (—0.04)
02 400 14 387 12 1 0.035 + 0.006 .11 1.62
- ©) (394) 6) 0) (0.015 £0.006) (0.99) (-0.19)
05 200 17 185 13 2 0.09 = 0.02 1.16 1.60
) ®)] (195) [®)] ©) 0.025 £ 0.011) (0.98) (-0.22)
10 200 32 169 30 1 0.16 + 0.03 0.91 -0.97
: (@) (193) (@) (0) (0.035£0.013) (097) (-0.33)
20 100 46 62 31 6 i 0.46 £ 0.07 0.94 ~0.43
- [©)] ©n 9 (0) 0) (0.09 + 0.03) 0.92)  (-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)  (0.87) (~0.96)
40 100 113 31 37 22 8 2 1.13£0.10 091 —-0.64
. (19) @1y (19 (© © (0 (0.19£004)  (0.82) (-1.31)
60 100 197 8 28 34 22 6 1 1 1.97 £ 0.11 0.67 -2.35
. (20) 82) (16) @ © (© (0 (0 (020 £005)  (1.01) 0.07)
8.0 100 353 0 7 27 26 16 10 6 323 3.53%£0.19 0.98 -0.14
: (61) (60) (23) (14 () (1) (©) © (0)(0)(©0) (0.61+009)  (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-
lated beam, indicated by another arrowhead in Fig. 2. A solid line indicates
the dose~response relationship due to **Co « 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 depths of 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. 1 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 IV
Distributions of Dicentrics and Rings among 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
0. 530 O G50 O © — —

N 7 493 7 0.014 + 0.005 0.99 -0.21
02 20 © (500 () © — —
03 400 9 392 7 { 0.02 £ 0.01 1.20 3.04

) 2) (398) 2) ) (0.005 + 0.004) (1.00) (—0.05)
0s 300 12 288 12 0.04 £ 0.01 0.96 ~0.47

. (2) (298) 2) (0.007 + 0.005) (1.00) (—0.06)
10 200 20 182 16 2 0.10 £ 0.02 .11 1.08

: 3) (197) 3 O 0.02 2 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) 0.97) (—0.25)
3.0 100 62 52 37 8 3 0.62 + 0.08 0.94 -0.43

- 9) on  © O O (0.09+0.03)  (0.92) (~0.60)
40 100 105 32 41 17 10 1.05 £ 0.09 0.85 -1.00

: (14) (86) (10) 2) 0) (0.14 = 0.04) (1.16) (1.18)
6.0 100 229 7 24 27 23 13 6 229 £0.13 0.76 -1.71

: 7 (53) (30 @ 3 © © (0.47 £0.07)  (1.09) (0.65)
8.0 100 360 0 11 10 2T 28 12 8 4 3.60 £ 0.15 0.65 ~2.49

: (63) G @5 43 @ O © O 0 (0.63+0.09)  (1.18) (1.22)

4 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 « rays. However, there appeared to
be some differences in efficiency of aberration induction
among the lymphocytes irradiated at depths of 5, 15, and 25
mm (Tables 1, II, and 111) (Fig. 5). These aberration frequen-
cies were expressed in equations based on a linear-quadratic
model shown as Y = aD + 8D?, where Y and D indicate the

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

yield of dicentrics plus rings and the dose in grays, respec-
tively. « and 3 are the coefficients giving a best fit to the data
points. The dose-effect relationships can thus be expressed
as follows at each depth.
5mm: Y =(8.72+265)x102XD

+ (4.03 £ 0.40) X 1072 x D?
15mm: Y=(143x030)X 107" XD

+(2.65 £ 0.50) X 1072 x D?
25mm: Y= (178 +0.43)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 vy rays (Table IV) is given

by the following equation:

Y =(6.11 £049) X 1072 X D

+(5.03 £0.14) X 1072 X D%,

Proton Depth of irradiation
dose
(Gy) 5 mm 15 mm 25 mm
0.1 10+07° 1.8 +1.2 23412
0.2 0.9+£0.5 2.1%=1.0 25+ 1.2
0.5 1.0+04 1.5+0.5 2.1 08
1.0 0.9%03 1.5+03 1.6 £0.5
2.0 1.1£0.3 1.3£03 1.4+03
3.0 1.0£0.2 1.1£0.2 1.4+02
4.0 0.9 +0.1 1.0£0.1 1.1 £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
% Mean + SE.

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 0 1 2 3 4 5 6 7 celly = SE Y U
10 150 16 135 14 1 0.11 £0.03 1.03 0.22
Q@r (148) @ (O (0.01 £001) (099)  (~0.08)
7 200 23 177 23 0.12 £ 0.02 0.89 -1.13
) (199) (1) (0.01 = 0.01) (1.00) —
2 300 37 264 35 i 0.12 £ 0.02 0.93 -0.82
- (5) (295) (5) ©0) (0.02 £ 0.01) (0.99) (—0.18)
26 300 35 267 31 2 0.12 £ 0.02 1.0t 0.10
- [C)] (291) %) ©) (0.11 £0.01) 0.97) (—0.35)
29 350 47 304 45 i 0.13£0.02 0.91 -1{.19
(13) 33 U3 O (0.04 = 0.01) (097)  (-0.47)
31 250 45 208 40 t 1 0.18+0.03 1.00 0.02
8) (242) ® © (© (0.03 £ 0.01) 097)  (-0.31)
3 250 46 210 34 6 0.18 +0.03 1.08 0.87
- “ (13) @37 (13 () (0.05 +0.01) 0.95)  (-0.56)

¢ Centric and acentric rings in parentheses.

However, the modulated beam at 15 and 25 mm was more
effective than the v 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, 15 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 VII
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 1 2 3 4 5 6 7 celly + SE Y U
10 200 52 156 35 7 i 0.26 + 0.04 1.12 1.16
oy (19h) %) © 0) (0.045 £ 0.015) (0.96) (~0.43)
17 —_ (")
. 200 68 149 37 11 3 0.34 £ 0.04 1.26 2.56
o - (i) (189) un 0) ) (0.06 = 0.02) (0.95) (—0.53)
2% 200 85 129 58 12 i 0.43 + 0.05 0.93 —0.66
(14) (186) (14) ©) ©) (0.07 = 0.02) (0.94) (—0.68)
29 100 48 63 29 6 1 1 0.48 = 0.07 1.16 1.15
(10) 90)  (10)  (© (O (0 (0.10 £ 0.03) (051)  (-0.67)
3 100 51 67 19 10 4 0.51 +0.07 1.37 2.61
(13) (87) (13) ©0) 0) (0.13 +0.03) (0.88) (—0.89)
32 100 64 99 40 9 2 0.43 £0.05 1.05 0.36
- (10) (140) (10) 0) 0) (0.07 = 0.02) (0.94) (0.55)

@ Centric and acentric rings in parentheses.
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FIG. 6. 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.
Open circles: 1.0 Gy; solid triangles: 2.5 Gy.

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 VIII and IX) 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).

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 effect
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-effect rela-
tionship for a 70-MeV proton beam and its depth—dose
distribution. We also investigated the dose-effect relation-
ship in the dose range down to 0.1 Gy, because the effect 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 y 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, 13, 16, 26, 27). Radiation effects were

TABLE VIII
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 i 2 3 4 5 6 7 cell) + SE Y U
10 100 83 42 40 12 5 f 0.83 + 0.09 0.98 -0.18
(14)° (86) (14) ©) ©) ©) (0.14 £ 0.03) (0.87) (~0.96)
7 100 102 33 41 18 7 1 1.02 £ 0.09 0.87 -0.91
) (13) (87) (13) 0) ©) ) (0.13 £ 0.03) (0.88) (-0.89)
22 100 109 34 36 20 7 3 1.09 £ 0.11 1.00 0.02
- (18) (83) (16) n ()] ©) (0.18 = 0.04) (0.94) (0.44)
26 100 123 25 38 26 11 1.23+£0.10 0.74 -1.86
(23) (78) @2n (n ) (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) ) ) ©) (0.22 + 0.04) (0.88) (—0.87)
31 100 49 69 20 7 2 1 i 0.49 + 0.09 1.71 5.05
) 92) (W) ) 0) ©) ) (0.09 + 0.03) (1.14) (1.06)
1 100 23 83 1 6 0.23 +0.05 1.31 2.19
- 7 (93) 7 0) (0.07 £ 0.03) (0.94) (—0.46)

% Centric and acentric rings in parentheses.
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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 31Y U

10 100 176 9 35 36 12 7 1 1.76 £ 0.11 0.66 ~0.17
(29)° (74) (23) 3) ) ) (] (0.29 = 0.05) (0.93) (-0.51)

7 100 185 12 28 34 17 7 2 1.85+0.12 0.75 -0.13
21 81) (17) 2) 0) 0) ©) (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 G2 3 © © © (0 (0.382005)  (0.79)  (-1.51)

% 100 218 4 32 30 16 13 4 1 2.18+0.13 0.76 -1.67
= (35) ) @9 @G © © © © (0.35 £ 0.05) 0.83)  (~1.23)

29 100 284 3 16 31 18 15 11 5 (1) 284 x0.16 0.85 —~1.05
“ (51) 60y G 7 @ ©® ©® (© (0 (051007  (1.01) (0.07)

31 100 54 71 16 7 3 1 1 1 0.54 = 0.11 2.22 8.69
(12) (90) ® @ © © © (© (0.12 £ 0.04) (1.23) (1.63)

1 100 19 85 11 4 0.19 + 0.05 1.24 1.76
(6) (94) ©® O 0.06£002) (095  (-0.39)

4 Centric and acentric rings in parentheses.

found 1o 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

o
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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 1o 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 v 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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SHORT COMMUNICATION

Frequency of Micronuclei in Hepatocytes following X and Fast-Neutron
Irradiations—An Analysis by a Linear-Quadratic Model

Koi1 ONo, YasusHI NAGATA, KE1zo AKUTA, MITSUYUKI ABE, KOICHI ANDO,* AND SACHIKO KOIKE*

Department of Radiology, Faculty of Medicine, Kyoto University, Kyoto 606, Japan; and *Division of Clinical Research,
National Institute of Radiological Science, Chiba 260, Japan

ONO, K., NAGATA, Y., AKUTA, K., ABE, M., ANDO, K., AND
KoIKE, S. Frequency of Micronuclei in Hepatocytes following
X and Fast-Neutron Irradiations—An Analysis by a Linear-
Quadratic Model. Radiat. Res. 123, 345-347 (1990).

The usefulness of the micronucleus assay for investigating the
radiation response of hepatocytes was examined. The frequency
was defined as the ratio of the total number of micronuclei to
the number of hepatocytes examined. The dose-response curves
were curvilinear after X rays and linear after neutrons. These
dose-response curves were analyzed by a linear-quadratic
model, frequency = aD + bD? + ¢. The a/b ratio was 3.03 + 1,26
Gy following X irradiation. This value is within the range of the
a/f ratios reported by others using the clonogenic assay of hepa-
tocytes. While the a/b value for neutrons was 24.3 £ 11.7 Gy,
the maximum relative biological effectiveness of neutrons was
6.30 = 2.53. Since the micronucleus assay is simple and rapid, it
may be a good tool for evaluating the radiation response of he-
patocytes in vivo. © 1990 Academic Press, Inc,

INTRODUCTION

Radiation therapy has not usually been considered for
the treatment of primary and metastatic liver tumors, be-
cause most of the tumors are adenocarcinomas, which are
generally considered to be refractory to radiation, and be-
cause the tolerance dose of the liver is low compared to the
dose required for the successful treatment of tumors (/).
However, since it has been shown that some hepatocellular
carcinomas can be treated successfully with external-beam
radiotherapy (2), and since radiolabeled anti-tumor anti-
bodies which can deliver radiation to tumors fairly selec-
tively have been developed (3), an interest in radiotherapy
as a treatment for liver tumors is increasing among oncolo-
gists. To treat liver tumors successfully with radiotherapy, it
is necessary to find the fractionation schemes or combina-
tion therapy which will spare the hepatocytes while increas-
ing the damage to tumors. The radiation response of hepa-
tocytes, which are in G, phase of the cell cycle and one of
the targets of radiation-induced liver damage, can be evalu-
ated by a transplantation assay developed by Jirtle et al. (4).
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However, this method is not easy to use, so we have exam-
ined the usefulness of the micronucleus assay for investigat-
ing the radiation response of hepatocytes. We have also
analyzed our data using a linear-quadratic model, and com-
pared them with the results obtained by others using the
clonogenic assay.

MATERIALS AND METHODS

Eight- to 10-week-old female C3H/He mice were used for the experi-
ments. For irradiations, each mouse was placed in a plastic tube in a way
that restricted movement. The upper abdomen of each mouse including
the liver was irradiated with 10 MV X rays or neutrons generated by a
linear accelerator or cyclotron (NIRS), respectively.

Micronuclei will appear in the cytoplasm of cells irradiated after mitosis.
Since the hepatocytes are in G, phase of the cell cycle, the production of
micronuclei will be far from maximal. Therefore, a standard partial hepa-
tectomy was performed immediately after irradiation to induce hepato-
cytes into a rapid cell cycle.

Several days after the partial hepatectomy, a laparotomy was done and a
fine polyethylene tube was inserted into the portal vein. Through this tube,
2 mi of a mixture of 0.05% Trypsin and 0.02% EDTA at 37°C was infused
slowly. After perfusion of the enzyme mixture, the liver was removed and
minced. Fragments of the liver tissue were packed into a 2-ml syringe and
pressed into 10 ml phosphate-buffered saline (PBS). The mixture of liver
fragments and PBS was shaken gently and filtered through fine nylon
mesh. To obtain a good single hepatocyte suspension, the filtrate was cen-
trifuged at 500 rpm for 40 s and a pellet of hepatocytes was resuspended in
10 ml PBS. This procedure was repeated twice, and the pellet of cells was
then resuspended in 3 ml complete medium containing 12.5% fetal calf
serum to inhibit the action of residual trypsin. This cell suspension was
centrifuged again and the pellet was fixed with 70% ethanol at 4°C for 24 h.
The fixative was changed to Carnoy’s fluid (3 vol ethanol and 1 vol acetic
acid). Thirty microliters of this suspension was dropped onto a microslide
glass and dried at room temperature.

Micronuclei in the hepatocytes were observed with a fluorescence micro-
scope after staining with ethidium bromide. About 500 hepatocytes were
examined, and the frequency was defined as a ratio of the total number of
micronuclei to the number of hepatocytes examined.

The experiment was repeated at least twice, and 10 to 12 mice were used
for each data point.

RESULTS AND DISCUSSION

The frequency of micronuclei increased and reached a
maximum level 5 days after irradiation and partial hepatec-
tomy. Thereafter, the frequency gradually decreased. The
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FIG. 1. The frequency of micronuclei in hepatocytes as a function of
time (days) after treatment with X rays (4, 4 Gy; O, 6 Gy) and fast neu-
trons (O, 1.25 Gy; O, 3.75 Gy). A partial hepatectomy was performed
immediately after irradiation. Vertical lines represent standard deviations.
Shaded area represents spontaneous micronucleus frequency.

pattern of the frequency of micronuclei in relation to the
time after irradiation was similar for X rays and neutrons
(Fig. 1). The decrease in the relative incidence of micronu-
clei after the fifth day can be explained by the elimination of
micronucleus-positive cells and by an intensive prolifera-
tion of healthy hepatocytes. A similar pattern has been re-
ported by others (5).

The dose-response curve for the incidence of micronu-
clei was constructed using the data obtained on the fifth day
after irradiation and partial hepatectomy. The curve was
curvilinear following X irradiation but linear after neutron
irradiation (Fig. 2a). The relative biological effectiveness
(RBE) of neutrons for hepatocytes was graphically obtained
from these data. The RBE was 5.6 with 0.36-Gy neutrons;
however, it decreased with an increase in radiation doses
(2.4 with 2.5-Gy neutrons) (Fig. 2b). In the next step, the

a
1.0+ /

FREQUENCY OF MICRONUGLEI

|
4 /,T
[ —§
0 —_—
o 5

RADIATION DOSE (Gy)

FIG. 2.

dose-response curve was analyzed using a linear-quadratic
model, frequency = aD + bD? + ¢. This equation was trans-
formed as (frequency — ¢)/D = a + bD. The mean data
points were plotted in Fig. 3. The values at which the lines
intercept the ordinate and the slopes of the lines correspond
to a and b values, respectively. So the values at which the
lines intercept the abscissa are —a/b values. As determined
by the weighted least-squares regression, a was 0.027
+ 0.0096 Gy~! and b was 0.0089 = 0.0019 Gy~2 for X irra-
diation. The a/b value was 3.03 + 1.26 Gy. For neutron
irradiation, ¢ and b were 0.17 = 0.032 Gy™! and 0.0070
+ 0.0031 Gy™?, respectively (Fig. 3). The a/b value for neu-
trons was 24.3 + 11.7 Gy. The ratio of ¢ values for neutrons
and X rays provided a maximum RBE (RBE,) of 6.30
+ 2.53. The frequency of micronuclei in hepatocytes follow-
ing irradiation was reported by Fisher ez al. (5). However,
they analyzed their data in terms of the fraction of cells
without micronuclei as a function of radiation dose and did
not use a linear-quadratic model. Although only a part of
the chromatid or chromosome aberrations appear as micro-
nuclei (6), the dose-response curve for frequency of micro-
nuclei after irradiation is closely related to the curve for cell
survival (7-10). In particular, the a/b value agrees well with
the «/B value of the cell survival curve (8). The «/8 value of
1.0-2.1 Gy for the radiation response of hepatocytes was
reported in the experiments using fractionated irradiation
and the transplantation clonogenic assay (/7). We analyzed
the survival curve for hepatocytes reported by Jirtle ez al.
(4), and obtained an «/f value of 4.5 = 0.46 Gy in the
low-dose range (0-8.0 Gy), which corresponded to the
doses in our study. Therefore, the a/b value of 3.03 = 1.26
Gy obtained by the assay of micronuclei is comparable to
the «/B values obtained with the clonogenic assay. Fisher et
al. did not note a close correlation of the curves for fre-
quency of micronuclei and for survival as determined by
the clonogenic assay.

6.0
\
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5.0 \

4.0-

RBE
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T T

[o} 1 2
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(AR

(a) Frequency of micronuclei in hepatocytes following treatment with X rays (@) or fast neutrons (O). Vertical lines represent standard

deviations. (b) RBE as a function of neutron dose. Closed symbols represent the data corresponding to X-ray doses of 2, 3, 4, and 6 Gy.
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FIG. 3. Analysis of the frequency of micronuclei per hepatocytes us-
ing the linear-quadratic model: ¢ + hD? + ¢. (O) ncutrons, (®) X rays.

The radiation response of hepatocytes has been studied
using different criteria, such as the function assayed using
31]-rose bengal (/2) and histopathological changes (13, 14).
The clonogenicity of hepatocytes following irradiation was
assayed using the transplantation system of Jirtle et al. (4).
This method is very reliable and elegant; however, it is labor
intensive. The micronucleus assay in hepatocytes described
here is much easier and more rapid than the clonogenic
assay using a transplantation system, and the results are
comparable to those obtained with the clonogenic assay.
Therefore, the micronucleus assay should be an excellent
tool for experimental determinations of the response of he-
patocytes to radiation and combined treatments.
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Development of Radiation Necrosis in Rat Brains and Its Evaluatio‘n with MRI

Takahiro HASHIMOTO',  Hiroo IKEHIRA!, Koichi ANDO!,
Yoshiliiko Yosii?,  Takeshi HIRAOKA®, Koichi SIBAYAMAY,
Hiroshi FUKUDA!, Yukio TATENO!

'Divisions of Clinical Research,
3Physics, and *Hospital,
National Institute of Radiological Sciences,
4-9-1 Anagawa, Chiba-shi, Chiba 260,
2Department of Neuvosurgery, Tsukuba University

Radiation brain damage, especially radiation necrosis, is most critical and well-known se-
quelae after cranial irradiation. However, the etiology of radiation necrosis has not been fully
understood. In order to characterize and to investigate the pathogenesis of radiation necrosis,
the experimental techniques in small animals and the evaluation methods should be refined.

The authors developed focal radiation brain damage in rats utilizing protons of a single dose
of 60Gy with superior dose distribution and demonstrated the lesions caused by radiation on MRI
with 2T magnet. The damaged lesion was not uniform within the radiation field 5 months after
radiation. The corpus callosum was the most vulnerable site which showed low intensity on T,
weighted spin echo images with marked enhancement after Gd-DTPA administration. These
MRI findings are common in patients with radiation necrosis. Discrepancy between the area of
Gd-DTPA enhancement on MRI and that of Evans blue extravasation on excised brain might be
attributed to the different response and pathological conditions in different brain structures
following a single dose of radiation of 60Gy.

Further investigation on radiation brain damage in rats can be encouraged with the elegant
methods of both protons radiation and high resolution MRI described here.
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Abstract. The effects of age on the binding parameters of
1C-SCH23390, the highly selective ligand for central
D1 dopamine receptors, at specific binding sites in the
brain were studied. Seventeen healthy male volunteers
(20-72 years old) participated. Regional radioactivity in
the brain was followed for 40 min by positron emission
tomography (PET). A high accumulation of radioactiv-
ity was observed in the striatum and there was a con-
spicuous accumulation in the neocortex. A two-compari-
ment model was used to obtain quantitative estimates of
rate constants of association (k;) and dissociation (k,).
The binding potential (k,/k,) of the dopamine D1 recep-
tors in the striatum and frontal cortex decreased by 35%
and 39%, respectively, with age. The value of k; de-
creased by 58% in the striatum and 83% in the frontal
cortex, whereas the value of k, decreased by 35% in the
striatum and 72% in the frontal cortex with age.

Key words: Positron emission tomography — Dopamine
D1 receptor — SCH23390 - Aging — Striatum - Frontal
cortex

Recent studies have demonstrated age-related changes in
various neurotransmitter systems in the mammalian
brain, including the dopaminergic system. Dopamine
receptors are divided into two subtypes, D1 receptors
which mediate the stimulation of adenylate cyclase and
D2 receptors which are not associated with this enzyme
or which mediate its inhibition. Although the D1 recep-
tor was defined first, research on D1 receptor characteris-
tics has been limited due to the previous lack of DI
selective compounds. SCH23390 (Iorio 1981) has been
reported to be a selective high affinity D1 receptor an-
tagonist (Hyttel 1983).

The decrease in D2 receptors with age has been wide-
ly accepted in recent years (Severson and Finch 1980;
O’Boyle and Waddington 1984) through human experi-
ments both in vitro and in vivo with positron emission

Offprint requests to: T. Suhara

tomography (PET) (Severson et al. 1982; Wong et al.
1984; Baron et al. 1986; Rinne 1987; Seeman et al. 1987).
However, contradictory results concerning the age-
related changes in the density of D1 receptors have been
reported. In animal experiments, no change (O’Boyle
and Waddington 1984), and a decrease (Giorgi et al.
1987; Battaglia et al. 1988; Gelbard et al. 1989; Hyttel
1989) in the DI receptor density have been reported.
Similarly in humans, a decrease (Hess et al. 1987; See-
man et al. 1987), increase (Morgan et al. 1987) and no
change (Rinne 1987) in D1 receptor density have been
reported.

In the present study, SCH23390 was labeled with !!C
and used to demonstrate D1 receptor binding in the brain
(Farde et al. 1987) in order to investigate the human
age-related change in D1 receptors by PET.

Materials and methods

Subjects. Seventeen healthy male volunteers ranging in age from 20
to 72 years old participated in this study. The volunteers were
considered to be healthy as determined by history, and physical and
neurological examinations. Magnetic resonance imaging (MRI) of
the brain of the older subjects (over age 50) showed no abnor-
malities. None of the paticipants were taking prescription or non-
prescription drugs. Before the experiment, written informed consent
was obtained from all participants.

Chemistry. Carbon 11-labeled SCH23390 was synthesized by meth-
ylation of the desmethyl precursor (0.5 mg/0.5 mi DMF, 80° C,
3 min) with '*C-CH,1 which was produced by the same method,
described elsewhere (Suzuki et al. 1985), using an AVF cyclotron
at the National Institute of Radiological Sciences. The reaction
mixture was purified on a reverse phase columm, eluting with
CH,CN/0.03M-CH;COONH,/CH,COOH  (100/100/1). The
11C-SCH23390 fraction was collected, evaporated to dryness, dis-
solved in sterile saline and filtered through a 0.22 pm Milex filter.
The radiochemical purity was greater than 99% and the specific
activity of 1'C-SCH23390 ranged from 12.25 to 54.50 GBq/pmol
at the injection.

Positron emission tomography. The whole-body, three-ring positron
emission tomography system was used to follow the radioactivity
in five sections covering an axial field of view of 72 mm of the brain
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(Takami et al. 1983). The intervals between the section midpoints
were 18 mm. The spacial 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.

The subjects were carefully positioned according to the brain
atlas (Matui and Hirano 1977) with the aid of a vertical laser line
so that the lowest slice (first slice) included cerebellar hemispheres
[10 mm above and parallel to the orbitomeatal (OM) line] and the
third slice encompassed the striatum. A transmission scan for at-
tenuation correction was performed using a 58Ge-%8Ga source.

A dose of 385.17-679.69 MBq of *!C-SCH23390 was injected
intravenously from the antecubital vein with a 10 ml saline flush.
Serial dynamic scans were performed for 40 min immediately after
the injection.

Regions of interest were delineated on the image from 0 to 26
min after injection. The external border of the cerebellum was
delineated manually by contours representing about 65% of maxi-
mal image intensity of the first slice. The external borders of striatum
and frontal cortex were also delineated manually by contours
representing about 75% and 55% of the maximal intensity of the
third slice, respectively, with reference to the brain atlas (Matui
and Hirano 1977). The experiments were performed at 11:45 a.m.

Calculation. Regional radioactivity, measured for each sequential
image and corrected for ''C decay, was divided by the injected
radioactivity of ligand and expressed as the per cent dose/ml.

Kinetic analysis. A three-compartment model has been used in the
calculation of receptor kinetics with PET (Wong et al. 1984). Under
certain conditions, such as the presence of a receptor-free region,
i.e. cerebellum (De Keyser et al. 1988b; Cortés et al. 1989) and poor
penetration ‘of radiolabelled metabolites across the blood-brain
barrier (Andersen and Gronvald 1986; Farde et al. 1987), this
model can be reduced to two compartments which include only the
free and bound ligand concentrations (Eckernds et al. 1987; Lund-
berg et al. 1989). The two-compartment model, when using high
specific radioactivity, can be expressed by the following equation:

dC,(1)/dt = k3+Ce(t) — ke Co(t) M

where C; and C, are the free and bound ligand concentrations,
respectively (Eckernis et al. 1987). The rate constant, k;, is the
constant proportional to the bimolecular association rate constant
(k) and number of receptors (B_ ), whereas k, is the rate of
dissociation from the receptor. The ratio k,/k, is, assuming tracer
conditions, equal to B /K, (binding potential) (Mintun et al.
1984). K, is the ratio of the molecular dissociation rate to the
association rate. The total radioactivity in the cerebellum (M) was
used as the estimate of the free radio ligand concentration (Farde
et al. 1987). Specifically bound radioactivity (C,) was defined as the
difference between the measured radioactivity in the striatum or
frontal cortex (M,) and that in the cerebellum (M).

C, =M, 2)

C, = M,~M, (&)

Equation (1) can be written

dC (h/dt =k =M () —k,*C(t) 4)

The solution to equation (4) is

Cy(t) =k, jr' M (t—7)*exp(—k,r)dt (6]
o

Then optimal values of k, and k, were obtained by comparing C(t)
from equation (5) with the measured specifically bound radioactiv-
ity, using the non-linear least square fitting method.

Results

After the injection of 1'C-SCH23390, radioactivity rap-
idly increased with time and peaked at 7-11 min in the
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Fig. 1. The time course of *'C-SCH23390 (551.3 MBq) accumula-
tion in the striatum, frontal cortex, (mean values of the left and right
region of interest) and cerebellum in a 55-year-old male volunteer.
PET scanning was started immediately after the injection and was
continued for a period of 40 min. The complete study consisted of
a sequence of twenty 2-min images. 4bscissa: time (min); ordinate:
radioactivity (per cent dose/ml)
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Fig. 2. Age-related decrease in D1 dopamias receptor in the striat-
um in 17 healthy male volunteers. The binding potential (k,/k,)
decreased 35% over the age range (20-72 years) [k;/k,=1.88+
10(-0:00363%X) "where X is age]

striatum and 1-3 min in the cerebellum, followed by a
gradual decrease. The highest radioactivity in the brain
was seen in the striatum, and relatively high radioactivity
was seen in the neocortex in comparison to the cerebel-
lum, a region with negligible density of dopamine recep-
tors (Fig. 1). The level of radioactivity appeared to be
similar in all neocortical regions.
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Fig. 3. Age-related decrease in D1 dopamine receptor in the
frontal cortex in 17 healthy male volunteers. The binding potential
(k,/k,) decreased 39% over the age range (20-72 years)
[ky/k, =0.754%10(-0.00419%X) where X is age]

The values of rate constants k, and k, were calculated
using the non-linear least square method, and k,, k, and
the binding potential (k,/k,) for the striatum and frontal
cortex were plotted versus the age of the subjects
(Figs. 2-5).

The plots revealed a decrease in D1 receptor binding
with age. The data of the binding potential of the stri-
atum (Fig. 2) were fitted using the exponential function
{Ky/k,=1.88%10¢0:00363%X) " where X is age; R*=0.79].
There was a decrease of 35% in the fitted function over
the range of age (20-72 years).

There was a similar (39%) exponential decrease in
the binding potential in the frontal cortex (Fig. 3)
[k3/k,=0.754+10(~0-00419%X) " R2 (807 but the values
were lower compared to the striatum.

The rate constants k5 and k, in the striatum and in
the frontal cortex were separately plotted (Figs. 4 and 5)
and showed decreases as a function of age. The k; values
in the striatum were fitted by an exponential function
[k3=0.177%10¢~0-00727%X) R2-(71] and the k, values in
the frontal cortex were also fitted by an exponential
function [ky=0.252%10 (~0:0149%X). R2=() 85]. The de-
crease with age of the k; values was 58% in the striatum
and 83% in the frontal cortex, respectively (Fig. 4).

The rate constants k, in the striatum and in the
frontal cortex were also fitted by exponential function
[k, = 0.0942+10~0-00363%X), R2=() 45], [k, =0.334%]0(~ 001073,
R?=0.84] respectively (Fig. 5). The k, values in the
frontal cortex were higher than that in the striatum and
this tendency was more pronounced in young volunteers.
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Fig. 4. k; values in the striatum and in the frontal cortex in 17
healthy male volunteers. The data in the striatum, fitted by an
exponential function [k;=0.177+10(-0.00727¥X) " where X is age],
decreased with age by 58%. The data in the frontal cortex, fitted to
[k3=0.252%10(-0-0149%X) also decreased with age by 83%. Striatum
(®); frontal cortex (0)
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Fig. 5. k, values in the striatum and in the frontal cortex in 17
healthy male volunteers. The data in the striatum, fitted by an

exponential function [k, = 0.0942%10(~0.00363%X) " where X is age],
decreased with age by 35%. The data in the frontal cortex, fitted to

[k4=0.334%10(-0:0107%X)] "ajso decreased with age by 72%. Striat-
um (@); frontal cortex ()
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The per cent decrease with age of k, was 35% in the
striatum and 72% in the frontal cortex.

Discussion

Previous in vitro and in vivo animal experiments have
demonstrated the high affinity and selectivity of
SH-SCH23390 for central D1 dopamine receptors
(Schultz et al. 1985; Andersen and Grenvald 1986). It is
well known from in vitro studies that the striatum in
animals as well as in humans has a high density of D1
dopamine receptors (Giorgi et al. 1987; Seeman et al.
1987).

Specific binding of 3H-SCH23390 in the neocortex
has also been demonstrated in animals and in humans,
although the specificity for the D1 receptor in the cortex
is somewhat controversial with regard to the serotonin
S2 receptor (Andersen and Grenvald 1986; Bischoff et al.
1986; Savasta et al. 1986; De Keyser et al. 1988; Cortés
et al. 1989). In a PET study by Farde et al. (1987)
using *C-SCH23390, a high accumulation of radioac-
tivity in the striatum and a conspicuous level of accu-
mulation of radioactivity in the neocortex were reported;
the levels of radioactivity were reported to be similar in
all neocortical regions. These findings are consistent with
our results.

The results of the present study indicated that the in
vivo binding of ''C-SCH23390 in the striatum and the
frontal cortex decreases with age. The percentage of
reduction of the binding potential (k;/k,) of the striatum
and the frontal cortex was 35% and 39%, respectively,
over the age range.

In the striatum the decrease in the binding potential
was primarily due to the decrease in the k; value. As k;
is the product of k., and B, assuming that k_, does not
change with age, a likely explanation for the decrease
with age is that the number of receptors (B,,,) decreases.
In vitro studies with both animal and human tissues
obtained at autopsy confirm the decrease in the density
of SH-SCH23390 binding site with age (Giorgi et al.
1987; Seeman et al. 1987; Gelbard et al. 1989; Hyttel et
al. 1989). However, contradictory results in the decrease
in the density of D1 dopamine receptors with age have
been reported. The difference in species does not seem to
be the reason since in human experiments a decrease
(Hess et al. 1987; Seeman et al. 1987), increase (Morgan
et al. 1987), and no change (Rinne 1987) have been
reported. However, all studies using SCH23390 have
shown an age-related decrease in D1 dopamine receptor
density in the striatum, so the difference in the results
could be due to non-selective ligands for D1 receptors
(O’Boyle and. Waddington 1984; Morgan et al. 1987;
Rinne 1987). .

Several liries of experimental evidence indicate that
D1 dopamine receptors lost during aging are located on
the cell bodies of the striatal neurons rather than in the
nerve ending of afferent fibers (Filloux et al. 1987). The
turnover of the D1 receptors, that is the receptor produc-
tion rate and receptor degeneration rate constants, is
significantly decreased with age (Battaglia et al. 1988).
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The above findings are consistent with the view that the
decrease in striatal D1 dopamine receptors with age can
result from a loss of striatal neurons or from a decreased
number of receptors per cell.

In the frontal cortex the binding potential was about
one-third of that in the striatum, which nearly corre-
sponds with the difference in the B,,,, value of D1 dopa-
mine receptors in vitro (Cortés et al. 1989). However, the
absolute k, value and the degree of its decrease with age
were larger in the frontal cortex than in the striatum.
These findings indicate that the changes in the binding
potential in the frontal cortex are significantly affected by
the dissociation rate from receptors. By in vitro studies,
no significant difference in dissociation rate of 3H-
SCH23390 between these two regions was reported des-
pite different numbers of binding sites (Reader et al.
1988). The reason for the larger changes in the k, value
with age in the frontal cortex than in the striatum is
unclear yet, thus further animal experiments are neces-
sary to clarify the physiological roles of the different rate
constants in vivo.

Although cerebral blood flow has been shown to
decrease with age, the binding potential is reported to be
not critically dependent on the blood flow (Mintun et al.
1984; Pantano et al. 1984; Frost et al. 1989). In the
present study, to avoid the partial volume effect due to
brain atrophy, the subjects over age 50 were examined by
magnetic resonance imaging and were confirmed to have
no significant atrophy.

The decrease in *H-SCH23390 binding with age may
be relevant in view of the behavioral effects mediated by
D1 dopamine receptors. Decreased intense grooming
and increased vacuous chewing responses to the selective
D1 agonist R-SK.&F38393 have been shown with aging
(Molloy and Waddington 1988). However, there are few
reports in this area, and the functional role of D1 recep-
tors is not completely understood at present. In addition,
the presence of a significant functional interaction be-
tween D1 and D2 dopamine receptors has been reported
(Arnt 1985; Saller and Salama 1985). Thus, further study
examining the effects of aging on the functional changes
of the dopaminergic neural system is necessary.
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amim

Effect of desipramine (given i.p. 30 min prior to the tracer injection) on
the in vivo binding of 3H-SCH23390 and 3H-N-methylspiperone (*H-NMSP)
in mouse striatum was studied. The ratio of radioactvity in the striatum to that
in the cerebellum at 15 min-after i.v. injection of 3H-SCH23390 or 45 min after
injection of 3H-NMSP were used as indices of dopamine D1 or D2 receptor
binding in vivo, respectively. In vivo binding of D1 and D2 receptors was
decreased in a dose-dependent manner by acute treatment with desipramine
(DMI). A saturation experiment suggested that the DMI-induced reduction in the
binding was mainly due to the decrease in the affinity of both receptors. No
direct interactions between the dopamine receptors and DMI were observed in
vitro by the addition of 1 mM of DMI into striatal homogenate. Other
antidepressants such as imipramine, clomipramine, maprotiline and mianserin
also decreased the binding of dopamine D1 and D2 receptors. The results
indicated an important role of dopamine receptors in the pharmacological effect
of antidepressants.

The hypothesis that the dopamine system in the brain may play an important role in mood
and mood disorders was reported by Randrup et al. (1). Recent reports have indicated that
several antidepressants increase the activity of dopaminergic neurons, either by reducing the
sensitivity of presynaptic dopamine receptors or by blocking the uptake mechanism (2,3).

Dopamine receptors have been divided into two subtypes, D1 dopamine receptors, which are
positively linked to adenylate cyclase and D2 dopamine receptors which are negatively linked to
adenylate cyclase (4). A number of studies on receptor binding have revealed that DMI has the
least affinity for both D1 and D2 dopamine receptors (5,6). There are significant discrepancies
regarding drug effects on receptor binding between in vitro and in vivo studies (7). With regard
to antidepressants, Bischoff et al. have reported on the affinity change of dopamine D2
receptors in vivo after acute treatment with the atypical antidepressant bupropion (8). The
present experiments were designed to examine the effects of the tricyclic antidepressant DMI
and other antidepressants on the binding of 3H-SCH23390 and 3H-NMSP in vivo.
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Materials and Methods

3H-labeled SCH23390 (specific activity: 70.7 mCi/pmol) and N-methylspiperone (90
mCi/umol) were provided from New England Nuclear (Boston, MA). Antidepressants and
other drugs were kindly supplied by the following corporations: desipramine HCl (DMI),
imipramine HCI, clomipramine HCI, maprotiline from Ciba-Geigy (Takarazuka, Japan);
mianserin HCl from Organon (Oss, The Netherlands); SCH23390 from Schering (Bloomfield,
NIJ) and N-methylspiperone from Sumitomo Heavy Industries (Tokyo, Japan). Ketanserin was
purchased fom Research Biochemicals Inc. (Natick, MA). Male ddy mice (8 weeks old)
weighing about 40 g were used for all animal experiments.

In vivo binding

All anddepressants were given intraperitoneally at a dose of 30 mg/kg at 30 min before the
injection of the tracer. DMI was given at three different doses (3 mg/kg, 10 mg/kg, 30 mg/kg)
30 min before the injection of the tracer. Ketanserin was given at three different doses (3
mg/kg, 10 mg/kg, 30 mg/kg) 30 min before the.injection of the tracer. Mice were injected into
the tail vein with 0.2 ml (3-5 pCi) of 3H-labeled SCH23390 or 3H-NMSP, and were
decapitated at 15 min and at 45 min, respectively after the injection of corresponding radio
tracer. The brains were rapidly removed, and the striatum and cerebellum were dissected and
weighed. Samples were solubilized in 2 ml Protosol (New England Nuclear), and 14 ml of
scintillator (Hionic-Fluor, Packard) was added. Radioactivity of each brain region was
measured by liquid scintllation counter, and values were expressed as percent of injected dose
per gram of tissue (% dose/g). The ratios of radioactivity in the striatum to that in the
cerebellum at 15 min for 3H-SCH23390 and at 45 min for 3H-NMSP after the tracer injection
were used as indices of in vivo binding of dopamine D1 or D2 receptors, respectively (9-12).

In vivo saturation experiment

3H-SCH23390 or 3H-NMSP (0.2 ml) with various doses of corresponding carrier
ligands (from 0.2 to 1000 pg/kg) were injected intravenously into control and DMI-treated (30
mg/kg, 30 min prior to tracer injection) mice. Radioactivity in the striaturn and cerebellum at 15
min or 45 min after the injection of 3H-SCH23390 or 3H-NMSP was determined by the same
method as described above. Radioactivity in the cerebellum was used for the estimation of non-
specific binding and free-ligand concentration. Specific binding in the striatum was determined
by subtraction of the radioactivity in the cercbellum.

In vitro receptor binding

The mice were decapitated and the brain was rapidly removed and dissected. The tissue
was kept frozen at -70 °C until use. Tissues were homogenized in 10 vol. of ice-cold 0.32 M
sucrose solution with a teflon-on-glass tissue homogenizer and centrifuged at 900 g for 10 min;
supernatant was centrifuged at 11,500 g for 20 min. The pellets were resuspended in buffer and
centrifuged at 11,500 g twice for 20 min. The final pellets were resuspended in buffer [50 mM
Tris-HCl, pH 7.4, 120 mM NaCl, 5 mM KCl, 2 mM CaCl,, 1 mM MgCl,, 0.1% ascorbic acid
for the binding of 3H-SCH23390 (13); 120 mM NaCl, 5 mM KCl, 4 mM MgCl,, 1.5 mM
CaCly, 50 mM Tris-HCl, pH 7.4 for the binding of SH-NMSP (14)].

Tissue suspension 0.5 ml, with 0.3 ml buffer, 1 mM of DMI and 0.1 ml of various
concentrations of the radioligands (3H-SCH23390, 3H-NMSP) ranging from 0.1 nM to 300
nM were incubated at 20 °C for 60 min. The incubations were terminated by filiration using a

60



Vol. 47, No. 23, 1990 Desipramine, Dopamine Receptor In Vivo 2121

glass fiber filter (Whatman GF/B). The filters were washed three times with 3.5 ml of buffer.
The radioactivity of the filters was measured in a liquid scintillation counter. Specific binding
was defined as the difference between the total counts in the absence of unlabelled ligand and
the counts obtained in the presence of 30 pM of carrier compound.

Results

In vivo binding: The ratio of radioactivity in the striatum to that in the cerebellum following
injection of 3H-SCH23390 or H-NMSP was decreased by the treatment with DMI in a dose-
dependent manner (FIG. 1).
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The effect of DMI on the ratio of radioactivity in the striatum to that in the cerebellum. Three
different doses of DMI (3 mg/kg, 10 mg/kg, 30 mg/kg) were administered intraperitoneally at 30
min before the injection of radio-tracer.  A. The ratio of radioactivity at 15 min after the
injection of 3H-SCH23390. B. The ratio of radioactivity at 45 min after the injection of 3H-
NMSP.

In vivo saturation experiment: Mice were injected with various doses of corresponding
carrier ligands (from 0.2 to 1000 pg/kg) together with radioligand. The accumulation of 3H-
SCH23390 and 3H-NMSP in the striatum was significantly decreased in both control and DMI-
treated mice with the increased doses of carrier up to 1000 pg/kg. In contrast, the accumulation
of radicactivity in the cerebellum was not significantly changed by co-injection of carrier ligand
following injection of either radioligand.

In mice pretreated with DMI (30 mg/kg i.p. 30 min prior to tracer injection), changes in
saturation curves were observed (FIG. 2). From 0.2 pg/kg to 1000 pg/kg of carrier ligand, the
difference of specific binding in the striatum between the control and the DMI-treated mice was
highly significant with both 3H-SCH23390 and 3H-NMSP; these changes appeared to be due
to the alteration of apparent affinities in vivo.
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Saturation experiment of in vivo binding of 3H-SCH23390 and 3H-NMSP in control and DMI-
treated mice. Each point represents the average of 4 mice.The accumulation of radioactivity in
the striatum (St.) and cerebellum (Cere.) at 15 min after the injection of 3H-SCH23390 inlg
control (O) and DMI-treated (@) mice (A, B). The accumulation of radicactivity in the striatum
(St.) and cerebellum {Cere.) at 45 min after the injection of 3H-NMSP into control (0) and DMI-
treated (@) mice (C, D).
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Scatchard plot of in vitro binding of 3H-SCH23390 and 3H-NMSP in the presence or absence
of 1 mM of DMI (FIG. 3). There were no significant differences in the binding pardmeters (KD
and Bmax) of the two different incubation conditions.
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FIG. 3
In vitro Scatchard analysis in the absence (Q) or presence (@) of 1 mM DMI. A.3H-

SCH23390 binding. B.3H-NMSP binding.

Effect of other antidepressants:  The classical tricyclic antidepressants imipramine,
desipramine, clomipramine, and recently developed drugs maprotiline and mianserin were
injected intraperitoneally into mice 30 min prior to the tracer injection. In all cases, a significant

decrease in the bmdmg of both 3H-SCH23390 (FIG. 4A) and 3H-NMSP (FIG. 4B) in vivo
was observed.
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FIG. 4

The effect of a single administration of various antidepressants on dopamine D1 and D2 binding.
Mice were administered 30 mg/kg of desipramine (DMI), imipramine (IMI), clomipramiine
(CMI), maprotiline (MAP), mianserin (MIA), 30 min prior to the administration of radio-tracer.
A. Striatum/cerebellum ratio 15 min after the injection of 3H-SCH23390. B.
Striatum/cerebellum ratio 45 min after the injection of 3H-NMSP.
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Effect of ketanserin:

Vol. 47, No. 23, 1990

Ketanserin was injected into mice 30 min prior to the tracer injection.

The binding of both 3H-SCH23390 (FIG. 5A) and 3H-NMSP (FIG. 5B) in the striatum was
decreased by treatment with ketanserin in a dose-dependent manner. In the cortex, the binding
of 3H-NMSP (FIG. 5B) was decreased significantly in a dose-dependent manner, whereas
only a slight decrease was observed in the binding of 3H-SCH23390 (FIG. 5A).
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FIG. 5

The effect of ketanserin on the binding of SH-SCH23390 (A) and SH-NMSP (B) in the striatum
and in the cortex. Three different doses of ketanserin (3 mg/kg, 10 mg/kg, 30 mg/kg) were
administered intraperiteneally at 30 min before the injection of radio-tracer. The data represent the
ratio of the radioactivity in the swriatum (St) and the cortex (Cx.) to that in the cerebellum (Cere.)

expressed as a percentage of the control.

Di ion

As previously reported, D1 and D2 dopamine receptors can be labeled in vivo using the
selective radioligands 3H-SCH23390 and *H-NMSP, respectively. Both 3H-SCH23390 and
SH-NMSP are selectively accumulated in the striatum following intravenous administration.
The cerebellum can be used as a reference region for the estimation of non-specific binding and
free-ligand concentration in vivo, due to the negligible density of dopamine receptors. For the
quantification of dopamine receptors in vivo, the ratio of radioactivity in the striatum to that in
the cerebellum can be used as an index of receptor binding (9-11). In the present study the ratio
at 45 min after the injection of the ligand was used for 3H-NMSP binding(11), and that at 15

min after the injection for 3H-SCH23390 binding (12).

In the present study we found a significant decrease in the striatum/cerebellum ratio of both
D1 and D2 receptors labeled by 3H-SCH23390 and 3H-NMSP, respectively, after a single
administration of DMI. This reduction was dose dependent in both D1 and D2 dopamine
receptors (FIG. 1). Previous reports of the direct effect of various antidepressants on dopamine
receptors in vitro have indicated that DMI is one of the least potent compounds on both D1 and
D2 dopamine receptors (5,6). The present results confirmed that there is no direct effect of DMI
on either 3H-SCH23390 or 3H-NMSP binding in vitro (FIG. 3). Therefore, the acute effect of
DMI on the in vivo binding of both types of dopamine receptors can not be explained by direct
interaction. Change in cerebral blood flow during the in vivo binding is not a likely explanation,
since no changes in cerebral blood flow have been reported by a single administration of DMI
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(10 mg/kg) (15). One possible explanation is that there is some DMI-induced alteration in an
unknown factor at the receptor site, which affects in vivo binding.” Although the receptor
binding in vivo does not reach the equilibrium state, the results of the present saturation
experiment suggest that in vivo apparent affinity of both D1 and D2 dopamine receptors appears
to be altered by DMI (FIG. 2). The mechanism underlying this change is unknown. However
with regard to the receptor binding in vivo, there might be a significant difference from that in
vitro. For example Chugani et al.(7) reported a decrease in binding of 3H-spiperone in vivo in
reserpinized rat striatum without any changes in KD or Bmax values in vitro. They proposed
agonist-mediated receptor internalization as the mechanism for the change in dopamine receptor
binding in vivo. Following receptor internalization, endocytic vesicles would act as a diffusion
barrier, restricting ligand diffusion away from the receptor. However, this hypothesis seems
unlikely for the explanation of the present results, since the levels of dopamine, DOPAC and
HVA in the brain are not altered by a single administration of DMI (16). Thus, the diffusion
barrier might be altered by acute treatment of DMI through another mechanism, resulting in the
alteration of apparent affinity (17).

Our results also indicated that both classic antidepressants and non-tricyclic antidepressants
decreased the binding of dopamine D1 and D2 receptors (FIG. 4). However, mianserin (18)
and maprotiline (19) have been reported to have no effect on 3H-spiperone binding in the
striatum in vivo. One possible explanation of these discrepancies may be the species difference
(rats and mice), but the most probable explanation is the difference in the methods used for the
in vivo binding. (20), in paticular, the homogenation and filtration processes used in that
experiment differed from those used in this study.

The antidepressantsiused here have been reported to have some 5-HT2 blocking properties
(21), and ketanserin treatment also decreased the 3H-SCH23390 and 3H-NMSP binding in the
striatum (FIG. 5). These results indicated the important role of serotonin receptors on the
dopamine receptor bindings. Although ketanserin showed a significant effect on the 3H-
SCH23390 and 3H-NMSP binding in the striatum and 3H-NMSP binding in the cortex, only a
minor decrease in 3H-SCH23390 binding was observed in the cortex. The result was at
variance with that in a previous report (22) in which on the binding of 3H-spiperone in cortex
was altered by SCH23390. In our experimental condition, the binding of 3H-NMSP in the
cortex, where the 5-HT2/dopamine ratio of receptor density is high, might be the direct effect of
ketanserin on the 5-HT2 receptors. However in the striatum, the significant effect of ketanserin
in vivo could not to be explained by simply a direct effect. Thus, there may be some indirect
mechanism between the dopaminergic system and the serotonergic system through the neural
network.

It has been reported that some antidepressants such as bupropion, which increase the
synaptic level of dopamine, increase the affinity of dopamine D2 receptors in vivo after acute
weatment (8). The reason for such discrepancy is unknown, but chronic administration of
antidepressants that are reported to induce progressive subsensitivity in dopamine autoreceptors
(3) and supersensitivity in some postsynaptic dopamine receptors (23) might lead to similar
changes at dopamine receptors. Our preliminary data (unpublished) indicate that after chronic
administration of DM, the saiatum/cerebellum ratio of both D1 and D2 receptors is slightly
increased. Considering the mode of action of antidepressants, the adaptation mechanism of the
acute effect might be more important and the adaptation mechanism of bupropion-like
antidepressants and other antidepressants may differ. In this regard, further study is necessary
to elucidate the mechanism of action of anddepressants in vivo.
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In conclusion, the present data revealed an important role of the dopaminergic mechanism in
several types of antidepressants in vivo.
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BV H Y FRE, Csp ZIFRARES
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Cp : ligand concentraticn in plasma

Ce : ligand concentration of free plus nonspacific
binding in the brain

Csp : ligand concentration of specific receptor-binding

Cce : ligand concantration of free plus nonspecific
binding in ceresbellum

ki, k1’
ka, k2!

: rate constant from the plasma to tissue
1 rate constant from the tissue to plasma
K3 : rate constant from the tissue to receptor
k4 : rate constant from the recepior to tissue
Fig. 1 Three compartment model used for the quan-
tification of k3 and k4 value. The cerebellum
was used as a reference region for the estimates

of non-specific bind plus free ligand concentra-
tion.
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Fig. 2 Time course of radioactivity in the frontal
cortex, striatum, cerebellum and plasma, fol-
lowing intravenous injection of 1*C-NMSP.
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Fig. 3 Reduced binding potential (BP) of **C-NMSP
in the frontal cortex with age.
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Summary

Effect of Aging on in vivo Binding of 'C-N-methylspierone
in Living Human Frontal Cortex

Hisashi YoNrzawa®#** Masaomi Ivyo¥*, Takashi ITog***, Hiroshi FUKUDA*
Toshiro YAMASAKI*, Osamu INOUE*, Tetsuya SUHARA®, Hitoshi SHINOTOH?,
Masato Nisuio*, Hideo ToGI** and Yukio TATENO¥

* Division of Clinical Research, National Institute of Radiological Sciences
*% Department of Neurology, School of Medicine, Iwate Medical University
#&% Department of Mathematics, Nippon Medical School

Reduced in vivo binding of C-N-methyl-
spiperone (NMSP) with age in the living human
frontal cortex was demonstrated, with positron
emission tomography (PET). Eleven normal male
volunteers (22 to 72 years old) were assessed.

The uptake of 1*C-NMSP in the frontal cortex
peaked 7-15 min after intravenous injection, and
then gradually decreased until the end of this
study. On the other hand in the cerebellum, the
uptake of 11C-NMSP peaked 10 min and rapidly
declined.

We analyzed the data using a three compart-
ment model and determined rate constants k3 and
k4. And the binding potential of receptors was
estimated as the ratio of k3 (association rate
constant) to k4 (dissociation rate constant) value.

The k3 and k4 values were calculated from non-
linear regression, given by the set of parameter
values that minimized the deviation between the
measured kinetics and model prediction. As an
input function, we used the radioactivity in the
cerebellum.

A significant reduction in BP with age was
observed. Though both k3 and k4 values were
decreased with age, this decrease of BP was found
to be mainly due to the reduced k3 values. These
results indicated that numbers of binding sites
(Bmax) of serotonin S2 receptors in frontal cortex
might be decreased with age.

Key words: PET, !C-NMSP, Serotonin S2
Receptor, Aging, Frontal cortex.
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ABSTRACT

Carbon-13 NMR spectroscopy and chemical shift selective imaging studies of in vivo

glucose metabolism were performed at 2.0 T. Some metabolite peaks were observed in *C NMR
spectra, and earbon NMR imaging focused in the spectral region attributed to D-1-13C-glucose were
also performed. A *C NMR signal accumulated in the liver was detected and the average time
resolution of these spectra and images were 10 and 30 minutes, respectively.

Key words: Liver, tracer, C spectroscopy

INTRODUCTION

Carbon-13 is one of the most interesting nuclei in the study
of metabolism using NMR spectroscopy. Because the natural
abundance of *C is only 1.1%, it may be used as an extra in
vivo metabolic tracer [1-3], which can yield spectra that
indicate very accurate information relating to the status in
each molecular compound. From this point of view, NMR
spectroscopic studies are completely different than other
modalities such as SPECT, PET, Xray-CT, or ultrasonic
imaging.

The observation of the dynamic metabolism of a biochem-
ical substance in vivo will be very useful as a patho-
biochemical diagnosis. There are some previous studies of
13C imaging [4-6] but these studies were performed mainly
for natural abundance '>C NMR imaging, which was equiv-
alent to fat imaging. In the case of investigating biochemical
metabolism using '°C as a tracer, it would be beneficial to
obtain images of *C-labelled compounds without the inter-
ference of fat signal. Moreover, these images could be
obtained within an appropriate scan time for a dynamic
study, in spite of its low sensitivity. The aim of this study was
to obtain dynamic in vivo metabolic information using not
only NMR spectroscopy but also chemical shift selective
imaging of the carbon-13 signal from D-1-"*C-glucose.
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The purpose of this preliminary study was to show that it is
possible to obtain sufficient information from *C NMR
spectroscopy and imaging with the appropriate dose and
within a reasonable duration for clinical study. Our observa-
tions are based on '*C NMR spectroscopy and imaging of the
C3H mouse in vivo at 2.0 T.

MATERIALS AND METHODS

Ninetynine-atom% enriched D-1-"*C-glucose was pur-
chased from Isotec, Inc., Miamisburg, OH, and the animals
used were adult (1 year, male) C3H mice weighing approxi-
mately 30 g. They were maintained on water and chow ad lib
until the day of study.

The preparation of the in vivo study was as follows;
animals were anaesthetized with chloral hydrate (0.4 mg/g
intra-peritoneally) and were allowed to breathe room air
voluntarily. Carbon-13 labelled D-glucose (250—1,000 mg/
mouse) was administrated through a stomachial cannula and
the animals were placed on a horizontal platform in a room
warmed to 30°C, and then positioned in the center of a
cylindrical RF coil.

Carbon-13 NMR spectra and images from the whole body
of the mice were then obtained at an operating frequency of
21.44 MHz on a RA-200 2.0 T system (Siemens-Asahi,
Tokyo, Japan). The magnet bore size was 31 cm and con-
tained magnetic field gradient of strength 20 mT/m. A
single-tuned coil [7] and a dual-ports double-tuned coil,
which could be tuned 21.44 MHz (13C) and 85.26 MHz (‘H)
simultaneously, were constructed. The latter coil joins the
high-frequency channel and the low-frequency channel on
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Fig. 1. Carbon-13 NMR spectra post oral administration of D-1-'3C-glucose
(1,000 mg/mouse) obtained from the whole of a C3H mouse at 2.0 T. 1a, b, Ic, and
1d show spectra at 5 minutes, S, 10, and 24 hours after administration, respectively.
Peak assignment: 1, COO; 2,—~CH=CH~; 3, D-1-13C-glucose; 4, glycerol; 5, fatty
acyl chain; a, b, and ¢ are new peaks that appeared. Figure panels 1c and 1d are on next
page.
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Fig. 1. Carbon-13 NMR spectra post oral administration of D-1-'*C-glucose
(1,000 mg/mouse) obtained from the whole of a C3H mouse at 2.0 T. 1a, 1b, 1c, and
1d show spectra at 5 minutes, 5, 10, and 24 hours after administration, respectively.
Peak assignment: 1, COO; 2,—CH=CH~; 3, D-1-*C-glucose; 4, glycerol; 5, fatty
acyl chain; a, b, and ¢ are new peaks that appeared.
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the common ring. An inductive coupling was used to supply
RF powers to the both channels. The physical dimensions of
these coils were 7 cm in diameter and 10 cm in length. All
spectra and images in this experiment were acquired without
'H decoupling. The magnetic field was shimmed using the
"H NMR resonances obtained from one whole body, giving a
linewidth of the D-1-'3C-glucose that was generally in the
range of 10-15 Hz. Carbon-13 NMR spectra were acquired
with 5 kHz spectral width, pulse angles of 90°, and a recycle
time of 0.7 sec, sampling points were 2048 and 1024 digi-
tized signals were averaged, giving total scan time of approx-
imately 12 minutes. Imaging experiments were performed
using the field echo sequence (TR=300 msec, TE=10 msec,
flip angle=90°), 2DFT technique without slice selection,
therefore collected images were anterior-posterior projected
shadowgrams. A gaussian shaped 4 msec 90° pulse was
employed for selecting the specific spectral region, whose
center frequency was adjusted to the D-1-13C-B-glucose
peak (92 ppm) and its bandwidth was approximately 700 Hz
(30 ppm). Total phase encoding increments were 128 for a
20 cm FOV (field of view); the digitized signal was accumu-
lated from 15 to 60 times. This resulted in total imaging times
of 15 minutes for the early stage and 1 hour for the latter

stages after '*C-enriched glucose administration. The carrier
frequency was 21.44046 MHz and the 16 kHz frequency
encoded with butterworth filtering of the central 2 kHz,
Proton SE (TR =500 msec, TE=30 msec, 256 X256, 3 times
repetitions, 7 mT/m gradient strength) images were also
obtained for the reference to organ orientation.

RESULTS

Figure 1 shows the '*C NMR spectra obtained after oral
administration of D-1-'3C-glucose (1,000 mg/mouse) to a
C3H mouse. Figure 1ato 1d show 'C spectra at 5 minutes,
5, 10, and 24 hours, respectively, after the administration.
Figure la shows administered D-1-'3C-glucose peaks in the
natural abandance spectrum; then in Figure 1b there are three
new peaks emerging at 120 ppm, 156 ppm, and 170 ppm.
Glycerol and double-bonded carbons contributing to the
increasing peak at number 4 and C peaks were observed in
Figure 1b and 1C. The *C NMR signals assigned to
Cl-glucose were seen to decrease proportionally.

Figure 2 shows 13C chemical shift selective images at 3,
65, 95, and 185 min after oral administration of D-1-'*C-
glucose via stomachial catheter. High intensity is seen only
in the stomach region until 65 min. Then a signal from the

Fig. 2.

d

Carbon-13 NMR chemical shift selective images: a shows an image 5 min

after administration, b shows an image 65 min later, ¢ shows an image 95 min later,
and d shows an image 185 min later after oral administration of D-1-13C-glucose
1,000 mg/mouse to C3H mouse. a and b show the stomach only, but ¢ shows the
stomach and the liver, and then a signal from liver are only visible in d.
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Fig.3. A proton SE image (TR=500 msec, TE=30 msec) of C3H mouse located
at the same position (coronal) and same FOV as that of the '>C experiment for the
anatomical reference. The small arrow points to the stomach and the large arrowhead
points to the liver.

liver region is observed after 95 min with a gradual decrease
of signal intensity derived from the stomach. Finally, the
image intensity reduces to background level and the observed
sgectra returned to those obtained from natural abundance
13C at 24 hours. Figure 3 shows a proton image of the same
C3H mouse in the same position and of the same size as used
in the 13C study. This image was used for the anatomical
reference to the C study.

DISCUSSION

It is hoped that NMR spectroscopic analysis in vivo of
13C-labelled compounds will be possible for the clinical
study of metabolism via glycolysis and the citric acid cycle to
amino acids or triglycerides etc. In particular glucose metab-
olism originated from glycolysis is essential for the carbohy-
drate metabolism [8-10]. If we try to trace in vivo whole
body metabolism, it is necessary to perform imaginég studies
in addition to spectroscopy. However, no in vivo 3C NMR
imaging study for extra vivo administrated tracer metabolism
exists due to its low sensitivity. In this experiment we have
confirmed that in vivo metabolism study using high spatial
resolution '*C NMR chemical shift selective imaging is
feasible. Although '*C MVS (multi-voxel spectroscopy) is
worthwhile for limited purpose experiments, high spatial
resolution chemical shift selective imaging is preferable for
dynamic studies.

There have been many previous studies concerning D-1->C-
glucose metabolism observed in vivo or in vitro. Metabolism
in the heart has been observed after intravenous infusion of
D-1-13C-glucose [11]. During infusion, myocardial glyco-
gen (at 101 ppm) synthesis was followed and anoxia resulted
in degradation of the labelled glycogen and rapid appearance
of the *C label in lactic acid (at 21 ppm). A study using
D-6-*C-glucose in rabbit renal papillary tissue indicated the
direct conversion into D-sorbitol (at 63-64 ppm) via aldose
reductase {12]. Intermediate metabolites other than 3-PG/
2,3-DPG can be observed in human RBC. In addition the
scrambling of 1>C label in glucose shows that the reversal of
3-PG to glucose was in competition with its catabolism to
lactate by '3C-labeled C1 or C6 glucose NMR spectroscopy
[13].
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Our spectroscopic studies show that some peaks (55—
70 ppm, 120 ppm, 128 ppm, 156 ppm, and 170 ppm) ap-
peared. They were in proportion to the decrease of D-1-
BC-glucose peaks. As compared with some previously
reported spectral information [9-16], we assigned these
peaks. Five additional peaks at 55-70 ppm were assigned to
glycerol and sorbitol. The peak at 120 ppm was assigned to
an amino acid the C4 of histidine or C4/C6 of tryptophan.
The peak at 128 ppm was assigned to mainly double-bonded
carbon as described before but may be contaminated by some
glycoprotein signal. The peak at 156 ppm was assigned to
UDP-sugar C2 (UDP, uridine diphosphate) and the peak at
170 ppm was assigned to UDP-sugar C4, respectively.
These assignments are shown in Figure 1b. UDP-sugar will
play an important role as a glycoprotein precursor. We did
not assign any glycogen peaks but these may be included
with other peaks. .

We observed, in '*C NMR images, the transfer of
80-100 ppm signals from the stomach to the liver approxi-
mately 1 hour after oral administration of 1 g '3C Cl-labelled
glucose. This data suggests that a glucose metabolite should
be going into the liver via intestinal absorption. However, the
time resolution is not high enough to detect the 1>C intestinal
distribution. :

These spectroscopic and imaging studies show that D-1-
BC-glucose is metabolised through the transformation to
glycerol and glycoproteins during the 5- to 10-hour period
after the 1 g/mouse oral administration. This study, how-

-ever, may not show the natural metabolic pathway because of

the high dose of 1 g/mouse, which is not physiological for the
glucose metabolism of mouse. Carbon-13 imaging of these
metabolites is also important, but these observations require
an improvement in sensitivity, which implies the necessity of
either Polarization Transfer or decoupling techniques.

ACKNOWLEDGMENTS
This study was partially supported by grants 63-11 of
Ministry of Welfare, 01770807 of Ministry of Education,
and Special coordination funds promoting for science and
technology (Japan).

REFERENCES

. Cohen SM, Ogawa S, Shulman RG: Proc Natl Acad Sci USA 76:1063, 1979.
. Cohen SM, Glynn P, Shulman RG: Proc Natl Acad Sci USA 78:60, 1981.

. Reo NV, Siegfried BA, Ackerman JJH: J Biol Chem 259:13664, 1984.

. Kormos DW, Yeung HN, Gauss, RC: J Magn Reson 71:159, 1987.

. Kormos DW, Yeung HN: Magn Reson Med 4:500, 1987.

. Hall LD, Webb AG, Williams SCR: J Magn Reson 81:565, 1989.

. Alderman DW, Grant DM: J Magn Reson 36:447, 1979.

. Bottomley PA: Radiology 170:1, 1989.

. Alger IR, Sillerud LO, Behar KL, Gillies R, Shulman RG, Gordon RE, Shaw D,
Hanley PE: Science 21:660, 1981.

10. Sillerud LO, Shulman RG: Biochemistry 22:1087, 1983.

11. Neurohr KJ, Barrett EJ, Shulman RG: Proc Natl Acad Sci USA 80:1603, 1983.
12. Jans AWH, Grunewald RW, Kinne RKH: Magn Reson Med 9:419, 1989.

13. Ghai G, Gonnella, NC: Magn Reson Med 8:340, 1988.

14. Canioni P, Alger JR, Shulman RG: Biochemistry 22:4974, 1983.

15. Moonen CTW, Dimand RJ, Cox KL: Magn Reson Med 6:140, 1988.

16. Halliday KR, Fenglio-Preiser C, Sillerud LO: Magn Reson Med 7:384, 1988.

WO N O B W RO e



R &

In vivo °F MRI 12 X 2 EWAERNEEOFM (G5 1#H)
— B2 AREEA) enflurane I22WT —

AR, W¥Ex', #H B, LIEBE®?
THEHE—', H#HFZH),
D SRR 2B A TSR R 72 ER
Py — XV AMAT 4 T v 7 RREESRL
(MRI) %8A7z. FPFEOERIE enflurane O
L I EENSAB L U F QR R EBRRICHES iz

Pk & 0 EY ORI B & ORI D@2 &0
EENEYEIRE 2T T 2 11, BEIERALT
FxEROIAEAGHERHEBREED B LT OB
FIE 21T I LERH - 12, Zhextl MR
(magnetic resonance) &% HuvhiE, MO
RN TOEEE 2 IEBEER, FEREC L, b
RRHICIR 2 5 Z EAHRETH B, LY b,
b EEEAREETS *FOIZEA LS MR
TSRV, UF 2t b eEER
WS LT MR HIE %2177 2 ISEENEIE Z 1
A5 EMARRE R D RERNINTH S, 7T
2, —ERTRERIGAbLEAS N THEY, L
L, —# in vivo °F MR BIE T, EYWo4t
HRRES LB BRERNTORBICHEE
Wo HEESHE LB L UVERILT 2 HBEDT—
T4 777 VREOMBENECHEELEDY,

SEIEL L, BAREH &L TR AT
SN T3 enflurane® Z v, XD EBEAPRIE
WGEWERRIRECEAT2BET (1.75-2.0%)
T, WOERETO i vivo ¥*F MR imaging

L, %7:fBEOEALR S MICEERTOEFHE
B COEE R H—EC TRERFR MRI I TH
BRIz 2ETHS, B, FILADOER
OB E LT, g~ Y A S EEERET
b5 KU 2285 #EHEARE LT, “FMRIick
ZHERNBEOREMLLEADTIDHE KDV
THETHRRS,

HEELUXR

1) enflurane OEER T 300 gDHEY: wister
7w b 1205%, KU-2285 DEERTIRAEKRRRE
Tz NFS, (murine fibrosarcoma) &%,
BEEN2cm B EE#H-7235gDC,H #HiE~
TR 4Lz,

2) AL MR &1k 2 T OREEHEAKFR
<7 2w b &V b RS200 (Siemens-Asahi
Medical Systems Ltd, , Tokyo, Japan)
Thd, aANVEFIHEHBEL-NEScm D
Alderman Grant B 2 A4 V& Hwi-, ¥F, ‘H
DOHBEAFEHIIZILZN 80.22 % 5 TN 85.26

F—g—F

79

enflurane, '°F magnetic resonance(MR), inhalation anesthetics, KU 2285



HRESE $10%6 % (1990)

MHz Th 5., FLEAFEESB L U900 213
enflurane 5cc A D O34 T IVIZTHREL 72,
enflurane ® MR A7 FUWZ 2 ROHLEMHEL
Tz oh, BRI >TRE—I7EDE
WEREERIO € — 7 b AR EE bR e,
F> 7Y ¥ 7 r—rid8KHz kL, 2KHz D
Butterworth filter t XD A 7> -2V 7%
Bevasz, °F MRI 02V 2 %5013 field echo ¥
T, BUERUBMIIZ300ms, * a—EEII10
ms & L7z, A74 ABERIfTEHT, Wbws
projection EffR Z B U .. HEHF AL
07y bOLET (BE-HHE) B8LUOELEAHR

(IA) & U7, #HEFREE 140 mm, WHEE
i1, 1Gauss/cm, = MY w7 XY 4 X1k 128X
128 ThH5, BMEEBXS~10[, T¥2bbR
ERMEIE3.2~6.40ThHh b, —HDFy

(n=6) TIidenflurane DIEFIZHSHEZIHS
PIT B0 YF MRI OBEKTE, “FO
T4 NVOROEEEFOE T, BEEE Hi
Eb¥T, 'HMRI OFEF2{TaW FMRI &
H#E L7z, 'H MRI ©&41%, A7 A AlE 2 mm
O field echo % (& 0B UKEE/ = o=
300/10 ms) T, WEFZEIFZ 140 mm, MYy
I A4 Xk 256X256 TH5H, BMEEBUL2 vl
4 [, BEEMIZ26~5.15Th3,

3) EBRoSa ba—n

enflurane MDFEER

MOBMEF OFELWT B2, T+ &
WERErD E £ 7 — Y T & 5% enflurane BE D
100%EFR Lz LizSBohicuni., 85E
T VBB LT 2 AT/ AY PARKEE
BAGLE LCHEIEL, BFEFFRTIZ A 7 REHNC
THEFR 21T o72, 2O/, FAFEIE11/min
L, BFE 0%, EXR 70%8B L SFenflurane 13
BHOSALEREZ VT 1, 75~2, 0% W HERE L 72,
BME<72Y PNICEELIES X D °F MRI
HIZEZFEIRL, Bk 60 Hficbiz b LEiogkd
CCHIERSID . 20k, BE LREE0

% F Cenflurane O A 2tk U TEWIDYEREL
BH¥EE 2R 5 £ TUEHVT °F MRI #i5E
#{T72-72 (n=6) . enflurane OEEHIFAYS
MERESPIZT 5O IFEHOEY, (=6)
Tl enflurane A H1EE 20 53 % TC “F MRI
DOEBE2ITHYY, enflurane BIE 1. 75% DK
AZHBEL CHE2EB T, °F MRI @ projec-
tion M —F L7z '"H MRI 2HisCD&HTHE
L, “F MR E50OMEHEMME & HBHRE
L7z,
KU-2285 Ok

< Aik s a7 —n 10 mg REHERRS
L CHRB R 578, F Boa4 vorc EEAGL
TEE Lz, ReT, SEEEKTHEMEL KU
2285 (50 mg, 1ml) % NFSaf#iEC3H = v
ARERENES LT, BRI D EENIF
MRI 2B U7, RESLEFIZRTRO enflurane
DEE L F—THY, projection FENI®TAD
LETAm (EE-ER) oa L Uik,

& F

Zv b IERREEE A 1, 75~2, 0% enflurane
D—ERE THRPHE T W CHERF L 723, A
BHEATR 16~20 2T ET, &L D ¥F MR OE
SURoNIEDTz, FREBHIAT 60 2% AL 72
BFEE D in vivo P*FMRI 2K 1, 2, 3WE7.
enflurane OMFIERE 13 Z O S CIEFRTIREEIC
BoTWBEEZLNS,

HEHOEHR®H 1 wRT, EREERFAED
HRT, TREIERAFAAOEGTHS, K1-
B, D WX enflurane ® “F MRITH Y, 1-
A, CiEE1-B, D LA HMRI Th
%, UF OFHZES ESHL» ST HC»ICE
R sn . *H MRI £ xRz & 0,
IS OBEERIZF L2 NESO K TIEHE
s & MCHEWRAR 2 £ OFSIEE (KF) £ E
Z7z, 1-D ORTAREONE/NE 2 7D

19904 8 H14H 2 19904E11 B 26 HgeET

FIRIFERE T260 TERNI4-9-1 BEEEZBEMETERKRTEE BAER

80



In vivo *F MRI iz & % SN EHE 0 SEH

1. BRERE AR, 1.75%® enflurane FREE 60 5
BBEFDZ v MEERO'H (M 1-A,C) BLUUF
MRI (®1-B,D) &7, wihy field echo T,
DU 300 ms, = —HF# 10 msTH B, Hi
FEBLUVBED< MY v 7 A9 A X3 ehEh 256 X
256, 128X128 TH 5, B 1-A,BRAA» 6 R,
1-C,D 3R 6EME BB Ths, wihd
Ko EFdirostral L7423, F MR {E5 3ZHEREH
B & UBEERAIT wEHE T, "H MRI & Ok & D |
FHRIEHHEET, 28 IRERROEBHARSEE

(RED) &#EZz 7, RPOEBRIIBOBD S5 cm ikt
JELTWw3,

2. 1.75%® enflurane & A J B
60 - REARF OIEHES *F MRI GEdkA
A D, 2-B) BLUZFREHIEG
T A g Tco'H MRI (field
echo ¥ T, #D:K UM 300ms =
I —FFH 10 ms, AT A A& 2 mm,
B2-A) . M2-AD0'H MRILicT
fags (B ¥ X OHEEROMEIBOEZ &
NTWBZeBahs, J8ho T, E
BIEWDWR, EESELTHRZON
3. ZOEHEDOWLT, M2-BT
@ ¥F MR 55 3B (IEE) B
& CIEMENARRAER (K& &b
BonTwaLFAETES, Hholf
BMEIBOBOScm G LTS,

B 3. 1.75% enflurane P A FREE 60 53
RO *F MRI (RERERAHET %
LuflfTrs Rt M3-B) 8LU
ZhZHIE S 2 R T o 'H MRI
(M3-A) . W3-BCRIFE (&
) 8 & UIEREARER S CKEED
LD PFMR OEEFEEBESNTVLS,
FHE ORI - OB F N TR R
HEhTws, MPoEgidsosns
cm B LTW5,

81



BRERE £10%6 %5 (1990)

EERREEHEREEZ 2, MEELVDOF
D MR EERELFAOEBTIRERY DI
HER#ET (KW1-B), EFTHRAOHKH (M1
-D) TRHELHTEP T,

BRIV BEsnEHEER2, 3WwRT. 1B
WrETrsR-E S ERAR) K2 THY,
FREED»S BRIz DOMNHE 3 TH5, F MRI
TOEESR (2-B, 3-B) i, ®ET
% 'H MRI iz THFIEZ: & UM fEREP ISR ©
HLHEFEETES, Lhb, EHE T, ENE
{'HMRI CEEESLLTHEshTHE (
2-A, 3-A). B2 D/NRETRLUZS DA
BT, REETRLIOEAHHE EOBERERD
JEffE#TH Y, F MR EEEBE IS »ICHE
BRSO L D biEr o7z, SO E
OfHFRRAROG (K3 /RH) TX D
SHTHolz, FTRREEEAL 60 5 % TOIFE
B & UIEIHHEE X D @ °F MR 2 2515408
TRERBNCEA LR LT, FETIEH
308 TFT b—iELT,

1.75% enflurane iz & 2% A FRE:% 60 43 Fut
L, 20OBREAZTIELTCERETZ ETCOR
EER 22 R D *F MRI (@RAR) 2K 4125
3. EEPRARIEERIOKRT, EEEHES
(EH) BIUHE (KB LBV ESHE
SNTWw3, HLEOGRIEATIEE 20 5 DE
T, ET2540 3%, HTR70 5BOHBTHS,
40 MR T B L 2EDEEBETL T3S,
HRFE» > DEFLVEDSENE, LrL, 70
SEERT B EFES S DEBRIZEALRD S
Nxlot, —F, ZOBEETIEIEE» S
DEFRETLTIEVS HDDKRBEEDS
iz, 0%, 7y PEHKEXDEELERE
Bkt T2, YF MRIEE SR L -,

~ 7 ADERERNCERE L7z KU 2285 13K 5 i
AT XSz Nz, H5-A PMEEEKROD
DT, M5-B# 12454, K5-C2832 35T,
B5-D252 530G ThHs, BEERELEY
WCERER D S DESIREICHEL Y, —AT
M ORENCR U7 BEBE P £/ L7z KU-2285

82

B4, 1.75% @ enflurane 12T 60 43 FEIFKEME, en-
flurane #e 529 IEL, HET 3 D FMRIE
RN ST T 2 b BEED & B R A7 OERY
b (BEFARE?2 LRETHD). Thth, &
A IEER (K4-A), RiE&205% (B 4-
B), 4043% (4-C), 7045% (M4-D) of
ThH5, WAHFIEE "F MR OEESIIREICTHEL R
D, 705% (M4-D) w2 (hEE) o
BRRIZEACHEELTWSED, JEIFES (RH) »
SREAESHRD SIS, HFE»SDEEDET
AR O enflurane MAEEOETIZHGL
Twa EEzZon5, TIBHHEEIOERDE L,
POKED enflurane WEFEL T 37201, fF
NOBITHRRTCESNEFE TS LEbN S,

L DEWEENSEZ S, FENC X D IBIES)
PHF SR T B nh, BEEOEETCOE
HOBEIRER TR L >, £, EXRBE
EE (”5-A, tm) »oDESRERTER
oz,

Z =

ERINCEET S F-19 BEICEHEBICHEAA
EFNTEBY, TOREAENMRIZTIEZSN
B, =8, FOMRBER ' HIEKRVWTE
W, 207 “FELYBE*ERCBREL T
MRI fIENFRE L 2L, TOREB L TEBE
AR & v o T ANBIES LA S SR E L



In vivo F MRI\Z X 5 SEMENBIB O T

G

R 5. MatgEmia KU 2285 (50mg,1ml) 27
KERICE 2cm @ NFSa BB %F 32 C3H v AR
IERE I 5%, REAIC UF MRI 2BE L 70, #
EARBEN-FRAETHS, VAR field
echo # (f& 0K UK/ = o2 — K =300/10 ms) .
nth, #525% (®5-A), 25% (K5
-B) , 324#% (B5-C), 524% (M5-D)
BThD, 125803 RN s h: KU 2285
DOEEM LD @ *FMR EE (KH) BHo»THB,
L, BEE (tm) »2o0EESREDERN, B5-A
= ADEE, THROBRBEH TV,

TRZONZEEZ NS, 772 LEED MRI
BB YTz o TIES| O EEEBP ORE, &
i, @B L CEONEIERRRTFE 25,
EDDLUTEBRKREL - FIAAEY T EBRAEE
MR ERELEZD, BEIE HMRLIZHA
m vivo F MRIL IZEE5HFILMEL, FEHS
fEREH % B,

&7z, EERNTOEYOENEREEZHIET S
Wik 2 h o ORI INZ TR S REEE D RIRE D
£U %, ERBESH TS in vivo *F MRI
DOBGEEHEEERE2ET2H0LHD?, SHEA
DOREBFEZRE T2l HEEaTH S, §EH
DEERT T projection BROD 2D, KRS AERE
3~645T, EYMOEENER IR Z 212 130%
RBTEBHbDLEZS,

B CHEL S iz FiEEW iz m R EA

83

, C1 bl ol

| | {
H-C-C=~-0~-¢C~11

{ { ]

F ¥ ¥
S S
o

o)
:4] &0 40 20 [ ~20 ~40 B0 -89 -100 -120 140

6. Enflurane O#&ER B & U8 1.75% D enflur-
ane WA T DT v MES L D E SN in vivo
FMR A7 bveEiRy, §EO MRI#ECEE—
7 BORWERBERIOHAEE (KA LA
rEbE.

& LTHIs N3 perfluorocarbon % fv>7z b D3
BEAETHE D, LrlL, EBCEGIELTS
B TEHBEORSBUNEL 2 ) JEAHT,
% 7o 2 OWE IR & CBEIER ¥ OBENRIE
ERUBRCELEEB LI THELH S,
Z I THRZBEENTIE L A ETERETHOR
Wi & UM B IR AFREFE AV, 204
BERTOSMAE & U2 OREFWEL 2 ERE L
TRZ, BHOUB 2 28H 7,
BARKEEIDIZF LA YR F2&%4 °F MR O
Buitg & 397, BAEE T in vivo MR THR
FrE N T 3 FEBEAENIEE & U T halothane TH
% 08, ZOHEHIFIHBGEIE—ThH B 127205,
FBEECHEATALERD S, HRiRE CER
M OB OHEFF LT T, BRIFEEI b REFH
2EL, ERREERTHrEIREEND R
CORERDB P, —F, enflurane (6) X
5EFOF.2EA, FHTIEHBRRBICBWT
BLFEHAINTOWARARERTHS., Lid,
ZOEFNZEEPTIRIEE A CRBEZTIT
EHETHE LI TWEY, 7 enflurane D in
vivo TOEBRILIZEE SN TB ST EOEEN
DHAERZD ZERMENDZLEY, K6
AL DTy MHBPICE 7z enflurane D in



HREESE

vivo MR A2 b Vit 2 KOILEHIE S N,
SEOER I E—7BORWEREHEIOE—
7 (K6&H) 2HLAEAEBICEDLYE,

B ARBFI O ERE 33 mM DT & {fv
B, BEESBNERILAOhTWwS, 5
DEBTHEELS X CEF OS> 55
BEBEeNT, 7272, BETOBARERFD
SAAOEBILOHRE IRIZR s>,

SEORETHIE» S D MR 820w TH
2, 3, 4, WRULILD ICHEKED ZRHEHE
Sihic, MEEEAR X Y FOESEE 13I8
M D Z NI HENEL, ORI FHIcEL
fo. FI-HEBERRC EHREOE S RSO 7
FUTHAR L D BERIzE L7 (F4), enflurane
OIMHEE G 15 7 F TERPPICERL,
60 53 DARE-M &0 59, BRI D OfE 52355
B ER SRER I HET 3 EE LN,
g L D OFSEEN RO GE L 7o 2
DAL TH B, ZOEHEIL enflurane g
FAREAR D & O AR g, EEL OF
ETLOBEERENS LD Y, FRHNEE 2
W ABET 372 enfulurane QM BEICIG U
EEERBL, %079 enflurane MHEE D
Ay, BHIESEENEHCEL L
# 2 72w, EEE enflurane DR ABRE 2 —FE 12
 LTBLTT v MEEO “F MRS FIR

M2 BBECETES LI EEETEEL T
D & @ enflurane @ “F MRI {§ 5 13E P
ETLTLE S Z & biFE» S DESHEI
PR ¥R U 72 enflurane & D Mo
enflurane WHEL TWB EWIFEZRTFLT
w3 (T, Hashimoto, unpublished data),
DL L Y OFESSINRE 2 KR 5
EEz M, enflurane BWEETED TREET
HHIELLHEST, —EOBRABEDOT TF
BREBWCE L 7- %8 12 wash outhf O REERRY °F
MRIW&Y, MBEHE"L I EVAREL RS
LIRS, UL, SHEHOERTIREE,
S DESTHREOELLDANS DEETIIHY,
M TOEFERBOZ(, ROz

84

#1046 5 (1990)

WTRTHTHY, SBRORNE2ET S,

FRELED R BV 72 UF MR T B2/ 3 0
B, TOMATOSMmTH 5. A, M,
Wyrwics, etal, @ iZ “FMR A7 oz
% O REBAISRA R IEE SRR CHE
(52 EEHEL TS, SHOERTIRER
LA 585 7z °F MR EB 2RO %o
72. W, Chew et al, '@ % halothane % Fi»
THRORMO *F MRI 2847203, KEROBES
PIREFIMRETERP T EMEL T3,
ZOHEHIE, OMESFOBESBEEGD Z
MHERIE 2 pi iz, @T, EARESIEE
WAL Tw»2, @5EREBHOFIID: DI
T a—BF%E 10 msk L7cds, X DEWERESD
BThb, @L0SERECEREORENINZ,
LIORVWEEERITRILERDZRENELS
ns,

EE PRAD W R AR O PR N BIRE 2 &1 5 1 i3
1, RPORBEVOEESCHEI S AFOEE
W& D SRR 2 B Loz, £ LT in vivo
TEDOEEASF RS FERIE,, SERL
ek S, BKRTHERT 2BETDin vivo °F
MRI WSHIEETH 5 T & & D AR THEEE enflurane
DAF % BRI T 2 2 EEME DD TR,

)
N NO,

CH,CF,CONHCH,CH,0H

B 7. KU-2285 o#EE=

SEE N E THRAT & 2R AFFERFNI
Z, “F MRI % F \» C S 8 88 B A 0 KU
-2285 (KM 7) OEABREBOFMERAN, 20
tEHD F MRI HIE 3 BFEE CHRERZRE >N
w, E5 0k BT Y ADEEARS
BOYE, TR CBEBE A HENR 0D 1552 % RREFRY
W ZDZENTET, R J. Maxwell, et



In vivo ¥F MRI i & % ZEW{EPIBIfE O FE

al, "Wt F1k & 1u 7z misonidazole 3L &9
EEEREG L TA PVAERTR YL, &S
B4 BMTHEETERBREEROK 20%DE
FEHBELNIOL, MOMHBTOETNIZ0,1%
RO TEWZ & XD, FOBEHRERHA % A
Wiz in vivo F MR kM ER SR O FEE1E
B TR 5 D B A TTREME 2R L, A
DRERTIE, B, BEhts o BEtiRERAIOE
SRR N0, B> SES ORI ITHIE
otz WIESRMREDRBEILOWKE b 5
DLETH B, FHOHNBIREGCE L TIEER
BREGRINC ER L Ty, RS EEE X
D RS HRFICEEHEBANBEMET T35, %
T IEBEIOREF & U TIEEE ORI WEESE
B 38 2 RBEHIE % { SUEBEEAE
B Thro bR EDRIEEMEDLEZ H1L5,
7072, BHIERE U3 % in vivo A2 b a
A2 E—THHT 2Bz DESOMERER
PELNLZOLHEENE L, ZO0HE» S bHEE(
PRALZBERIIBODTKRKENVEE LD,

F & &

In vivo *F MRI # W F{LEWTH 2
A FEEEH] O enflurane 8 & O BT #5088 & 51
KU 2285 F OE{§ILIC X 24 ANEIRED M % 5
Az, MK CHERESNZBRABEDTT  enflur-
ane DRk & N F ORIFNZEL 2 5 v b
BOTHBICHEETE 2, 2 RN &
D b ® °F MRI Tl Bk H 2T RNES
iz, BRI e MREES ORI OV TIRS
BOBMN EET 5,

il 5

TP O—E BB IR BB OB &
27z, KU 2285 Ot 521754 & T3
B £ 3. HEPIRCH D B K
RO%EBY £ Ly — A v X EERBEFRRLE AL
DB ERHEL &7,

KRN OBERRE 5B HARELBEESZS
K& (BB, FH2E2H16H) 8wt
HERLL.

X BR

1) M. C. Malet-Martino, J. P. Armand, A. Lopez. et

al. : Evidence for the importance of 5-Deoxy-5-

fluorouridine catabolism in humans from “F

nuclear magnetic resonance spectroscopy. Can-

cer Res, 46 : 2105-2112, 1986

E. McFarland, J. A. Koucheer, B. R. Rosen, et al.:

In vivo *F NMR imaging. J Comput Assist

Tomogr, 9 : 8-15, 1985

3) G. W. Black : Enflurane. Br J Anesth, 51 : 627-640,

1979 )

P. M. Joseph, ]J. E. Fishman, B. Mukher-ji, et al.:

In vive *F NMR imaging of the cardiovascular

system. J Comput Assist Tomogr, 9 : 1012-1019,

1985

5) R. P. Mason, P. A. Antich, E. E. Babcock, et al;
Perfluorocarbon imaging i wvivo : A *F MRI
study in tumorbearing mice. Magn Reson Imag, 7
: 475-485, 1988

2

s

4

~

" 6) A. M. Wyrwecz, C. B. Conboy, B. G. Nichols, et

85

al. : In vivo '®F NMR study of halothane distribu-
tion in brain. Bioch Biophy Acta, 929, 271-277,
1987
7) A. M. Wyriwicz, C. B. Conboy, K. R. Ryback, et
al : In vivo *F-NMR study of isoflurane elimina-
tion from brain. Bioch Biophy Acta, 927 : 86-91,
1987
L. Litt, R. Gonzalez-Mendez, T. L. James, et al :
An in vivo study of halothane uptake and elimi-
nation in the rat brain with fluorine nuclear
magnetic resonance spectroscopy. Anesthe-
siology, 67 : 161-168, 1987
ANz, AR, GHERBE, fifl : Ethranef{i:
btz OEIRMATEEE, FREE, 22 : 344-347, 1973
W. M. Chew, M. E. Moseley, P. A. Mills, et al. :
Spin-echo fluorine magnetic resonance imaging
at 2T : In vivo spatial distribution of halothane
in the rabbit head. Magn Reson Imag, 5 : 51-56,
1987
R. J. Maxwell, P. Workman, J. R. Griffiths :
Demonstration of tumor-selective retention of
fluorinated nitroimidazole probes by *F mag-
netic resonance spectroscopy in vive. Int J
Radiat Oncol Biol Phys, 16 : 925-929, 1989

8

=

9

=

10)

11)



Evaluation of Drug Dynamics with in Vive “F MRI
with Special Reference to Enflurane (1st Report)

Takahiro HASHIMOTO'!,  Hiroo IKEHIRA!, Hiroshi FUKUDA!,
Yasuhiro UESHIMA?,  Koichi ANDO!, Yukio TATENOQ’

'Division of Clinical Research, K National Institute of Radiological Sciences
9-1, Anagawa-4-chome, Chiba-shi 260
*Siemens-Asahi Medical Systems Lid.

In vivo *°F magnetic resonance imaging (MRI) was examined to reveal the distribution and
the dynamics of drugs containing '°F. Enflurane, most commonly available inhalation anes-
thetics in Japan, distributed predominantly in the adipose tissue and the liver of the rats and was
successfully imaged in less than seven minutes iz vivo under the clinical concentration of 1.75-
2.0%. The *F MR signal reached the plateau within 30 minutes in the liver and disappeared
faster in the liver than in the adipose tissue. The MR signal from the liver was supposed to
originate mainly from the enflurane in the blood. Because of low blood flow and increasing
accumulation of enflurane-in the adipose tissue, MR signal in the adipose tissue remained longer.
In vivo consecutive F MRI in the liver using enflurane might offer information of blood flow
in the phase of washing out.

Radiosensitizer KU 2285 containing '*F was also imaged in the C3H mouse after intraperi-
toneal injection. This drug was rapidly excreted in the bladder. Any MR signal was not
recognized in the tumor probably due to lower concentration compared to that in the abdomen
and the bladder.

The authors demonstrated and characterized iz vivo distribution of enflurane in the rats using
1°F MRI. Additionally, we postulated the possibility for blood flow measurement of the liver in
the washing out phase after constant inhalation of enflurane.
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ABSTRACT

A high resolution positron emission tomograph (PET)

for brain studies has been developed, which consists of 5
detector rings (240 BGO's/ring). New multi-segment
_photomultiplier tubes (PMT) were adopted to the system with
Smm wide BGO's. The system is designed to examine a
patient sitting or lying down on a chair/bed couch. The
functions of PMT auto gain control and real time image
display are implemented in the system. The physical
performance of the system was evaluated: the spatial
resolution is 3.5mm in the transaxial plane and 5.7mm in the
axial direction, and the total system sensitivity is
109kcps/uCi/ml for a 20 cm dia. uniform phantom with a

pulse height threshold of 350keV.

1. INTRODUCTION

The current trends in PET systems require the
improvement of spatial resolution. In order to achieve higher
resolution, various ideas for detector construction have been
proposed [1]-[10], which are categorized into two scintillator-
PMT coupling schemes, individual coupling and group
coupling. Most PET systems use group coupling detectors
which are designed to make a large number of crystals coupled
to a small number of PMT's [12]-[14]. In this method,
however, it is often difficult to attain the spatial resolution
expected from the crystal size due to the poor statistics with a
limited number of scintillation photons. On the other hand,
the system consisting of individual coupling detectors can
accomplish high resolution performance [15]. To overcome
the limitation in the size of PMT's and their arrangement for
multi-ring construction, a new multi-segment PMT was
developed for the application to this PET system. Several new
functions are implemented in the system to attain better
environment in brain studies. This paper presents the features
and performance of the PET system.

2. DESIGN FEATURES

The system is specially designed for brain studies. Its
features are as follows:

Development of the PET system has been performed under
contract with Research Development Corporation of Japan,

(¢)) High resolution : The resolution at the center of the field
of view (FOV) is less than 4mm in the transaxial plane and
less than 6mm in the axial direction.

(2) Special arrangement of detectors :
altained even in stationary mode.

(3) Axial-scan : 5 detector rings with axial-scan can provide 9
simultaneous slice images or more quasi-simultaneous slice
images.

(4) Real time imaging : Real time images are displayed on a
CRT monitor (40x40 pixel images) during the data
acquisition.

(5) Flexible couch : The gantry has a 30cm dia. hole and tilts
up to 90°, Patients can be measured sitting or lying down on
the chair/bed couch,

(6) Quietness : Auditory noise is approximately 50 dB in the
gantry hole during wobble mode.

(7) Auto gain tuning : PMT auto gain controller provides the
system with reproducibility and reliability,

3. SYSTEM DESCRIPTION

High resolution is

The specifications of the system are summarized in Table
1.

Table 1. Specifications of the system

Detector
Crystal size “Bmmfw)x12mm(h}x30mm()
PMT size 23mm(wix1 lmm{bx68mm()
Number of crystals 240 / ring
Number of PMT 's 60 / ring
Crystal material BGO
PMT Quad-PMT (R3309)
Crystal pitch 6mm
Bank spacing 3mm
Gantry
Number of rings 5 rings
Ring diameter 473mm
Patlent hole diameter 300mm
Tilt angle -20° to 90°
Lift stroke 50cm
Scanning motion Wobble motion
Axtal-scan {max 14mm)
Slice collimator 60mm{l)x5-6mm(w)
Ring pitch 16mm
Source Orbiting 8Ge rod
Couch
Horizontal stroke 2000mm
Elevator stroke 400mm
Reclining angle 0° to 90°

0018-9499/90/0400-0594$01.00 © 1990 IEEE
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3.1 Detectors

A new multi-segment PMT (R3309) was developed for
the application to this PET system, which has 4 segments in
one glass envelope. The anode is common with those 4
segments in the PMT, while the last dynode is separated into

4 independent segments. The anode output is used for energy

discrimination and timing pick-off, The dynode output is used
for crystal identification [16]. Four BGO scintillators (Smm
wide x 12mm high x 30mm deep in size) are coupled to the
PMT with an individual coupling scheme. The energy
resolution of this detector is 22.5% and the coincidence time
resolution is 3.7ns fwhm and 7.4ns fwtm for 511keV y-rays.

Sixteen BGO's and 4 PMT's are assembled in a detector
cassette with high voltage dividers and preamplifiers. Figure 1
shows the detector structure and the cassette construction, 15
cassettes are arranged on a circular ring with a gap equal to one
half the detector pitch by "a bank array concept” to obtain high
resolution capability in the stationary mode {17]. The system
consists of 5 detector rings (300 PMT's and 1200 BGO's). The.
whole PMT's are automatically tuned by an auto gain
controller’ (AGC) in the gantry. The PMT gain tuning is
executed with 137Cs calibration sources set in the center of
the patient hole. All PMT gain can be tuned within 3 min.
AGC function provides the system with reproducibility and
reliability.
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BGO PMT DIVIDER
=letslel- o
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Fig.l Detector structure (A) and detector cassette construction (B),
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32 Electronics and Data Acquisition

Output signals from the detectors are sent to the front-
end circuits which have one-io-one correspondence with each
detector cassette, Anode signals are led into timing/energy
discriminators which produce the timing signals. The energy
threshold level can be changed by the software and is normally
set to 350 keV. Dynode signals are led into comparators and
coded into crystal address signals, where mum events in one
cassette are rejected

The detectors in each bank.(detector cassetie) are in
possible coincidence with those in the opposite 6 banks both
in the same ring and in the adjacent rings. In this system, 5
coincidence circuit units are installed. The width of the
coincidence time window can be changed from one value to
another by turning switches on the comcxdence boards and is
normally set to 20ns.

Coincidence detector pair signals are encoded and stored in
histogram memories as a sinogram. The histogram memories
consist of a pair of memory bank sets, each of which has a
memory for data acquisition (2MB) and that for the real time
image monitor (256kB), The data acquired on the 256kB
memory are transferred onto an array processor every certain
period for image reconstruction, and the real time images
(40x40 pixel images) are displayed on a CRT during the data
acquisition. This function reduces operation faults and
consequently enhances the system reliability.

3.3 Gantry and Couch

The wobble motion and the axial scan are introduced in
this system. We put emphasis on quietness in the design of
those mechanical motions to reduce auditory noise during
brain studies. The wobble speed is programmable and its
maximum speed is 1 rotation/sec. In the axial-scan, a scan.
pitch and positions are selectable from 8 pre-programmed
modes.

The couch can be used as a chair or a bed and the gantry
tiits from -20° to 90°, A patient can be examined either in
sitting or lying down on the couch. The couch can be moved
perpendicularly to the gantry front face at any gantry tilt
angles by computer control (axial traveling mode). According
to this function, a patient can stay in a comfortable position
during a long measurement and visual or auditory stimulus in
physiological studies can be applied easily.

3.4 Data Processing

An array processor (HAMAMATSU M2941) was installed
in the image processing unit for the image reconstruction,
which is a random access type and offers easiness in the
implementation of new reconstruction programs. We
implemented Filtered Back Projection (FBP), Fillered Iterative
Reconstruction (FIR) [18][19], EM algorithm, etc. in the array



596

processor. FBP requires 15sec and FIR (3 iterations) requires
2min to reconstruct an image from 160(T)x240(9) projection
data.

As a main computer for the system operation and image
/data processing, we adopted an engineering work station
(SUN3 260C) to the PET system and developed the software
in the bases of an object oriented language: smalltalk-80.

4. PERFORMANCE

4.1 Spatial Resolution

Transaxial rcsolmion was measured by scanning a 68Ge
line source, which is filled in a glass tube (internal dia.
0.55mm, external dia. 2.2mmy), placed in parallel with the axis
of the patient hole along the radial direction at 0, 2, 4, 6, 8,
and 10cm from the center of the FOV in air. The data were
acquired in both the stationary and wobble mode. The
transaxial resolution, fwhm and fwim values of a reconstructed
image, was determined by taking a profile through the center
of the image and making a linear interpolation. The results in
both the radial and tangential direction with the wobble
motion were shown in Fig. 2. Resolution in the center of the
FOV is 3.5mm fwhm and 7.1mm fwtm in the wobble mode.

Resolution- (mm)

L. o---0 Tangential -
e—o Radlal

10

Distance from center (cm)

Fig2  Radial (solid line) and tangential (dashed line) resolution
with the wabble motion as a function of the distance from

the center.

In the stationary mode, the resolution of 3.8mm fwhm and
8.1mm fwtm is obtained using FBP algorithm with the
Shepp-Logan filter. A better resolution can generally be
obtained by applying FIR algorithm with the same-statistical
noise. Typically, threée iterations yield almost the- same
resolution as FBP, and further iterations yield better resoluuon
at the cost of S/N ratic. Although the FIR method requires a
longer computation time, it provides better image quality by
virtue of the non- negativity.

Axxal resolunon (slice thickness) was measured by
scanning a22Na point source parallel to the axis of the patient
hole in steps of Imm at 0, 5, 7.5, and 1Qcm from the center
of the transaxial FOV. The count rate in each slice was
recorded at each scanning pomt ‘The results were shown in
Fig. 3. The axial resolution in the center of ihe FOV is
5.7mm fwhm, 10.4mm fwim in the direct-plane and 5.3mm
fwhm, 9.0mm fwim in the cross-plane,
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Fig.3  Axial resolution in both direct- (solid line) and cross-

planes (dashed line) as a function of the distance from the
center.
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42 Aécial Scan

The samgling uniformity in axial scans was tested by
measuring a 58Ge source in a flexible Teflori tube (2.8mm
dia.) wound around the cylindrical phantom (10cm dia. x 20cm
high) in spifal with 9cm pitch. The samplirig uniformity was
evaluated from the continuity of the circular pattern in sum of
all slices. The results are shown in Fig. 4. The axial scan with
4mm pitch provides good continuous images without dead
space.

4.3 Count Rate Performance

Count rate performance was measured with a cylindrical
;i\hahtom (20cm dia. x 10cm high) uniformly filled with
3NH3 solution. The initial activity was 15.9 uCi/ml and the
feasurements were continued for 90 minutes. The results are
shown in Fig.5. The count rate loss is approximately 50% at
3uCi/ml, which is mostly caused by the dead timein the
coincidence circuit. The count rate loss is corrected by using
the single event rate in each ring.

4.4 Sensitivity

Sy;tem sensitivity was calculdted from the measurement
data acquired in the above count rate performance test.  The
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average sensitivity is 9.5keps/uCi/ml in the direct-plane and
15.3keps/pCi/m! in the cross-plane, and the taidl system
sensitivity is 109kcps/uCi/mil including scatter component.

Figd The circular paitern in sum of all slices with a spiral
phantom. The left and right images were obtained without
and with the axial-scan,respectively.
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598

45 Scatter Fraction

The fraction of scattered coincidence was determined with
the use of the 68Ge line source, which is covered by the
stainless steel tube (4mm dia.), inserted into the center of a
water-filled cylindrical phantom (18cm dia. x 10cm high). The
phantom was placed at the center of the FOV. In the summed
projection for all angles, a central peak arising from
true/scattered events and 'wing' distribution arising - from
scattered events were seen. The scatter component was
evaluated by integrating the counts in the 'wing' distribution
and in a part of the peak which was estimated by extrapolation
the 'wing' distribution to the peak region, and the scatter
fraction is defined by the ratio of the scatter component to the
total counts in the projection. The fraction was approximately
20% in both the direct- and cross- planes.

4.6 Clinical Study

Figure 6 shows brain images of a normal volunteer
measured with 18F~ﬂuoro—deoxyglucose (FDG) under an axial-
scan (4mm pitch mode). Each image contains 5 to 9 miilion
counts.

Fig.6 Brain images of a normal volunteer measured with 18ppg,

5. DISCUSSION

The detector unit used in this PET system has a simple
structure which is a scintillator/PMT individual coupling
scheme. It offers good reliability, stability and high spatial
resolution. Individual coupling detectors have a potential
capability to provide the system with high count-rate
performance which is particularly important in whole body
PET systems. In this application, an optimum design of the

signal processor and data acquisition system is necessary to
reduce the count rate loss due to the dead time,

‘In recent years, new scintillators having fast scintitlation
decay and high stopping power have been proposed for PET
application [20][21]). Their light output is lower than that of
BGO in the state of the art. The detector system using multi-
segment PMT is applicable to those new scintillators, while
the crystal codinig in the group coupling scheme is difficult to
be applied to them because of poor statistics in those
scintillation photons. ‘ ‘

6. CONCLUSION

The high resolution PET system for brain studies has
been developed. High spatial resolution in both the transaxial
plane and the axial direction was accomplished by the simple
detector scheme without coding. method for crystal
identification. Various functions implemented in this system
ptovide the researchers with better environment for brain
studies.
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A COMPUTATIONAL FEASIBILITY STUDY OF THREE-DIMENSIONAL
POSITRON EMISSION TOMOGRAPHY IN NUCLEAR MEDICINE
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Abstract:

In order to improve image quality in positron emission tomography

(PET), a PET device needs to achieve full utilization of emitting photons, and it

must be intimately linked to any 3D image reconstruction algorithm.
reconstruction algorithms suitable for 3D PET

analytical and the iterative 3D

systems are classified and

evaluated from a computational point of view.

Both the

For the

analytical algorithms, the computation time is analyzed briefly and the required

performances of a computer for 3D PET systems are provided.

It is suggested that

successful utilization of their algorithms depends not only on the performances
of a computor, but also on the size of the image space to be reconstructed due to

the practical constraints of detected photon counts.

Some guidelines are provided

for the choice of an appropriate reconstruction algorithm in a given situation.

(Keywords: Computational Feasibility,

Three-dimensional

Image Reconstruction,

Positron Emission Tomography, Nuclear Medicine, Reconstruction Algorithm)

Introducti

Positron emission tomography (PET) has become
important as a potential technique for physiological
studies in nuclear medicine /1/. The technique makes
it possible to non-invasively map the distribution of
radioactivity by coincidence detection of
annihilation photon pairs. That is, the distribution of

the administered positron emitting isotope in an
object is reconstructed by detecting the opposite
travelling photon pairs produced by positron
annihilation events.

Most current PET systems consist of cylindrical
rings of detectors around a target object. The
detectors are accompanied by parallel annular
collimators appropriate to a section-by-section view
of the object in order to eliminate oblique rays. Such
PET systems involve utilization of two-dimensional
(2D) scction-by-section reconstruction /2/, which has
allowed to use minicomputers for three-dimensional
(3D) image recovery, avoiding the computational
complexity of 3D problems.  Since the photons are
emitted isotropically from the object, the use of 2D
reconstruction technique makes the great sacrifice of
detection  efficiency.

Toward full utilization of emitting photons, 3D
rcconstruction  incorporating oblique rays has been
studied by several authors /3-16/, and 3D
reconstruction algorithms have been decveloped.
These Fourier-based 3D reconstruction algorithms
typically require a spatially invariant point spread
function. A number of iterative reconstruction
algorithms have been reported /20-23/ which are
applicable to image reconstruction from incomplete
projections. Some of the itcrative algorithms may be
computationally demanded for emission computed
lomography because they permit accuratc modeling
of the imaging system and they can be derived to
satisfy certain statistical performance criteria.

I}cccmly, high sensitivity PET systems are
s‘(ro‘r;g!y ‘recommended to overcome the statistical
limitation on the image quality, to acquirc short
mcasuring time and high spatial resolution, and to usc
tracers with limited specific uptake. In order to meet
these demands, the 3D reconstruction algorithms must
be employed to the 3D PET systems. Practical 3D PET
systems, however, impose heavy burden not only to
detector sets and coincidence circuitrics, but also to

computers in the memory requirements and the data
processing  /21/.
In this paper, a feasibility of 3D PET systems is

described with an emphasis on the performances of a

computer and the preferable algorithms for 3D
reconstruction under the practical constraints of
detected photon counts, ultimately aimed at 4n
detection of photons.

D PET m

In the following sections, we will use a 3D image
space and 2D projection data planes of different view
directions, which are digitized by the same unit size of
cubic voxels and square pixels, respectively. The 3D
image space is allocated with voxels on the order of N
in the field-of-view which is a sphere of diameter N
with the center of the spherical PET at the origin. A
sct of detectors are assumed to be closely packed on
the sphere of diameter 2N except that a part of the
sphere is truncated for the practical requirements.
By the truncated spherical PET with a circular
opening of diameter N, looking like a jack-o'-lantern
as shown in figure 1, an object can be freely
accommodated in the field-of-view and subtend the
coincidence detectors with 87% of the solid angle 2r.

Figure 1. The gecomectry of a spherically bounded
object and a projection plane.
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For simplicity in the order estimation, the
following estimates will be accomplished with a
complete spherical PET system of diameter 2N, and the
N will be a power of 2. To avoid the loss of resolution
duc to inadequate sampling, N projection views are
nccessary.  Since each projection plane has the order
of N* pixels, the number of addresses for all the
projection data is on the order to N, which is the same
order for the total number of possible coincidence
channels in the 3D PET system. In practical
applications to dynamic brain studies and small
animal studies, a 3D PET system with N=128 will be a
powerful tool.  However, to meet demands for the
metabolic brain studies with high resolution of 4 mm
or less, a 3D PET system with N=256 should be
developed. '

Because of the high stopping power, Bismuth
Germanate (BGO) is currently the preferred detector
material of the choice to provide 2D scintillation
detector modules for 3D PET systems. Since the
coincidence timing window is about 10 ns /23/, the
maximum count rate of 3D PET is restricted on the

order of 107 counts/sec or less. The maximum total
count, MTC, is then restricted on the order of 10° or less
due to the utilization of short-lived positron emitters,

such as UC (t2=20m), BN (uz=10m), 50 (up=2m), and
Bg (up=110m),

At present, however, MTC is limited by the
maximum count rate of data acquisition systiems.
Recently, a data acquisition system with software

controlled processes has been proposed /24/, which
consists of an array of processors connected over a
VME bus, operating asynchronously and in .parallel.
The device will be able to attain the maximum count
rate of 2.5x10° coincidence events per second for raw
data of the processing unit. Such a software-based
system is preferable to 3D PET because the data
acquisition system for 3D PET must be flexible enough
to accomodate several reconstruction methods and
different geometries in detector arrangement.

D _Reconstruction Algorith

Methods

A set of two-dimensional projections p (u,8) of a
density f(¥)in the 3D image space R® is defined by

Analytical

e
p@s) =f dl f(s+11) ()

where U is the unit vector of projection direction and

s =x-—(x -U)¢ is the two-dimensional vector in the
projection plane. It is assumed to be shift invariant

for a set of dircctions of Q with U e, and the line
integrals are measured for all positions in the central

planc normal to ©, i.c., for all seRssatisfying

s-u=0. By the central slice theorem, the

relationship (1) between the density f and the
projections P is described in Fourier space as follows,
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F(v):fjj @xf(x)exp-2nix-v)

=P(@v) @)

with v- u=0, where F (V) is the Fourier transform of

F{x), and P(G,v)is the two-dimensional Fourier
transform of the projection, namely,
Pl,v)= f [ d2s exp(-2mis- v )p(U,s) . 3
S';l\=0
As shown by Defrise et al /7/, we can obtain
F(v):” Rad@-v)H@,vIP@,v), (4)
Q
where 8(x)is the Dirac distribution function, and

H(u,v)is a specific Fourier space filter, which must
satisfy

” dus(u-v ) H@,v) = 1 (5)
Q

for any vin R%

Because of a redundancy of the measured data in
3D PET, the recovery procedure is not unique and a
number of distinct algorithms are available which
may provide different noise properties. The
algorithms for analytical 3D reconstructions from
projections can be classified into two categories. The
first category, named by FILBK, is based on 2D
filtering in projection planes prior to backprojecting
into a 3D image space. The second calegory, named Dy
BKFIL, implies that the prpjection data are
backprojected into a 3D image space, followed by 3D
filtering in the image space. The FILBK and BKFIL
are corresponding to two families of filters, defined
by Defrise et al /7/: those which are not factorisable
and those which are factorisable, respectively. A

filter H(,v) is said to be factorisable if it can be

written as the product of a filter function H (V)

defined on R® with an even positive integrable
function w(U) defined on Q, that is,
H(@,v)=H V)w @ ©®

From a theoretical point of view, the FILBK is
general because the BKFIL algorithms can be
mathematically transferred to a part of the FILBK

algorithms. From a computational point of view,
however, the FILBK 1is possessed of incvitable
limitation in counting statistics of data at each

projection address.  Projection data with a system of
N=256 may be very sparsely distribuied among the
possible addresses on the order of 256" (~4x109), because
the number of possible addresses is larger than MTC.
Therefore, the FILBK algorithms should be employed




for N less than or equal to 128. A set of projection data
with the system of N=256 needs a non-practically
large storage capacity. The BKFIL algorithms,
however, have the possibility of reduction in storage
capacity of the projection data, if coincidence data are
backprojected directly into the 3D image space with
an event-by-event technique. )

In applications of nuclear medicine, we often
encounter to evaluate small regions of interest in the
field-of-view, which obviates the neced for
reconstruction of the whole 3D image. In such a
situation, the FILBK algorithms take the advantage of
saving memory capacity and computation time in the
3D backprojection step, while the BKFIL algorithms
always require the whole image space due to the
successive 3D filtering.

An example of BKFIL is the Colsher's algorithm
/4/, which uses the following 3D filter in Fourier

spacc on the condition that Q = (e $%|1i,l< sin Bp) and

w(l) =1 for some fixed acceptance angle g

% ifI¥Wi<8g
H'(v)=
vl 1 if1W1200.  (7)

4 sin-Y(sin Bg/sin ¥)

An example of FILBK is the Ra's algorithm /6/, which
uses the following 2D filter in Fourier space:

H{@,v)=
Ivi 1 cos Bpcos ¥
27 (1 —cos 8g) U,%
if I'W1<0g
Ivi  _ cos? B 1’2(1~9_Q5131)m
2 (1 —cos Bg) u} u}

ifI'Y128y, (8)

where cos ¥ =1v,1/Iv] and uj=1-02.
Under the condition of full angular acceptance

(8p=m/2) and N = 64, numerical computation for
imaging a phantom was performed with both the
FILBK (Colsher's algorithm) and BKFIL (Ra's
algorithm). Figure 2(A) is a set of sliced original
images of the phantom. The emission density of the
crust for the phantom is a half that of the ellipsoid in
the hollow sphere. Figures 2(B) and (C) are

reconstructed images of the corresponding planes to
figure 2(A) with the BKFIL algorithm and the FILBK
algorithm, respectively. In this simulation, we used
2D line integral projection data (128x128 in pixel size)
of 92 oricntations without statistical noise. Although
the Gibb's phenomenon appears more distinctly in the
rcconstructed image with the BKFIL than the FILBK,
these figures demonstrate the good image recovery
with. both the algorithms for the noiscless data. It
took computation time about 75 minutes for the BKFIL,
and 108 minutes for the FILBK on a micro VAX 1L

Figure 2. Original sliced images of a phantom in
(A), and reconstructed volume images resulting
from the BKFIL in (B) and the FILBK in (C)
without statistical noise in the projection data.
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Iierativ

Recently, iterative reconstruction methods have
received considerable attention for their use in
emission computed tomography because the iterative

methods are  useful in cases not only where the point
spread function is not spatially invariant, but also
where it is easy to incorporate a priori information

~about the emission distribution, such as non-
negativity. Compared to analytical reconstruction
methods, they have advantages in that they are

tolerant to incomplete sampling of projection data.
They are also promising methods for a stationary PET
system with fine spatial resolution and high
sensitivity using a 3D detector arrangement, in which
undesireable 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 /26/.

The iterative algorithms are categorized into two
families, which we call IPRA and ISRA. The IPRA
algorithms perform evaluation of each iteration on
the projection planes, while the ISRA algorithms do
on the image space. The IPRA algorithms should be
employed for the system of N less than or equal to 128
due to the counting statistics of projection data, which
is the same causeé as the limitation of N for the FILBK
algorithms.  Similar to the BKFIL algorithms, the ISRA
algorithms have the possibility of reduction for
storage of the projection data with an event-by-event
technique on 3D backprojection, prior to the iterative
procedure.

We assume that a set of I measurements y; (1<i<I)
are available, where yjis the number of events
counted in the i-th projection address. The basic
problem is to estimate the emission density X; (1j<7)
from the measurements, where j is a source voxel in a
set of J elements. Let us denote the normalized
probability that an event emitted from voxel j is
assigned to projection i by aj. Then for each j,

I
2 ay=1 ©
i=1

and a set of I elements z (1<i<l), which are the

expected values of y;, are obtained by

J
z; = 2 ajjx;. (10)
j=1
An example of IPRA is the expectation
maximization algorithm (EM) method /20/. The
iteration step for this method is given by
1
1
xf )=X,@Z (aijyil/z) (11)
i=1
The virtues of the EM method are not only that

convergence 1o 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, one of which is the filtered iterative
reconstruction algorithm (FIRA) method /22/. This
method uses the following iteration step,
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! Ky P U1
q+l) _ ) J
X = (12)
xP{CT +(Uj- DA} U1,
where « and B are constants, and
1
=D, (a2,
i=1
1
Ui = 2, i)/ (20w b},
i=1
1
A= (x+p) Y, [{ayPeh)/{zP(y#h) ). (13)

i=1

Here pis a small positive constant, and h is a low-pass
filter, namely,

h=hs) =(s*+22 +3)}  (~10<s5<10), (14)

where s is the bin number of the projections in the
same view angle of the projection i. Two

convolutions, (Z;:n)*h)s and (yi*h)s, are performed on the
sampling points on the s axis.

An example of ISRA is the muitiplicative
simultancous iterative reconstruction technique
(MSIRT) /28/. The iteration step for this method is
given by

1 1
BV =xOY (aiyi/0) ] Y, @iz /o)

i=1 i=1

J
b=, aij (15)
j=1

where bi's are normalization factors and the MSIRT is
the same algorithm as the one proposed by M.E.
Daube-Witherspoon, et al /21/ if bj=1.

Under the condition of 2D image reconstruction
in a 64x64 square matrix, numerical computation for
imaging a 2D phantom was performed with these
iterative methods. Figures 3(A) and (B) are the
original image of the phantom and a reconstructed
image by wusing the Shepp-Logan convolution method

(CONVO0)/2/, which is one of the 2D analytical
reconstruction methods. Image recovery for the
iterative reconstruction methods depends on the

iteration number, ITN. Figures 3(C), (D) and (E) are
images reconstructed with the EM of ITN=20, the FIRA
of ITN=4, and the MSIRT of ITN=20, respectively. In
this simulation, we used 68 linc integral projection
data of 240 orientations, which are based on the noisy

data with a total count of 1x10% These figures
demonstrate that iterative methods such as the EM,
FIRA and MSIRT provide superior images as compared
with the analytical CONVO method.




Figure 3.

ITN=4 in (D), and the MSIRT of ITN=20

of 1x10°%

Data_ Processing
For simplicity,
reconstruction is

a computer used for the image
assumed to run under the full
pipeline operation, which provides the ideal
throughput rate, namely, maximum floating-point
operation per cycle time.

A FILBK algorithm mainly consists of 2D filtering
processes for 2D projections using 2D Fast Fourier
Transform (FFT), and process of 3D backprojection.
The most time-consuming step in FILBK is the 3D
backprojection, which may take time about

TBACK(N)=LB x TM x N5, (16)
where TM is a single cycle time of the computer used
and LB is the number of machine cycles to proceed
the kernel do-loop which executes rotation of
coordinates and 2D interpolation. Since LB is about 30,

TBACK(N) =30 x TM x N5, an

The computation time for

FILBK is given by

2D filtering process in

TFIL2(N) = 8 x TM x N* x logzN., 18)

A BKFIL algorithm consists of 3D backprojection
and 3D filtering - process for the backprojected data
using 3D FFT. The computation time for 3D filtering
process in BKFIL is given by

TFIL3(N) = 12 x TM x N3 x logzN. (19)
Due -to the higher order dependence of TFIL2(N) on N
compared with TFIL3(N), the BKFIL algorithms
require less computation time “than the FILBK.

Original image of the 2D phantom in (A) and
using the Shepp-Logan convolution method for noisy data set with the total count

of 1x10%in (B); reconstructed images by using the EM of ITN=20 in (C), the FIRA of

the reconstructed image by

in (E) for noisy data set with the total count

Nevertheless the time difference is not distinct owing
to the heavy burden of TBACK(N) in both the
algorithms.

In the case that TM=100ns, corresponding to a
computer with 10 MFLOPS, the computation time for 3D
backprojection js given by

TBACK(256) =915 h,
TBACK(128) = 28 h,
TBACK( 64) = 55m.

This suggests that the 3D backprojection process for

the image size of the order of 256°is not practical. If a
computer or a special hardwired backprojector with
the effective computation speed of 30 GFLOPS is
available, the computation time TBACK(256) is about
20 minutes, which is tolerable in certain clinical use.

For the image size of the order of 128°, the computation
time of 20 minutes will be achieved with a powerful

20

parallel computer or a backprojector of 1 GFLOPS,
which is expected to be a type of workstation in
clinical site.

In applications of evaluating the regions of
interest, the computation time for 3D backprojection
may be largely reduced by wusing the FILBK
algorithms.  In these cases the computation time for
3D reconstruction is dominated by 2D filtering
processes, as follows:

TFIL2(128) =25 m,

TFIL2(64) = 1.4 m, @n

A BKFIL algorithm can involve the event-by-
event backprojection instcad of the ordinary 3D
backprojection.  The computation time for event-by-
event backprojection process is given by

TEVEBMTC) = LW x TM x MTC, @2)
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where LW is the average number of machine cycles to
deposit proper densities onto the voxels along the path
of cach coincidence line. A real-lime event-by-event
backprojector will be available if TM x LW is less than
100 ns, due to the maximum countrate of a 3D PET

system with MTC=10’. Since LW is approximately
proportional to N, the event-by-event backprojector
.is more powerful for a larger image space, namely,
for the system of N=256.
: The iterative methods
backprojection processes but also forward-projection
processes. For the IPRA algorithms, each step of both
the processes takes time about TBACK(N), and then the
total computation time is approximately given by 2 x
ITN x TBACK(N), where ITN is the iteration number to
get the final reconstructed image. Disadvantage of
the iterative methods is mainly due to their slow
convergence rate. The EM algorithm, one of typical
examples for IPRA, needs ITN of more than 15,
dependent on the statistics of photon counts and
emission distribution. The IPRA algorithms, however,
have been successfully modified to obtain faster speed
of convergence. The FIRA method, one of modified EM
versions, needs ITN of less than 5.

The iteration number required to get a final
image with the ISRA algorithms is larger than that
with the EM algorithm, and accelerated algorithms for
ISRA have not found yet. However, the ISRA
algorithms have the advantage of reduction in the
number of projection views for both the forward-
projection steps and the backprojection steps after the
first event-by-event backprojection step.

involve not only

Di . i Conclusi

In this work, the effect of attenuation in the
object does not be considered, and problems of
scattered events and the accidental events are
neglected. A 3D PET system, however, implies an
increase  in the singles rate as well as in the true
coincidence rate, and consequently in the randoms
rate /18/. Removal of parallel annular collimators in
front of detectors on a 3D PET device increases
scattered and accidental coincidences. In
development of a correction algorithm for scattered

radiation and accidental coincidences, or in
examining the performances of different 3D PET
configurations, Monte Calro simulation study /27/

may be a powerful tool, which demands the same
powerful computer as the one used for data processing
in practical 3D reconstruction.

Toward practical 3D PET systems, 3D
reconstruction algorithms have been classified and
evaluated from a computational point of view. For the
analytical algorithms, the computation time has been
analyzed briefly and the required performances of a
computer for 3D PET systems have been provided. For
the iterative algorithms, it is suggested that successful
utilization of their algorithms depends on the
developments for not only fast backprojectors but also
fast forward-projectors in the' 3D image space. They
are characterized and summarized, as follows:

1) FILBK and IPRA algorithms should be used for the
image space of 128’ or less, due to maximum photon
counts.

2) BKFIL and ISRA algorithms may be useful for the
image space of 256°  For these algorithms, a real-
time event-by-event backprojector is preferable.
3) In certain clinical use, a computer with the effec-
tive computation speed of 30 GFLOPS is nceded for
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the image space of 256°on the 3D reconstruction

process.  For the image space of 128, a computer of
1 GFLOPS is expected.
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FAST NEUTRON RADIOTHERAPY FOR
SUPERIOR SULCUS, PANCOAST TUMOR
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Shinichiro SATO and Kenjiro FUKUHISA
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Abstract Thirty-two previously untreated patients suffering from superior sulcus Pancoast
tumors of the lung were treated with fast neutron beams (30 MeV d-Be) between 1975 and 1988
at the NIRS. A high irradiation dose (average dose: TDF 113) was administered with a large
field to cover subclinical deposits utilizing a shrinking field technique. Local control of the
tumor mass was observed in 44% of the patients, greatly improving chances for prolonged
survival, Median survival was 21.1 months for patients with local control versus 10.4 monihs
for those with local failure. The relative five-year survival rate was 20% for the total (n=32),
34% for stage Il A (n=12), 15% for stage [Il B {(n=16) and 0% for stage IV (n=4). Radiation
therapy achieved pain relief for 62.5% of patients. Radiation myelopathy developed in one
long-surviving patient, but complications from radiation were, otherwise, mild to moderate

Key words: Fast neutron irradiation, Superior sulcus lung cancer, Pancoast cancer.

INTRODUCTION

Fast neutron radiotherapy was started in
November 1975 at the NIRS, Chiba, Japan. A
total of 1805 patients with localy advanced or
radioresistant malignant tumors were treated
through the end of 1989.

Fast neutrons have the following
radiobiological properties of high LET (Lin-
ear Energy Transfer) radiation: () lower Oxy-
gen Enhancement Ratio (OER), @ less varia-
tion in radiosensitivity among cell lines and
conditions of cells (in a cell cycle or in the
degree of oxygenation), 3 greater RBE (Rela-
tive Biological Effectiveness) in slow growing
tumors which are commonly radioresistant to
photons.

Tumors located at the apex of the lung have
been well described by Pancoast™?. These
tumors characteristically invade surrounding
structures including the pleura, posterior part
of the ribs, vertebrae, and brachial or cervical
sympathetic nerve plexuses. Thus, most
patients suffer from severe pain in the shoul-

der, chest or arm, numbness or atrophy of the
arm, and Horner’s syndrome.

Treatment of choice has been a controversial
subject. As curative resection was generally not
feasible due to the tumor location®, preoper-
ative radiotherapy was employed?~®,

The postoperative complication rate was,
however, unacceptably high®®, and no five-
year survivor among those patients with posi-
tive mediastinal nodes were reported®*. Radio-
therapy alone with high energy, high dose and
wide field was prefered” with some recom-
mended surgery, either alone or combined with
interstitial irradiation®®. The purpose of this
paper. is to evaluate the efficacy and
radiobiological advantages of fast neutrons in
the treatment of Pancoast tumor of the lung.

METHODS AND MATERIALS

1) Characteristics of neutrons

The fast neutron beams used were produced
by bombarding a thick beryllium target with
30 MeV deuterons. A distribution of lineal
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Table 1. Clinical stages by TNM classification of 32 previously
untreated patients

T2 T3 T4
Stage | No.

N2 | NO|NI|N2|N3|NO|NI|N2|N3
A 12 1 5 4 2 - - - - -
B 16 | - - - - 4 1 - 5 6
v 4 - - - 1 1 1 - 1 -
Total 32 1 17 14

* Sites of tumor invasion in T4 cases: mediastinum; 3 patients;

vertebral body; 11 patients.

energy transfer in the neutron beam ranged
from 10 to 1000 KeV/um, which was high
LET radiation.

The depth dose, and dose distribution
obtained at a source skin-distance (SSD) of
175 ¢cm were about the same as those of Co-60
gamma rays at SSD 65cm. The maximum
build-up was 5mm below the surface. The
output dose rate was 42 ¢cGy/min. (n. y.) for
an 11.4cmX11.4 cm field at a source-target-
distance (STD) of 200 cm. Gamma ray con-
tamination was estimated to be less than 4%.
Target doses were prescribed with the
biologically equivalent TDF (Time Dose and
Fractionation). For cases with curative intent
TDF 110-120 were delivered, either with neu-
trons alone or in a mixture with photons,
called a mixed beam schedule or neutron
boost.

2 ) Patients

Thirty-two previously untreated patients
were treated between 1975 and 1988. There
were 28 men four women. Ages ranged from 31
to 71 years with an average of 60.1 years.
Patients were classified according to the UICC
TNM classification (1987). Twelve patients
had stage IIl A disease, one T2N2, five T3NO,
four T3NI, and two T3N2. Sixteen patients
had stage III B disease, four T3N3, one T4NO,
five T4N2, and six T4N3. Four patients had
stage IV disease, TAN2M1, T3N3MI, T4NOM1,
and T4N2MI1. T4 lesions invaded to medias-
tinum in three patients and vertebral body in
11 patients (Table 1). Histological classifica-
tion was (D adenocarcinoma: 17 patients (53%),
including eight with a poorly differentiated
type, @ squamous cell carcinoma: 10(31%), ®
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large cell carcinoma three (9%), and @ small
cell carcinoma: two (6%) .
3 ) Irradiation methods

Three patients (9%) were treated with fast
neutrons alone and the others (91%) with a
mixture with photons. A target volume includ-
ed the primary tumor, supraclavicular nodes
area, vertebral bones, nerve plexuses, upper
and midmediastinal and hilar nodes area, and
irradiated with anterior-posterior parallel
opposed ports with an average size of 169.6
cm? The spinal cord and the hilum were spar-
ed after TDF 66 (40 Gy equivalent), and a
boost dose of TDF 49 (30 Gy equivalent) was
delivered to cover the gross tumor with an
average portal size of 102 cm?

As neutron beams were available three days
a week, the standard dose with neutrons alone
was determined to be 1620 cGy/18 Fx./6 weeks
(TDP 100), based on an RBE value of 3.0.

The average prescribed dose was TDF 113.7
in total patients, TDF 113.2 in mixture with
photons and TDF 118.0 in the neutrons-alone
group.

RESULTS

1) Local control rate

Complete disappearance or possibly a scar-
red tumor mass about six months after treat-
ment was observed in 14 patients (44%) and
local residual or recurrence of tumor occurred
in 18 patients (56%). Local control rate of each
stage was 33% (4/12) for stage lll A, 50% (8/
16) for stage Il B and 50%(2/4) for stage IV.

- (Table 2)

2 ) Survival
The median survival of the six surviving



Fast neutrons for Pancoast tumor 29

Table 2. Local control rates by stage

Stage n
Local status Total
A B v
Controlled or scarred 33%(4/12) | 50%(8/16) | 50%(2/4) 44%(14/32)
Residual or Recurrence 67%(8/12) | S0%(8/16) | 50%(2/4) 56%(18/32)

%

100
7
i
3
g
2
g
3 50
o
._E MA(n=12)34%
&
]
x Total( n =32)20%
mB(n=16)15%
N(n=4)0%
0 T T T T T T T T T T
0 1 2 3 4 5
Years after treatment
Fig. 1. The relative survival curves of fast neutron irradiated patients with

Pancoast lung cancer (1975-1988, NIRS). No significant statistical
differences were observed between Il1 A vs I B (x? test=1.226), Il A
vs IV (x? test=2.374), or Il B vs IV (%2 test=0.451).

patients is 55.3 months (6 to 96 months), 73.2
months for the four patients whose cancers
were locally controlled, and 19.5 months for
the two patients with local failure.

Twenty six patients died in one to 69
months. The median survivals were 14.8
months for all patients, 21.9 months for 10
with local control, and 10.4 months for 16 with
local failure.

Five patients survived over 60 months (67 to
106 months). The relative five-year survival
rates were 20% for all patients, 34% for stage Il
A, 15% for stage 111 B and 0% for stage IV (Fig.
1).

Considering the T factor, the five-year sur-
vival rates were 29.8% for T3 patients and 8.6%
for T4 (Fig. 2). Considering the N factor, the
five-year survival rates were 27.5% for NO and
N1 patients, 22.5% for N2, and 11.4% for N3.
(Fig. 3)

3 ) Histologic type

No statistical difference in patient distribu-
tion was found in two histologic type groups
of adenocarcinoma (Ad) vs squamous cell
carcinoma (Sq). Local control was achieved in
eight of 17 Ad patients (47%) and two of 10 Sq
(20%). Four Ad patients are still living 6 to
100 months after their treatment, but there are
no survivors among the Sq patients. The
median survival rate was 19.8 months for Ad
patients and 10.8 for Sq patients (Table 3).

4 ) Symptomatic relief

Symptomatic releif was obtained for 20
patients (62.5%). Five patients (15.6%) experi-
enced complete relief and the remaining 15
(46.8%) had partial relief. Four patients (12.5
%) had no change and six (18.7%) developed
aggravated symptoms after short term relief.
No data was available for the remaining two
patients.

5) Causes of death

Twenty six patients were examined, 10
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Fig. 2. The relative survival curves related to T factor. Differences at 90% level
of risk (x? test=3.418) was statistically significant.
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O T T ] ) T T T T
0 i 2 3 4 5
Years after treatment
Fig. 3. The relative survival curves related to N factor. No significant statistical

differences were observed between NO and N1 vs N2 (x? test=0.1233),
NO and NI vs N3 (x2=0.5099), or N2 vs N3 (x? test=0.0068).

patients (38.4%) died from a residual or recur-
rent tumor.

Distant metastasis caused the death in 11
(42.3%). Other diseases accounted for the
death of the five remaining patients (15.3%),
two from pneumonia, one from heart failure,
one from uterine cervix cancer, and one from
hemoptysis.

6 ) Complications

There were no major complications to the

skin or subcutaneus tissue. Although moderate
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fibrotic changes developed in irradiated lung
tissue in most patients, no serious symptoms
were observed.

Radiation myelopathy with paraplegia
developed in one patient in the mixture with
photons group almost 2 years after irradiation.
Dose to the spinal cord was estimated to be
TDF 62 (4000 cGy).

Hemoptysis in the patient mentioned above
occurred at 5 years and 7 months after the
treatment presumably caused by irradiation.
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Table 3. Clinical results of fast neutron therapy for
Pancoast tumor by histologic type

(NIRS, 1989)

Adeno ca Squamous cell ca

No. of patients 10
Average age 65.0
Stage MA: 7, lIIB: 9, IV: 1 | ITA: 4, IIB: 5, 1V: 1
Average TDF 113.6 114.9
Local Control? 8/17(47%) 2/10(20%)
Alive 0

(6-100 months)
Deceased? 10
Median Survival (19.8 months) (10.8 months)

1) x2=00987, 2) x2=1.212, no significant statistical difference

DISCUSSION

The efficacy of fast neutrons in the treatment
of relatively slow-growing tumors was argued
by Battermann et al.'®. They revealed an RBE
of 5.7 for a single fraction and an RBE of 8.0
for multiple fractions of neutrons in the treat-
ment of metastatic adenoidcystic carcinoma of
the lung. RBE for most normal human tissue is
in the 3.0-3.3 range. So this difference in RBE
values could indicate an advantage with neu-
trons. Actually, salivary gland tumors and
prostatic adenocarcinomas, which are slow-
growing tumors, were clearly revealed to bene-
fit from neutron therapy in various centers'?.

Pancoast tumors are considered to be rela-
tively slow-growing*¥, and our neutron ther-
apy proved to be beneficial. Our study is not a
randomized trial but is comparable to the
results of studies concerning the various
methods of treatment of Pancoast tumors.

Paulson® combined 30 Gy of preoperative
radiation with block resection of the chest wall
(completed for 67% of patients), and obtained
a five-year survival rate of 34.7%, and a 10-year
rate of 29%. However, when hilar or medias-
tinal nodes were involved, none of the patients
survived three years.

Hilaris¥ reported that six of 38 patients
(16%) survived five years or more after inter-
stitial irradiation treatment for unresectable
tumors. His emphasis was on a dose two or
three times as high as the safe external irradia-
tion dose level.

Komaki” recommended a wider field and
higher dose irradiation of photons. Although
there were fewer adenocarcinoma patients
(8%) and more squamous cell carcinoma
patients (38.8%) in her study than ours, the
five-year survival rate was 23% (36 patients)
with a median dose of 58 Gy over six weeks.
She also reported that the most important
determinant of survival was local control. The
median survival and five-year survival rates of
patients with local control were 26.5 months
and 45% compared with 6.5 months and 0% for
those with local failure. Houtte et al.'?suggest-
ed that a high dose, 50 Gy or more, of external
radiation is not only an alternative to surgery,
but may occasionally be curative. The five-year
survival rate and median survival were 18%
and 17 months. However, survival went up to
40% in the group of patients without bone
erosion or scalene lymph node involvement.
Ahmad et al.' reported that five year survival
rate was directly related to the radiation dose:
4.5% for patients with doses less than 50 Gy,
and 20.9% for those with doses of 50 to 60 Gy.
The survival rate was also related to the size of
the primary tumor (24.9% for T2 tumors
compared with 7.9% for T3 tumors), presence
of regional adenopathy (5.2% with adenopathy
vs 30.2% for T2NO and 11.6% T3NO), and
extent of local spread (osseous and nerve root
involvement).

Our five-year survival rate results were: 20%
for all patients, 29.8% for T3, and 8.6% for T4.
They were 27.5% for NO and N1 patients, 22.5%
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for N2, and 11.4% for N3. These are rather
better than the results of the above studies,
whereas most of our patients suffered from
adenocarcinoma tumors.

We chose fast neutron therapy for following
reasons: (D Pancoast tumors are located peri-
pherally in the apex of the lungs, so it is
possible to give high doses with little risk of
lung complication. @ Neutron RBE is higher
in slow-growing tumor, so Pancoast tumors,
especially of adenocarcinoma, are more likely
to respond well to fast neutron therapy. As the
neutron RBE for the spinal cord was reported
to be as high as 5.2'¥, we encountered one case
(3.1%) of radiation myelopathy. Several
authors have reported that no major complica-
tions occured in patients treated with photon
irradiation alone®™'?. Special care must be
taken to ensure that irradiating neutrons not to
exceed the tolerance of the spinal cord.

CONCLUSIONS

1) Thirty-two patients with Pancoast tumors
were treated by fast neutron radiotherapy.

2) Five patients survived over 60 months.

3) Local control was the most important
factor for prolonged survival. The median
survival was 21.1 months for patients with
loal control compared with 10.4 months
for those with local failure.

4) The relative five-year survival rate was
20% for all patients, 34% for stage Il A,
15% for stage IlI B and 0% for stage IV.

5) Fast neutrons were more effective for
adenocarcinoma than for squamous cell
carcinoma.

6) Symptomatic relief was one important
result of radiation therapy. This was
achieved in 62.5% of the patients.

7) Radiation myelopathy developed in one
patient, however, complications on the
lung were relatively mild to moderate,
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2)

3)

4)

6)

7

8)

10)

1

12)

13)

14)

despite the larger field .and higher doses
involved.
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HISTOLOGICAL AND IMMUNOHISTOCHEMICAL PREDICTION FOR LOCAL

CONTROL OF CERVICAL SQUAMOUS CELL CARCINOMA
TREATED WITH RADIOTHERAPY ALONE

TAKASHI NAKANO, M.D., KUNIYUKI OKkA, M.D. AND TATSUO ARAIL M.D.

Division of Hospital, National Institute of Radiological Sciences, 4-9-1 Anagawa, Chiba 260, Japan

Predictability of local control following radiotherapy was evaluated with morpholegical methods such as histology
and immunohistochemistry for 36 cervical squamous cell carcinomas. All these patients showed viable cancer cell
predeminance on the specimens excised with drill biopsy after radiation therapy. These specimens were stained
with routine haematoxylin and eosin staining as well as with antibodies against epithelial membrane antigen (EMA),
carcinoembryonic antigen, and S-100 protein. Five histological features, the number of the cancer nests per 22.5mm’
section, stromal reaction, space formation in the cancer nests, foamy cell or foreign body giant cell (FBG) clusters,
and epithelial membrane antigen reactivity on the specimens excised after radiation therapy, were significantly
related to the local control probability. Namely, less than 20 cancer nests, granulomatous stroma, presence of the
space formation, absence of the foamy cell or foreign body giant cell clusters, and epithelial membrane antigen
negativity were favorable for local control of the cervical cancer with radiation therapy. These data suggested that
radiation sensitivity of cancer and stromal reaction for drainage of the degenerated cancer debris were important

for local control of the tumors.

Cervical cancer, Drill biopsy, Prediction for local control, Histological and i histochemical studies, Epithelial

membrane antigen.

INTRODUCTION

Many histological investigations have been made to pre-
dict a prognosis following radiotherapy for the patients
with cervical cancer (2, 6, 13, 15, 19, 24, 27, 32). These
were essentially based on the specimens excised before
radiotherapy. Now, there are many controversial argu-
ments on their prognostic values (9, 10, 20).

Few investigators have attempted to predict a local
control probability by histological effects on the specimens
excised after radiotherapy. Shimozato et al. (24) have de-
scribed histological gradings for the effects of radiotherapy
or chemotherapy on carcinomas based on H&E staining.
However, the correlation between this histological grading
and local control has not been clearly proven. Actually,
we often experienced that cancers disappearing in the pa-
tients showed residual viable cancer cells on the specimens
excised after radiotherapy. Thus, histological prediction
for local control probability requires more reliable his-
tological grading systems.

Carcinoembryonic antigen (CEA) is especially inter-
esting for being a tumor-related antigen (7, 30). Epithelial
membrane antigen (EMA) is regarded as an activation
antigen of tumors (3). Infiltration of Langerhans cells,
identified as S-100 protein positive dendritic cells, in tu-
mor tissues has been reported to show some prognostic
value (8, 16, 17, 29).

The present study attempted to evaluate the predict-
ability of the local control using routine H&E as well as
immunohistochemical staining for the residual squamous
cell carcinoma on the cervical specimens excised with drilt
biopsy after radiotherapy (i.e. post-RT specimens).

METHODS AND MATERIALS

One hundred fifty patients with invasive squamous cell
carcinomas of the cervix received a drill biopsy after ra-
diotherapy from 1975 to 1986. They were treated with
radiotherapy alone. In the majority of biopsies, no or few
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nests of cancer cells were found. This study, however, is
concerned with those 36 patients with Stage II'and III
diseases whose post-RT specimens were diagnosed as
being predominant for viable cancer cells. The patients’
ages ranged from 32 to 79 years old (mean age, 58.8 years
old). Eight patients had Stage Il disease and 28 patients
Stage III disease. Prognosis of all patients was traced for
the period ranging from 2 to 13 years (mean 4.5 years).
The patients who survived without evidence of local dis-
ease for over 2 years were defined as local control. Ac-
cording to this definition, 25 patients achieved local con-
trol and 11 patients developed recurrence.

Drill biopsy technique

Punch biopsy, which is commonly used for untreated
tumors, is not useful for irradiated cervical cancer because
viable cancer cells often remain about Icm beneath the
surface of the portio after radiotherapy. The drill biopsy
technique® (23) has been applied to irradiated cervical
cancer since 1975, and can obtain specimens 1.3 mm in
diameter and 15mm-20mm in length from the cervix
(Fig. 1). The drill biopsy technique was developed origi-
nally for a biopsy of mammary carcinomas and was ap-
plied to cervical cancer biopsy in our hospital. Patients
were laid on the examination bed and the drill biopsy was
performed after the direction of drill insertion was con-
firmed by probe through the cervical canal. The cotton
sponge was packed into the vagina to stop bleeding. With
this technique, two to three cervical tumor specimens were
excised after radiation therapy (i.e., post-RT specimens)
to reduce the sampling bias.

Histopathological examination

The pre-RT and post-RT specimens from 36 patients
were fixed with formalin and embedded in paraffin. The
specimens were stained with the following immunohis-
tochemical methods (14, 28) using anti-EMA monoclonal
antibody,’ anti-CEA monoclonal antibody* (12). They
were also stained with anti-S-100 protein polyclonal an-
tibody* on the trypsin-treated sections (14). S-100 protein
is one of the reliable markers for Langerhans cells infil-
trating into tumors. All the pre-RT specimens were his-
tologically classified according to the WHO classification
(18) on H&E sections. The H&E sections of the post-RT
specimens served to investigate the several histological
features as follows: (a) the number of cancer nests per
22.5mm? section classified as fewer or more than 20, (b)
the stromal reaction around the nests; granulomatous (Fig.
2a) or fibrous stroma (Fig. 2b), (c¢) the appearance of a
free space around and/or within the cancer nests; positive
(Fig. 2a) or negative (Fig. 2b), (d) the residual non-viable
cancer cells as defined below in cancer nests; positive or
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Fig. 1. A cylindrical edge of the drill (top) and H&E section
excised with drill biopsy (bottom).

negative (less than 10% of all), (e) the presence of the
keratinoid substances or calcification (Fig. 3a) or choles-
terol crystals (Fig. 3b); positive or negative, (f) the presence
of foamy cell or foreign body giant cell clusters (FBG)
(Fig. 3b); positive or negative.

Assessment of cancer morphology

We employed here the classification and criteria pro-
posed by Shimozato er al. (24) to assess morphological
change of the tumor cells caused by radiotherapy. Non-
viable cancer cells were defined as those showing either
pyknosis (Fig. 4a), karyorrhexis (Fig. 4b), karyolysis (Fig.
4c¢), or bizarre shape (Fig. 4d) of the nuclei and excessive
swelling of cytoplasms (5, 21, 22). Cancer cells which
showed either slight swelling of the nuclei and cytoplasms,
vacuole formation in tumor cells, multilobulated nuclei,
or giant cell formation were regarded as the viable cancer
cells. The 36 patients were diagnosed as having viable
cancer cell predominance on Post-RT specimens. The vi-
able cancer cell predominance means that cancer nest
structures are moderately destroyed and the viable cancer
cells consist of more than one-fourth of all cancer cells
within nests.

Radiation therapy

Radiotherapy protocol is shown in Table 1. All patients
were treated with a combination of high dose-rate intra-
cavitary irradiation and external irradiation. The intra-
cavitary irradiation was performed* four to five times dur-
ing the period of external irradiation (1). The patients
with Stage II were treated with a combination of external
irradiation (central shielding pelvis fields to deliver 50 Gy

* Using Biostar, Nipro Medical Ind. Ltd., Japan.
T Dakopatts, Denmark.

¥ BioGenex Lab, CA.
§ With RALSTRON, Simazu Co., Japan.
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Fig. 2. The specimens excised with drill biopsy after radiotherapy. X165. H&E. (a) shows the granulomatous stroma
and the space formation in or around cancer nests {(arrows). (b) shows the fibrous stroma and no space formation
in cancer nests.

to the external iliac lymph nodes) and five intracavitary
insertions for a total of 29 Gy at Point A. The patients
with Stage II with large tumors and Stage I1I diseases were
treated with a combination of external irradiation (20 to
30 Gy whole pelvis and additional parametrial dose to
deliver 50 Gy to the external iliac nodes) and four intra-
cavitary insertions for 23 Gy at Point A. The patients
with Stage II with large tumor were treated with increase
in external dose and decrease in intracavitary dose as
shown in Table 1. External irradiation was performed with
10 MeV X ray, giving fraction dose of 1.8 Gy to 2 Gy
daily, five fractions per week.

Distances between the portion of the specimens excised
with drill biopsy and tandem sources were approximately
1cm. Then, the cervical specimens were exposed to a dose
range from 100 Gy to 120 Gy by combination of the
external and intracavitary irradiation, though accurate
doses of the specimens could not be calculated because
of a rapid decrease in dose near intracavitary sources.

Statistical analysis
Chi-square test was utilized for the following analysis:
a) the correlation between histological or immunohisto-
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chemical features and local control probability, and b)
the correlation among the features. The rank of the fea-
tures for local control probability was analyzed by multiple
regression analysis. The standard partial regression coef-
ficients (i.e., SPRC in Tables 2 and 3) of each feature were
calculated and compared for estimating the rank.

RESULTS

Since the 36 patients were selected for having residual
cancer in the cervical specimens after radiotherapy, local
control was not associated significantly with clinical stage,
histological subtype, and tumor volume (Table 2).

The results of histological findings on the post-RT
specimens are summarized in Table 3. The local control
group showed a significant increase in space formation
(p < 0.001) and a smaller number of cancer nests (p
< 0.025) compared with the recurrent group. As to the
stromal reaction, granulomatous reaction was significantly
frequent (p < 0.025) for the control group than the re-
current group. Contrary to expectations, the clusters of
the foamy cell or FBG (Fig. 3b) and the proportion of
non-viable cancer cells remaining in the cancer nests ap-



Fig. 3. The specimens excised with drill biopsy after radiotherapy. X165. H&E. (a) shows keratinoid (arrow head)
and calcification (arrow). (b) shows cholesterol crystals (arrow), foreign body giant cells, and keratinoid substance.

Fig. 4. Non-viable cancer cells among viable cancer cells, showing pyknosis (a, arrow), karyorrhexis (b, arrow),
karyolysis (¢, arrow), and bizarre shape (d, arrow). X230. H&E.
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Table 1. Treatment policy of combined radiotherapy with external and intracavitary irradiation for cervical carcinoma

External irradiation

Intracavitary irradiation

Tumor wP Total Point A dose
Stages diameter (Gy) (Gy) (Gy) (Gy/Fraction)
— 45 29/5
11 <5cm —_ 50 29/5
>5cm 20 50 23/4
314 <5 cm 20-30 30-20 50 23/4
>5c¢m 30-40 25-15 50-55 15-20/3-4
v 40-50 0-15 50-60 15-20/3-4

Note: External irradiation is performed five fractions weekly, giving fraction doses of 1.8 Gy for whole pelvis irradiation and 2.0

Gy for central shielding pelvic field.
WP = Whole pelvis field; CS = Central shielding field.

peared more frequently in the recurrent group compared
with the local control group (p = 0.04 and 0.09, respec-
tively). Also, the foreign body substances such as kerati-
noid, calcification (Fig. 3a), or cholesterol crystals (Fig.
3b) appeared more frequently in the recurrent group
compared with the local control group.

The results of immunohistochemical staining on the
pre- and post-RT specimens are summarized in Table 4.
EMA was detected in the cytoplasms and on the surface
membranes of the cancer cells (Fig. 5a) irrespective of the
cancer cell viability. The specimens in which more than
90% of the cancer cells failed to show any EMA were
defined as EMA negative (Fig. 5b). On the post-RT spec-
imens the local control group showed significantly lower
EMA positivity compared with the recurrent group (p
< 0.02). Of 14 patients showing EMA negativity on the
post-RT specimens, 13 patients achieved local control.
Of 11 patients with recurrence, only one showed EMA
negativity on the post-RT specimens.

CEA was also observed both in the cytoplasms and on

Table 2. Correlation between local control and Stage,
histologic subtype, or tumor volume for 36 patients
with cervical cancer

Local control Recurrence

Stage

11 4 4

1 21 7
Histology

Keratinizing 1 1

Non-ker. small 0 0

Non-ker. large 24 10
Tumor diameter

3-4 cm 3 3

4-6 cm 14 5

6cm < 8 3
Total 25 11

Non-ker. small = Small cell, non-keratinizing type; Non-ker.
large = Large cell, non-keratinizing type.
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the surface membranes of the cancer cells, irrespective of
the cancer cell viability. Both local control and recurrent

. groups showed almost similar CEA positivity both on the

pre-RT and post-RT specimens (Table 3). The CEA pos-
itivity in both groups did not decrease at all after radiation
therapy.

S-100 protein was observed both in cytoplasms and
nuclei of dendritic cells, the equivalent of Langerhans cells,
in cancer nests. The local control group showed rather
frequent Langerhans cell infiltration on both the pre- and
post-RT specimens compared with the recurrent group
(Table 3). However, a significant difference was not dem-
onstrated between the two groups.

From our data described above, the local control group
showed the following five histological findings on the Post-
RT specimens, which were defined as favorable for local
control: EMA negativity of cancer cells, fewer than 20
cancer nests per 22.5mm? section, the granulomatous
stroma, the space formation in the cancer nests, and ab-

- sence of foamy cell or FBG clusters. In reverse, the fol-

lowing five findings were defined as unfavorable for local
control: EMA positivity of cancer cells, more than 20
cancer nests per 22.5mm? section, the fibrous stroma, no
space formation in the cancer nests, and the foamy cell
or FBG clusters. All 14 patients showing the four or five
favorable findings achieved local control. Conversely, all
seven patients showing the four or five unfavorable find-
ings died of recurrence.

The standard partial regression coefficients are shown
in Tables 3 and 4. They show the rank of features for
local control probability: a) the space formation in cancer
nests, b) the EMA reactivity of cancer cells, ¢) the stromal
reaction, d) the number of the cancer nests, and e) the
foamy cells or FBG clusters.

The correlations among the three histological features
are summarized in Table 5, The stromal reaction, the
number of the cancer nests, and the space formation were
significantly associated with each other. That is, the gran-
ulomatous stroma tended to be accompanied by fewer
cancer nests per field and the formation of a free space in
or around them. In reverse, the fibrous stroma was more
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Table 3. Histological findings of cervical drill biopsy specimens excised after radiation therapy

Local control Recurrence
(n = 25) (n=11) P SPRC

No. of Ca nests

20> 15 2

20< 10 9 <0.025 0.035
Stromal reaction

Granulomatous 19 4 <0.025 0.052

Fibrous 6 7
Space formation in Ca nests

Positive 19 0

Negative 6 1 <0.001 0.179
Non-viable Ca cells in Ca nests

Positive 13 9

Negative 12 2 0.09 -
Foreign body residue

Positive 8 6 NS o

Negative 17 5
Foamy cells and FBG clusters

Positive 2 4

Negative 23 7 <0.04 0.012

SPRC = Standard partial regression coefficient; FBG = foreign body giant cells; NS = No significant difference; Ca = Cancer.
* p-value between local control and recurrent groups in each findings.

likely to be accompanied by many cancer nests per field
and no space formation. However, EMA reaction was
independent of the other three features.

DISCUSSION

The present study demonstrated that five histological
features on the Post-RT specimens, EMA reactivity of
cancer cells, the number of the cancer nests per 22.5mm?
section, the stromal reaction, the space formation in can-
cer nests, and the foamy cell or FBG clusters, were sig-
nificantly related to the local control probability. Specif-
ically, EMA negativity, less than 20 cancer nests per

22.5mm? section, the granulomatous stroma, presence of
the space formation, and absence of the foamy cell or
FBG clusters were favorable for local control following
radiation therapy.

EMA has been recognized as one of the markers char-
acteristic of epithelial cells (11, 25), and most of the car-
cinoma cells express EMA. Moreover, EMA is regarded
as an activation antigen similar to Ki-1, HLA-DR, and
interleukin-2 receptor antigen (3, 4, 26). The present study
demonstrated that the local control group showed a sig-
nificant decrease in EMA expression on the post-RT
specimens compared with the recurrent group. In partic-
ular, EMA negativity of cancer cells on the post-RT spec-

Table 4. Immunohistochemical staining for EMA, CEA, and S-100 protein on the pre- and post-RT specimens

No. of specimens

Pre-RT Post-RT
Cont Rec Cont Rec
(n=25) (n=11) p SPRC (n = 25) (n=11) P SPRC
EMA
Positive 23 11 12 10
Negative 2 0 NS - 13 : P <0.02 0.115
CEA
Positive 18 7 18 8
Negative 7 4 NS - 7 3 NS -
S-100 protein
Positive 17 5 4 4
Negative 8 6 NS - 21 7 NS -

EMA = Epithelial membrane antigen; CEA = Carcinoembryonic antigen; Pre-RT = Before radiotherapy; Post-RT = After radio-
therapy; Cont = Local control group; Rec = Recurrence group; p-val = p-value between local control and recurrent group. SPRC:
standard partial regression coefficient; NS = No significant difference.
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Fig. 5. Epithelial membrane antigen (EMA) staining of the specimen excised with drill biopsy after radiotherapy,
showing EMA positivity (a, X 165) and EMA negativity (b, X330). ABC method.

imens was associated with a high probability of local con-
trol. However, about half of the EMA positive patients
were also locally controlled. It may be possible that EMA
disappears late in the course of tumor degeneration,
though the biological significance of EMA is unclear. Fur-
ther investigations are required to develop monoclonal
antibodies which can recognize the viability of cancer cells.

Seventy percent of the cervical carcinomas were positive
for CEA in cancer cells in the present study. However, no
correlation was observed between the CEA positivity on

Table 5. Correlation between three features predictable
for local control

No. of cancer Space
nests formation
<20 20< + -
Stromal reaction
Granulomatous 14 9 16 7
Fibrous 3 10 3 10
p <0.02 <0.02
Space formation
Positive 13 6
Negative 4 13
D <0.02
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the Pre-RT specimens and the local control. Moreover,
the present study also demonstrated that the CEA expres-
sion did not decrease at all by radiation therapy. Hence,
we consider that CEA is not a useful marker for predicting
proliferating ability of the cancer cells and the local control
probability following radiotherapy.

Langerhans cells are thought to play a important role
in anti-tumor immune reactions and the Langerhans cell
infiltration in cancer nests has been reported to relate to
the prognosis in cervical cancer (16) and other cancers (8,
17, 29, 31). However, the present study failed to dem-
onstrate a significant value for local control probability
on the pre-RT specimens, although there was a much
greater decrease of the Langerhans cell infiltration in local
controls than in the recurrent patients. )

The local control group showed a smaller number of
cancer nests. This fact may indicate that these cancers are
sensitive to radiation and the residual small amount of
cancer cells will gradually disappear. The presénce of
granulomatous stroma appears to be favorable for draini_ng
the degenerated cancer debris as the granulomatous
stroma is abundant in capillaries and lymphatic circula-
tion. In reverse, the fibrous stroma appears to be unfa-
vorable for the clearance by the lymph-vascular system.
The space formation in or around cancer nests may be
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caused by faster clearance of the degenerated cancer debris
than the fibrotic repair by connective tissues. Conversely,
the recurrent group may show delayed clearance of de-
generated cancer by the fibrous stroma, as indicated by
the presence of many remaining non-viable cancer cells
and many clusters of foamy cell or FBG and no space
formation. These findings suggest that the recurrent group
may show coagulation necrosis more frequently than the
local control group. Thus, we consider that radiation sen-
sitive cancers show predominantly liquefacted necrosis
and that the stroma with high activity for drainage of the
degenerated cancer may be necessary for the local control
of cervical squamous cell carcinomas.
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It is suggested that the space formation in or around
cancer nests was the product of clearance activity for can-
cer debris and liquefacted necrosis of cancer cells rather
than fixation artifacts, as the space formation was asso-
ciated with the granulomatous stroma and a fewer residual
cancer nests (Table 5). : '

Since 1975, we have been using the drill biopsy tech-
nique to assess radiation effects in cervical cancer. This
technique is carried out without major trouble except for
acceptable pain and bleeding which can be easily man-
aged. Hence, this technique might be used more widely
to assess the therapeutic effects of radiation therapy or
chemotherapy for cancers of various organs.
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B oE R 2 1 1 0 1 (1) 1 (2)
= O |t 5 3 2 0 2 (3) 1 (5)
37 24 11 2 17 (24) 10 37

CR=E H AR (CR) 5 A &

64 % 70 % 27 %
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*ERRMEOH A bED,

- EIEE (F) - BREHIRI

MESMHLGE CHERERMSORBE L VEED
RBESEOTNITGFRIEL K5, EEIRRE.
BAME, FRELSEICOoMRTHE, N
— X b i L & b A REIGE KVRES
THBONIDTHRORELEEE THETE
3, LinL. MioEficd 2EEHELTHNE
WDTH2ICTRT LI 4 el FTDH4 XS
N5, FHEHHOECGFHREEIC DO TRRRE
Thh =Y 7 LEASOBRES MO ERI N
TV FIEB RIS 3B Db BEREMED B W,
Bk T DL HBERIE > T, [EiEoED
HETFREEE SRS N, RN 7 4 TdiTh
NTV5%, BEEEEOBOELCHTE. B
., BARBICILE T 2 F NIcEM RO S 2HHE
HiREV, Chi3EEOEEBPENTICL-T
e s 3 THA D,

3. EhEFREMBHICLIBHRYSER. BEH

WEHLURRBREORE

BEFOz v Ea—sic BRSO T V51578
ZoFEPETIRERBE L IERABIIC B34 5 &
Bk 117%. 7—* b : 105 (167) %, mixed
359 (567 ) %. ARLEDEHF - 406
(640) %. PERREETEDBFE : 1.2 (19) % &
15, SENGETEMIEFIC DOTRD & 5145
HOTicBELRY, FUEENREREL . @
TDFHETOL LBHSNTOZ, @FHIATHE
WEZETS, OFLERFITEHBEBFNC X
BHIHNE 0, ORFBEEE2FETTERFELTL
THROFEAZHEL TW3, BicFABIENK
TN TOT, SFEFEHTCOMIKBHERIE
B HRIE,
PEEZERICHER T BEMBLIANE DI 2
Flch e MITEF T F NBIFEF DO R20% Th -
foo TDRERAR 2R U, EEAICT 5 &
B, BIZMR. BESALT. WMAbE. BEE. RER
HETENENIRLUTTH 5, RIEFIDC RE
1364% T O AT SRR, MiED C REHLEHH
R - 1o 2 FRFGHIHEEZ CRHNCHE -
THMT 5 0B TH - foo RIFRICHIILR, i
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. HREOREERIE P, - . BETAEGRER
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HLAKMUAIORFRBEREHEEL . BREIN!
WWRT EDICUAH A ETHERMRESN2HBTT S
N—iTEL ., BANAERRIEBB LB, SEE
W3H927% 13 © T YR TIR10% ERER L E
THRELTWBRTL Likli b, PILEOETD» &Ep
MFIREI L ARIRRAHE TR L
LWL ERMBBBRESNELTH L EDbr5,
BE IR A RO, B I A TR AT R D ERES AR
EPRT RO EMNEEL S, RTRRICERT
AT REEN T BRERMEEZRA L L8
L, COBICEFREMNEE SNMIIRS
CEBHICEL >TL BTHA D,

MO BIRBEFI 128 TH DRI ICRLIE
NICHFEMOTR 75 - - EF 9L ThD » 7o
1Blic BT ERESZ 2 BIAEBETE 0
TREEAREIOEE LS -, ThoikexL T, M

100

A R, BE. BB X, EREL XU
AL R L, 2B RRIE IR
LThb, TON. BEGIEBREES 1 X,
BMEEOEFRE LMY E K 2 KR LK, Eh
TR K ARBEMIEE Y1 X8 4Pl TD
BETH., HEBE 20 Gy XIZTDF T 140TF
TH-to BEERS cnll EOEFIC EIREFHNIE
ST LOHBBEFEEAAEE SIS/ L
L. 4cnPIFOEETRIREENA OB F,
HIREOEFIORE T E—EE CE—FIH M
ZRBLDI 2mDEZHFTHETDF TOTLND
I 4cenDEBETIY 12000 EMBE L85, BEER
BEMTACEICTDF T4,/ 8 (43 /28 ) =
5, XETH3 Gy ICHMT 3BT C L
EBTHEBDP - Iz, METIEREEGED
[BEHAXOKREEIHNELET, &R BERHNE
THRMRREHORAOCHN TH 2T LN L L
s -t .
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%3 F NEIRIEARE (TDF >80) oS o @i

2. MEZGIEIRE - BB 4 X - RE

119

*EGRAELT  126E6)
FHETRERERT 9 PR A REMEEE, 10
FEMEAREAES] 3
% ~ 5 B | |, B oo (&
| A R YA X \
=5 cGy TDF | ¢ ocn| T¥ZR 1 2 3 5
1 i I 1782 107.8 | 156x15 CR
2 iR I 2145 1386 | 13x12 CR
3 i i} 2200 133.1 | 30x%x30 CR
4 ol mA 2200 134.2 | 30x40 | CRes
5a| f# II 1936 121.0 | 37x57 CR p——
b B 1320 80.3 | 30x30 CR [—
6 B | A 2147 1276 | 52X75 MR [
TIR¥| 1 1402 80.3 | 40x40 | CRecs [—
8 I R¥|mA 1881 1177 140%x60 | CRes ——
9 | m¥E|I LA 1500 121.0 > 60 PR H
[ o ©
) z =
1 sy 4X
~ 404 ° =2cm
Z , o 2~=3
= a0l 0 3~=4
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. O >
2 20 - ) @
= /BE
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80 90 100 110 120 130 140
T D F



138 B BES5E2, Suppl.2

4. WAIRH G OEBPHRFIC L ZEPETR HHE. BEDEREON I IBh B4 3Lic TDF 60K
EBIRNE-RFROYROLER LTh3, EREXRLIWRLI, TOHLENDHRE
HFT LT V<4 XTENBEPHEFROHE DEEE LREERDPTBASN TS 4590 ﬁiﬁ
WHREGT ANF - HFHLLKT 5/00IE R REERIROCEIC X Mg Bhvea

# 4. FNick 2H8#00R

B & & (HH:%
fEDI Ef: Ef2 Efs
Co TDF60 39 21 13 5

(539) (333) (128)

FN TDF 60 15 6 7 2
910 cGyx 7T[H,“14—17H (40.0) (46.7) (133)
CaHlp o 1983)
B b oE
FESI GI Gla GIb GII
Liniac TDF 60 26 7 8 11 1
300 cGyx5[E"TH (269) (307) (423) (38)
FN TDF 60 20 3 6 10 1
910 cGyx7 B.714—17H (15.0) (30.0) (50.0) (50)
Gk 1990)
' A E
25 I i i
Co or < 99Gy g 4 3 2
Liniac (445) (332) (22.2)
=100 Gy 8 1 1 6
(125) (125) (175.0)
FN < 17.90 Gy 15 2 5 8
(13.3) (33.3) (53.4)
= 18.Gy 6 0 0 6
(100)

(GEH 1984)
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KE. TEHM. BABETERESALYSY —D
SEIC L Bo FEMEMIC L TERFNDONED S
v ERICEGR I RERTWEEDNS, BE
B, BRETHmEOMICERERBD AT
i, BHETI3 historical control & BT
3, X#MBEHEER 100 Gy 2#BILT2FTH
3, BOTEHFETEHE LTV E, BETR, Ik
45 LAERIRE LBMRD Total kill % EiE
LTWw3, FNZ18 Gy #8530 T, TD
FT100icfiXd 5, MAMENIRETLE (&
BMlas L) ©A3EFNTTDF80~1007TiE
534 %L A F-XHR 100Gy Db B LG
WA 100 ~ 120 TREFMB ML ETXFL DT
NTHn3, BRARKXHTIO0 Gy% TDFIicH#
B BL166LHWE, FNTINLHEDHREES
R%EDOHELZTDFTI00 &3 L BRI XF
{CH~NTFENiexf L 1.6 (166,100 ) f5E 02
HERTC EDbhoo FNORBOMAHRE
1210%10 cn ®RBHEF TTDF T100, RBE 3.0

15 D TXE 2 P9 TR iU KRS B OB RE
DRBEI48(30X16) 1O TGFIF 487
30=16fELEEHBEHEEENE, BERE,

BEMEE CEMBE ML - LORBRERENLH B0
3 IEE ARk DEE RSO ED S BRO RE A

BTHb, £, BURBIC X 2 EBS0%) R
KRARE-TESESELNE ENEOMER
EHNTOEEICE > TREN » LAEESAN S
NTHBYL, EEMNICEED SN TR L, MHiEsE
B%h R (3 BES E T i SULER & 2 Besh B
B0 THREEEDH A Z B TEBNC AL S
U IHEREE D 2B NETRETH 5,

5. BMEHOEERNBHR. TEHEEL, Vb
HoiEk, ERSLUHIBELCHEIE
FEFEORBE OB,

BEFOFEHREN, Va fliciddszsvs=

AR ) =HNbSA4ATEF19T64EHS 1982

- FEE T TREMICEPEFRAI3645, KRS II8]

ZCE 145 BlERICIThh iz, TORERE. &
TIRBED I > THL(BESN TS, 4
MY TE FEAD S B 1975 S 1980 FF
TOEFICE > THRETL 720
FUITAXDRAT Va—WEFESIKRLI,
1975~ 19794 % Tid mixed deam DOFN®D
B% 80 cGyd L HBEOEELNBE ICE~RT
BODTIOBRS L TT72c¢Gy ELTHFFATH
o, TOMT2 Gy & 80 cCy BEDEKTD
%, COMD6IFlICtd b infR BT OFE RE R

£5 FESRE (I, Va)icXtd 3 mixed beam 5 V& v XFIDR /7y ¥ 2 —w

w P AR RALS

X-SEeE X 180 cGy x5 EIx5.5W 5,000cGy 1000 cGy/2B/2W

TDF 77.99 21.14 % 99.13
T2¢Gy 88 N T2e¢Gyx 2 x 5W 720

X 170 x3x5§ 2,250

TDF 82.89 B 104.03
80cGy® N 80cGyx 2x 5§ 800

X 170 x 3 x5 2,250

TDF 88.73 i+ 109.87

+TDFn = 30.0 X107 g 1765 x~0.1204
TDF x = g 1-5985 x~0.1683 s 93

{Y. NAKAMURA)
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* 6. EIRWT SR R
(FEYE mixcd beam)

£7. FESER (I, Va) X9 % mixed beam

E o #® | B ke B O E k%
#l = | B R
£ f i = *H & E %
XX fBEE 17 12 3 1 1 70.5 80.0 70.5
(12/17) (12/715)
72 cGy Bf 24 10 5 9 41.6 66.6 41.6
(10/24) | (10/15)
80 cGy B 20 10 5 4 1 50.0 66.5 50.0
(10,720) (10,715)
B 55 - BEARL, (1975~ 1980)

WKk b5 vs <A EFDOREERD HE

(1975~ 1980)

£ ]~ RERE AN
o | B | SEF TR g ) S g KT e
=2 2 4 1 0 3 1
70 70 %| 166|333 | 80 250 | 8.3
KERE 1T o sz 1m%23 | o 1 s o | o | o | o
% 25.0
=2 | 4 |2 |0 o] z2/|o
50 0 %| 333 | 1656 16.6
TZOYE 2 |10/ 20 %)= , o o |1 | o
%| 166 | 83 8.3
=2 5 8 2 1 7 2
60 50 %| 416 | 666 | 166 | 83| 583 | 166
80 cGy & | 20 (12/2009%(C10/200%|=3 | o9 | 5 | o0 | 0o | 6 | o
%| 166 | 416 50.0
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o]
70 -
c
2
a
¥ 2
; 50 Grade = 2
> P
; /{ ¢ ~ AN
H ! . ONT2
> / \
b \
“J': 50 ' \
o ' \
£ ' g,
5 ! .
“Ro |- X
<
o
£
g Dose Complicslion ‘s
w30 - i
w O 72 + X170 {under grade 2) °
o ¢ " (over grade 3 for. rectum] '
L a " {over grede 3 for bladder) ©
20 | & NBO + X170 {(under grode 1) '
v ] {over grade 3 for rectum) !
A " {over grade 3 for both)
O xi80 (under grade 1)
10 k- ° " (over grade for rectum)
0 | 1 { I |
50 60 70 L1 50 100

TDF for external beasm

X3

of

~
©
T

Grade = 3

@
P=]
T

w
o
T

o

@
T

o]

TOF at Point A for intracavitary irradiation

Dose Complication
30
O N72 + X170 (under grade 1)
¢ " (over grade 3 for rectum)
n " {over grade 3 for bisdder)
20 | A N8O + X170 {under grade 2)
A4 " {over grade 3 for rectum)
A n (over grade 3 for both)
O Xiso {under grade 1)
10 - ° n (over grade for rectum)
° | 1 1 1 |
5 60 70 go 90 100

TOF for external beam
B4
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6 ILRT

5 AR XKHRHEESAE D BIFTh 305
NIERIRARITIC K 0 F NBHCERBS IR Bl A o7 &
STHEAYEN D EH DT hERNTH
IR D L TH B & XREB0LICK L TF N&E
66% DD ERERTBTO., CDREDEIEIES%
T LT L cRBESEORNIC S ERICLTE
NEOHEBEERELROVAKMWAETFLLBOER
TRELTW3, —F. T 5DEFICST L THK
EMOBEHEZ2TEICS &0 THRHER
DEBBOBBEDORTEHE L. 22 TRE
S5 SELINOBEADZR aT4A2 )R L, 20
BRERARTIRA LK, R23T7=22&231500
TR L 7o XEEOTREEEE 72cGy BOMTIIL
RO, 80 cGy THEA B Ic % < DREEHS
HELTOWE T Ebbh b, TORN, B ER
EEOLELY v 7 7 v 7 LEARS &2 ERA
BHEEDHL, £2FBRICDS mix SNEFNOD
FEBELDLIVBEIRLKS3, 4itRLis
Mtz ARIcB 2 TDE, s EEE DT
DEThHB, BEDOSEA VI EICHBIEEHER
BEOFE,NHWL, AHICH B EENBBHORE
BRBOCEETRT, I3DLHiRaT 2L
FEREZEXEBE L FN T2 Gy B3 33k
EORTHMBEL S, FNE Gy BHEHLHIK
DEELTL 3, B4 TRaT3RERES
THb, CCTRXBHBELTZ Gy 25 &8
80cGy EHB L THI, LD 2HTHREBHES
55 EX+ T2 Gy BT 84~88cGy iK% L
137385 cGy et L 80 cGy B2 85 ¢Gy 5 95
cGy KAH L ZOFEIIH M cGy MiELs 5,
mixed beam K BJ 3 XWOFSRBELTH B
B8 X +72 ¢Gy Etid 80 ¢Gy Btk D 10%45 BAvD
B2 TORT ENEEDREN» S DHEESH
tzo %180 cGy ZEID - o DIIK T DB
BIDEELTRBEII326 TH 0. X#ic 260
cGy IelCEk 9 3 & LT mixed beam D RF Va2 —
NEDL D XENRBE LRSS L SR TESE
MENF S T2 cCy IKIFS Lz, R SEIOET
Do S EEE. BHIBEEL SR} XETHI0L 20 &
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DEELECERKE>TOELEDPH DT
DMEREL o EMFEE N, £ T,

BERHOETVEL TXNaDEE DT 7 v b.s
1220 % 20cm DB STEF © X 4R BEME, 72¢Gy, 80 cGy
mixed beam OHERNHAEEV2 Ly 7 XEH
WTHOWTA B ER S D LD IRE -k, 5%
TDFTERRLTH S, ThTHB EXHEET2

cCy BDHTH IR 2 EA—TH 35,80 cGy B
BEBE. ERG IR 4 28553 T D F T 85~90 cGy
DOHRICH D, FIEH 80~85 cGy e /i L
TWBho b~1080BECHNE B SO
CTERIEDB, BV a2y s AR K BEBSITHE
Y. E¥RNT-s42ZELTCFNOTDF &
EEEDYBERT— 5% d EICE O DA,
AEE MBI IREHFEDOENT» L ZDE
LEPEEBASNBC & L 570, RIEICF NDE
Bt, BBBORBEEKZDRBE L 3IZEA%ETH
EhETENCEBHEES NS, SKROERBE
P EBHEDO R BH L OEFE AV TIERET
BiGE. BAeEY, ERY, F—sEb LY
HHEZITORES HERD, ¢ hEiaitDiEst
LT3 EILRAD, MEAMAEMNE MitBL
TELOOE MG RIEAET 5, SHERISHERE.
MBOBEELBRAIELSBHELRaTELT
B O aEETH B C L AFHL 12, £ 1.

E+EBEDORBE 415 C & hithiskB C L AR
L7

5 =

BEHF T EPHEFRENREEORERS % 1
560 cGy 12F / AWAEARELTHEKR N4 7
WEBRIAL Y, CHARTDFTI00kESL.
HEOMBHRETH 3, FNEFIEROHREIC X
DMENHELETAERZ b, REHO Y4 7o
POMENBFN (30 MeVd—Be ) . EED
BEROHLLETAE T3, WEEEEOHRER
EHEORIEE TR L VIR, &, Wil &ERE—
BEFHEEOYHEABERTAEEDIRLF -0
BIEPHO LR OBEDSWRESH LD S
kI = te —H. EVEE GEEME. B
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72 cGy Bt

80 cGy &

. B EEMSORIGE E»S 1 B &
HEBHDRBE &2 0OMEEWH O Mic Uiz, B
RTE D& D BEANH Ric b &0 XEEIE
BREBLOEERIGIC LD NSD 2R, H4F
NOTDFDa b fO~REFHETEDRD, Th
KE->TXHMEFNBTDFEA4LTEBICER
DHKD L DI 57219, C DR, TEEOHIH
KNSR HEBAETDFRIKE > TRTLDICH
> to XEHC L BEFGHEREIR T & NRTFIE
FHUTIRIZE S pICH - T 3, EEMEROREE

SBFHFOY A XBRNETHERBREE 3, F
NWHEREBORENTED L S BBAREN»
. THhThODBARK T2 F NOBEIEED R
FRREER%ZH 5 sic T& hid, historical cont-
rol #ENRBETHRF ML, 2D S5 B FN A
BOEREBDN 2/ NG5V y~4 X LTRE
ZEHEE L0, 2hh D F RN U 7 D hsE R
WADMSTATNTHAB, UimslL, TDFHE
BORBHEBEARDIDITHNONB L AT -
5T FNA T bl BDREST L1
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DEWSERAEN., FEEEHEIC isocenter % &
DB E A BB L/ ORI EERIE D
MBS DR BI320~40% bl LEBLREECE
RGBT B E LT, MM TR L
FEGRDOES. mixed beam T3 SEB. B
BEIFER A L, BEAHERD THIE
ZORRE—HRETH > ko T, REHDT
DFDa, AOBREEDEMKERICSEINT
W3, L, BEHMNHEELL 20 FEERD
BE LR BREETS E, FNIEIEKXIDE
EEMN B EVbNE, THbbE, FNItk3
EEMBOBEDOHITMSETERAC L ICHRES
HEBERL. FHEAREEOE L CRBHERER
WHLETHB, B_IFEMERERLE 2RI
WEEEOHBEATH, ELVEECLIkRa7y
DG BCETHB, MR THIT LI SREICH
TEBNERIZOE—S5TH 5, BHE BHERA
RN AT A F NOBEGOEMIIEERIC
bl bEZZoNb, L L. FBOESEICOH
TREVRESTIC X 5BEIIY S hiesn 35
IaEshizEBOAL N, 58, KEFD 1800
BIOEFNCTH LT DL O T 7o~ F T %
TETHELER IS TED—IRBBOT M SIHS
WL BTHAD, CORER. RHEDDWOHA
B OOWT/NEFID 5 v <4 XETH, HRE
BRERICHO AT A Ltk > TFNEHER
DE— LD LEEADE - LRBHIRLVEE
A T3,

BEHE
1) FZEFON - #piE TR E¥obwds 150
1 1036—1039, 1989.
2) Gribfim, T.W., Wambersie, A., Laramore,
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G., et al : High LET: Heavy Particle
Trials. Int.J. Radiation Oncology Biol.
Phys. 14 : 583-592, 1988.

3) RA#Hd, \BHEHE, EREE f: Pancoast
B IC 9 2 Hp i FHIBEIC DV T, BOME
PR 29 5 111—114, 1983,

4) AERE  AERICKY 2P T BINET & OFR
HEOE —MEENHRIC DT — B RiH {85t
P 16 ¢ 1738—1786, 1983.

5) HiEEk, EHERS. FREHE  ETBRESR
T B AR ORISR, ARRERE 4
17781783, 1983.

6) BHME, REEZ, BAS fh: S HREFZE
AUIERE. BRI THF &SR oEER M
B4 5 RENR] RAEREE. pp. 3745, 1984

T) WREERE. HEFR, fEFRE A FEERO
EREF AR, ERABOER 36 - 47-53
1986.

8) BT : BT HRROMKTEM. BERKR 42
1 823847, 1982.

9) B ZREFS. EFE - £ 08 RH &)
BOH SRiE B R OFM, BOMBK 33 - 1679—
1589, 1987,

10) it o FRBRICE T 2EMFENSET
DFIC & 2 st gk, REKR 38 : 950—960,
1978.

11) Griffin T.W., Pajak,T.F ., Laramore, G.
E., Neutron vs photon irradiation of in-
operable salivary gland tumor : resu-
Its of an RTOG- MRC cooperative ra-
ndamized study. Int. J. Radiation Onco-
logy Biol. Phys. 15: 1085-1090, 1983.
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b BRI FHIARCH I 3RBRNERAROED HE 2V CORBOH T, LI REHEM
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