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Sunma as evidenced by oxygen enhancement ratios of

~3 for x-rays (low LET) and of ~1.8 for fast

A small accelerator which produces high neutrons (high LET). Neutron source require-
energy (14.7 MeV) neutrons by the H? (H?,n)He" ments to perform clinical fast neutron therapy

reaction has been utilized for two basic bio-
medical studies. First, fast neutron radiog-
raphy has been explored as a technique for
imaging bioclogical objects. The primary ob-
jective was to test the sensitivity of the
technique by measuring the differential atten-
uation coefficient necessary for object
identification as a function of the sample
thickness. Second, fast neutron radiotherapy
experiments were undertaken. Animals with
induced brain tumors were treated to observe
the relationship between dose fractionation
and cell repair. The results are encouraging
and indicate the feasibility of further stu-
dies with a small accelerator.

Introduction

A small accelerator can serve as a use-
ful tcol in studying the application of
neutrons in biomedicine. The two most
obvious areas are the use of fast neutron
radicgraphy for imaging biolocgical cbjects
and fast rneutron radiotherapy for treatment
of cancer. It is generally recognized that
existing small accelerators have insufficient
neutron output for clinical applications, so
work undertaken with such accelerators is by
necessity either a feasibility study or work
preliminary to clinical trials.

YNeutron radiography has been explored
recently as a technique for imaging biolog-
ical objects with the eventual goal of
achieving routine clinical diagnostic sta-
tus.'”? It is a technigue complementary to
conventional x-ray methods!? and may be use-
ful for applications such as the imaging of
alr-filled cavities cmbedded in tissue,
particularly in the wvicinity of benes. Ther-
nal neutron radiography methods'? are well
developed, but fast or resonance enerqy neu-
trong are necessary to penetrate practical
ioclogical specimens for imaging purposes.
Previous work in our laboratory has been
rezpcrzed on measurenent of the sensitivity
and resclution of a £fast neutron radiography
facility® and on ar improved collimator
design. The abjective of the investigation
raported here was to evaluate the differential
atzenuation coefficient necessary to achieve
a minimum image contrast level.

Marercus investigators! 7MY have report-
ad on the potential of fast neutrons for
radiation therapy. The apparent Ffavorable
cdependence on oxygenation for fast neutrons
has been confirmed by several authors '14r1°-18
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Lave been described!®~!"; neutrons with 14 MeV
energy have a suitable skin sparing effect and
have depth dose characteristics similar to
that of Co®! gamma rays. We believe the most
desirable approach from an economic and utility
standpoint for placement in a typical hospital
is to utilize a compact accelerator which pro~
duces 14 MeV neutrons by the D-T reaction.
Projected intensity requirements are a factor
of 10 above existin? D-T units. However, if
current efforts!®~?! to increase the output of
D-T units are successful, the opportunity for
extensive clinical trials will be imminent.

An investigation was undertaken in our labor-
atory to gain experience in fast neutron ther-
apy work and to study the relationship between
dose fractionation and cancer cell repair in
mice.

Description of the Experiment

Neutron Source

The fast neutron source was a neutron
generator (Picker Nuclear Accelerator) which
accelerates deuterons to 150 kV to produce
neutrons by the following reaction:

+ He" + 17.6 MeV

H? o Hnl
u

H? +

1 1
This reaction, ccmmonly designated as the D-T
or T(d,n) reaction, yvields a 1l4.7 MeV neutron
in the forward direction. At a maximum beam
current of 3.5 mA and with a 5 Ci tritium tar-
get, the unit is capable of preducing 3.5x%101'?
neutrons/sec.

ast Neutrcn Radiography

Collimator System. A useful neutron beam
for producing radicgraphs was produced by posi-
tioning the neutron source in a reentrant tube
1n a large water tank. A beam of fast neutrons
was extracted from the tark through a divergent
collimator oriented at an angle of $3° wizh the
accelerator axis (see Figure 1l). This system
provides a twelve-inch square radicgraphy area
approximately 26 inches from the source. The
collimator was not criented along the accel-
erator axis because x-rays are produced {(up
to 100 mR/hr; that stream along the axis.

Image Production. A direct exvosure
method was used with a scintillator screen
film combination placed directly behind the
obiect to be radioqgraphed. Kcdak Type Ax
Industrial X-ray Film was used throucheout the
work and standard developing procedures were

and
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1) Calcium LuugdeLe \deU4} Cay
fluorescent screens mounted in
an aluminum cassette.

2) A IZInS (Ag) scintillator material
dispersed in a hydrogeneous medium
and contained in an aluminum
cassette.

A comparison of these screens has shown that
the 2nS (Ag) screen is approximately 1.5 times

faster than the CaWO4 screen.

Test Object. A test container which
ranged in thickness from .875 inches to 4.875
inches was constructed and filled with tissue
equivalent solution (56.9% water, 28.,4% gly-
cerol, 7.6% urea, and 7.1% sucrose). Vinyl
tubes of .5, .375,.1875, and .056 inches
ID were placed at various locations in the
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tial attenuation coefficient was then corre-
lated with the radiograph image contrast by
filling the tubes with air, isopropyl alcchol,
acetone, methyl alcohol, or water,

{loema Y miire

contal nar
\SEC 1 gure

Fast Neutron Radiotherapy

a housing mounted in the center for the tar-
get end of the neutron generacor.
filled with water, is set on the front edge

of a 48 x 48 inch steel table mounted on 8 inch
castors (see Figure 3). The housing for the
tritium target and drift tube of the neutron
generator consists of a 14.5 x 14.5 x 18.0 inch
parallelpiped section in the center of the
tank. The section contains two removable
l1-inch thick semicircular plates. They are

5 inches ID, 18 inches 1ong and supported by
a 6 inch ID steel pipe of the same length
Final collimation is achieved uy a steel b)J.U.LJ
with a divergent opening that ranges from
1.75 inches ID to 4.0 inches ID. This pro-
duced a circular beam of 14.7 MeV neutrons
5.5 inches diameter at a source to skin dis-
tance of 3.25 inches (8.3 cm). The low out-
put of the neutron generator prohibited the
use of significantly larger source to skin
distances.
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Procedure. The animals used in the
experiment were C57 Bl 6J mice that were 6-
weeks old and were housed in the Experimental
Animal Facility at the university. The
ependymoblastoma tumor was obtained from the
National Institute of Health and was carried
in live animals. Solutions were made up of
sterile solution and tumor cells and the
animals were innoculated by injection of
0.025 ml of the into the brain

enlution
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The animals were innoculated on day 0
and neutron treatments were started on day 3.
The dose was delivered to the head by posi-
tioning the animals with their heads in the
edge of the 5.5-inch diameter neutron beam.
They were placed on a circular disk which was
rotated to insure a uniform neutron intensity
at all positions.

Mt~ An o ~E 2EN ANND and BENN vada
ALl LA CD A “ Dy ‘1\.IU, clilivd JUv o aluus
of fast neutrons were administered by each of
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One dose: day 3.
2) Three doses: days 3, 4, and 5.
Five doses: days 3,4,5,6, and 7.

The single dose of 400 rads was inadvertently
omitted from the study. Also, two control
groups were maintained. One group received
the innoculation but no treatment and one

group received no innoculation and no treat-
moent A +otal AF 174 included
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this study, each group typically consisted of
15-20 animals.

animals were n
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A related study was conducted to observe
the effect of various combinations of neutrons
and chemotherapy on the brain tumors. The
drugs used in the study were BCNU and Ara-C.
For this portion of the study 250 rads of fast
neutrons were administered in a single dose on
day 2.

Dosimetry

The fast neutron fluence (and dose) at
the neutron radiograph object position or at
the skin of the animals was measured with a
small Cu foil. The 11.5 MeV threshold
cu®?(n,2n)Cu®? reaction was utilized and de~
tection of the annihilation gammas gave the

administered fast neutron dose. A neutron
flux monitor was also employed for continuous
monitoring of the neutron output.

Discussion of Results

Fast Neutron Radiography

The neutron to gamma ray ratio at the
radiograph position was 4.05 x 10° n/cm®-mR.
The fast neutron flux was measured by Cu acti-
vation as described above and the gamma ray
flux was measured with thermoluminescent
dosimeters. A fluence of about 5 x 10° n/cm
produced the best image of the test container.

Radiographs of the test container with
the various combinations of tube sizes and
contrast media were scanned with a densitom-
eter., Figure 4 illustrates typical results
for the contrast as a function of the eguiva-
lent tisgsue thickness. While some contrast
does exist in all cases, it can be visibly
detected only for the air filled tube. This
is not an unexpected result since the differ-
ence in the attenuation coefficient between
the fill material and tissue is small except

for air. The calculated attenuation coceffi-
cients and corresponding differential atten-
uation coefficients {(using Veissue .09 cm™ 1)
are as follows:
Hpip = 0.0 ecm™! (Au = .09 cm™ )
r
-1 _ -1
uIsopropyl Alcohol .074 cm (A = .016 cm™ ')
-1 e -1
Yacetone .078 cm (Au 012 cm™ )
- -1 _ 1
UMethyl Alcohol -082 cm (B 008 cm ")
_ -1 - 1
Hyater .085 cm (An .005 cm )
Ml s ummalid 13 s ~F S macs e madnwrt Aalo ~Akhar
1ile bayaU_LJ,.L I_Y L Lulakj.l. L\j nHQuo L idlLo [ORSOL =) &
than air in tissue successfully with fast neu-



trons will require improved detection, colli-
mation and image enhancement methods,

93 (1969).

6. Parks, P.B., M. Brcwn, and D.S. Harmer,
Fast Neutron Radiotherapy "Problems of Fast Neutron Radicgraphy,"
Biomedical Sciences Instrumentation, Vol.
A dose profile was taken radially along 6, "Imagery in Medicine," Instrument
the body of the animals tc determine the body Society of America, 118 (1969).
dose. Up to 25% of the given dose to the head
was received by the body. This was a conse- 7. Parks, P.B., and M. Brown, "Fast Neutron

quence of inefficient collimation because it
was necessary to maintain a short source to

Radiography for Clinical Diagnosis," DP-
1231, Savannah River Laboratory, (1970).

skin distance as noted above.
8. Ingwersen, J.L., and S.R. Bull, Fast

Neutron Radiography cf Standard Bioclogical
Objects, Proceedings of the Society of
Photo-Optical Instrumentation Engineers,
Vol, 26, "Quantitative Imagery in the
Biomedical Sciences," Houston, 63 (1971).

Figure 5 is the survival curve to 45 days
after innoculation as a function of the total
neutron dose administered. A schedule of 3
fractions was consistently best, 5 fractions
was next, and 1 fraction was least effective.

The highest survival rate (62.0%) was

achieved with 500 rads. No doses above 500 9.
rads were administered, but it appears that

the optimum dose is above 500 rads.

Bull, S.R., J.L. Ingwersen, and N. Slaten,
Experience in the Application of Fast
Neutron Radiography to Imaging Biological
Systems, Proceedings of the 10th Japan
Conference on Radioisotopes, Tockyo, Japan,
230 (1971).

Figure 6 shcows the daily survival curves
for the 500 rads dose group for the different
fracticonation schedules along with the control

group that was innoculated but received no 10. Berger, H., Neutron Radiography, Elsevier

treatment, As illustrated previously, the Publishing Company, Amsterdam, (1965).

schedule of 3 fractions was most effective.

No animals survived past the 2lst day for the 11. Fowler, J.F., Fast Neutron Therapy -

group receiving no treatment. One animal of Physical and Biological Considerations,

the control group that was not innoculated and Modern Trends in Radiotherapy, Vol. 1,

received no radiation died on the 29th day. 145 (1967).

The results suggest that there is an 12. Brennan, J.T., Fast Neutrons for
intermediate optimum number of dose fractions Radiation Therapy, Radiclogic Clinics of
and presumably there is also an optimum North America, Vol. III, No. 2, 365 (1969).
total dose. Further experiments are planned
to clarify this point. 13. Herring, D.F., Neutron Sources for

Radiotherapy, ENVIRO-MED Report #ESD-209

Preliminary studies utilizing a combina- (1970).
tion of fast neutrons, BCNU, and Ara-C imply
increased survival is obtained. The results 14. De Choudens, H., Possibilities d'Emploi
of this study will be described in another des Neutrons en Radiotherapie,
report. C.E.A.-C.E.N./G., INT/SPLHA 71-247 (1971).

Although the experiment had the disad- 15. Hornsey, S., and Silini, G., Comparisons
vantage of low neutron output, valuable ex- of the Effects of X~rays and Cyclotron
perience was gained in fast neutron radio- Neutrons on Mouse Ascites Tumors, Mouse
therapy techniques. Testis and Chick Embryos, Brit. J. Radiol.,

36, 92 (1963).
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Fig. 5. Effect of fast neutron dose and
fractionation on fraction of mice surviving
at 45 days.
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Fig. 6. Daily history of fraction of mice

surviving after innoculation and fast
neutron treatment.
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