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Abstract

High energy gamma radiation (8 to 30 MeV) is gaining acceptance for radiation™ " ... _
therapy of patients with deep cancers, This radiation is of sufficient energy

to induce photonuclear activation of the elements in the human body. Our

results of measurements of nitrogen and phosphorus in an anthropomorphic
phantom, a cadaver, and a cancer patient with bremsstrahlung radistion from 15

MeV electrons demonstrate the feasibility of a method to monitor these two
elements in the human body in vivo by measuring the radioactivity induced in

these targets by photonuclear reactions. NOTICE

THIS REPORT IS ILLEGIBLE TO A DEG"‘EBDUCTIQ\'
INTRODUCTION {11AT PHECLUDES SATISFACTORY REPRO b

High energy gamma radiation is a well established treatment modality for some
cancer patients /1/. 1Irradiation of the human bady with high enexgy photons
(> 8 MeV) results in photoactivatfon of tissue elements. Photosctivaticn
analysis of blological and environmental samples has been veviewed in refs.
/2-4f{. Photoactivations of animals to measure tumor and capillary blood flow
and total body oxygzen, nitrogen and carbon have been reported in refs., f5-7/.
There is evidence that higher than normal levels of some trace elemeuts are
present in cancerous tissue /8-11/, Cancer patient treatment rtegquirves
fractionation of the total radiation dose, which may be as high as 60 Cy, into
doses of up to 3 Gy per treatment, <Could this radiation be gufficient for in
vivo elemental analysis of human tissues?

The present work demonstrates that the activity induced following a
single treatment is sufficiently large to monitor nitrogen and phosphorous
from the irradiated volunme. The vresults of wnfitrogen and phosphorous
measurements in an Alderson phantom, cadaver, and cancer patient following
irradiation with high energy photons, under similar irradiation conditions as
those of the cancer patient, are presented.

METHOD AND MATERIALS MAS].ER

The endoergic nature of the photoniuclear reaction requires that the gamma
radiation be above the threshold value for the reaction to occur. For low Z
elements this threshold energy Lis above 10 MeV with the exception of deuterium
(2.2 MeV) and beryllium (1.67 MeV). For intermediate and high Z elements the
threshold energy is above 8 MeV. The cross section for photunuclear resction
is few mfllibarns above the threshold energy and it peaks about 6 MeV above it
{giant resonant region). The cross section increases with Z up to few
hundreds of milibarns for heavy elements.

During photonuclear reaction gamma ray is absorbed in the nucleus with
subsequent ejection of a particle. In the case when a neutron is emitted the
resultant daughter” (A-1 nuclei) is unstable. It will usually decay by
positron emission followed by emission of two annihilation {511 KeV) gamma
rays. Some of the photonuclear characteristics of the major elements present
in the human body are summarized in Table 1.

The high energy gamma radiation used for patient treatment was produced
by clinical electron accelerator (Varian, Clinac 20) with thick target
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TABLE 1

Photonuclear characteristics of the major isotopes
in the human body

ISOTOPE 7% of Total* Isotope Threshold Half-Lite Enission

Body Weight Abundance energy T1/2 lines
(HeV) {min) (MeV)
16y ¢1.00 99,76 15.7 2.030 0.511
12¢ 23.00 98,89 18.7 20.400 0.511
1y 10,00 99,98 - - -
lay 2.60 99,064 10.6 9.970 0.511
40¢c, 1.40 96. 94 15.6 0.015 0.511
3lp 1.10 100V, 00 12,3 2.500 0.511
2.16 {0.5%)
32g 0.2¢ 95.00 15,1 0.044 0.511
1.27 {1.1%)
39% 0.20 93,30 13,1 7.63 0.511
. 2,17 (99%)
0.016 0.511
23y, 0.14 100.00 12.4 2.6 y 0.511
1.27 (90%)
35¢1 0.12 75.77 12.5 32,200 0.511

1.17 (5%2)
2.14 (25%)
3.32 {9%)

* Total weipht of a standard man is 70 Kg vef. J12/.
*% 7 of lines pur disintegration.

(converter) and thick flattening Filter, The maxinum end point of the
bremsstrahlung radiation was 15 MeV with a duse rate of 3 Cyfwin. Conse-
quently, only some of tlie elements mentiovuned in Table 1 were activated., It
has been estimated that only a few percent of the total gamma flux from the
Clinac-20 was uscful {above 10 MeV¥) for plhotoactivation /2,9/.

The induced activity was monitored by counting the annihilation gamuna
rays with a 30% high purity Ge and 2"x6" long Nal detectors. <Consecutive
spectra in the energy range From 0 tv 2.6 MeV were collected for 30 seconds
each in a multichannel analyzer during an owverall period of 30 minutes.
Spectrum from each counting perlod was stored on a magnetic tape for a
later analysis. The time interval between counsecutive counting periods was
a few milliseconds, Phantom sanples were counted 1 min post-irradiation,
while the cadaver and the patient were counted 2 min post-irradiation.

The measured spectra were obtained from single elements and mixtures.
A 1800 ml 1liver Alderson phantom, placed in a human shaped trunk, was
filled with & solution containing nitrogen, plosphorous, and potassium at
57 g, 5.2 g, and 5.0 g respectively. This composition is similar to that
of a standard wan f12/. The trunk was filled with regular water. Spectra
were also tiken from & cadaver and from a liver cancer patient. The
irradiation conditions for these cases were identlcal to those of the
cancer patient.

The net ‘number of counts in the 511 KeV photopeak was calculated from
each of the stored spectra. These net counts were used subsequently in a
non-linear least-squares analysis to resolve the complex decay curve into
its components. The function fitted was of the general fornm

Alt) "Z‘AH_ exp(-ﬂzit). {1)
2
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Afcer many trisls the aunber of Jree parameters wos limited to iwo, A
and Aja. The psramcters in the eaponent were replaced with the decay tine
constanis of nitrogen and phOJthTUa. The least-squares prograns were
taken from ref. /10/. '

RESULTS

The 511 KeV positron annihitation phutopeak is the dominaut peaw in the
spectrum. Theie are two background peaks at 1,46 MeV from 40 and 2.60
HeV, which rcnained constunt and independent of the sauple analyzed, except
for the potassium chloride sanples. In addition, there are two zwall peaks
at 2.17 HeV fvom AP following photoactivation, and at 1,37 MeV fron 2334
following neutron activatioun. It should he notud that all high energy (> &
HeV) nedical accelerators produce nectroas.  ‘lhe nean acptron energy fxom
the present machine is about 1 MeV. 7There Jere no additional photoprais
noted which were unefu) for elemental identification. Fig. 1 shows
poest-irradlated liver cancevr patient coounted for 30 win as described. Al
the peaks ate identified in the graph.

The coumpler decay curves, obtalned from the net counts In  the
annibilation peaik, were resolved into one, two, and threce compouents as
indicated by eg. 1. It was determined that a two component systen, of
nicrogen and phospliorus, provided the most reliable results. The
contribution of potassium to the aunihilation peak was megligidle. This
was consistent with the low Intensity of the 2.17 MeV plotopeak. At this
point there were only two free parameters in the filtted function A); and
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Fig. 2 Leconvolution of the decay curves, 7The error bars are + 1 SD.

Ayz. The least-syuares fits of nitrogen aud phosplhorus couponents to the
decay curves derived from the liver phanton, cadaver, and a liver cancer
patient arc shown In Fip. 2. The reduced Chi-square values for each fit
are included in the fipure. The accuracy of the least-squares analysis was
also tested by cowparing the sum of the time integrals {I) of nitrogen and
phosphorus decay curves with the measured total number of counts. These
results fov liver phanton, cddaver and patient are glven iIn Table 2. Ay
and Ap are the coefficients obtained from the least-squares analysis,
they correspound to Ajy and Ay9 xespectively. These coefficients were uscd
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TAULE 2

Resulets of the least-squares analysis and the
51) KeV photopeak intensity

Ap 1y Ap Iy Iyp Measured  XdifE.
Lp. Npk! 23741.6% 5971 109410 786 6V57  668941.3 1.0
LB, 0.9 HPK3 220K, %564 62716 447 6015 5959FL.3 0.9
Cadaver 2640006 7231 FORI6 40L JU3L 0 BlsdEl.?  -5.8
Fatlent S MLYaSLy Pu9l GAkYY 317 331% 0 35233109 6.3
LI, HPK~Haf? TAayiu 0 an/ids WOV 3647 HODL2Y JOQ?EJU.7 2,0
(1) liver phantoum with nitrogen, phosphorus and potassiun
{2) + onc standard deviatlon expressed in percent
(3) nitrogen is reduced by 10Z%.
(4) 2" % 6" long 1ol detector was vsed for this measurenent.
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Fig. 3 Couporison of the sprctra taken with HP-Ge and Kal

detectors under identical conditions.
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to integrate eq. 1 to obtain Iy and Ip. The % diff. i1s the percent
difference between the calculated number of counts Iyp and the total
measured intensity of the annihilation peak. In the final set of measurewents
the HP-Ce detector was replaced by a Nal detector. The worse enecyy
resolution of the Nal detector was compensated by Lty highec countiug
efficlency. “hese two spectra are compared in Fig. 3 and the results are
summarized in Table I,

CONCLUSIONS

The 15 MeV breasstrhloay vodeavion produsesd by o Clinae<20 o sufticlent o
excite elements with low thresbold enercy otd hipgh conecentrations in the
body. The twe civnts taitored 1o this vork are ultrogen and phouphorus,
Although pocacsir ' photoaerivatad o SEKCwhen 121 of KOL was used, lto
bigher thresheld  Love! preventod  production ot sufficicnr activity to be
monltored in o patiems,  Aluo, the beak at 2,10 eV woy too weak to provide
any addltlonal Lluoro aation on the preence ol f6,  No other clements were
fdentified 0 the speelrus escept Lo M (snall peak) doe to nestron
activation, ALl the oviher photopeitrs selonped to the backgrownd,

The measured pe-rra with HP-ue detector provided precision for the

nitrogen of aboul [y, and ror  phosplhorus (37 Using Nal detecior the
preclsion foa o tiogan vt plosphuras inproved to LG and 57 respectively.  The
least-squared 1itcin 5 vere otiaturinry,  The wuelity ot the fits weretestesd

by the low value o i redeesd Chiecquure, comparison of the tlae lutegrals
with the rota waneder ot andn, ond Juasoection oF the yesbdual gpectra,
However, the sipgeat can be tmpyovee Saathos by using more detectors and by
fuproving che  sioac ity o7 ehe doteetare (o detestor  was oanshielded).
Better future arrvoupear ts o aloood e uatient wil) loprove eousidarably  the
counting geoumetcy of tle patient,

Ten percent change fu the Liver phantos nitroger content resulted in 6,77

i

change In the nitoeceon activiny {A“,UHJJL* KB It Iy within the quoted
errors since oune  Lavard Cleviation change In woch activity yieldy a 10%
difference in the ni:repqen sinal, av vxpected, The large differeace in the

phosphorus intensity s aot clear at prosent, sauple preparation is suspected
since other readings were rvather.consistent.

Present worl Jeuonstrates  the reaslbility to monitur nitrogen aud
phosphorus in post-ivradidted cancer patients.  The measurwments were limited
to the liver only, Lui .t uneed tot be .o,  Every irrvadiated organ or part of
the body 1e& activated. However, the counting  gevaetry bucomes wore
complicated, At present, ihe usetvluess of the nethod 1s being tested to fiad
whether the nftrogen sivnal, which {s related to the protein and the cell
wembrane mass, provides Information on the wefficacy or progress of the
radiation treastinent. It ls specuvlated that the snltrogen signal shouild
decrease with proprerss of the treatment since the caucerouy cells are belng
kiiled and removed from i1he cancer region,
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