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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 radiation from IS
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.

THIS REPORT IS ILLEGIBLE TO A DEGREE
INTRODUCTION nMTPHECLUDES SATISFACTORY REPRODUCTION

High energy gamma radiation is a well established treatment Modality for some
cancer patients /I/. Irradiation of the human oody with high energy photons
(> 8 MeV) results in photoactivation of tissue elements. Photoactivatlon
analysis of biological and environmental samples has been reviewed in refs.
/2-4/. PhotoactivacIons of animals to measure tumor and capillary blood flow
and total body oxygen, nitrogen and carbon have been reported in refs. /5-7/.
There is evidence that higher than normal levels of some trace elements are
present in cancerous tissue /8-11/. Cancer patient treatment requires
fractionatlon 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 sufficient for In
vivo elemental analysis of human tissues?

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

MASTERMETHOD AND MATERIALS

The endoergic nature of the photonuclear reaction requires that the gai
radiation be above the threshold value for the reaction to occur. For low Z
elements this threshold energy is 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 photonuclear reaction
is few tnillibarns 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 millbarns 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-l nuclei) is unstable. It will usually decay by
positron emission followed by emission of two annihilation (511 KeV) gastaa
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 charac ter i s t ics of Che major Isotopes
in the human body

ISOTOPE

1GN
12C
III
14N
40 C a
31P

32s

39K

23Na

35C1

7. of Total*
Body Weight

61.00
23.00
10.00
2. GO
1.40
1.10

0.20

0.20

0.14

0.12

Isotope
Abundance

99.76
9ti.o9
99.98
99.64
96.94
LOO.00

95.00

93.30

100.00

75.77

Threshold
energy
(!1eV)
15.7
18.7
-
JO. 6
15.6
12.3

15.1

13.1

12.4

12.5

Half-Life
Tl/2
(inln)

2.030
20.400
-
9.970
0.015
2.500

0.044

7.63

0.016
2.6 y

32.200

'Emission
lines
(MeV)

0.511
0.511
-
0.511
0.S11
0.511
2.16 (0.57.)
0.511
1.27 (1.1%)
0.511
2.17 {992}
0.511
i).511
1.27 (90%)
0.511

1.17 {97.}
2.14 (252)
3.32 (9.X)

* Total wuight of a standard nai> is 70 Kg va£. /12/.
** 7. of line;; pur disintegration.

(converter) and thick flattening f i l te r . T3ie maximum end point of thu
brcausstrahlung radiation uas 15 MeV with a dose rate ol: 3 Cy/min. Conse-
quently, only iioino of the elements mentioned in Table 1 were activated. It
has been estimated that only a few percent of the total gamma flux from tlie
Cllnac-20 wai useful (above 10 MeV) for pSiotoactivation 12,9/.

The induced activity was monitored by counting the annihilation gamma
rays with a 30% high purity Ge and 2"x6" long Hal detectors. Consecutive
spectra in the energy range from 0 to 2.6 MeV were collected for 30 seconds
each in a multichannel analyzer during an overall period of 30 minutes.
Spectrum fruin each counting period was stored on a magnetic tape for a
later analysis. The time interval between consecutive counting periods was
a few milliseconds. Phantom samples were counted 1 tnin post-irradiation,
while the cadaver and the patient were counted 2 rain pcst-lrradiation.

The measured spectra were obtained froi.i ainglu elements and mixtures.
A 1800 ml liver Alderson phantom, placed in a human shaped trunk, was
filled with u solution containing nitrogen, phosphorous, and potassium at
57 g, 5.2 g, and 5.0 g respectively. This composition is similar to that
of a standard man /12/. The trunk was filled with regjlar water. Spectra
were also t.tken from a cadaver and fron a liver cancer patient. The
irradiation conditions for these cases were identical 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 form

A(t) -y"An exp(-A2it). (1)
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Afcer many t r i v i a fit jiumlti'f t») J rt't: parii.'n^tLr^ v;»>i lijnii.ud to two, AĴ J
and Aj^ji Th«.' jwiraut/tL-ra in tJii; «;>;ptjJn.::iL ij«jr(j replaced with thu decay t ine
Constants of n l t ru^i ' i • ' " ' ' p}ios]iljorus. 'flic l«j.tst-acjuarei; \>xoy^Tatnjt ve ie
taken from ref. /10/.

RESULTS

The 511 KoV j>o.-;i. troa annilii la tion i»]iutojjt;al: is tlm doiuiuaut pcJk in tlic
spectrum. The if ar<; t»;o b.ick,jrotitu! ptak;, at 1.40 H«V fron '̂̂ K and 2.60
HeV) which rtruintni ctmataHt and imlepemfont of Die siit.ijjlu iiiicily««d, except
for the potansluiu chloride .-.aiaplt:^. In addition, t!u:re are two ai.iall peaks
a t 2.17 MeV iron -!tH: iolluHine photovic tivation, and at 1.37 HeV frcra 24jja
following neutroi: ,ic tiviitiou. I t shouttl lie not-jd that a l l Iiigh tner^y i> 8
HeV) nedicul a t c c k u L u t s jiroduci; ncuttuui. "lfie neati neutron energy from
the present tiiactuno i^ about 1 HeV. Tiiiirt- were no additional photoptafcs
noted wlilxli uen: unefu! for elemental identification. Fig. 1 shows «
post-lrradl;i Led liver cancel- p.itient counted for 30 nin aa described. All
the peaku .ire identified in the (;raph.

1'he cuisi|)l«!>. dcciy cui'vcs, obtjln<jJ from the not counti in the
annihilation peak, were resolved into one, two, and three components as
indicated by cq. 1. It was diiteri.iitued that a two co;;iponent system, of
nitrogen and phospljoru-j, provided the i:iost reliable resul ts . The
contribution of potassium to the annihilation peak way negligible. This
was consistent with the low intensity of the 2.17 MeV photopcak. At this
point there wero only two free parameters in the fitted function A ĵ and
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Fig. 2 liecutivolutiori of the •ducjy curves. The error bars axe + 1 SD.

The. leas L-squares fito of nitrogen and phosphorus components to the
decay curves derived from the liver plianton, cadaver, jtid a liver cancer
patient arc shown In Fig. 'i. The reduced Chi-square values for each f i t
are incluJed In the figure. The accuracy of the luai't-squ«ires analysis was
also ttistud l>y comparing the sum of the time integrals {I) of nitrogen and
phosphorui. decay curves with tlio ncasurud totiil number of counts. These
results for liver pliantti.u, cjctaviir JJIC) patient j r t given in Table 2. V[j
and Aj> are the coefficients obtained from the lcast-jtfuares aimlyaii,
they correspond to An and Aĵ  respectively. These coefficient* were used
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TAULE 2

Results of tlie least-squares a.nalyaia and the
511 KeV photojjeak intensity

h

LP. NI'K
1.1'. 0.9 Nl'K3

Cailavur
Patient
1.1'. NVK-U-tf'1

237+1,b*

".'}• • ! i

'Vj .o
n .'. '<

397] iO'J+10

ViHV

Hcasutud Miff.

V.B6

<*•'.!

'IO'J

il'l
M 2

6'/5 7
60)3
') V ib
3Jl'j

66W9+1
595'Jfl
fililU+1
332:JT-I

.3

.3

.?.

.9

.7

1.0
0.9

-5 .B
-6 .3

2.0

(1) liver (itiariLuiii with rii tro^uij, |*hoi];ljoruii and
(2) + one statidard deviation uxpccsiie'J in pur Cent
(3) nltrogtiiL i i ruduccd by IUZ.
(A) 2" Y. 6" lon^ i!aJ (Jutcctor u;m used fox th i i measunuiaent.
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I'ij;. 3 ConiparihOii of the spectra taken with HP-Ge and Kal
detectors under identical conditiotis.
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to i n t e g r a t e eq. 1 to obta in IJJ and l p . The 7, Alii, is the percent
dif ference between the ca lcu la ted number of counts IJJJJ and the t o t a l
measured i n t e n s i t y of the ann ih i l a t i on peak. In cho f ina l s e t of measurements
the HP-Ge de tec to r way replaced by a Hal d e t e c t o r . The worse energy
reso lu t ion of the Hal de tec to r was compensated by Itu higher c<aun tiny;
e f f i c i ency . 'J'luiue two iijxjetr.j are compart'*! in ¥i%. :) .and the r e s u l t * a r e
summarized in Table 2.

CONCLUSIONS

T h e 1 5 K c V bv v i.,;.. t i ' l i l u u r , r . i ' 1 - , i I: l o u pr<>Aui:>'A by .i <M i n j .,:-«> U i.i> d u f I ' i c i u i i t i*>

e x c i t e c l o u i e i i t i j w i t h l o w t i n ' i ' : , i ; j J i l I ' l i u f \j j i u J !al)'. 'h c o n c d D t r a t i o n s i n t i n ;

b o d y . T i n 1 t w o v t'.<"i' n ' •> ' I U . I i. L u t ' u I i n i l i i •> WOJ 1 ' - . , i r v \ i i t i u y > ; j ) u t i 'd J J I H I j j i l i o r i j - j ,

A L t h o u g h J J O t . ' i ^ i j I •) i ' :; ^ I j . j t o . i ' . " t i v i t r . ( i i n '''Mi nlwn \ j l i b u ) ; K C 1 w a , i u s e d , i t J

h i g h e r t i i r o u h o M \,-:'j<: \ ; ; n j v < ! ! i U ! ' ) p r o d u c t i o n u i L.IJ1 i ' i c i e i u a c t i v i t y t o l»e

m o n i t o r e d i n : p a h l i n s i ; . A l : : - > , t h « - i )u« ik a t 2 .1<> ;-ltjY W ; I : J t o o w e a k t o p r o v i d e

a n y a d d i t i o n a l l i s i ' o . . , i u t i « > u " n tli«. u r n , i ;m;<; o f ^ ; ( , N o o t ) i « r e l f i i u e n t a w e r e

I d e n t i f i e d ' n t ' n / a;j«.-i*. I n , :, . - . - i f j p t i.u •''' l!,'.i ( ; ; i ; i a l i p t a k ) d u e t o n e u t r o n

a c t i v a t i o n . A i l ':!»-> o D i ^ r ^ h o t o p u i . . r ' ; . : ! v l j n : ' c ^ j t o ttw b u c k ^ r g u n i l , ,

T h e ; n e a s L i i e < i i p v - t - r . - i w i t l i i ) ; J - i J t - r].,-fiiC t o r j i r o v j i d e d p r ^ c i s i c i n f o r t h «

n i t r o g e n o f d l i o u L .'/., me t u T p h o - ' i j a l j o r u s o Z . U ^ I n i ; ' J a l d e t e c t o r t l i n

p r e c i s i o n i o i ; i ; t n j ; ; t i ' i i . i i ; ' l . j . ^ i i o r u . j :i ::IJJ r o V<;J1 t o i " . . . inrl 3 Z j : t i ; j ; j < ; C t i V u l y . 'I'Jit;

l e n s t - s c | u a r e < ! I i L •. i a , ; i . ' i f t . : 1 : • ; ] ' . , i-1 <n:y , 1 1 K ; < u j . i H . t y ot t l i ^ f"5. t:> w . e r e t « s s t f < J

b y t h e l o w v a J . i i ' ' . • ' :!!•-• r e i l u ' . ' ' / ' 1 ' J l i i •- •: rj u L.I . : , i:'i!iij),i»* i i i o n yJ t'l*1. .t;I,i:i/; i i i t i i ^ r a l u

W i t h t h e I x i l . i ' i n i n ' i i ' i ' i < : ' ) • . i i i : ; , . ' i i ' l J i i r . j i n f f i m i ' f I. l ' . c r « : ; . 3 i . l u . ' J 1 - j j i e C t L ' t i .

Howeve r , ihf :••!,•,!:;' ' ::u> : ' i ' ' I.-IJJI I,«VIM: f u j t h u by u.'j-l.uj; ujo»« <l<j U i f t o r i i aii'l by
i m p r o v i n g tin.- >iu u ! •]'iir, " r i ''• •!'.; I -'i.1 'L M; ,: (Nil i .Jyi'.' 'M'ot v/a:.i i j i u i l j i e l d u d ) .
B e t t e r f u t u r e irrJ>IU_-,I!I.J-. • us IHIL , .MI f.lj< i j . i i ' c i i t vrl ' J iop ro i 'C <:rjnyiiJar.'i'))ly l i te
c o u n t i n g , g e o i m u r y oi !j-i ovi v. > en I .

Ten p e r c e n t CIJ . In^- ' i " 1:Jl»-• >. i v v i JJ!I.nit '. ' .i n i t ros j - j i 1 tuji t t iJil : i . c ^ u i t c d i n d.i/'Z
c h o n ^ e i n f i e ;i *. ti'j.iM-ii . i c fM' i ! . ' , (/ljj/i'.-iliU' . ' • ; . J t la w J t ) j i u t h f ' j u o t o j
e r r o r a s i n c e utic , ; i i n r i • 11>vi ;i t i mi I ' I K H ^ I 1,!i e . ich a c t i v i t y y i « l * l j a 10%
d i f f e r e n c e i n tin.1 n l • r<i,-:'>\ :;i ' . n j i , .i'• UXIHV.t<;i.l. 'I.'h'i l a i ' g e d i i ' l e rnn i cc In tJie
p h o s p h o r u s i n t « . n ; ; i t y I s nut" ' " l c a i a l j> IM_ -^nn tt :».•• i.i j J 1« p r e p a r a t i o n i s j u u ^ e c t ' s d
s i n c e o t h e r reafUaigs wf ru r a t i j e r . c o i u i s t . c n t .

P r e s e n t vorl- i ! m; ' i ! i : , t t , i t i ' ; ; f)ie ire.i-y i b i i i t y t o j n o j i i t o r n i t r t ) j jeM aiid
p h o s p h o r u s i n j>o:; t - J rr.'i d ; i l c i ! c a n c e r p . i t i u n t s . I'lif 3iieaiiur<.iin<;iits w e r e l i m i t e d
t o t h e l i v e r o n l y , i;uL '. t ueerl t ; o t bt- ;..o. l ivery i r t a t i i a L e d o r g a n o r j ; a r t o f
t h e body In a c t i w i t u ' U i lowevur , t h e cnun t in . t ' , «eo i , i e t ry becomes dior<;

c o m p l i c a t e d . At p r e s e n t , tiht u i i e l u l n u a i i of t i le i:iethoii l a beinj_; t e i i t e d t o f i n d
whether the ni t rogen signal. , which ii> re ia tod to the p ro te in and the c e i l
laerabrane masts, pjuvlduii ijiiorma t io.ii on the t-i i: iu.tcy or pro^reaa of the
radiation treatment. It in speculated that the nitrogen ai.j_;ijal should
decrease with proyri'aa of the treatment since tin.' cancerous cel ls are being
killed and removed from i.hc cancer region.
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