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I N T R O D K T I O N  

The Ranford plant  i n  SoGtkeastern Washington uses Colanbia River 

water t o  cool several  large p lu tonim producing reactors.  The cooling 

water, a f t e r  passing through t h e  reactors,  i s  discharged t o  the Columbia 

River. I n  i t s  passage through the reactors,  the water accumulates small 

concentrations of radioactive materials,  l a rge ly  the result of neutron 

ac t iva t ion  reactions.  I n  the Columbia R i v e r  these radioactive materials 

en ter  i n t o  numerous biological,  physical, and chemical reactions which 

a f f e c t  t h e i r  d i s t r ibu t ioz .  Some, er,terir;g the algae - insec t  - f i s h  

food chain, a re  reconcelztrated and contribute t o  the  rad ioac t iv i ty  i n  . 
some of the food f i s h  removed from the r i v e r  downstreasl by f ishemen.  

This pathway of  rad ia t ioa  exposure t o  the  public w a s  detemined t o  be the 

most s ign i f icant  of  the  several  possible pathways which have been examined 

i r  d e t a i l  (I). 

this 'exposure pathway are P32 .a16 Zn65, because both zinc and Fbosphorus 

The radionuclides which p r w e  t o  be of most i n t e r e s t  i n  

en ter  metabolic processes. 

(a) This paper i s  based on work performed m d e r  Usited S ta tes  Atomic 
Energy Commission Contract AT (45-1)-1830. 
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operated by Bat te l le  Memorial Izstitute, f c r  the  Uaited S tz tes  Ato&c 
Energy C o d  s s i  on , RTc Uznd , Washingtor. 
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Frorc the s t a d p o i n t  of exposure dose resul t ing from eat ing Columbia 

River f i sh ,  the  radionuclide of grea tes t  significance i s  P3'. 

by far the  majority of the rad ioac t iv i ty  i n  Columbia River f i sh .  

analyses of the possible exposure dose t o  individuals from this source 

depend on the amount of Colmbia River f i s h  considered t o  be p a r t  of t h e i r  

d i e t .  Based on liberal assmpt iocs  concerning the amount of f i s h  consumed 

by individuals,  it is possible t o  estimate that they could obtain up t o  

40 per  cent of the  permissible body burden of this radionuclide. 

parameters which were used by various agencies t o  a r r ive  a t  the  permitted 

body burden of P3' were evaluated on the  basis of experimental eviderce. 

This experimeztal study w a s  conducted t o  contribute t o  this evidence. 

experiment studies the uptake and re ten t ion  of P3' by volunteer subjects,  

making use of the  available Columbia River f ish which e re  already tagged 

with P32. 

was a l so  studied because, although Zn65 does not s ig l l i f i cmt ly  contribute 

t o  the exposure dose from eat ing Columbia River f ish,  it is sometimes used 

as a convenient measure of t h e  amount of fish i n  individual  d i e t s .  

It represests  

Detailed 

The 

The 

Similarly, t he  uptake and retent ion of Zn65 fma these f i s h  

The amount of radioactive material found i n  f ish from the  Columbia 

River i s  known t o  be a complex funct ion of f i s h  species, season, r i v e r  

flow level a n d  temperature, reac tor  operating conclitions, ard the  locat ion 

of the  cetch i n  the r2ver. The concentretion of 6. radionuclide i n  several  

samples from a selected spec'les of f i s h  taken from a giver, sampling 

loca t ion  on any given date  will disp lay  a uiqe variance about their  mean. 

The va-dance contributed by these f ac to r s  deternines the confidence w i t h  

which one can es*imate the  rad ia t ion  exposure from f i sh  c o n s q t i o n .  It 

i s  generally necessary t o  choose some avenge  value f o r  a l l  the f i s h  
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sampled and t o  depead 03 ",he appl icat ion of conservative assLmrptionS t o  

assure t h a t  the resu l t ing  estimate i s  as high or  higher than an ac tua l  

case i s  l i k e l y  t o  be. 

averaged f o r  a l l  f i s h  samples taken from the  Columbia River during a three-  

year period. No attempt i s  made here t o  dis t inguish species. The seasonal 

e f f e c t  on concentration i s  c l ea r ly  evident from the monthly averages shown. 

I n  Figure 1 a r e  shown the  9' and Zn65 concentrationE 

The experiment encompassed an eleven-week period during which 

Columbia River f i s h  were eaten by seven volunteer subjects.  

t o  make sure that su f f i c i en t  s2 would be present t o  pexmit ready analysis 

of the subjec ts '  body burdens and excreta,  a del iberate  attempt was made 

t o  obtain f i s h  ap t  t o  be high i n  P3'. 

chosen because they normally contain the  most P32 and a re  easy t o  catch 

during the  fa l l  season. The f i s h  w e r e  obtained from the  sampling sites 

In an e f f o r t  

Columbia River whitefish were 

which were known t o  provide some of the  highest  concentretion leve ls .  

The experiment began with an intense consvaption schedule of one meal 

of f i s h  per  day f o r  f i v e  deys followed by a period of one meal of f i s h  

per week. 

t h e  experiment, excreta were col lected from t he  subjects and analyzed 

for' k65 and 9'. Figure 2 displays the  course of the  experiment. As 

can be seen from this f igure,  regular body burden measurements were made 

f o r  both P32 and Za65 during the  ingest ion schedule and during a decay 

period following. As a matter of f a c t ,  t he  individuals '  Zn65 body burdens 

During the in i t ia l  week and immediately following the  end of 

are s t i l l  i n  a process of decay. 
t 

To simplify the  problem of assuring a uniform ingestion r a t e ,  a 

large enough supply of f i s h  f o r  211 subjects  w a s  obtzlned md filleted 

each week. The f i l l e t s  were then ground i n  an o r d i z r y  food chopper and 
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thoroughly nixed. 

and the  remainder weighed i n  ZOO-gram portions. 

were frozen u n t i l  they were eaten by the  subjects.  

samples of the mixed growid f i s h  showed excellent mifoxmity. 

ate the e n t i r e  portion provided them, preparing the f i s h  i n  the  form of  

stew o r  a casserole d ish  t o  avoid any losses  from frying o r  bro i l ing .  

The chopped f i s h  was sampled f o r  laboratory amlyses  

These ZOO-gram portions 

Analyses of duplicate 

The subjects  

PEIOSPEIORUS- 32 

The P3' body burden accumulated as a result of eat ing Columbia River 

f i s h  was measured using a spec ia l  be ta  counter developed and ca l ibra ted  

f o r  P3' i n  the  human body. 

has been reported by Palmer ('). 

s t r a t i o n  of this counter made possible the  measurement o f  P3' I n  vivo f o r  

t h e  f i rs t  time and encouraged the  design of this experiment. 

cons is t s  of a 6" x 6'' x 1" gas flow proportional counter mounted on a 

5" x 1 mm th i ck  NaI c r y s t a l  and a photomultiplier tube, t he  counters 

connected through a coincidence c i r cu i t ,  

surface of t he  skin produce pulses i n  t h e  NaI counter and the  proport ional  

counter at  the  same time and a re  then accepted by a 400 chennel pulse 

height  analyzer. 

pulses  i n  the  propo-rtional counter are rejected,  thereby reducing tine 

background of the  counter s ign i f icant ly .  

A descr ipt ion of the  counter and i t s  operation 

The development and successful demon- 

T h i s  de tec tc r  - 

Beta rays emerging from the  

I 

Gamma rzys and X-rays which do not e f f i c i e a t l y  produce 

Tne detector  was placed at  the  

s ide  of the  head of the subject  during the  counting time of twenty minutes. 

This  p a r t i c u l a r  geometry was used t o  obtain a minim backgromd from 
t 

the influence of IC4' beta  rays. 

t he  head w a s  1.0 counts per  mizute pe r  nci of  P32 in the  body a 6  the  

The average counting r a t e  a t  the  side of 

0 0 2 1 8 0 4  



cietection l eve l  was 

The instrument 

- 5 -  

40 nCi of  P3' a t  the  95 

used t o  make whole-body 
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per cent confidence leve l .  

measurements of ~3~ ac tua l ly  

measures the beta  emission from a rather small volume of f lesh i n  the  

cheek. 

muscle, and skin is detected. The n a t u r a l K  

gives a rather high background, equivalent t o  a body burden of  about 150 nCi 

of P 

were obtained as a result of ea t ing  Columbia River f i s h ,  and represents 

the most severe l imi ta t ion  on the  precis ion of our data.  

instrument does not de tec t  deposit ion of P32 i n  deeply buried organs and 

tissue such as bone, except as this deposit ion a f f e c t s  t he  P32 content 

of blood, muscle, and skin. 

Thus, the  P3' i n  a combination of body t i s sues  including blood, 

content of these t i s sues  40 

32 . This background i s  large compared t o  the  P32 concentrations that 

Also, t h e  

The problem of $hosphorus metabolism was examined with the  anzlog 

technique deyeloped by Watson, e t .  

a s ingle  t e s t  using the  best t r a n s f e r  parameters readi ly  available. 

r e su l t i ng  hypothetical  P3' concentrations i n  various tissues were p lo t t ed  

from the  analog program. 

It was possible t o  make oo ly  

The 

These results a re  f i l l e d  with many uncertaint ies  

because of our f a u l t y  knowledge of t he  values of  the t r ans fe r  coef f ic ien ts .  

However, the curves probably show the  r e l a t ive  posi t ions and shzpes of 

most of these concentration values and give us some iciea o f  how the s2 
body-burden measurements can be interpreted.  

that the  concentration of P32 in skin i s  very low and this was borne out 

by our f a i l u r e  t o  de tec t  ~ 3 '  i n  samples of sk in  scrapings. The si-rzpe of 

The analog da ta  iad ica te  

the  concentration curves f o r  blood and f o r  muscle a re  shown i n  F igwe  3. 

I n  general, it i s  evident t h a t  blood concentration hzs a prompt. acute 

peak while t he  muscle concentration curve reaches approximately the  same 



values st a somewhat l z t e r  time and decays off much more slowly. Using  

these curves as a guide, and ac tua l  whole-body counting points,  a rough 

composite curve might be shaped as shown i n  the upper solid line a t  the 

l e f t  i n  Figure 3. 

double-peak shape. 

shown the  P4 

f o r  three subjects.  The best f i t  decay curves for these three subjects  

have slopes representing e f f ec t ive  p3' half- l ives  of  10.2, 9.6, and 8.7 

days, respectively.  The composite points  f o r  a l l  three subjects  give a 

The ac tua l  points  obtained tended t o  indicate  the  

To the r i g h t  on a considerably longer time sca le  are 
72 decay curves obtained from the  whole-body counting instrument 

best f i t  slope of 10.2 days. 

From the  whole-body data  obtained very early ic the  experiment, it 

was  determined that a l l  subjects absorbed P3' quite  completely. The con- 

par ison of  bow burdenseand diet gave ~3' uptake f rac t ions  

from 100 per  cent. The bes t  i n t e rp re t a t ion  of these ea r ly  

ind ica te  t h a t  a l l  subjects  studied had grea ter  than 95 per 
. 

indistinguishable 

r e s u l t s  wo-dd 

cent P3' zbsorp- 

t i on .  

I n  Figure 4 the body burden measured f o r  each of seven subjects  

ea t ing  Columbia River f ish i s  s h o n  during the  course of the experimeEt. 

The points  near time zero ind ica te  the  measured background f o r  t he  

individuels ,  which w a s  subtracted from subsequent whole-body nezs~remen%s. 

The solid l i n e  i s  a czlculated body burden assuming an e f f ec t ive  9' b l f -  

l i f e  of 9.3 days and a f r ac t iona l  uptake of 1.0. These values were obtained 

from the f i r s t  amlysis of the  experimental data and may be revised by more 

de ta i led  s t w .  

of Columbia River f ish per week may be expected t o  r e s u l t  ir. a P32 body 

t 

From these data,  it I s  c lea r  that a d i e t  of 200 &rams 

burder? of around 200 nCi with the  f i s h  concentrations obtained during 
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this experimental period. 

both the individual var ia t ions among subjects and the uncertain precision 

of our measurements. 

l i t t l e  more than four times background. 

a t  the  end of  the experiment w a s  too great t o  pelrmit adequate decay measure- 

ments with these data. 

agreement with the 9.3 day h a l f - l i f e  used i n  the theore t ica l  celculation. 

One of the d i f f i c u l t  problems encountered i n  applying hea l th  physics 

The s c a t t e r  i n  the various points r e f l e c t s  

Note t h a t  the maximum body burdens a t ta ined  were 

The s c a t t e r  i n  the final measurements 

However, they do not seem t o  be i n  marked d i s -  

d a t a . t o  estimates of exposure f o r  individuals i n  the population i s  the  

uncertainty concerning individual n r i a t i o n s  i n  the per t inent  metabolic 

parameters. 

i n  this experiment. 

i n  Figure 4 r e f l e c t s ,  a t  least i n  par t ,  the individual var ia t ions i n  

P3' re ten t ion  by the subjects of this e-qeriment. 

had the  same P3' ingestion schedule. 

It was for this reason that seven subjects were u t i l i z e d  

The s c a t t e r  of the whole-body counting da te  shown 

All of the  subjects 

zinc-65 has a su i tab le  gamma component t o  permit whole-body me2sure- 

ments using a conventional whole-boa counter. 

counter has been described elsewhere (4), 

a 9 3/81' x 4" NaI(T1) c r y s t z l  shielded by 26 cm of i ron  was used. 

counting t i m e  of twenty minutes per  measurement permitted zn accuracy 

of - 5 per  cent and a lower detect ion l e v e l  of approximately one nCi. 

I n  the absence of a method f o r  measuring P3' i n  vivo it has been 

our  custom t o  estimate w h a t  possible P32 body burdens might result from a 

f i sh  consumpkion re f lec ted  by the  Zn65 body burdens measured. 

The Hanford whole-body 

For purposes of this  experiment 

A 

+ 
t 

For this 

0 0 2 1 8 0 1  
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reason, it was of considerable i n t e r e s t  t o  us t o  measure the Zn65 content 

of t he  subjects eat ing Columbia River f i s h  and t o  compare these da ta  with 

the P3* levels .  

conducted using a single  subject ( 5 ) .  

f r ac t ion  of 39 per cent and an e f fec t ive  ~a65 ha l f - l i f e  of 150 days were 

An e a r l i e r  f i s h  consumption experiment a t  Hanford was 

In this case a zinc a b s o q t i o n  

( 6 )  
obtained. These values may be compared with those reported by t h e  I.C.R.P. 

of 10 per  cent and 194 days. 
65 

In the  experiment reported here the  average 2x1 absorption from f i sh  

consumed during the first two days was 40 per  cent, ranging from 31 t o  

50 per cent among t he  individuals ,  There was evicence that the  individual  

f r a c t i o n a l  uptakes changed during the  course of the  experiment, varying 

over a range similar t o  t h a t  between individuals.  

experiment the  accumulated body burdens indicated an average f r ac t iona l  

absorption of 35 per  cent, t he  individual  values ranging from 25 t o  45 

A t  t he  end of t he  

per  cent.  The loss  of !Zn65 from each subject following the  period of 

f i s h  consumption indicated an average e f fec t ive  Zn65 h a l f - l i f e  i n  the  

t o t a l  body of 299 days, considerably higher than the 150 days measured 

e a r l i e r  o r  the  I.C.R.P. value of 194 days. 

t h e  seven subjects mnged f r o m  197 t o  448 days. 

The individual values f o r  

The Zn65 re ten t ion  data 

from this eqer iment  a re  suspect, however, because the subjects  had some 

opportunity f o r  rout inely obtaining small amounts 'of Zn65 from unmonitored 

port ions of  t h e i r  d i e t s .  Such ingest ion during the decay period would 

tend t o  increase t h e  apparent e f f ec t ive  half-life of 2,65 i n  the  body. 
t 

'Local res idents  having occupations similar t o  the subjects of this 

65 experiment Ere rout inely found t o  have !Zn65 body burdens o f  2 - 3 nCi Zn 

from a l l  d i e t  sources (7 )  

0 0 2 7 8 0 8  
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The measured body burdens of Zn65 of the seven sG5jects a r e  p lo t ted  

65 i n  Figure 5 .  The so l id  l i n e  shown i n  this f igure i s  the theo re t i ca l  Zn 

body burden calculated f o r  39 per cent absorptioc and 150 days ef fec t ive  

h a l f - l i f e .  The first s e t  of points  a t  the l e f t  appear high, probably 

because of unabsorbed Zn65 i n  the subjects '  gas t ro in t e s t ina l  t r a c t  a t  

t h e  t i m e  of  counting. 

t h e  scatter shown m u s t  r e s u l t  from differences i n  t h e i r  absorption and 

A l l  of the  sub3ects had the same f i s h  d i e t ,  so  

re ten t ion  of the radionuclide together with any differences i n  Zn65 present 

i n  o ther  d i e t  items. The intake of low l eve l s  of Zn65 from other  than 

f i s h  would not g rea t ly  a f f e c t  the pos i t ion  of  points on this p lo t ,  but 

could have a major e f f e c t  on the  calculated effect ive ha l f - l i f e  determined 

from a least-squares f i t  of decay data. 

C 

DISCUSS1 ON 

. 
This experiment provided an opportunity t o  demonstrate the  a9pl icat ion 

of t he  instrument developed f o r  measuring g2 i n  vivo, a.nd t o  contrlbute 

new information on metabolic parameters f o r  $2 and a 6 5 .  

appl icat ion of beta  measurements f o r  whole-body P32 determinations was, 

m e  experimentel 

on the whole, successful. The ca l ibra t ion  of t he  instrument made with 

other  subjects md under d i f f e ren t  conditions gave whole-body values which 

seemed t o  agree wel l  with the  analyses of the f i s h  consumed assuming a 

ra ther  complete absorption of  g2. 
a somewhat lower absorptioc, but the  in t e rp re t a t ion  of these &atz i s  not 

complete. 

be mde  judiciously because the  instrument can measure P3' o n l y  i n  blood, 

muscle, 2nd skdo. 

The arszlyses of  excreta tended t o  indicate  

t 

The appl icat ion of these data t o  e q o s r e  dose calculat ions m u s t  

The deposit ion of g2 i n  bone is not measurable w i t h  
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t h i s  i n s t m e s t .  

d i s t r ibu t ion  among other  t i s sues  i s  a t ta ined  which can be measured. 

was shown that the d i s t r ibu t ion  of P32 among various body tissues changes 

with time, so that measurements made soon a f t e r  ingestion p-wbsbly will 

not represent the  equilibrium dis t r ibu t ion .  

ments a spec ia l  ca l ibra t ion  of t h e  instrument i s  necessary. 

However, the experiment demonstrated that En equilibrium 

It 

-- 

For such prom?t P32 me8sure- 

The f rac t iona l  uptake of p32 determined i n  this study eppeared t o  be 

s l i g h t l y  higher than that reported by the  I .C.R.P. ,  while the  e f f ec t ive  

t o t a l  body half-life was found t o  be s l i g h t l y  lower. 

of these differences on calculated exposure dose from c c n s q t i o n  of P 

is not large.  

from t h a t  determined previously, t he  differences remaining within the  

uncertaint ies  i n  the determination. 

the  body i n  both urine and feces.  

m i n e ,  a surpr is ingly large f r ac t ion  of the P32 was eliminated i n  t h e  

feces, even a f t e r  the end of the ingest ion portion of the  experiment. 

Blood samples were obtained from t h e  subjects  a t  the  same time that 9' 
measurements were made. 

The ove ra l l  e f f e c t  

32 

The resu l t ing  calculated exposure w i l l  be l i t t l e  d i f f e r e n t  

Phosphorus-32 i s  excreted from 

While more than half appears i n  t h e  . 

Analyses failed t o  find s ign i f i can t  9' i n  blood 

samples, apparently because the samples were taken too long z f t e r  eat ing 

f i s h .  As is agparent from Figure 3, the concentrztion of P3' i n  blood 

decreases very rapidly after ingestion. The samples of f ish,  excreta,  and 

blood were analyzed using a s c i n t i l l a t i o n  technique i n  a wel l  cryskzl  and 

meesuring the  P32 Bmmsstrablung. 

were made with chemical separation and beta counting. The d i f f i c u l t y  of 

making accurate determinations of P32 i n  excreta  smqles  a t  the  very l o w  

Occasional checks of  these anzlyses 
t 

l eve l s  encountered i n  this experiment contributes t o  the uncertainty i n  t he  
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Cbsorption calculations.  

zinc-65 analyses were all made with s c i n t i l l a t i o n  counting i n  a wel l  

c rys ta l .  Approximately 90 per cent of the Zn65 was eliminated from the 

body by t h e  feces. The whole-body counting f o r  Zn65 i s  a s t r a i g h t - f o m r d  

procedure, complicated only by the possible presence of unabsorbed Zn 
65 

i n  the  lower digestive t r a c t .  

There appeared t o  be somewhat greater  var ia t ion of the metabolic 

parameters of f rac t iona l  absorption and effect ive h a l f - l i f e  i n  the case 

of !Zn65 than was apparent f o r  P32. 

t inguish  between var ia t ions i n  the two parameters. 

considerable difference may o c c w  between individuals and a l s o  from t i m e  

t o  time f o r  the same individual. 

It i s  not always possible t o  dis-  

The data suggest that 

A subject f o r  whom an ef fec t ive  half- 

l i f e  of' 150 days had previously been measured m e r  a two-year period, 

was found t o  e&bit  a 197-day half-life during this experiment. 

Wnen an individual i s  found t o  have a cer ta in  2965 body burden, this 

could result from e i t h e r  a s ing le  ingestion of a sizable amount or an 

extended continuous ingestion of a r e l a t i v e l y  small amount of Zn 

it i s  impossible t o  i n t e r p r e t  the Za65 body burden t o  t e l l  t h e  mode of 

ingestion, the P32 body burden l e v e l  accompanying the Z.n65 i s  very 

sens i t ive  t o  the schedule y i t h  which t h e  f i s h  were eaten. 

shows this relationship.  

65 . While 

Figure 6 

T h i s  figure shows the g2/Zn6' r a t i o  calculated 

32 65 f o r  subjects par t ic ipat ing i n  this study. The bars show the  P /Zn 
32 r a t i o  found i n  fish. Early i n  t h e  experiment the high P content of "1 -. 

and high Etbsorption of P32 r e l a t i v e  t o  Zn6' gives a large r a t i o .  This 

r a t i o  declines as the  Zn65 body burden of the subjects accumulates. The 

r z t i o  raFidly decreases toward zero during the  decay i n t e r n a l  during the 
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end of  the ingestion. 

were made a t  some point f o r  an individual f o r  whom the  ingestion h i s to ry  

w a s  not known, the in te rpre ta t ion  of this  r e s u l t  i n  terms of P3' radiat ion 

exposure could give uncertaint ies  ranging over several  orders of  magnitude. 

The b e t t e r  the d i e t  h i s tory  of the individuel i s  known, the grea te r  i s  

the confidence t h a t  can be placed i n  the radiat ion exposure calculations.  

For s i tua t ions  of the  kind depicted here, it i s  c l e a r  that methods of  

obtaining accurate d i e t  information a re  very important, and the develop- 

ment of techniques i n  this f i e l d  could be rewarding i f  such vicarious 

determinations a re  t o  be attempted. 

It i s  c l e a r  that if a Zn65 body burden determination 

. 

0 0 2 1 8  I 2  
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This experiment required the cooperative e f fo r t s  of numerous 

sc i en t i s t s  and technicians t o  co l lec t  and analyze samples and t o  operate 

the whole-body counter. 

who manfully a t e  ground f i s h  on schedule for  eleven weeks was of pa, r t i c u l a r  

The contribution of the volunteer subjects 

importance, and t h e i r  cooperation i s  acknowledged with appreciation. 

I n  par t icular ,  the assistance of the following sc i en t i s t s  i s  acknowledged: 

Dr .  Guy H. Crook, D r .  Thomas D. Mahony, M r .  Claude R. Henle, M r .  Lloyd S. 

Kellogg, M r .  John J. Jech, and Dr .  Richard F. Foster. Technicians whose 
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