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BONE STUDIES ON A N  EXHUMED RADIUM PATIENT 

R. E. Rowland 

Exhumation of radium poisoning victims has  long been considered 
as a means  of studying the ea r ly  effects of radium in human bone. How- 
eve r ,  although many of the c a s e s  who died a few yea r s  after acquiring this  
isotope undoubtedly could be found, it is questionable whether the metabolic 
and dosimetr ic  information obtained f rom such studies would be sufficiently 
p rec i se  unless  the quantity of radium and the route of administration were 
known. 

In this respect  the Elgin State Hospital patients who were  given 
RatZ6 under controlled conditions in  1931(l)  a r e  ideal.  After 20 o r  more  
yea r s  retention studies have been made on these  case^,(^,^) and the dis-  
tr ibution of radium in their  bones has been studied by quantitative auto- 
radiographic techniques. (4) In addition, a clinical  investi  ation of these 
patients w a s  reported in 1955(5) and is continuing to date.f6) Hence, any 
additional information that could be developed about this s e r i e s  would be 
of considerable value to the over-all  problem of the effects of radium on 
man.  

A careful review of the records  of these patients has  recently been 
made,* f r o m  which eight ear ly  deaths among the c a s e s  have been found. 
These patients a r e  identified by code number in  Table 1, with the date and 
quantity of radium administered, when known, and the date of death. 

Table 1 

Deceased Elgin State Hospital patients injected with RaLZ6 

Pat ient  
code 

03132 
03129 
03137 
03130 
031 38 
03123 
03140 
03120 

Date of 
death 

Quantity of Ra226 
adminis tered 

~~ ~- 

Unknown 
Unknown 
Unknown 
unknown 
Unknown 

90 p c  
Unknown 

110 p c  

Year in  which 
Razt6 was given 

Remarks  

1931 
1931 
1932 

1932 
1931 
1933 
1931 

1931-32 

Suicide 

Cremated  

*We a r e  greatly indebted to the superintendent, Dr.  Daniel Haffron, and 
the Clinical Director ,  D r .  Werner Tuteur,  of the Elgin State Hospital, 
fo r  permiss ion  to study the f i les  of these cases .  
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Unfortunately, fo r  six of these cases  the quantity of radium admin- 
i s te red  was not explicitly stated.  In fact ,  three of these patients did not 
even receive their  radium in 1931, but later, during 1932 o r  1933. Con- 
sequently, the method of administration of RaZZ6 to these la t te r  groups 
may not have been the same as it was f o r  the 1931 group when the following 
schedule prevailed: 
8 to  45 weeks. 

10 p c  RaZz6, I .V.,  once a week for  periods ranging f r o m  

Nevertheless,  when i t  appeared possible to obtain a bone sample 
f r o m  Case 03140, an exhumation was performed. 
this case  a re  l is ted in Table 2. 
found: 

The pertinent details of 
In the records  thi! following notation was 

"This patient has  been on this ward about six weeks. 
received 11 injections of radium chloride.  

Has  
4/10/33." 

Table 2 

Description of patients 

Sex 

Date of birth 

Radium acquired 

Physical data 

Date of death 

Cause of death 

Exhumation date 

Case 03140 

Male 

February 9, 1905 

Age 28, 1933 

129 lbs ., 5 '  7" ( 1  2/3/3 1 )  

April 26, 1937, age 32 

Pulmonary tuberculosis 

October 1 3 ,  1959 

Case 03139 

LMale 

1908 

Age 25 ,  1933 

140 lbs .  (10/23/31) 

Living 

Case 03141 

Male 

1907 

Age 26 ,  1 9 3 3  

127  lbs.  (5/23/30) 

Living 

A t  exhumation a sample was removed f rom the right femur fo r  
study. It was found that the burial  vault had not been penetrated by ground 
water,  and that the preservat ion of the body t issues  was remarkably good, 
considering that 22 years  had elapsed since death. 
have been completed on the sample: 

The following studies 

1. Total Razz' content and radon retention in a 79-g cortical  
bone sample,  by the spectroscopic measurement of the Y - rays  emitted. 

2 .  Specific activity measurements  of the hotspots and the diffuse 
distributions by me ans of quantitative alpha- t r ac  k autoradiographs . 

3 .  Bone changes by means of microradiographs of 1 00-micron 
thick bone sections. 

4. The microscopic distribution of radium by means of stripping- 
film autoradiographs. 
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F r o m  autoradio- 
graphic measurements  

The resul ts  of the ? - r ay  and the a - r a y  autoradiographic measu re -  
ments  a r e  summar ized  in Table 3. F r o m  each se t  of measurements  an  
extrapolation to  the total skeletal  radium content has  been made; the 
Y-rays yield 0 . 5 3  pc, and the autoradiographs yield 0.55 pc.  F o r  both 
measurements  the extrapolations a r e  based on the assumption that the 
total skeletal  mass is one tenth the body weight; usually extrapolations 
f r o m  gamma-ray measurements  of small m a s s e s  of bone a r e  poor., but 
it is interest ing to note that both measurements  yield a similar body 
content. 

I 

1 

Table 3 

Maximum hot spot intensity 
Average diffuse concentration 
Ratio: hotspot t o  d f fuse  
Extrapolate d body bu r de rr 

Summary of measurements  (Case 03140) 

F r o m  Y-ray measurements  

10.8 ppc/mg bone 
0.044 ppc/mg bone 
246. 
0.55 pc 

Radon retention 
RaZL6 content (79 g bone) 
Extrapolated body bur den 

~ ~~~ 

25.9% 
0.090 Upc/mg bone 
0 . 5 3  pc 

The autoradiographic extrapolation is based on the observation that 
the diffuse level  is 0.47 of the average skeletal  content;(') this is probably 
the more  reliable of the two methods mentioned above. 

The stripping film autoradiographs showed that the intense deposits 
of radium in the bone samples  were in nar row r ings in haversian sys t ems ,  
averaging l e s s  than 50 microns in thickness.  
to the deposits in the other Elgin cases  which have been studied,(4) where 
completely labeled osteons were often observed. 
radium injections did take place over only a shor t  t ime interval and that 
the average l inear  growth ra te  in replacement haversian sys tems was  
somewhat l e s s  than 10 microns p e r  week. 

This i s  in marked contrast  

It thus appears  that the 

The narrow width of these bands proved to  be a ser ious de t e r r en t  
to  quantitative evaluation of the specific activity levels in the "hotspots . I '  

Since the average range of the radium alpha par t ic le  is about 30 mic rons ,  



the t r acks  covered an a r e a  in the autoradiograph l a r g e r  than the radium 
deposit actually covered i n  the bone section; therefore ,  the specific activity 
level l i s ted  in Table 3 is probably too low. 

An indication that this is the case is given by the rat io  of the maxi- 
mum hotspot to the average diffuse level,  which was found to be 246 in this 
patient. Previously a ra t io  of 218 was 'found in an  Elgin patient who had 
been injected over an 18-week interval (Case I, Reference 7 ) .  Since this  
ra t io  is independent of the magnitude of the radium injections (as long as 
they a r e  equal), but dependent upon the length of t ime the injections a r e  
continued, we would predict  a six-week period of injections to produce a 
hotspot to diffuse rat io  of magnitude close to  500. 

The microradiographs of these bone sections showed no changes 
charac te r i s t ic  of radium damage. This w a s  to be expected, f o r  few such 
changes a r e  seen in  patients with 30-year burdens of l e s s  than 1 P C , ( ~ )  
and, by comparison with the radium now present  in Case  03139, (see below) 
the 30-year burden f o r  our exhumed case would have been a small  f rac t ion  
of 1 y c .  Thus,  f r o m  this study we could not expect to determine how ea r ly  
the typical radium changes actually occur in human bone; an  examination 
of bone f r o m  a c a s e  who had received a much l a rge r  quantity of radium is 
r e  quire  d. 

One of the unusual fea tures  about this case  is the fact that another 
patient,  who received radium a t  the same t ime,  is s t i l l  alive and has been 
extensively studied and measured ,  and had been considered to be one of 
the c lass ic  1931 c a s e s .  This la t te r  case ,  coded as 03139,* w a s  of s imi la r  
age and build as  03140, as can be seen f rom the data in Table 2 .  

In the hospital records  the following notations f o r  case  03139 were  
found: 

"Patient is receiving (radium)** chloride intravenously. 3/31/33." 

"Patient has  been on this ward about six weeks and has received 
11 injections of radium chloride intravenously. 4/10/33." 

A thi rd c a s e ,  whom we code a s  03141, w a s  a l so  found who had r e -  
ceived radium in 1933. In his  records  the notation read:  

"Patient has  received 11 injections of radium chloride intravenously. 
Has been on this ward  about six weeks. 4/10/33." 

*This patient was coded as Paul  N. in References 2 ,  5 ,  and 9.  

**On the typewritten r eco rd  sheet the word "radium" had been inser ted  
in ink, above the line, with a ca re t  (A) to indicate that it belonged be-  
f o r e  the word "chloride." 
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This patient is still living in a s ta te  institution, but his  total body content 
of Rat'' has not yet been measured .  

These  three cases ,  then, appear to  have received identical radium 
t rea tments  at the same  t ime.  Although we have no indication that the 
t rea tments  actually terminated on 4/10/33, they may well have, fo r  the fact  
that  the date of the final notation in all th ree  c a s e s  was the same may  in- 
dicate that this t reatment  was being summarized.  

It is of interest  to compare the findings in our exhumed case  with 
observations on the living patient in regard  to  total  body burden. We f i r s t  
ask:  How much radium did these cases  actually rece ive?  Granted that 
they received 11 injections over a 6-week per iod (i .e. ,  two per  week), and 
assuming that these were equal in magnitude, how l a rge  were they?  Three 
possible magnitudes a r e  suggested below with the reason for  considering 
each alternative: 

1) 10 p c  Rat'' each injection: 
(the same quantity a s  given in the 1931 se r i e s . )  

2)  5 pc each injection: 
(half the magnitude given in 1931, to yield the same weeklydose.)  

3) 3.3 ,Uc Ratt6 each injection: 
( three cases  were  found who received radium at this t ime;  one 
10  pc ampule could provide three  3.3-pc doses each t ime the 
injections we r e  given. ) 

In Table 4 a r e  tabulated the expected body burdens at seve ra l  t imes  
following administration, calculate d f rom 

-0 .52  
Rt = 0.54t (Reference 2)  

for  the th ree  possibil i t ies suggested above. Included for  comparison are the 
measu red  values f o r  Case 03139. 
ported f o r  1951 and 1953 a r e  now known to be incor rec t ,  for  subsequent 
gamma-ray  measurements  with large NaI(T1) c rys ta l s  in the low background 
room have yielded higher values for  retained RaB and RaC than were  found 
in  the e a r l i e r  measurements .  Fortunately,  it appears  that the ea r ly  radon 
brea th  measurements  were valid, so  that they m a y  be employed to  calculate 
the total Ra226 retained in the body. In Table 4 both the published and the 
recalculated values a r e  shown; for  the l a t t e r  the assumption w a s  made that 
70% of the radon formed in the body is exhaled. 
was of the retained RaB and RaC only; the total RaZZ6 content i s  calculated 
f r o m  this measurement  with the same assumption, namely, that 7070 of 
the radon is lost .  
ea r ly  measurements  on this and other Elgin c a s e s . )  

The values of the total  body content r e -  

The 1960 measurement  

(See a l so  a summary  by C .  E.  Miller(9) regarding the 
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Table 4 

Power function prediction of total body content of Ra226 
following administration during March of 1933 

Date 

April  1937 
(4 y e a r s )  

May 1951 
(1 8 y e a r s )  

July 1953 
(20 y e a r s )  

(21 y e a r s )  
1960 

Predic t  e d retention 
fo r  t h ree  injection 

levels ,  p c  

---I--- 
36.3 

0.446 

0.205 

0.1 94 

0.167 

55 110 

0.615 1.35 

0.309 0.62 

0.292 0.585 

0.250 0.50 

Measured retention, pc  

Case 03140 
(exhumed) 

0.53, 0.55 

- 

- 

- 

Case 03139 
(living ) 

0.46* 
(0.56)** 

0'.52* 
(0.60)** 

(0.56)*** 

* Published total retention in  Reference 2. 

**Values f r o m  Reference 2 recalculated f rom radon breath 
measurements .  

***Based on an unpublished measurement  of 0.167 p c  (RaB t RaC) 
by C .  E .  Miller.  

The conclusion is reached f r o m  examination of Table 4 that  the total  
body measurements  f r o m  Case 03139 a r e  in excellent agreement  with the 
assumption that h e  received 11 injections , 10 pc RaU6 each,  totaling 
110 Pc Ra226. It thus Seems quite logical to  assume that our  exhumed c a s e  
received the s a m e  total dose since the medical records  a r e  identical. 
then, do the es t imates  of total  skeletal  content differ so  f rom the predic-  
tions based on the power law? 

W h y ,  

Let us  re-examine the concepts f r o m  which we extrapolated the 
total  skeletal  content. It is quite possible that the total radium content of 
our 79-g sample is not representat ive of the total skeleton, so that l i t t le  
reliabil i ty is based on this  es t imate .  However, the magnitude of the diffuse 
level  has  been a rel iable  guide (within a factor  of two) to  the total  skeletal  
content as measu red  in the human cases  that have c a r r i e d  radium for  
20 y e a r s  o r  longer.  If the total  burden were  actually 1.35 /.Lc a t  t ime of 
death,  as the power law predic t s ,  then the observed diffuse level is only 

00 I b 5 1 4  
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0.19 t imes  the average skeletal  concentration. No value this low has been 
observed as yet although rat ios  as low as 0.23 have been found twice(7) 
(once for another Elgin c a s e  who had c a r r i e d  radium fo r  24 y e a r s , C a s e  R). 

The power law itself ,  however, was derived f r o m  data that show a 
sp read  of a factor  of two over  a 22-year period.(2) Thus, the difference 
between the expected and the calculated total body burden at t ime of death 
could be  within the normal  sp read  to be expected. 

Measurement  of Case  03141, the third patient who received radium 
in 1933, will be of great  significance in the interpretation of the differences 
between the retention of radium in the exhumed (03140) and the living case  
(031 39). Until fur ther  clarification of the adminis tered and retained radium 
doses  has  been achieved, the validity of the total body radium content ex- 
t rapolated f r o m  exhumation samples  must  be held in doubt. 
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MEASUREMENT O F  K42 I N  HUMANS 

C. E. Miller 

The gamma-ray  spectra of 20 subjects who contained known quan- 
tities of K4' w e r e  obtained with seve ra l  different sized NaI(T1) c rys t a l s  
located at  var ious  points around the body. 
determine the variations in  counting r a t e s  (per  pc of K4' in the body) that 
resul ted with each patient-crystal  a r rangement  when subjects of widely dif- 
fering body builds were  measured in o rde r  to assess e r r o r s  inherent  i n  
var ious "geometr ies .  'I 

These  spec t ra  were  analyzed to 

Twelve subjects were  measured  both prone and supine while curved 
on a 175-cm arc* and while seated in the tilting cha i r . ( l )  Also, six of these 
subjects w e r e  measured with a 311 x 5" NaI(T1) c rys ta l  located 1 2  cm from 
the back a t  a sitting height elevation of 27 cm. 
average  counting r a t e s  were  noted with the 175-cm a r c  technique as with the 
tilting chair  technique. 
higher than the average  f o r  those subjects who weighed between 130 and 
140 pounds, 2 t 270 lower than the average for  those who weighed between 
180 and 200 pounds, and within f 2 %  of average for those who weighed between 
150 and 160 pounds. With the 3"  x jlc NaI(T1) c rys t a l  a t  the small of the back, 
the counting rates var ied  f r o m  12% above the average  for the smaller sub-  
jec t s  to  15% less than the average for  the l a rge r  subjects. A variation of 
k5% was noted for  subjects of approximately the same height and weight. 

The same  deviations f r o m  the 

The counting r a t e s  (pe r  pc  in the body) w e r e  2 k270 

Six subjects were  measured  while seated in the tilting chair  first 
with an  8" x 4" c rys t a l  and then a 9" x 4" c rys t a l  over the chair  above the 
subject. 
sea t  of the cha i r .  
observed with both the 8" x 4" and the 9 I I  x 4" crys ta l s .  
observed with the 3" x 5" c rys t a l  deviated ?lO'$o for subjects who gave count- 
ing r a t e s  within 1% of the average  observed with the l a rge r  c rys ta l s .  

They were  then measured with a 3" x 5" crys ta l  located under the 

The counting rates 
The  same variations f rom the average counting r a t e  were  

The gamma-ray  spec t ra  were  obtained f rom six patients,  lying su-  
pine and prone with a 9 I I  x 4" crys ta l  placed a t  7 equally spaced locations 
2 4 . 5  c m  a p a r t  along the body. 
placed 30 c m  and then 40 c m  above the surface of the bed. The var ia t ions 
in  counting r a t e s  between subjects observed at each crys ta l  position w e r e  
calculated as well as the variations that  existed if combinations of c r y s t a l s  
were  used. The same percentage deviation occurred  fo r  each subject r e -  
gard less  of whether one c rys t a l  was used o r  whether an a r r a y  of two o r  
m o r e  c rys ta l s  was used f ront  and back, o r  both. 
were  about t h r e e  t imes  those observed when the same subjects w e r e  counted 
with the tilting cha i r  technique. 

(See F igure  10.) The crys ta l  was f i r s t  

The percentage deviations 

*An 8" x 4" NaI c rys t a l  was located a t  the center  of the 175-cm arc .  

0 0 ! b S l l  
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I 2 3 4 5 6 7 positions 
7 3.5 49 24.5 C 24.5 49 73.5 cm 

-- 
Figure 10 9 

The counting ra te  observed with the c rys ta l  40 cm above the sur- 
face of the bed was 71% of that observed with the c rys t a l  30 c m  above the 
bed. Thus it is  not possible to eliminate o r  reduce the deviations f rom one 
subject to another by choosing a particular a r r a y  of c rys ta l s  a t  staggered 
heights f r o m  the subject. 
attained when patients a r e  measured i n  the tilting chair .  

These data indicate that minimal  variability is 

Reference 

1. C. E. Miller. Measurement of Gamma Rays in Vivo. Radiological 
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ANL-5596, pp. 2 6 - 3 3 .  
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CESIUM- 1 3  7 POTASSIUM-40 RATIOS IN EIGHT CONTROL 
SUBJECTS OVER A SPAN O F  30 MONTHS 

C. E.  Miller and J .  B. Corcoran 

The total-body gamma-ray spectra  of 1 2  unexposed employees of 
boratory were  measured  with Human Spectrometer No. 1 on two 

dates during 1960. These subjects have been measured  periodically, usual-  
ly  eve ry  3 months, since -March of 1955. 

Their C S ' ~ ~  body contents, expressed in units of p ,uc C S ' ~ '  per g r a m  
of natural  body potassium, have been determinod>and the contents of 8 a re  
given for 8 dates during the past  30 months in  Table 5 .  It will be noted 
that the average C S ' ~ '  content dropped f r o m  55 ppc  C S ' ~ ~ / ~  K during Decem- 
ber  of 1959, to  49.6 p p c  C S ' ~ ~ / ~  K during May of 1960, to 37.4 ppc CsI3'/g K 
during December of 1960. This represents  a 10'70 decrease  in C S ' ~ '  content 
during the first 5 months of 1960 and a 2570 decrease during the last 
6 months. The same percentage decreases  werenoted for the other four 
subjects for these last three dates ,  but their  data were not included in the 
table since they had not been measured  every  t ime on the ea r l i e r  dates .  

Table 5 

Cesium-1 3 7  potassium-40 ra t ios  in eight control 
subjects  over  a span of 30 months 

Subject T1'3i/5a I 11/20/58 

c .  L. 48.5 
1. S. 5 1 . 5  
H. M. 71 .o 68.5 
C. M. 43 j jg 
B. 0. 
B. P. 47  4 3 . 5  , u:; 
R. R. 39 39.5 
0. S. 48.4 I 51 

~~ 

Average 30 51 .4 

3 /I 9/59 1 6/17/59 

I 
59 I 68.5 
59 i 54.6 
7 5 . 2  I 83 .2  
76 , a i  

61 .8 6 5 . 5  

60.7 64 .-i 

9/14,'59 ! 12,/8/59 1 5/24/60 

b0 I 5 6 . 2  I 1 ig9 
5 4 . 5  \ 4 7 . 4  
68.2 I 69.5 
61.2 62 50 .5  

54.7 5 3 . 5  48.2 
4 5 . 5  4 2 . 2  i I 45.4  

12/15/60 

38.4 
44.6 
5 5 . 9  
3 3 . 9  
29.8 
31.6 

4 5 . 6  ~ 4 5 . 2  1 38 .2  27.9 
64 j 63.1 1 46.6  1 37.3 

A group of 11  male Chicago residents ,  age 4 0  to 70 years ,  measured  
during the last 3 months of 1960 contained a n  average of 3 8 . 8 ~ ~ ~  CsI3'/g K. 
This value ag rees  with the amount found for  the controls during December 
of 1960. The sp read  in individual values was somewhat greater  in that they 
ranged f r o m  20 ppc Cs"?/g K to 60 ppc  C S ' ~ ~ / ~  K while the values of the 
younger controls ranged f rom 27.9 to 55.9--a 2 to 1 spread.  



ANGULAR RESPONSE O F  SCINTILLATION DETECTORS 

Harold A .  May 

The response of a scintillation counter to gamma rays as a function 
of the angle of incidence may be useful fo r  severa l  reasons.  In biological 
o r  environmental  studies,  extended source s must frequently be counted at 
small source-detector  distances in o rde r  to reduce statist ical  uncertainties 
o r  counting t ime.  Calibration sources  of identical geometry and composi- 
tion a r e  required for  grea tes t  accuracy but may be difficult to devise;  how- 
e v e r ,  calculations to a precis ion of 25 to 50% a r e  usually possible f r o m  a 
knowledge of the scattering and absorption propert ies  of the mat r ix  in which 
the radioactivity is located and the spatial response and absolute detection 
efficiency of the counter a t  the gamma ray energy to be observed.( l )  Sim- 
i lar ly ,  in relating the observed background counting ra te  within a given 
mass ive  shield to the gamma rays originating in i ts  walls,  be i t  f r o m  
cosmic- ray  interactions o r  f rom i ts  residual activity, the average response 
of the c r y s t a l  to a uniform, omnidirectional f l u x  mus t  be known. 

Some prel iminary experiments  have been performed to evaluate the 
response of a 7-inch d iameter  by 3.5-inch thick c rys t a l ,  canned in a double- 
walled s ta inless  s teel  container designed to provide a built-in one-half-inch 
thick m e r c u r y  shield around the s ides  of the crystal .  The mercu ry ,  which 
may be readily drained out, i s  separated f rom the c rys t a l  surface by 
0.020-inch s tee l  sheet and some 0.075 to 0.100-inch of MgO reflector.  The 
w a l l s  are welded to s ta inless  steel flanges at both ends,  to which the+-inch 
quartz  optical window and the 0.010-inch s ta inless  s teel  gamma-ray "window" 
are gasketed and clamped by light s teel  r ings.  Since there  is  a fair amount 
of absorbing ma te r i a l  nea r  the c o r n e r s  of the c rys t a l ,  i t s  response is not 
likely to be typical of commercial ly  packaged units. 

Gamma-ray  spectra  of RaZz6 + daughters,  CS'~' ,  and Cob' were  ob- 
tained a s  the angular position of the source,  lying in a plane which included 
the c rys t a l  ax i s ,  was changed by 30" intervals between runs.  
distance was  maintained at 70 c m ;  therefore ,  the f u l l  angular divergence of 
the gamma rays  at the c rys t a l  was of the o r d e r  of 1 4 O .  Total net counts 
(energy > 25 kev) and those falling in  the photopeak were  determined a t  
each angular setting. Data f r o m  positions of symmetry  about the ax is  
(1.e. 30' and 330°, e tc . )  were  averaged;  in no c a s e  did the total count of 
e i ther  differ by m o r e  than 32y0 f r o m  their  mean. The degree of collimation 
produced by filling the shield with mercu ry  w a s  a l so  tes ted using Razz' only. 
The resulting numbers ,  expressed  as a fract ion of the count obtained with 
the source at 0' ( in  front of the c rys t a l ,  on ax i s ) ,  a r e  tabulated in Table 6 .  
Figures  11  to 1 3  

The source 

1 

present  the same data in polar  coordinate fo rm.  



Table 6 

Cesium-I37 Coball-@I Radium Source 

fnrrqy z s - w k t v  P ~ O - ~ ~ O U V  0.02s-i. i75!ntv ~ . 8 7 - 1 . 5 7 S ~ a v  ,,0z.1,5,n,v 
rlrqc lfoltll , IpnOtoWU rlmil m n  wiisi 0.OzI.:.57Uev rnq in lousingl 

A q l l  
I 

1.0 1.0 !il 1.0 1.0 

0.89 0.9I 3.92 0.92 0.81 

O.?Z 1.84 3.76 0.80 0.45 

'1.70 1.78 3.75 0.70 0.21 
:zoo 0.74 3.62 1.87 3.M 0.71 3 . 3  

3.19 3.76 1.78 0.75 1.56 :a9 o.m 
3 9  1.73 I.% 5.61 1.56 

13,q 

go 1.0 

a0 J.V3 

500 0.81 

Poa 5.72 

:&lo 0.65 

I :1 3.76 0.76 3.63 

-- 
I no- 

Figure 11 
Angular response,  CsI3' 

Figure 12  
Angular response,  Cob' 

0 0 1  13581 Figure 13 

Angular response,  RaZL6 and 
daughters. Total counts 
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The average  response of the c rys t a l  to a uniform isotropic flux, 
relative to that  of an  isotropic detector with a n  efficiency equal to the max- 
imum observed experimentally (i .e. ,  at 0 = OO), i s  given by: 

Iavg = 1/2J2* F (e) sin e de 

Although F ( e ) ,  a continuous function having the observed values shown in 
the table at ce r t a in  d iscre te  angles,  i s  unknown, a n  approximate value of 
I ava  may  be calculated by means of graphical integration. The resu l t s  of 
suc calculations appear  in the l a s t  row of Table 6.  

The variation in counting rate with angle resu l t s  f rom three sepa-  
ra te  effects. These a r e :  

I. The solid angle subtended by the c rys ta l ,  and hence the number 
of gamma r a y s  striking it, is variable.  This purely geometric effect  may  
be readily evaluated f o r  a simple right c i rcu lar  cylinder,  but would be far  
m o r e  difficult to evaluate for  the more  complex contour of the c rys t a l  
container.  

2. The number of gamma rays  passing through the c rys t a l  edges ,  

This a lso could be 
and therefore  t ravers ing  less than the average path length within i t ,  a l so  
va r i e s ,  with a resultant change in the interaction ratio.  
direct ly  evaluated, in  theory,  by an  extension of available computer- 
programmed Monte Car lo  methods. 

3 .  Interaction of gamma r a y s  with the non-uniform m a s s  of the 
s teel  container introduces a n  angular dependence of the number,  energy 
distribution and directionality actually reaching the c rys ta l .  

While the r e su l t s  f o r  cesium and cobalt sources  a r e  similar, the 
energy-dependent differences a r e  readily seen. Minima in the photopeak 
cu rves ,  in the vicinity of 75' and 120' apparently a r e  caused by the thicker  
s teel  of the container flanges.  Fur ther  measurements  a t  lower ene rg ie s  
should demonstrate  the same general  behavior to an  even grea te r  extent.  

The technical ass i s tance  of Paul Hess is gratefully acknowledged. 
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CORRELATION OF THE NATURAL RADIOACTIVITY OF THE 

AND RETENTION OF Ra226 FROM FOOD AND WATER 
HUMAN BODY TO THAT OF ITS ENVIRONMENT: UPTAKE 

Henry F. Lucas ,  J r .  

I. Introduction 

Measurements  of the natural  radium content of man a r e  of g rea t  im- 
portance in studies to  evaluate the effects of small increases  in the radiation 
dose result ing f rom skeletally deposited radioelements for two reasons :  one, 
our knowledge of long-term radiation effects is largely confined to  the effect 
of radium; two, as a natural  radioelement found in  our food, water and air, 
i t s  uptake and retention is a product of a life-long natural  environmental  
c ondit i o x  

The relative contribution of food and of water to the whole-body con- 
tent is requi red  fo r  a valid es t imate  of the body contents of the l a rge  popu- 
lations known to consume water with a high RaZZ6 content, on which d i rec t  
measurement  is not possible.  
known to consume water  f r o m  municipal sys tems with f rom 1 0  to 3 7  ppg/liter 
Razz'. An additional 800,000 people consume water  with more  than 1 ppg/li ter,  
of which one-half or 400,000 consume water with f r o m  4 to 10 ppg/l i ter . ( l )  
These municipal waters  were  obtained f r o m  wells,  some of which have been 
in use for 90 yea r s .  The RaZZ6 content of these waters  can be compared  to 
the cur ren t ly  accepted MPC f o r  industrial  workers  of 100  ppg/li ter and of 
la rge  populations of 1 0  p,pg/liter.(2) 

This is important ,s ince 35,000 people a r e  

To evaluate the relative contribution of food and of water on the 
whole-body content of humans, ear ly  measurements  were made on a rela- 
tively small number of living sub 'ects  by a considerable extension of the 
radon brea th  method of analysis.<3) The living subjects measu red  in this  
work were t e s t ed  in  two experiments which were  designed to  determine:  
(1) the rate of Razz' accret ion by humans af ter  reaching adulthood and 
(2)  the relative accret ion by two groups of youths whose drinking water  
contained 8 and 0 .03  ppg RaZ"/liter respectively.  

In the f i r s t  of these ,  p r i sone r s  a t  Stateville Penitentiary,  Illinois 

The body contents of new p r i s o n e r s  
who had previously res ided  in Chicago o r  other  a r e a s  with surface o r  low 
radium water sources  were  chosen. 
were compared to those who had been a t  the p r i son  for  up to 22  y e a r s ,  con- 
suming water a t  4 ppg/l i ter .  
of body content'with duration of exposure.  The average body contents a f te r  
4 months and 20 y e a r s  were 1 .0  and 2.4 x 

This experiment  demonstrated an i n c r e a s e  

g respectively.  



P r o p e r  interpretation of these and the following measurements  r e -  
quires  the evaluation of the r a t e  of radium intake. 
of radium intake were not possible.  It w a s ,  however, apparent that for 
intake at a steady s ta te ,  excretion must  be within a very  few percent  of 
intake o r  a much higher body content would have been found. 
tion r a t e s  can be considered equal to  intake r a t e s .  The accret ion of Razz6 
f r o m  w a t e r  fo r  the 20-year p r i sone r s  corresponds to 1 7  t imes the daily 
intake o r  that in about 50 l i t e r s  of water .  However, p r i son  dietary condi- 
tions a r e  not ent i re ly  normal ,  and intake of radium f r o m  water w a s  un- 
usually high. 
plus that in  3 l i t e r s  of water .  This resu l t s ,  in pa r t ,  f r o m  the extremely 
frequent occur rence  of soups,  s tews and boiled foods. A normal  popula- 
tion might be expected to  have a daily intake equal t o  that f rom food plus 
that in 1 t o  2 l i t e r s  of water .  The 20-year uptake for  this normal  group 
would s t i l l  correspond to  17 t imes  the daily intake. 
eve r ,  would only be equal to that in 20 to 30 l i t e r s  of water .  

Direct measurements  

Thus, excre-  

The average RaZ26 intake corresponded to that f rom food 

The body content, how- 

In the second experiment,  the accret ion of radium by 8 high school 
boys f rom Lockport ,  Illinois, (average age 17.5 yea r s ;  8 $;lg RaZ2'/liter 
drinking water )  w a s  compared with that by 7 s imi l a r  boys f r o m  Chicago 
(0.03 ppg Ratzh/liter). 
and 0.4 x 
ra te  of excret ion it w a s  determined that the whole-body content of the 
Chicago boys corresponds to  22 t imes  the daily intake of radium, which 
necessar i ly  came f r o m  food, Similar ly ,  the whole-body content of the 
Lockport boys corresponds to  that f r o m  food plus that in 40 l i t e r s  of water 
o r  about 45 t imes  the daily intake. 

The average value for  each group w a s  3.7 x g 
g whole body, respectively.  F r o m  measurements  of the 

In this  present  work, measurements  a r e  being made of the Razi6 
content of normal  human bone, teeth and soft t i s sue  to  determine f o r  a nor -  
ma l  population the relative contribution of food and water to the whole body 
content. 

11. Experimental  Method 

Ash ing  P rocedure .  F o r  this  study normal ,  uninvolved bone obtaiced 
during ord inary  surgical  p rocedures  o r  a t  autopsy w a s  used. The samples  
were shipped immediately without any preserva t ive ,  thereby avoiding pos - 
sible contamination f r o m  the local water source .  
were sc raped  to  remove soft  t i s sue ,  d r ied  at llO°C and s tored at -27OC 
until analysis .  

On receipt  the samples  

Samples  selected fo r  analysis  were p repa red  in one of two ways, 
depending on the number and type of analyses  to be performed.  For those 
on which. the Ra"' contellt only w a s  des i red ,  the following procedure was 
used. The dr ied ,  weighed sample was placed in a smal l  uncovered platinum 



crucible  or  dish and ashed a t  6OOOC overnight in an electr ic  muffle furnace 
l ined with Crystalon* to  reduce the possibility of the contamination f r o m  
f i r e  br ick.  
cones and dissolved in 1.85 cc concentrated nitric acid pe r  gram of bone 
a s h  and diluted wi th  distilled water to give a solution having 0.2 g ash/rnl. 
With one exception no residue was observed. 

The weighed a sh  was then t ransfer red  to  50-ml centrifuge 

Samples on which both Ra226 and ThZZ8 were determined were given 
a prel iminary treatment to  remove blood residues by boiling 3 t imes in 
f resh ly  distilled ethylene diamine and 3 t imes in distilled water; they were 
dr ied at 1 10°C, then ashed and dissolved as  previously described above. 

The thorium was  extracted into dibutyl 
phosphate, while the aqueous solution 

MI- BALL 

/ \  

containing the radium was t ransfer red  
to an emanation flask and processed in 
the usual manner .  No loss of radium o r  
contamination w a s  detectable. 

Measurement. The bone solution 
was t ransferred to an emanation flask of 
the type shown in Figure 15,  using 
1 E HNO, to a final volume of 300 ml .  
The solution was flushed with a radon- 

\--~oouc 
i at least  7 days. 

f ree  a i r ,  sealed and allowed to stand for  

Figure 15 

Emanation flask 

The sample f lask was attached to 
the t ransfer  system shown in Figure 1 6  
with water t raps  (B) and radon t rap (C)  
dry-ice cooled. 
exception of the sample flask, w a s  evac- 

The system, with the 

uated to a p res su re  of ca .  1 mm Hg. Aged tank air which had been dried** 
and passed through a charcoal t r ap  at  dry-ice temperatures  fo r  radon r e -  
moval was then used to purge the t ransfer  system and t ransfer  the radon 
f rom the f lask to the charcoal t rap.  It is unnecessary to heat the f lask 
since quantitative (99 .9%)  t r ans fe r  of the radon was effected in 1 3  l i t e rs  of 
the 30-liter flush routinely used. 

The charcoal t r ap  containing the radon sample was evacuated while 
s t i l l  at dry ice temperatures  with a mechanical pump to about 0.1 m m  Hg 
in 7 min  o r  l e s s  and the radon t ransfer red  to the alpha scintillation counter 

~~~~ ~~ 

*Cat. No. 204 MC Lindberg Eng. Co. E .  H.  Sargent and Co. ,  
4647 West F o s t e r  Ave., Chicago, Illinois. 

**Linde Molecular Sieve, Type SA, &" pellets,  Linde Co., 
230 N. Michigan Ave., Chicago, Illinois. 
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previously described.(4) This sys tem has a sensitivity of 5.40 cpm/pp c 
radon and a background counting ra te  of l e s s  than 0.1 cpm. Using this 
system, it was possible for  one person  to  p rocess  16 to 20 radon emana- 
tions p e r  day. All radon samples  were counted for  7 to  16 hours .  Repeated 
determinations were made if the f i r s t  two failed to agree  within the 0.9 
s ta t is t ical  counting e r r o r .  

A 
B B C 

Figure 16 

Radon collection system. A, Emana- 
tion flask: B. Dry-ice-cooled water 
freeze out naps; C, Dry-ice-cooled, 
charcoal-filled (7 g) radon trap: 
D, Flow rator, 0 to 2 l./min; 
E, Radon-free air input; F, Vacuum. D 

A sys tem blank of 0.002 C 0.002 p p c  Rn was found if the rubber 
tubing used  in the Sigma Motor pump to t ransfer  radon f rom the charcoal 
t r ap  to the radon counter bottle was replaced a t  s t a r t  of sample processing 
each day with radon-free (aged in sealed j a r )  tubing. Reagent and distilled- 
water blanks were found, with some exceptions, to be l e s s  than 0.002 p p g ,  
and no correct ions have been made except for  samples  of l e s s  than 
1 g a s h .  

The alpha scintillation radon counting system had been calibrated 
previously with a n  aliquot f rom a National Bureau of Standards certif ied 
radium solution.(3) Additional aliquots were evaporated on bone and, in 
eight measurements ,  99 C 270 of the radium was recovered, and thus, no 
correct ion for  chemical recovery of radium f r o m  bone has  been applied 
to the data. 

111. Measurements 

A .  Uptake f rom food 

To evaluate the effect of food on the content of radium in bone, 
subjects were selected who had lived all their  l ives in cit ies having surface 
water sources  o r  wells with l e s s  than 0.1 ppg/liter Rat". The average 
concentration of Razz' in bone a sh  f rom 42 individuals summarized in 
Table 12, is 0.0124 ppg/g ash.  This corresponds to a whole skeletal  con- 
tent (2600 g ash) of 0 . 3 2  x g. As has been found by other investi- 
g a t o r ~ ( ~ , ~ )  f rom a random sampling of non-occupationally exposed humans, 
no correlation of radium content with age,  sex,  o r  illness was observed. 

O Q  I b 5 8 b  



Sample 
number  

185 
163  
21 3 
156 
130 
244 
212 
100 
122 
126 
243 
246 
21 1 
21 5 

3 38 
3 39 
152 
286 
245 
170 
121 
125 
132 
282 
171 
370 
230 
142 
209 
168 
103 
160 

216 
129 
135 
138 
21 0 
279 
205 
173 

mean 2 o 

158 

228 

Table  12 

Razz6 content  of human bone f r o m  food s o u r c e s *  

Number of 
c i t i e s  of 

r e s idence  

4 
2 
2 
2 
3 
2 
3 
1 
1 
1 
1 
4 
3 
1 
2 
1 
1 
1 
3 
2 
5 
3 
2 
1 
3 
1 
1 
2 
3 
2 
1 
6 
1 
1 
1 
2 
1 
1 
1 
1 
1 
1 

Age,  
y e a r s  

56 
49 
56 
55 
35 
34 
21 
25 

46 
45 

52 
70 

70 
65 
72 
61 
61 
69 
33 
57 
26 
50 
47 
23 
50 
36 
49 
73 
30 
54 

0 
67 
62 
57 
39 
46 

3 
0 

69 

38 
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a2 

Sex 

M 
M 
M 
F 
M 
M 
F 
M 
M 
M 
M 
M 
M 
F 
F 
M 
M 
F 
M 
M 
M 
M 
M 
M 
F 
M 
M 
F 
M 
M 
F 
M 
F 
F 
F 
M 
M 
M 
M 
M 
F 
M 

Bone 

rib 
rib 
rib 
rib 
rib 
rib 
r ib  

rib 
rib 
rib 
r ib  
r ib  
joint 
r i b  
t ibia  
tibia 
rib 
t ibia  
rib 
rib 
rib 
r ib  
r ib  
f e m u r  
rib 
f e m u r  
ve r te b r a  
rib 
rib 
rib 
t ibia  
r i b  
v e r t e b r a  
c o r t .  
rib 
ve r t e b  ra 
rib 
rib 
f e m u r  
v e r t e b r a  
r ib  

g a s h  

1..30 
7.47 
3.65 

6.62 
5.51 

3.17 
6.11 
9.29 
3.64 
3.44 
2.96 
6.24 
1 .55  

4.06 

7.40 
6.47 
4.54 
5.48 
7.51 
4.99 
9.75 
6.68 
7.24 
6.19 
7 . 4 0  
6.67  
0.98 

12.32 
3.41 
0.53 
6.16 

2.92 

3.41 
1.68 
2.29 
1.71 

2.85 

2.85 

5.83 

0.87 

8 . 8 3  

4.84 

Razz6, 
ppg/g  a s h  ?: E** 

0.005 k 0.007 
0.005 f 0.001 
0.006 C 0.003 
0.006 2 0.003 
0.006 2 0.001 
0.007 2 0.002 
0.007 t 0.003 

0.009 t 0.002 

0.009 2 0.003 

0.010 C 0.003 
0.010 f 0.002 
0.010 t 0.007 
0.010 f 0.001 
0.010 k 0.002 
0.011 2 0.022 
0.011 2 0.002 
0.011 C 0.001 
0.011 t 0 003 
0.011 ? 0.001 
0.012 k 0.001 
0.012 C 0.003 
0.013 C 0.001 
0.013 C 0.002 
0.013 C 0.001 
0.014 ?: 0.002 
0.014 2 0.002 
0.014 2 0.002 
0.015 2 0.007 
0.016 f 0.001 
0.016 C 0.003 
0.016 t 0.016 
0.016 2 0.002 
0.017 C 0.002 
0.019 2 0.003 

0.020 t 0.003 
0.021 C 0.006 
0.022 k 0.004 
0.027 k 0.006 
0.0124 k 0.005 

0.008 t 0.003 

0.009 t 0.001 

0.009 2 0.003 

0.019 t 0.003 

*Razz6 content of dr inking wa te r  equal  to  o r  l e s s  than 0.1 p,ug/ l i ter  throughout 
en t i r e  l i fe t ime.  

**90% confidence in te rva l .  

001b581 
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Walton(') demonstrated that radium was  distributed to within 15% 
of the average in each of 11 bones f r o m  11 skeletons tested fo r  variation. 
This information lends welcome validity to  measurements  of bone speci-  
mens as a means of estimating whole body content. However, as shown in 
Table 1 3  this is not always the case. 

Table 13 

Relative Ran6  content of human bone 

Sample number 

43A 1 438 Bone 41A 41 B 42A 428 

Ra226,ppg/g ash c- E' 

Skull o m o  I 0.004 1 0.070 2 0.w I 0.100 i om9 0.051 5 o m  j 0.028 i 0.003 0.032 5 0 . m  
i 

i I 
Tibia 0.019 i 0.003 0.014 2 0.001 I 0.03 2 0.002 0.025 2 0.002 1 0.03 5 0.002 0.026 5 0.002 

' 0.025 i 0.002 

I Teeth 0.019 fr 0.003 - 1 0.026 5 0.002 I - 1  Jaw Bone j 0.016 i 0.00~ 1 
I I 

I 

0.027 2 0.003 
1 

0.027 2 0.003 I i , I 

Rib 0.012 2 0.001 I 0.028 c 0.m2 1 j 0.0% c 0.002 1 
I 

Birthplace Nebraska Connecticut Florida 
I 

*qO% confidence interval. 

In two of these three subjects the radium content is seen to vary signifi- 
cantly from bone to bone. No difficulties were encountered in analysis ,  
and the differences in the duplicate analyses on sample numbers 41 and 42 
a r e  statist ically significant. Since the radium content of individual bones 
has  been found to  vary considerably af ter  single injections,(8) it is probable 
that these differences represent  changes in the environment. While the 
city of residence during their  ea r ly  years  could not be determined, well 
waters  with high radium content have been found by Barker(9)  in both 
Nebraska and Connecticut, and it may be presumed that these individuals 
consumed water of high radium content. These samples  were provided by 
Dr. J. B. Hursh and while they were not a p a r t  of his ea r l i e r  study,(5) 
they have nearly identical Ra226 contents. 

In o rde r  t o  extrapolate f rom bone to the whole-body content, meas-  
urements  of radium in soft t issue a r e  required.  As shown in Table 14, 
the average radium content of soft t issue a sh  is 0.8 that of bone ash .  This 
is in agreement with measurements  by Radley, Turner  and Mayneord(lO) 
and Hursh et al.,(") but only about 370 of that found by Muth et  a l . (12)  
Since the skeleton constitutes 8470 of the whole-body a sh ,  only 10 to  1570 of 
the radium will be found in the soft t issues  of the body. 

The 0.04 x 10"O g found in soft t i s sues  added to the 0 . 3 2  x g 
This found for the skeleton gives a whole-body content of 0 . 3 6  x 10"O g. 

is in  excellent agreement with the 0.4 x 10"O g found previously by the 
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radon breath technique. (3)  Using the previously determined daily intake 
ra te  for  humans in Chicago, Illinois, of 1.6 ppg/day, this whole body con- 
tent corresponds to 22 t imes the daily intake and necessar i ly  comes f r o m  
food. 

Table  14 

Razz' content  of human soft t i s s u e  

Bone Soft t i s s u e  Ra"' ratio 

Razz', T i s s u e  a s h  
Sample  
n u m b e r  Razz', g wet g a s h  g a s h  

w g / g  a s h  I w g / g  ash Bone ash 

216 , 6.16 0.016 2 0.002 l O l *  ~ 0.794 0 . 0 2 0  ? 0.008 1.25 2 0.42 

338  5.83 0.015 f 0.0015 412** 4.06 0.0069 f 0.0025 0.66 2 0 .24  

339  8.22  0.0129 ?: 0.0010 409** 4.06 0.0096 2 0.0015 0.742 0.18  

Weighted a v e r a g e  0.81 

'muscle  and fat 
**muscle 

B. Uptake f rom water 

Measurements have been completed on 35 bones from individuals 
who lived either all their l ives,  or not less than the last thirty yea r s ,  in a 
city with high radium drinking water. 
is summarized i n  Table 15. The radium content varied f rom a low of 
0.012 ppg/g ash fo r  a resident of a city with 0.13 ppg/liter in the drinking 
water to a high of 0.47 p p g / g  a s h  in a city with 10 ppg/liter of water.  

The radium content of these samples  

The correlation of the radium content of these samples with that 
in the drinking water is shown in  Figure 17. F o r  all data plotted in this 
f igure it w a s  assumed that 0.012 ppg/g ash was normally obtained f rom 
food and has  been subtracted f rom the value found in Table 1 2 .  An excellent 
correlation of radium in bone with that in the water supply i s  obtained for  
drinking water with more  than 1 ppg/liter. Fo r  l e s s  than 1 ,upg/liter, 
normal  statist ical  variations f rom food uptake overlap the uptake f rom 
water,  and the sca t te r  of points is  not statistically significant. 
lating to a Standard Man (3000 g ash,  whole body), uptake f rom water equal 
to  that in 50  l i t e r s  of drinking water would seem to be indicated as a suit- 
able average. 

Extrapo- 

Variations in  sources of municipal water o r  i ts  treatment have 
significant effects on the level of radium. The value reported for  each 
city is the average of samples f rom all wells in use over the past  3 or  
m o r e  years .  In two cases  even this is  not a very satisfactory method of 
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estimating the average radium content of the drinking water.  In the first,  
City No. 13, Table 15, a water-softening system was installed two years  
ago, which removed 60 to 7070 of the radium. In the second, City No. 11, 
Table 15, all of the wells in the Northeast pa r t  of the city have 2 to  4 t imes 
the radium content of those in  the r e s t  of the city. The radium content of 
water samples  f rom the distribution system cor re la tes  with that of the 
nearest  active well and, until a bet ter  estimate can be made, the average 
of the four samples f rom the distribution sys tem will be used. 

Table 15 

Ram content of human bone from cities with high radium drinking water 

city 
number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Drinking water, 
PP9ll. 

0.13 

0.2 
I 

I 

0 

0.4 

0.48 

0.85 

1.8 

L5 

3.1 

4 6  
I 

, 

5.0 

5.0 
I, 

8.2 

a 5  

I 

10.5 

9 

72 
36 
0 
0 

11 

12 

75 

12 

33 
87 
25 

65 

64 
68 
79 
65 
69 
5a 
71 
44 
66 
47 
66 
82 
48 
61 
72 
53 

44 
a4 
54 
58 

54 

Residence - 
Years 

9 

43 
35 

- 

11 

12 

75 

12 

33 
63 
25 
65 

33 
68 
55 
M 
69 
M 
40 
44 
66 
34 
66 
80 
48 
61 
55 
53 
44 

35 
54 
58 
54 

City code 

KR08-4 

ZGNlRGlL-1 
I O  

9 

2NOTS2P3P-5 

13R02P-1 

R2TSB2W-2 

INOT160-5 

5R2P-1 

1NON36-5 

16l l l5-1 

I 

TSRSHML2-1 

1R4R51-1 

KNONW-1 

88 S2LGC- 1 

ZLUVNZRG-1 

Sample 
number 

280 

110 
109 
229 
240 
384 
?a6 

284 

283 

172 
145 
118 

281 

249 
17 5 
226 
275 
120 
164 
293 
201 
194 
235 

124 

111 
112 
150 
165 
113 

197 

!48 
169 
212 

148 

Bone 

femur 

rib 
rib 
vertebra 

rib 

humerus 

femur 

vertebra 

talus 
rib 

9 

I, 

femur 
rib 

iliac 

tibia 
r ib 

rib 
rib 

0 

r ib 

g ash 

3.56 

2.46 
2.28 
0.19 
1.27 

6.51 

L76 

4.44 

4.69 

1.04 
238 
6.68 
3.75 

1.97 
1.3 
1.83 
204 
488 
209 
1.89 
2.57 
3.20 
257 

5.10 

10.98 
2.09 
7.37 
2.23 
4.52 

1. MI 

1.87 
2.23 
1.95 

4.05 
- 

0.012 L 0.003 

0.031 2 0.07 

0.015 2 0.004 
0.017 2 0.005 

0.032 L 0.008 
0.013 2 0.002 

0.033 2 0.006 

0.033 2 0.005 

0.020 2 0.003 

0.105 L 0.002 

0.052 2 0.005 

0.055 2 0.010 
0.082 2 0.m6 

0.044 i 0.m 
0.058 L 0.011 
0.060 2 0.007 
0.094 2 0.007 
0.100 2 0.008 
0.118 2 0.008 
0.130 2 0.012 
0.147 2 0.008 
0.170 2 0.007 
0.m 2 0.088 
0.078 2 0.003 

0.047 2 0.003 
0.080 2 0.002 
0.083 2 0.004 
0.095 2 0.003 

0.042 2 0.002 

0.056 5 0.009 

0.042 L 0.005 
0.137 2 0.014 
0.191 2 0.016 

0.572 2 0.010 

a024 

0.081 

0.112 

0.069 

0.137 

In addition, c a r e  must  be taken to check as often as possible the 
actual level of radium consumed at  work and at home. Home-type water 
sof teners  of the ion-exchange type removed approximately 98% of the 
radium. For instance, Subject No. 117 lived in a house in which both hot 



and cold water were  softened. The Ra226 conten of 0.013 5 0.002 W g /  h 
found cor re la tes  with the 0.01 jlpg/liter actually consumed and not with the 
5 pjlg/liter of the city supply. 

Figure 17 

Correlat ion of RaZZ6 in bone and drinking water.  
Solid c i rc les  represent  individuals who have 
lived all their  l ives in a single city, with con- 
stant use  of well water with high radium con- 
tent. Open c i rc les  represent older life-long 
residents  of a single city with exposure to 
high radium content drinking water for  more  
than the l a s t  30 years  but not for their  ent i re  
l ives . 

To evaluate the effect of age on whole-body content, the stability of 
the radium content of the water supply must be evaluated over the lifetime 
of the subjects. 
than bone, teeth f r o m  individuals of varying ages would give a good indica- 
tion of the level of radium in the drinking water in past  t imes.  The radium 
content of teeth f r o m  life-long residents of the city (No. 9,  Table 15) with 
4.6  ppg/liter in its drinking water a r e  summarized inTable 16. The average 
of 0.10 ppg/g a sh  is almost identical to the 0.11 ppg/g a sh  found for bone 
f r o m  residents f r o m  this same city. 
shown in Figure 18, the radium content of both bone and teeth decrease 
with age. 

Since teeth have a very much smal le r  ra te  of turnover 

This may be fortuitous since, as 



Sample 
number 

236 
68 

140 
137 
139 
136 
134 

70 
138 

64 

Table 1 6  

Razz' in human teeth f r o m  city with 4.6 ppg/l. Ra226 
in drinking water 

Rau6, 
CLPg/g.ash E* 

0.046 k 0.010 

Average 

47 
5 7  
54 
29 
33 
35 
37 
26 
30 

g ash 

2.05 
1.35 
0.69 
0.93 
1.64 
1.53 
1.30 
1.52 
1.13 

0.060 2 0.006 
0.060 * 0.012 
0.069 k 0.013 
0.083 k 0.007 
0.085 k 0.010 
0.112 f 0.011 
0.147 2 0.020 
0.264 f 0.015 

0.103 

*0.9 statist ical  counting e r r o r .  

This apparent decrease of radium content with age co r re l a t e s  with 
known changes in the water source fo r  this city. 
came from springs o r  shallow artesian wells, whichare presumed f r o m  cur-  
rent measurements  of similar sources to  be of low radium content, and it 
was not until 1922 that all of the water  came f r o m  deep-well sources .  Be- 
cause of the small number of samples  and the ra ther  recent changes in the 
water  source ,  no conclusion can be made about the effect of age on whole- 
body content. It would, however, appear  that teeth are  a sensitive indicator 
of drinking water radium content in the past and can be used to  estimate the 
radium content of populations on which other methods a r e  not feasible.  

P r i o r  to 1896, all water  
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IV. Summary 

Measurement of the skeletal  and soft  t issue contents have been made 
on normal  humans whose p r i m a r y  source of radium was their  food. An av-  
e rage  whole-body content of 0.36 x lo-'' g is infer red  f r o m  these measu re -  
ments .  
intake. 
humans,  no correlat ion with age was noted. 

This  corresponds to  a whole-body uptake equal t o  22 t imes  the daily 
In agreement  with other investigators on non-occupationally exposed 

F o r  lifetime uptake, accre t ion  of radium by bone was found to  c o r -  
re la te  well with that in the drinking water ,  and the whole-body content f o r  
a s tandard man was  found to  correspond to that contained in about 50 l i t e r s  
of water .  An attempt w a s  made to evaluate the effect of age on whole-body 
content but because of the small number of samples  and recent changes in 
water  source ,  no conclusion can be made at this t ime.  Teeth appear  t o  be a 
useful indicator of the radium content of populations on which other  methods 
a r e  not feasible.  

I should l ike to  express  my appreciation t o  Asher  J. Finkel,  M. D.,  
Director  of the Health Division, f o r  contacting many of the individuals who 
have contributed t ime and samples  to this study. 
to  all of the dent is ts ,  surgeons and pathologists too numerous to  mention 
h e r e  f o r  the many teeth and bone samples.  Thanks a r e  due Robert  W. 
Anderson f o r  obtaining and verifying residence and water source h is tor ies  
Acknowledgement is made to  F rank  H. Ilcewicz, Ronald B. Burke and 
Janet  A. Gondry fo r  the many analyses  which were  required.  
a l s o  due to  Dr.  Andrew F. Stehney f o r  encouragement and many helpful 
discussions.  

I am extremely grateful 
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