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THE EFFECT OF AGE AND LOW PHOSPHORUS RICKETS ON CALCIFICATION 

AND THE DEPOSITION OF CERTAIN RADIOACTIVE METALS IN BONE.* 

** D.H. Copp~ J.G. Hamiltonp D.C. Jones~ D.M. Thomson~ and c. Cramer 

From the Department of Physiology.? Faculty of Medicine~ University. of 
British Columbia 9 Vancouver.? B.c. and the Divisions of Physiology$· 
~edical Physics.? Experimental Medicine and Radiology.? and Crocker'· 
Laboratory9 Radiation Laboratory, University of Californiap 
Berkeley and San Francisco, California. · 

Radioactive isotopes have made possible new techniques for study of 

metabolic turnover in the skeleton. In addi tion.l' many of the radioactive 

eleme:nte involved in nuclea.r fission are deposited in the skeleton, where 

the chronic effects of their radiations may produce bone atrophy or bone 

;tumors. The hazard to health" quite similar to that from chronic re.diuin 

poiaoning9 has been emphasized by the growing importance of atomic fission 

f~9m an industrial and military point of view. It was thia problem that 

\ 
fi~~t led ua to investigate the depoei tion of metall!l in bone. ( 1) : 

\ 

\ In metabolic behaviors>· mol!lt of these metals appear to fall into one of 

the rollowing groups (2)g 

I 

~a) Alkaline earths, eucl<l ae calcium, strontium» barium and radium, 
' 

which are localized almost exclUI!ii vely in the skeleton,\)·. and 

which are generally affected by the same conditione which affect 

calcium metabolism. 

(b) Metals such al!i yttrium and plutonium which show some dietri-

bution in soft tiesu~e:. but which are chiefly localized in bone. 

*Thiel pe.per ie baaed on work carried out under Contract No. W-7405-eng-48A 
with the Atomic Energy Commission. 

**Presented paper before the Third Conference on Metabolic Interrelations, 
sponsored by the Josiah Macy.l' Jr., Foundation.? New York City» January 9, 
19510 
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(c) Metals l!luch as cerium.s> lanthanum, americium and curium)> which 

are initially taken ~P by the liver in large amounts .s> as well al!l 

by bone. These me tale disappear from the liver within a few 

months)> but remain quite firmly fixed in the skeleton. 

I. EFFECT OF AGE AND LOW PHOSPHORUS RICKETS ON '!HE RETENTION OF CERTAIN 

RADIOACTIVE METALS IN BONE. (ca45.s> sr89"90)> Bal4;0, y88, and ce144) 

The ·retention of these metale in bone was compared in the following 

groupe of animals~ 

(a) Mature adult rats in which bone growth had practically ceased. 

(b) Young growing rate, to which there was active growth of new bone. 

(c) Young rats with low phosphorus rickets 9 in which new osteoid 

matrix was forming.s> but deposition of bone salt did not take 

place. 

All the animale used were female rate of the Long-Evane etrain. The adult 

~:t.!!l were 6:1.'?'·m_onthe ~o1:tl.;,···and showett·I!o··-apJ:rrerci:e:'I:H:e··wei"'ght •;gain. The yo:ung 

normal animale ·were"w~aned e:t "2l'daye ·to·"the ·-etuck·'-di:e·tJ;·""and·were 7-10 weeke old 

when used for these experiments. The rachitic rate had been weaned at 21 days 

and reared on ·a synthetic diet (3')· very low in- ph:o·sphoruw·{0.008-0.0l5c.' P) )> 

although adequate 1~ calcium (0.4,3-0.46:' Ca). The animale·"Were 7-10-weeke of 

age when used and were x-rayed to determine if florid rickete wae preeent. 

The following radioa.cti ve i!otopee were used~ 

ca45 - 5 microcuries of ca45 .with 1.25 mg. Ca a.s calcium chloride, injected 

intravenouely. (In the ia.ter experimente ca45 with a higher epecific 

activity- 0.01 mg per microcurie - wae used.) 

sr89~90_ 5 microcuriee.of carrier-free radiostrontium (produced by nuclear 

fieeion) injected intraperitoneally. 
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Bal40 - 5 microcurie8 of carrier-free radiobarium (produced by fiesion), 

inj~c:ted intraperitonea.lly. 
A8 . 

y- - 5 microcurie~ of carrier-free radioyttrium (produced in the 

cyclotron} a !!!I chloride in ieotonic saline at pH 4, .injected 

in tramuscula.rly. 

cel44 - 5 mic:rocuriel!!l of carrier-free radiocerium (produced by fission), 

tu5 chloride in ieotonic saline at pH 4, injected intramuscularly. 

Following injection of the reepecti ve ra.dioacti ve isotope !il the animale 

were plac:'~d in individual metabolism ca.ge~ ~ and urine and feces were collected 

eepara.tely. They were sacrificed 8 daye later~ and tieeues and excreta were 

analyzed for redioieotope. The :reeulte obtained are given in Table 1. The 

values given for ca45 9 sr89» 90 ~ and :Ba140 are expreBeed ae per cent of the 

88 144 adminietered doee~ for Y and Ce 9 they represent the per cent of the isotope 

adeorbed from the·eite of'·intramu!lcular injection;; -Ea-ch figure represente 

the average of' ·values from -·5;.;;-8 antmall!!l. 

OBSERV~TIONS 

ca45 A l!!lignificant part of the doee of radiocalcium was retained in the 

skeleton of the a<iul t animale. Since very 11 ttle new bone 15a1 t is being 

formed in these animal~)) thil!!l ie probably accounted for by ion exchange with 

calcium already present in the bone. In young growing e.nimale~ ·the retention 

' ie much greater9 and may rep:reaent radiocalcium actually incorporated in the 

newly formed bone eal t. A eimiler effect of age on the ~tent ion of p32 

(aa phosphate) in bon@ has been obeerved by Falkenheim in mice (4) and by 

Wei!ll!lberger and Harria in :ra.tfi5 (5). There wal!l very 11 ttle radiocalcium remaining 

in the rachitic animal~ when sacrificed9 and this may have been due to inability 

to .form new bone !!!alt. The radiocalc:ium waa lost primarily in urine~ aa had 

been obh!erved by Wei~usberger and Harrhi ( 6) when radiostrontium was given to 

:re.chi tic :rata o 

.. 

.. 
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·TABLE I 
" 

EFFECT OF AGE AND LOW PHOSPHORUS ·RICKETs ON THE BONE UPTAKE OF 
Ca, Sr, Ba, Y & Ce IN 'IRE RAT. 

; "' 
,, Per Cent of the Absorbed Dose in. 

' 

45 " 

I ~ (1.25 mg. Ca) Skeleton Urine Feces Liver -- - ' '· 

Ncrmal-Adul t 31.7 4.7 43.2 

Normal-Young 73.4 '12. 7 7.2 

Rachi tic-!.ow P. i3.4 74.5 1.7 

Sr89,90 (Carrier-free) 

Normal-Adult 29.1 42.7 26.9 

Normal-Young 71.9 16.4 12.8 

Rachitic-Low P. 20.4 69.4 7.5 

140 ( ' ) Ba Carrier.:.free 

Normal-Adult 37.3 23~2 31.8 

Normal-Young 61.8 12.4 25.3 

, Re.chi tic-Low P. 33·9 52.4 11.4 

88 
(Carrier- free) y 

'' 
Nonnal-Adult 70.5 18.6 5.2 5.7 

No:rme.l-Young 76.8 1?.1' 4.6 3.5 

Rachitic-Low f. 74.1 8~4 ' 6.7 6.2 

144 ' 
Ce (Carrier- f'ree) · 

Normal-Adult 42.6 8.2 5.9 43.5 

Normal-Young 61.5 5.7 12.0 21.8 
~~· 

Rachitic-Low P. 72.4 4~3 5.0 18.3 
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sr89,p90 TheJ:.t,tentioncof:.rad·ioetrontium,in.l?,one wae. very eimilar to. 

that of ca 4~ tn i;hese, thre~: gr~~pe·. 6r···~~{~~e :·:. ~o\t~v&I:,p' ~he ad~lt aniuale 

a.ell!lociate:d 1 wtth a e~ller prop()rtton in ·the fec~e. 

Ba140 -- ~lthough qualitatively .eimilar ~o· ~dio~alcium and 
. ' . radioetrontium,p 

there wae a greater relative retention of radiobarium in adult and rachitic 
. ' 

animal!. This ma~ ?e due to the decreaeed eol~bility and ehif~ in ion 

exchange. 

Y
88 

Neither age n<?r ricketl!l appeared to ha.ve any significant effect· 

on the retention of radioyttrium in bone,p suggesting that ite metabolil!lm 

muet be quite different from that of the alkaline earths. This was confirmed 

by the difference in' the distribution in radioautographll!l deeg'cribed below. 

144 
Ce · Age and rlckete e.leo e.ppear to have very 11 ttl~ effect on the 

, .: 

bone fixation of radiocerium. The smaller proportion in the skeleton of 
. ' ~ . . ' . ' ; . ; ' 

the adult animals is. ·ace ounted forl.·by the larger amount in the 11 ver~ 

The proportion of the dose in th~ .latter 11!1 eJ(~remely variable~ and ~pp~are 

to depend on form and methode o:f' adminietration. 
. - ·~ 

RADIOAUTOGRAPHS "'~ . ' ' ~ . 

Radioautogra.phe were pre.pared from ·t~in undecalcified sec:ti~ns of 

bone by.:'th.e ·technique' o:f' Axelr.od ·(7). 
·-

The bone .sectione and corresponding 

radioautograph! are ehown in Fige. 1-6. 

Fig. 1 showe the distribution of radiostrontium in the femur .. :fro~ 

a normal young rat. The isotope' ie :found thr~ughout the bone{with particularly 

heavy depoeite in the new bone which ie formihg below the epiphyeie.' In Fig. 2~ 

the dhtribution in the femur o:f' a rachitic rat 1! shown. While coni!iiderable 

re.dioetrontium 1! .found tn ·the thin· mineralized shaft of the bone~ there ie 

none in the uncalcified oeteoid matrix beneath the epiphysis. Radioautograph! 

< / ,. 
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' . ' 45 
of bonee from anima.le injected with Ca are very similar. The radioce.lci um is 

found only i~ areas in which bone salt ie preeen~, and none is found in the 

uncalcified osteoid matrix of rachitic bone. 

This is in contrast to the behavior of radioyttrium (Fig. 3) and 

radiocerium (Fig. 4). TPeee two elements, in common with plutonium zirconium 
( 

and many other heavy metals (1), show a marked concentration in the uncal~ified 

osteoid matrix of rachitic bone. There appears to be a specific affinity 

' of thel!le metals for bone protein, even in the absence of bone salt. This 

is further evidence that their deposition in bone is not analogous to that 

of calcium. 

Ra.diocerium has a peculiar spotty distribution throughout the dense, 

cortex of bone, which is also evident in the radioautograph of the di~tribution 

of americium in adult bone (Fig. 5). A high power magnification of the latter 
. . -

(F"tg· 6) ehowe, the re.~ioactive material in the neighborhood of the smallblood 

vessels.which run in the cortex. Although the cause of this perivascular 

distribution in cortical bope is not known, it is commonly associated with 

'the lanthanide earths ·and ameri·cium and 'curiUm, which a~ _usually in the 

-
trivalent eta te and have very similar physical and chemical properties. . These 

elements are also taken up by the 1i ver in large amounts initially ( 2) • 
. ' 

II • EFFECT OF AGE AND LOW PHOSPHORUS RICKETS ON THE TURNOVER. OF CALCIUM AND 

STRONTIUM IN THE SKELETON. 

The marked effect of age and rickets on the retention of radiocalcium 
•i 'i '. 

and radiostrontium pro'IJ).pted a more detailed investigation to study the· changes 

responsible for these differences. The original work was carried out with 
. 4 

radiostrontium (8), but was repeated later using Ca 5 (9), since the latter 

is the element norma.lly involved in bone metabolism. 
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·.·I 

EXPERIMENTAL 
:'.' 

Isotopes~ The radiostrontium used was carrier-free~ and consisted of a 

mixtu;r:e of sr89 and sr90 
formed by .nucl~~r fission o ·S~~~e · ~r9° ·decay~ to 

a radioactive daughter, y90, with a'.'&;_·~ourha;f-ll.fe, a~l samples were 
. ' '•: ·+- : - ·~ . ' 

held for 24 days before coUnting so that equilibrium might be attained~ 
. ' .. '90 ': .. ·. ,. i. '. 

and any Y present at the time of the experiment would have decayedo A 

dose of approximately 5 microcuries of radiostrontium in Oo25 mlo neutral 
I . 

'•. ;_.· 

isotonic saline was injected intraperitoneally into each animalo 

The dose of radioactive calcium used contained 5 microcuries 

45 
of Ca with L25 mg" Ca as calcium chloride in Oo25 cc of solutiono 

•.: ~_',! <t }'t~! I(·. 

This was administered by intravenous injection o The amount of' carrier 
·:: .• l .:~ . .-; . i. : . : ' .'",.t ... •'· 

calcium present was found to be sufficient to raise the 
'·. . ,·· . ' 

-~ • • ·' ~·. 1. :·:r;~_ r;L J 1 • ~ • • : • • : • 
• t . '. ·, ' 

level of serum 

calcium aa much aa 25%, but later experiments with high specific activity 
' £ : • i . .. . l • ' ; ·, •.•• ~ 

calcium (OoOl mgo Ca per ~icrocurie} indicated t~t thie amount of ~arrie~ 
' .. ' 

had_no significant effect on the distribution and excretion of' the iaotopeo 
. ' 

Animals~ . The adult animals were mature female rata of the Long-Evans 
. .. · .. 

at~in, from 6-12 months oldo These were raised and maintained on the 
. . ~ ; :-: .: · .. ,. 

.··.' 
:regular stock dieto Skeletal growth was at a minimum in these animalao 

The animals with low phosphorus rickets w~:re prepared a~c~rding 
.. , . 

to the method described by Coleman et al (3)o These were weaned at 21 days, 

and fed a diet high in calcium (Oo43~) and very l~win phospho~s (Oo03'-') 

for 5-6 weekao They were 9 weeks old and wei.ghed appro~imateiy 90-100 grams 

at the time of the injection of radiocalcium or radioetrontiumo 

The young normal animals were fed a'' complete diet from weaning. 

until they were 7-9 weeks old, at which time they weighed approximately 

200 grams. They were then injected with the radiocalcium or radioatrontiumo 

1~. 
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Procedure: After injection of the ra.dioacti ve isotope J> the animals were 

placed in individual metabolism casesp and urine and feces were. collected 

separately. The rats were sacrificed at various time intervale from a few 

minutes up to 16 days after the injection. In all, 273 animals were used. 

At autopsy)> the femur was removed and analyzed for radiostrontium 

or ra.diocalcium; the total amount in the skeleton was estimated according 

to the method described by Jones and Copp (8). An a.liquot of serum was 

8 45 analyzed, and the total serum Sr 9r9° orCa was estimated using the 

value of 2.4~ of body weight reported by Berlin et al (10). 

The results are shown graphically in Figs. 7-12. Each.point 

represents the· avera~ 'or values from 4·-8 .animals. 

A. EFFECT ON THE METABOLISM ~F RADIOCALC!UM. 

Serum Fig. 7 shows the amount of radiocalcium present in the serum 

during the first 4 h()U:rS following intravenous injection. The fall is 

rapid in all three groups, but is relatively slower in the adult animals, 

and remains at a conSistently higher ·1e-vel. This reflects the slower 

removal b·y ·skeleton :and. kidney 1-n the ·adults. 

Skeleton The radioealcium presen.t '.in' the skeleton during the first four 
+· .• ' . 

hours is shown in Fig._ 8, and for the first 16 days is shown in Fig. 9. 

It is apparent that the initial. ·uptake by the bones. of' both normal and 

rachitic young anima+s is very rapid·.· However, while the isotope appears 

to remain fixed in. the skeleton of the normal animals, it is .rapidly lost 

from the bones of the animals with low.phosphorus rickets. This agrees 

with the findings with radlostrontiutn, and suggests a very labile calcium 

fraction in bone which rapidly reaches equilibrium with the serum ra.diocalcium, 

and declines as -the isO"tope is excreted in the urine and the serum level falls. 

The ratio of ca45 in bone to that in serum .indicates that some .15~ of the 
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bone calcium is in this "labile" fractiono . The.signJfica11ce of this fraction in 

the calcification mechanism merits .further investigation o In the adult 

animals, the uptake by th~ skeleton is much slowe.r$ reaching a maximum at 

2-4 hours as has been observed py Norris et al, ( 11) o It then declines 

slowlyo The uptake probably reflects ion exchange with the calcium. already 

present in bone salt, since there is little or no new bone formation in 

these animals" Less than Oo5~·of the bone calcium appears to 'be involved 
•' 

in this reactiono 

Urine (Figo 10) The excretion of .radiocalcium was similar in both young 

and adult normal animals, but was tremendously increased in the. rata with 

low phosphorus rickets o "RenaL serum Clearances" were calculated. 12 h6u~e 

after injection by dividing the rate of urinary excretion ~t this time:· by 

the total serum radiocalcium, and expressing the result a·s per cent· o:f the. 

total serum in the body "cleared" o.f isotope 'by urinary excretion per · 

minute·o · For normal young animalsS> the average ~lue was oofi{o per minb.~i .· 
- -

for the normal adults it was 2oO~ ·per minute; while .for the grQup with 

low phosphorus rickets the clearance w~s .14~, or Ool6 cc/100 sq. em~ body . 

surface /min o 

This may be compared with the . values. for inulin clearance or -. · 
. 2 

glomerular filtration rate of Oo23 cc/100, cmo /mino reported by Friedman 

et al (12) o It suggests that there ,is. very ;Little reabsorption .of calcium 

by the renal tumulee in theee.animalso 

The high urinary excretion ~nd renal serum clearance in these 

rachitic rats, deepi te a normal level· of blood calcium~ suggests that 

there is a direct effect on calcium clearance by the kidneyo Th1s may l)e 

associated with the low level of inorgan_ic blood pboapha te in these animals o 

't: 

/ 
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Feces (Fig. 11) The fecal e'xc~·tion of radiocalcium was low in the young 

normal animals .s> and almost inaigni ficant in the rachitic group. However, 

it was relatively high in the adult animals~ and accounts for most of the 

45 
Ca lost from the skeleton. 

Conclusions~ Ion exchange is undoubtedly an important factor in the uptake · 

of radiostrontium and radiocalcium by the skeletbn, and is perhaps the 

only one of significance in the adult animals. However~ in the young 

animals~ rt does not appear to be the only mechanism. The very rapid 
I 

initial uptake in the normal young animals» with fixation and very slow 

loss argUes against an exchange proceaa.s> and in these animals much of 

the radiocalcium is probably incorporated in new bone salt. In the 

rachitic rate~ the initial uptake is equally rapid,~~ but there is no 

fixation, and the loss from the skeleton is also rapid. This suggests a 

I 

small and very labile calcium fra.ction in these animals. 

This labile calciumi which amounts to some 15~ .of the total 

calcium in rachitic bone.~~ may represent exchangeable calcium on the 

surface of the bone crystals. .Radioautographs of femurs taken 1 hour 

after injection» when the Ga 45 tn :rachitic bone is at a maximum,~~ show the 

radiocalcium.only. in areas in which bone salt is present,~~ with none in 

the uncall"!ified osteoid ma.trixo As the serum level of ca45 continues to 
. . 45 . . 

fall, a.s the isotope is poured out in the urine)) the ca in the labile 

bone fraction will fall with.it,~~ since they are in equilibrium. -

Of particular interest is the relatively high renal clear:ance 

of calc(ium in the rachitic animals. Since previous experiments have 

indicated active absorption of radiostrontium from the intestinal tract 

of these anima.ls 9 it would appear that high urinary excretion is a more 

i'II!-portant factor in the negative calcium balance in these animals than is 
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impair~d absorption from the intestinal tracto 

B o EFFECT ON THE METABOLISM OF RADIOSTRONTIUM 
'' 

The results of these experiments with radiostrontium have been 

reported by Jones and Copp (8)o Following intraperintoneal injection of­

~:B9.,90, the plasma level rises during the first 15 minutes., as the radio• 

strontium is absorbed from the peritoneal cavityo It then falls'rather 

rapidly in_the young and rachitic animals; more slowly in the adulteo 

Indeed, the'plaama radiostrontium in the latter remains 5-10 times the 

value in the younger animalao This may be explained by slower removal 

by skeleton and kidneyo 

The level of sr89 9 90 in the skeleton is shown in Figo 12o As 

was observed by Norris and Kieielaki (11)., radiostrontium rapidly concentrates 

in the skeletono The uptake was continuous in the adult animals up to 2 hours» 

and reached a maximum value at 2-4 hours o This may be accounted for by ion 

exchange with bone salt {13)o In young animals" the initial rate of uptake 

was five times as great, and the maximum was reached within 30 minuteso The 

radiostrontium remained ·fixed in the skeleton.~> and very 11 ttle lose was 
. . . \ 

ob~~rved even 4-8 days after injectiOn o It is probable that this rapid 

uptake and fixation is associated with incorporation of the strontium in the 

newly formed bone salto 

The same initial rapid uptake was observed in the raChitic animals, 

and the maximum reached, was similaro However, this was followed byactive 
. . 

removal from the skeleton" eo that at the end of 24 hours, less than 1/3 of the 

radiostrontium originally present at 1 hour was still left in the boneso 

This was associated with a. tremendous excretion of radiostrontium in t}le urineo ,.. 

New bone salt is not formed in these rachitic animals~ so that radiostrontium 

cannot be incorporated in this form9 although ion exchange with existing bone 
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salt may ta.ke place as it does in the adult. The evid~nce suggests that the 

initial rapid uptake is due to a labile combination with bone~ from which 

the radiostrontium is readily ·released in the rachitic animal. This may be 
' 

due to exchange with labile calcium on the surface of the crystals of bone 

salt, or may be an initial step in the calcification process. As with 

radiocalcium, radioautographe showed that even at the time of maximal 

uptake, radiostrontium was deposited only in bone salt., with none in 

uncalc ified osteoid. matrix 0 

In the young animal, very 11 ttle radiostrontium was ,lost in the 

' urine in contrast to tbe rachitics, in which a large part of the dose was 

eliminated by this route within 24 hours. Plasma clearances were calculated 

bydividing the excretion rate (determined graphically) by the radiostrontium 

level in the plasma~ Since there was great divergence in the weights of the - ' ' . 

animals in the different groupe, consistency was obtained by expressing the. 

clearance as the per cent of the total blood 'plasma "cleared" of radiostrontium 

by urinary excretion per minute.so rather than the more usual cc of plasma 

"cleared" per minute • 

Plasma clearance was similar in both young and adult normal 

animals~ with approximately 1 per cent of the blood plasma "cleared" per 

minute. In the rachitic. rats.,· tbe plasma clearance was 10..:15 times g:rea ~r 

than in the normals.~~ indicating ~.di-rect effect of this condition on the 

exc:retion of radio:etrontium by t.he ki(lney •. ~is may be associated with the 

low level of inorganic phosphate . in the .blood of these animals · ( 5) o 

SUMMARY 

L Radioe~lcium and radiostrontium a:re removed from the plasma much more 

slowly in. the adult animals than in the other two groups. 

2. The uptake of radiocalcium arid radiostrontium by adult bone is continuous 
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for the first 2 hours~ and reaches a maximum within 4 hourso 
:.· !;····. 

··:·· :. ~; -;. ' ... 

3o. Skeletal uptake of radiocalcium and radi'oatrontium ia much more rapid 
(. ·,. 

in the young ani mala 9 reaching a maxim~ ~ithin 30 . .. 60 minu~·e o The 
·; -~ 

deposited isotope appears to remain fixed in the boneo 

4o In rachitic rate 9 the rapid initial uptake was similar to that in the 

normal young animals, but -was followed by active. loss from the ~keieton.s> ·. 

eo that only 1/3 was left at 24 hours.s> a~ leas than 1/5 at 16 dayeo 

This suggests a labile combination with bone 9 possibly due to exchange 

with labile calcium on the surface of the crystals of bone sal to 

5o A large part of the dose of :radiocalcium and radiostrontium was ex­

creted by the rachitic rat!!l within the first 24 hours.~> and the plasma 

clearance was 10-15 times ae; great aa in the normal aninialejl approaching 
. '.' 

the glomerular filtration :rateo This appears to be due to a direct 

effect of low phosphorus rickets on excretion by the kidneyo 
·.:.-;:. 

. . '· : ' :~. 

. .• . 

III o EFFECT OF A LOW PHOSPHORUS;- ;DIET _ON::THE EXCRET!ON OF RPJ)IOCALCI:tn-1 AND 

RADIOSTRONTIUM a 

Day and McCollum.: .. (l4} obaerv:ed marked bone resorption and 

negative calciu."'l :b~:Uanc:e in rater reared on a. diet de-ficient in p},lospho;.u~<· 

They f'el t that the bone resorption was neceeaary to provide phosphorus. for 

the eeeential needs of the soft tiaa.uee o So severe was the deficiency tlu3,t 

the animals died after 8-10 weeks ,from collapse of 'the softened, rib ca~ 

and reap ira tory failure-a· 

The marked reduction in the retention of ra.diocalcium and . ' . . . ' 

radiostrontium in ra.chi tic:. bone has already been diacueaed o In the fol­

lowing experim~nta the isotopes were ,injected, into • normal young 21 day old 

rate, or into mature adult :rates and the-animals were. then changed, to a 

.. 
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diet low in phosphorus. 

The previous experiments have .sho'Wl'l that a large part of the dose of 
. • I ' 

45 ,89 90 ' '' 
Ca .or Sr ~ · ia deposited in the skeleton of the normal animals within 

2-4 hours after injection. Following this period~ half the animals in 

each group were, changed t.o a .diet very low in phoephorue (0.01~) while 

the remainder were retained on ·the complete control diet. The animals . ., 

were placed in metabolism cages and the u~ine and feces were collected 

separately at daily :intervale for ')0 days and a.na.lyzed for ca45 or sr89~9°. 

At the end of this time 9 the anima.le vere sacrificed. The carcass was 
\ ' . 

45 ~p90 
analyzed for residual ·ca.· or Sr .• 

! 

From these valuesj) the quantity of radiocalcium or radio-·-· . 

etrontiu111 remaining in the skeleton at different times was calculated and 

p~ot~d on eemi:..log paper against time. The clirvea are shown in Figs.l)-15. · 

~· Fig. 1) shows the effect of the low phosphorus diet on the 

' 45 I 

ca · retained by .young rats. By the end of the E1econd day :i the excretion 

of radiocalcium is higher in the ~nimala fed the low phosphorus dietj) and 

continue!!! at a much higher rate for the duration of the experiment. After 

45 
two weeksj) th~ biological half-life of the Ca ie 37 days in the animals 

on. the low phosphorus diet as comp~red to 236 days in the c_ontrols fed 

the complete diet: The actual excretion was 5-6 times aa great in the 

anima.le on the experimentai diet. 

Simpar curves for the ad u.;L t animals are given in 'Fig. 14. 

The excretion during the first week wae much greater than in the youngi 

as was observed earlier. However.~> the low.phoeph~rue diet did enhance the 

excretion '.of Ca 
45 ~ and the biological half-life waa reduce'd from 164 to 

'· 

62 days. 

it 

89 90 ' The curves for Sr ~ in young animals are shown in Fig. 15. 
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Tb.e curves .are quite similar to those for Ca 45 ~ and show a marked effect 

of' the low phosphorus diet on tli~ excretion of radioetro11tiu~. '!he 

excreti~n 11! increaaed almost iimnediately ~ and the biological half:life ie. 

reduced from. 350 'to 42' days 0 ' ' ; ' 

The firsteffect'obeervedwhen an animal is restricted to a 

phoephorua deficient diet' 'is a fa.ll in the level of phoepha te in eerum; 

and its disappearance f'rom the urine.' ·The prompt increase in the urinary· 

excretipn of radiocalcdum and radioetrontium euggeete that this ie related 

to th~ fall in aerulll phoepha te and 'may be due to the inc reaeed · renal 

c:le~rance mentio.ned earlier. The increased remova1 from bone suggests ·that 
45 . ., ~ t 

exchange~ at lea~t of' the ·recently depo~i ted Ca i .may be affected by these 

changes in the phoepha te level. · 

A similar experiment wae carried out in which.s> after injection 

of radiocalc:ium~ the animall'!l were changed to a diet'adequate in phosphate 

but very low in calcium. In these animals; the excretion of ca
45 

wae ac~ually 
reduced as compared to the controle. 'This eugge!!lte that a low calcium diet 

would have little value for increasing removal of such ra.dioacti ve alkaline 

~a,~:th meta.iB ae calcium9 etrontium or radium from the skeleton.· 

SUMMARY 

1. Many of the radioactive metals formed in nuclear fieeion are depol'!li ted 

in skeleton. The m.etabolism of ieotopee of alkaline earth metals such 
., 

aa calcium9 strontium and barium is markedly affected by age and low 
• .;,.; • ' I t 

phosphorus rickete 9 while, the metabolism of other heavy metals such 

aB yttrium and cerium is largely unaffected. 
t ~ . . 
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. 89 90 45 Radioautographs of rachitic femur ahow that Sr ~ and Ca are deposited 

88 . . 144 
only in the presence of bone ealt9 wnile Y and Ce and other heavy 

metala are aleo laid dmm in unc.al-::ified osteoid matrix. 

Kinetic etudiee of ekelete.l uptake and excretion of radiocalcium and 

,.radiostrontium ehow con~idera.ble mineral exchange» even in adult rate. 

Skeletal uptake ie more rapid and· greater in growing animals 9 and the 

radioactt::e ieso~opee remain f'ixed in the. skeleton)) presumably by 

. inco:rpo~tion in new bone salt. 
"- , r •, ~!I_ ' .. : " , : 

45 
4. ,.In.rac~itic rate, the initial.uptake by bone is rapid~ but theCa 

'·'' .·. . ' ' ... _ .... ' 
. 89 90 
or Sr 1 

9 
. ie.then rapidly losy..from the skeleton and excreted in 

urine. The vvlabile" fra.ct:l'.on amounts to eome 15% of the b.one calcium, 

and may represent calcium on the surface of the crystals of bone salt. 

5. Renal clearance of ca45 and sr89
)J
9? ie 10-15 times as great as in the 
' 

.no~l ani~ls~ and approaches the g~omerula; filtration rate. This 

could be due to a direct effect of low phosphorus rickets on the kidney. 

45 89990 Wnen norma,l animale are injected with Ca or Sr )J a.nd are then fed 

a diet low in phosphorue)J t~e excretion of the radioactive isotopes in 

urine ie increaeed)J and removal from the skeleton ie accelerated. 
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FIGURE CAPTIONS 
•.f·,.,. : ..•. ,:· ~: :. ; .' ~: ,·· ... ' . ;~ 

'· ' ... ~' ·. 

Fig .. 1· ·SF'emuF from ·a;· young' norma1 ·ra>t>il.njected with ·sr-89 ,90 · and~;;s'acrHTced 1 week 

latero Note the' ·radi~ost:ront;;itiffi· depO'si·ted ·iri ·the shaft- and .. the ca.J;cified 

li'r~as· below the epiphysis~ {Ftom: Hamiltoh, Revo Mod .... :Phys~· 20~ 718 G1948) 

"' ·· cdurtesy o'f AnierJ:can 'Institute 'of' Physics;· Publishers}~. .. ' 

Fig .. 2 

Fig.. 3 

Figo 4 

Fig.. 5 

Femur from a six week old rat with lor phosphorus rickets~: injected with 
I 

sr89, 90 and sacrificed 1 ~eek later.. Note that the radiostrontium is 

deposited in calcified areas only, with none in the uncalcified osteoid 

matrix below the epiphysis., (From Copp~ Axelrod and Hamilton, Jo Roentgenolo 

.2.§.., 10 (1947))., 

Femur from a 9 week old rat with low phosphorus rickets, injected with Y
88 

and sacrificed 1 week later.. Note the superficial deposition of radio= 

yytrium in the shaft, and the heavy deposits of the metal in the uncalcified 

osteoid matrix below the epiphysis., (From Copp, Axelrod and Hamilton,· 

Am. J. Roentgenolo 58, 10 (1947)) .. 

Femur from a six week old rat with low phorphorus rickets, injected with 

Cel44 and sacrificed 1 week latera Note the superficial deposition of 

radiocerium in the shaft and the heavy deposits in the uncalcified osteoid 
I 

matrix with the shaft. (From Copp, Axelrod and Hamilton.~> Am. Jo Roentgenolo 

58, 10 (1947)). 

Femur from an adult rat injected with Am241 and sacrificed 16 days latera 
I . 

Note spotty distribution of the americium within the shaft~ similar to 

the distribution of radioceriumo (From Hamilton, Revo Mod. Phys. 20.9 

718 (1948))o 
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Fig. 6 Higher power magnification of the section of femur and americium radio-

autograph shown in Fig. 5. Note the deposition of americium in the re-

gion around tbe small blood vellels of the cortex of the shaft. (From 

Hamiltonj Rev. Mod. Phys. 20, 718, (1948)). 

Fig. 7 Percent of the administered dose of ca45 in serum following intervenous 

administration. 

Fig. 8 Percent of the administered dose of Ca45 in the skeleton following 

-intravenous administration. : 

Fig. 9 Percent of the administered dose of Ca45 in the skeleton (estimated) 

foilowing intravenous injection. 

Fig. lv Cumulative excretion of ca45 in urine (expressed as percent of the 

administered dose) following intravenous injection. 

Fig. 11 Cumulative excretion of Ca1-~o5 in feces_ (expressed as percent of the 

administered dose) following intravenous injection. 

Fig. 12 ·Percent of the administered dose of radiostrontium in the. skeleton 

'(estimated) following intraperitoneal injection. 

Fig. 13 Percent of the administered dose of ca45 retained by young rats fed a 

normal diet and those fed a diet low in phosphorus. 

Fig. 14 Percent of the administered dose of ca45 retained by adult rats fed a 

normal diet, and by those fed a diet low in phosphorus. 

Fig. 15 Percent of the administered dose of Sr89, 90 retained by young rats fed 
;I' 

a normal diet, and by those fed a_diet low in phosphorus • 
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