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In 1951 there was universal agreement that the bone salt of the
skeleton is in a state of rapid equilibrium with the body fluids, and
that it is therefore impossible to use radioactive isotopes as an index of
the amount of calcium and phosphorus being laid down in bone.

In controversy to this opinion, Carlsson (1951 and 1952) demon-
strated that the deposition rate of bone salt can be determined by
means of the isotope technique.

The difference between these two opinions is of fundamental im-
portance for the undersianding of the metabolism of the inorganic part
of the skeleton. In the present paper the main issue of this controversy
will be discussed.

Some papers by the author (Bauer 1954 a—f) on this subject will be
dealt with in their connection with the main problem.

When radiocalcium or radiophosphorus is administered to rats, the
initial activity uptake is greater in the epiphyseal-metaphyseal ends
than in the diaphyseal portions of the long bones. Thus, twenty-four
hours after the administration of radiocalcium to young rats, Harrison
and Harrison (1950) found about three times more activity per unit
weight of calcium (ash) in the ends than in the shafts of the long
bones. Fourteen days after the administration of the isotope, the same
specific activity was found in the ends as in the shafts of the long
bones. Harrison and Harrison stated that the specific activity of all
calcium in the skeleton would then be uniform and equal to that of
the body fluid calcium.

This interpretation implies that during these fourteen days, all cal-
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cium of the entire skeleton had been renewed. According to Harrison
and Harrison this had been brought about through a rapid, reversible
process in which ions of the bone salt crystals exchange with ions of
the surrounding fluid.

Eighteen days after the administration of P32 to young rats, Neu-
man and Mulryan (1952) found the specific activities of the epiphyseal
and diaphyseal portions of the long bones to be equal. Neuman and
Mulryan believed that the specific activity of all inorganic phosphorus
of the skeleton was then equal and uniform to that of the body fluid
inorganic phosphorus, i.e. an equilibrium with respect to the distribu-
tion of the isotope had been reached.

Neuman and Mulryan assumed that the calcium-phosphorus-salt of
the skeleton is in a state of continual “recrystallization” and that this
mechanism explains the supposed rapid equilibrium between bone salt
and body fluid. {No proper definition of the term recrystallization
seems available. In a recent review Neuman and Neuman (1953) seem
to mean by recrystallization both “surface exchange” and dissolution-
reprecipitation of the bone salt crystals.)

The experiments of Harrison and Harrison and Neuman and Mul-
ryan have lent support to the theory that all the inorganic salt of the
entire skeleton is readily available for ionic exchange with ions of the
body fluids. According to this theory, bone growth (which implies bone
salt deposition and bone salt resorption together with the organic
matrix, and is generally a slower process than the supposed exchange
processes) is of minor importance for the redistribution of admini-
stered radiocalcium and radiophosphorus in the skeleton.

In 1951 this interpretation of skeletal tracer-data had been uni-
versally accepted and is still the basis of the prevalent opinion (at least
in the USA) as evidenced by inter al. Sacks (1953, page 287) who
stated that “. .. the occurrence of chemical exchange reactions between
bone and the ions it yields to solution ... have made it impossible to
use isotopes as an index of the amount of calcium and phosphorus
being laid down in bone.”

Carlsson (1951), on the other hand, demonstrated that eighteen
hours after the administration of the isotope to growing rats the disiri-
bution of radiocalcium was closely related to the growth and calcifica-
tion of the different parts of the skeleton.

Lindquist (1952) made similar observations. Carlsson (1952) also
showed that the uptake of activity in the incisor teeth was an irrevers-
ible process (vide infra) and expressed the view that even in the
skeleton, exchange processes were of minor importance.

In absolute contrast to Carlsson’s opinion, Neuman and Neuman
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in their recent review still maintained that the bone salt of the skeleton
is in a state of “dynamic equilibrium” with the body fluids.

It should be realized that the difference between these opinions is
of fundamental importance for the interpretation of skeletal tracer-
data.

The remark should be made that, concerning the redistribution of
isotope in the long bones, there is a flaw in the interpretation of Harri-
son and Harrison and Neuman and Mulryan: they have not shown that
the specific activity ratio epiphyseal/diaphyseal bone, once it had
reached unity, really remained at this level. This condition is, however,
essential to make their theory plausible (Bauer (1954 a)). The follow-
ing experiment, therefore, was made to find out whether or not the
specific activities remain equal in different bone locations:

Young rats were killed eighteen hours——sixty-seven days following
the administration of Ca*®. It was found that the specific activity ratio
diaphyseal/epiphyseal bone rose from a value below unity to a value
far above this level. This rise was continuous during a period of sixty-
seven days following the administration of the isotope. It was further
shown (Bauer 1954 a and b) that the redistribution of radiocalcium
and radiophosphorus in different parts of the skeleton varied with the
rate of growth of these parts.

The consequence of this finding is that rapid, reversible processes
seem to be of minor importance compared to skeletal growth for the
redistribution of radiocalcium and radiophosphorus in the skeleton:
Isotope, once deposited in the bone salt, is only released to the circula-
tion when the bone salt, containing the isotope, is reached by a resorp-
tion process which removes (dissolves) the bone salt together with the
organic matrix. Such a resorption process is a normal feature both in
growing bone (see Lacroix (1951)) and in mature bone (see Jowsey
et al. (1953)).

Bone salt (calcium), once deposited in the organic malrix of the
skelelon (teeth) is thus relalively unavailable for the supposed ex-
change processes.

The importance of this conclusion was demonstrated by Carlsson
(1952) when from tracer-data he made a numerical computation of
the deposition rate of calcium in the incisor teeth of rats:

Supposing the calcium deposition (formation of bone salt) to be an
irreversible process occurring at a certain, constant rate, the blood
caleium activity curve gives the amount of activity which would ac-
cumulate in the calcified tissues at varying intervals following the ad-
ministration of the isotope. A comparison with this amount of activity
eight hours after the administration of radiocalcium to rats revealed
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that the amount of activity recovered from the incisor teeth corre-
sponded to a deposition rate of about 0.10 mg calcium per hour in the
four incisors. Eighteen hours after the administration of the isotope,
the value computed for this rate was found to be the same as the eight
hour value. This value for the rate of accretion of calcium in the incisor
teeth was found to be in agreement with values arrived at by means
of earlier (morphological) methods.

Carlsson drew the conclusion that an irreversible process accounts
for the uptake of activity in the incisors.

However, during the initial hours following the administration of
the isotope, the values for the deposition rate of calcium, arrived at
with the above method, were found to be higher than the steady value
of the eight to eighteen hour interval. A reversible process might thus
account for part of the activity recovered from the incisors during the
early intervals. The following radiosodium experiment (Bauer 1954 c¢)
demonstrates the influence of a reversible process on the above com-
putation. :

Sodium is present in bone principally in two fractions:

1) The fraction that can be accounted for on the basis of the extra-
cellular water present in bone.

2) The fraction that cannot be accounted for on this basis (“ex-
cess sodium’).

* About sixty per cent of this excess sodium does not enter into ex-
change with the serum sodium as demonstrated by in vivo experiments
with radiosodium.

Following the administration of Na?2 to young rats, it was found
that the non-exchangeable bone sodium is deposited with the forma-
tion of bone tissue (Bauer 1954 ¢ and d). The Na2? incorporated in the
non-exchangeable bone sodium is not removed until the bone struc-
ture is reached by resorption (Bauer 1954 e).

The accretion rate of sodium into the non-exchangeable part of the
incisor sodinm was computed according to the same principle as de-
scribed above. It was found that this computation does not give a true
value for this rate until the amount of activity due to exchangeable
sodium in the incisors was low compared to the amount of activity due
to the non-exchangeable fraction of the incisor sodium.

The period of time following the administration of the isotope dur-
ing which the above computation is influenced by reversible activity
uptake is thus determined by the ratio of the exchangeable/non-ex-
changeable fractions of the total activity uptake in a certain specimen
of bone or teeth. The following factors make this period of time shorter
in a radiocalcium experiment than in a radiosodium experiment. With
radiocalcium there is:
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a) a more rapid fall in serum specific activity,

b) a lower ratio of the exchangeable fraction (including the water
phase fraction) to the non-exchangeable fraction.

A knowledge of these relations permits a computation of the rate
of formation of tissues from tracer-data (probably not only in the
calcified tissues).

The difference in mode and rate of growth within a bone is visual-
ized by a series of Na22 radio-autograms (Bauer 1954 e). The auto-
grams serve to confirm the opinion that sodium, incorporated within
the stable (non-exchangeable) part of the bone sodium, is not removed
until the corresponding bone structure is reached by resorption. This
finding suggests that at least part of the bone sodium is located in the
bone salt crystals (as is the opinion of Engstrém (1953) and not only
on the surfaces of these crystals (as was maintained by Hendricks
(1952)).

Earlier methods for the determination of the dynamiecs of bone
growth and bone repair (chiefly histological methods including vital
staining and X-ray investigations) can seldom estimate the relative
or absolute rate of bone salt formation and bone salt resorption. The
radiotracer method was applied to this problem:

Ca*® was administered to rats with a seven-day-old fracture of one
femur shaft (Bauer (1954 f)). It was found that the isotope technique
permitted a computation of the rate of bone salt formation both in the
intact and in the fractured shaft. The rate of calcium deposition in the
fracture callus was determined even during the period of rapid in-
crease in this rate. It was further found that the bone salt of the frac-
ture callus stays unremoved by any resorplion process at least during
the initial four to five days following its formation.

In the metaphyseal area adjacent to the fractured shaft, the rate
of bone salt deposition seemed to be relatively unaffected by the
trauma whereas the rate of bone salt resorption was enhanced.

These interpretations conflict with the opinions of earlier investiga-
tors (Bohr and Segrensen (1950), Wilkinson and Leblond (1953)), pre-
sumably because these have expressed the uptake of activity in terms
of activity per unit weight of calcium (ash) instead of in terms of
absolute activity uptake. With a normal deposition rate of bone salt,
a higher initial specific activity will be reached if the removal rate of
bone salt is increased than if the removal rate of bone salt is normal.
(It seems possible that this explains why Wilkinson and Leblond found
a higher specific activity in the metaphyseal bone of the fractured
femur than in that of the intact femur in spite of the fact that in their
radio-autograms they found the same degree of blackening.)
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Even in the tibia of the fractured side a distinct effect on the de-
position and removal of activity was caused by the femur fracture.

In this paper (Bauer 1954 f) it was pointed out how, under certain
conditions, the aclivity ratio of any lwo specimens of the calcified
tissues will give the ratio of their respective rates of bone salt de-
position.

This method of computing the deposition rate of bone salt in the
skeleton is easier and more accurate than earlier methods. It is ap-
plicable to problems which have as yet been impossible to solve: The
accretion rate of calcium in a healing fracture has thus not bheen
possible to determine with earlier methods. Preliminary data suggest
thatl this method will give a better understanding of the influence of
various factors on the normal process of bone growth and fracture
‘healing.
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