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Interest in strontium and its relation to cal-
cium metabolism dates back over 20 years. At
that time, radioactive calcium (Car) was rela-
tively unavailable. It was thought that radio-
active strontium (Sr7), which was more readily
available and which can be detected more simply,
might serve as a substitute tracer for Car.
Early experiments (1-3) confirmed this notion
in a general way, and several investigators (4-7)
have subsequently proceeded on the assumption
that Sr behaves like Ca in the body. Although
the urinary excretions of Sr and Ca were found to
differ, it has been assumed or demonstrated that
as far as the skeleton is concerned, differences in
the biological behavior of Ca and Sr are small and
perhaps negligible (4, 8-15).

Intrinsic interest in Sr was heightened when it
was found to be an important product of fallout
resulting from the explosion of nuclear devices
in the atmosphere. Protection against Sr fall-
out depends on adequate knowledge of the me-
tabolism of this nuclide, and in the last decade,
a large number of studies have been published
that deal with various aspects of Sr metabolism
(16).

Clinical interest in Sr developed when Shorr
and Carter (17) proposed treating patients with
postmenopausal osteoporosis by giving them Sr
supplements in the diet (18). Sr rickets has
been known since the early work of Lehnerdt
(19, 20) and has been studied subsequently (21).

To use Sr as a tracer for Ca requires detailed
knowledge of the metabolism of these elements.
Knowledge of Ca metabolism has progressed
considerably in recent years, so that a formal
analysis of the metabolic behavior of this element
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is now possible. Thisis not true for Sr for several
reasons. Sroccursin the body in only very small
quantities, and its concentration in various tissues
is known with only moderate precision (22).
Analytical techniques for precisely analyzing
small quantities of Sr have been developed only
recently (5,7, 23). In contrast with Ca studies,
Sr concentration in kinetic studies with Sr™ has
generally not been expressed in terms of specific
activity (units of radioactivity per unit of mass),
the only valid independent parameter. Rather,
investigators have used various devices for ex-
pressing their results. These have generally
fallen into four categories: I) units of radio-
activity per tissue (e.g., percentage of dose in
liver); 2) units of radioactivity per unit of Ca
(e.g., percentage of dose per milligram of Ca);
3) units of radioactivity per liter of plasma or per
liter of plasma cleared per unit time (e.g., per-
centage of dose per liter of plasma); and 4) the
observed ratio, i.e., (Sr7/Car) tissue/(Sr7/Ca")
source, a measure of the relative extraction or
concentration of Sr with respect to Ca (24).

The theoretical and practical difficulties in-
herent in any one of these modes of expressing
results are apparent and will be discussed. We
allude to them here to point out that what would
appear to be the most direct experimental ap-
proach to compare Ca and Sr metabolism, i.e., a
parallel study of Ca” and Sr" metabolism in the
same individual, is also beset by the problem of
expressing the results in equivalent terms.

This paper presents an analysis of findings ob-
tained in parallel experiments, i.e., studies in
which Ca* and Sr®® were injected intravenously
into the same individual before and after treat-
ment thought to affect Ca metabolism. It
proposes a method of expressing results that is
independent of the scheme of either Ca or Sr
metabolism, but that allows a quantitative
comparison of the metabolic behavior of these
nuclides. It will be shown that Sr is not a tracer
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for Ca in a given individual, whether the analy-
sis is general or restricted to what happens in
bone. It will also be shown that this lack of
parallelism in an individual may not apply to
groups of patients. A preliminary account of
this work has been given (25).

METHODS

Experimental. The experimental approach and mode of
analysis of Ca metabolism have been described in detail
(26-28). In brief, a patient was admitted to the metabolic
ward on an analytically verified intake of Ca. Ca output
in urine and feces was measured throughout the period of
study. After a period of adjustment, which was never less
than 5 to 6 days, a kinetic study was initiated. Ca?® and
Sr# were injected intravenously at the same time, and
their output in urine and feces was measured for several
days thereafter. Some time after completion of this first
phase, treatment was begun in some patients, and the
kinetic study was repeated several weeks later.
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Table I summarizes the clinical data and treatment, as
well as certain of the parameters of the Ca metabolism of
the eight patients studied. For the four young patients
with scoliosis, all of whom had been studied first while
ambulatory, treatment consisted of immobilization in a
plaster cast equipped with turnbuckles. Treatment of the
three adult women with osteoporosis was 0.5 mg diethyl-
stilbestrol daily by mouth.

Ca analysis of urine and of ash solutions of stool and diet
was performed by precipitation as the oxalate and titration
with perchloratoceric acid (29). Ca% analysis was per-
formed by counting precipitates of Ca oxalate in an auto-
matic flow counter (27, 29). Sr® activity was measured
in a scintillation well-counter connected to an automated
sample-changing device. The patients received approxi-
mately 5 uc of either nuclide per kinetic study.!

1 Radioisotopes were purchased under license from the
Oak Ridge Installation administered for the U. S. Atomic
Energy Commission, Oak Ridge, Tenn. In the early
studies, Sr8 was also purchased from the Nuclear Science
and Engineering Corporation, Pittsburgh, Pa.

TABLE I

Summary of clinical data and parameters of calcium metabolism*

Patient Study Clinical Fecal Ca
no. no. Age ‘Sex Wt diagnosis Treatment Ca pool Ca intake output
yrs kg P mg vi mg/dey  vr mg/day
B Scoliosis None 6,098 1,159 862
3 17 M 76 and hyper-
F calciuria Immobilization, 5,586 1,070 912
9 mos
C None 4,566 961 826
4 16 F 48 Scoliosis
D Immobilization, 3,623 988 857
2 wks
A None 3,086 791 707
7 74 F 54 Osteo-
C porosis
Estrogen, 4,630 793 692
2 wks
A None 3,968 786 483
8 14 F 43 Scoliosis
C Immobilization, 5,000 808 548
6 wks
B None 4,785 1,461 1,229
12 D 23 M 68 Scoliosis Immobilization, 4,739 1,467 1,417
3 wks
F Immobilization, 5,780 1,221 1,028
5 mos
13 A 65 F 66 Paget’s None 5,714 968 991
disease
15 C 70 F 49 Osteo- Estrogen, 2,565 557 516
. porosis 3 wks
B Osteo- None 2,165 344 349
20 58 F 59 porosis(?)
C Estrogen, 1,949 381 313
3 wks

* All remaining parameters of the calcium metabolism of these patients may be calculated (26, 27) with the aid of
P. v, vr listed above and the rate constants shown in Table II,
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Fi1c. 1. CUMULATIVE EXCRETION OF SR8 IN URINE
AND FECES AND TIME—COURSE OF LOG 1 — (R.J]o!)/ (Rumax)
AFTER AN IV INJECTION OF Sr% (Study 20B, Table II).
R.Jot = cumulative radioactivity (percentage of injected
dose) in urine. Ry, = maximal quantity (asymptote)
excreted in urine. Rpy,, = maximal quantity (asymp-
tote) excreted in feces.

Theoretical analysis. When high specific activity Srr is
injected intravenously in human subjects, the time-course
of the radioactivity in the blood between 0 and 7 days,
expressed as counts per minute per milliliter of serum, can
be described as a series of four exponential terms, the first
three of which become negligible after 1 to 2 days (30).
In other words, the monoexponential portion of the experi-
mentally determined Sr disappearance curve is represented
by

Rp = Ae™, [1]

where Rp is concentration of Sr™ in blood (expressed as
percentage of dose per liter of plasma), and 4 and a are
positive numbers.

After an iv injection, a portion of the injected radioactiv-
ity is excreted in the urine and another portion in the stools.
Let R, = radioactivity in urine and Rr = radioactivity in
feces. If the collection is extended long enough, e.g.,
> 9 days, the amount of radioactivity circulating at that
time becomes negligible and the amount of radioactivity
excreted thereafter is small (Figure 1).

If it is assumed that essentially all Sr™ not recovered in
either urine or feces is in the skeleton, one can write

Ro+ = Ri — (R.J® + Rr]?) [2]
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where R,+ = the amount of radioactivity in the skeleton
and R; = the amount of injected radioactivity. (A more
extended theoretical discussion of this approach is given
by Aubert, Bronner, and Richelle [26].)

These experimental facts can correspond to two different
systems (Figure 2). In the one system, there is a central
pool with size remaining constant and specific activity
decreasing with time. The other has no central pool of
constant size, and the circulating mass decreases with time,
the specific activity of the circulating mass remaining con-
stant.

To establish one or the other hypothesis experimentally
would require a formal study of Sr metabolism, i.e., meas-
uring its concentration in accessible body compartments
and fluids, its rate of ingestion in the food, and its rate of
elimination in urine and feces. The analytical difficulties
of measuring Sr chemically are well known, so that the task
entailed in such a program is hardly justified if there is no
intrinsic interest in Sr metabolism.

It is possible, however, to analyze experimental results
of Sr metabolism and to compare them with those of Ca
metabolism regardless of which scheme of analysis, with
or without pool of constant size, is chosen for Sr. This is
done by characterizing each of the three routes of loss by a
rate constant k, which is defined independently of the
scheme of analysis chosen.

In the system with a central pool of constant size (26),
the rates of loss from the pool, v, for the urine, vy for the
endogenous fecal loss, and v, for the skeleton, are con-
sidered constant during the experimental period.

Let P = the mass of the pool, and M,, My, M,+ = the
corresponding amounts lost from the pool to urine, feces,

In system with pool
a) specific activity varies with time
b) pool size remains constant

st RV
Aeat-? Pt

Bone

Feces
VT=Vu +Vf +V0+

- v ' +
At = Ae( 4 g+ YO) ¢ etk + i + oot

In system without pool

a) specific activity of circulating
mass remains constant

b) circulating mass decreases

with time

Urine Bone

Ae-at = Me Kt = me-{ku + kf + ko +) t Feces

F1G. 2. TWO DIFFERENT SYSTEMS, BOTH OF WHICH CAN
BE REPRESENTED BY A MONOEXPONENTIAL DECREASE OF
PLASMA RADIOACTIVITY, EXPRESSED IN UNITS OF RADIO-
ACTIVITY PER UNIT VOLUME OF PLASMA.



1098

and bone during time f. The rates are then defined as

follows:
aM. _
=gt =— kP, [3a]
M,
v =3 == kP, [3b]
and
oy = d%"* =— kotP, [3c]

where the various k’s have the usual definition of a rate
constant (1/time). Inasmuch as P is constant, the vari-
ous rates v are necessarily constant as well.

When a radioactive tracer is introduced in such a system,
the time-course of the disappearance curve can be expressed
by a relationship like Equation 1,

R:
Ry = ?' e—(vT/P)ty

[4]

where R,z = the specific activity of the element in the
serum, R; = the amount of injected radioactivity, and
P = the pool size. vr =the sum of the component
losses from the pool,

(5]

By combining Equations 4, 5, and 3, a to c, one obtains
the relationship

vr = vy + U5 + Yo+

R;
= 22 o lutkythonyt, 6
ROB P [ ]
which expresses Equation 4 in terms of the rate constants.
Equation 6 can also be written as

Ry = % e Kt

7]

where
K = ku + kp + ko+- [8]
In the system without a central pool of constant size, the
amounts, in mass, excreted in urine and feces and deposited
in time dt are proportional to the circulating mass M which
varies in size with time. One therefore writes:

aM,

= k.M, [9a]
aM; _
3 = kM, [9b]
and
aMo+ _ _
@ = ko+ M. [9c]

These equations are identical with Equations 3, a to c,
except that v,, 97, and %+ can be defined only as instantane-
ous and no longer as average rates, because M is a continu-
ous function of time.

As urine, feces, and the skeleton are the only routes of
loss, one can write:

dM, + dM; + dM,+ = dM, [10]
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where d M is the total amount lost from the system in time
dt. By combining Equations 9, a to c, and 10, one obtains

O = (b + by + ko). (1]
Integration of Equation 11 yields
M = Moe-(k,,+k/+ko+)t, [12]

where M° = the mass at { = 0, and M is the mass circulat-
ing at time ¢,

If M°att = 0is labeled with a tracer R; (the amount of
radioactivity injected), the specific activity (Rsp) at ¢ = 0,
expressed as percentage of injected dose per unit mass, is
given by
R;

R = 3o

[13]
In a system without central pool of constant size, this
specific activity remains constant throughout the experi-
ment. By combining Equations 12 and 13, one obtains
the amount of radioactivity, R, circulating at time #:
R:

R = 22 MO utksthont = Rie—(kutks+kor)t,

i [14]

If Rp is the amount of circulating radioactivity per unit
of plasma volume, the time-course of this parameter can
be expressed in terms of Equation 14 as follows:

R R;

R;
Rp === T e—(kutksthot)t = T' Kt

)i [15]

where L = total apparent volume of distribution of the
circulating mass (units of plasma volume) and K is defined
by Equation 8.

Equation 15 is of the same type as Equation 7 and is
identical with the experimentally derived Equation 1.
In both Equation 7 and Equation 15, the apparent volume
of distribution, L, is constant, but in the former the cir-
culating mass is constant as well. It is easy to convert
pool size in Equation 7 to volume of distribution by divid-
ing P by plasma concentration expressed as mass per
volume. Two methods can be utilized to calculate the
rate constants, depending on whether or not the time-
course of the plasma radioactivity is known.

When the time-course of the plasma radioactivity is
known, in counts per minute per liter of plasma, the mono-
exponential portion of the curve is extrapolated to ¢ = 0,
and K and L are calculated (26) ; k, and ks are then derived
as follows:

R.]y% = kuL fi,'2 Rpdt [16]

(173

and
Rrly2 = ksL fi,' Ridl.

Equation 8 is used to derive ko+.

If the amount of radioactivity injected into the experi-

mental subject is too small to yield a reliable plasma disap-

pearance curve, the cumulative urinary output of radio-

activity may be used instead. Substitution of Equation

15 in Equation 16 yields
R;

Ru]o' =k, L+ (1 — e-Kt) = kuRz(l — e—Kl).

T (18]
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When ¢ is sufficiently long, 9 days in the case of Sr*, e7K¢

becomes negligible and R,],t — R Ry, is given by

. Umax*®
the equation

Rupas = kuRs. [19]

By combining Equations 18 and 19, one can write:
RuJot = Rupaz(1 — eXb), [20]

By rewriting Equation 20 in terms of logarithms, one can
solve for K as follows:

Rt _
ln(l - R ) =— Kt.

Umaz

[21]

The measurement of the daily output of radioactivity in
the urine for 9 or more days permits determining R, and
Rypgz ;s this in turn permits calculating K ; k, may then be
derived from the relationship

b = K Rimas,

1

[22]

In order to obtain ks, one writes an equation similar to
Equation 22 for Rp,,,,. Equation 8 is used to calculate
koy. Figure 1illustrates this method of calculation. It has
been used in this report to derive the values for Table II.

It follows from what has been said that the time-course
of the concentration of Sr* in the plasma may reflect two
entirely different metabolic schemes, one with and one
without a central pool of constant size (Figure 2).
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Eisenberg and Gordan (7) injected stable Sr into a
variety of patients and observed a monoexponential de-
crease of the plasma Sr concentration after 1 to 2 days.
Hence their data can be analyzed according to the system
without a Sr pool of constant size. Eisenberg and Gordan
treated their data as if the stable Sr they injected were a
tracer of Ca, just as other workers have used Sr™ as a Ca
tracer. This assumption is without experimental veri-
fication.

The use of rate constants avoids the need for making
such assumptions and has the following advantages. The
rate constants are identical, whichever of the two possible
schemes is true for Sr; they can be calculated without refer-
ence to the metabolism of any other element, particularly
Ca; and they can be compared formally and without any

theoretical restriction to similar rate constants calculated
for Ca.

RESULTS

Table II lists the results of parallel intraven-
ous experiments where Ca* and Sr®® were
injected simultaneously. Table III lists the
values for the same experiments, but expressed
as percentages of injected dose. Multiplying K
for a given study in Table II by the correspond-
ing values for percentage of dose in Table 111

TABLE II

Rate constants for strontium and calcium in simultaneous human studies*

Patient Study Kot Furie o Fbone

no. mo. S Ca  Sr/Ca St Ca  St/Ca St Ca Sr/Ca St Ca  St/Ca

3 B 0.39 0.27 1.4 0.20 0.055 3.6 0.027 0.031 0.9 0.16 0.18 0.9

F 0.34 0.26 1.3 0.14 0.062 2.2 0.017 0.012 1.4 0.19 0.19 1.0

s C 0.48 0.23 2.1 0.24 0.042 5.7 0.048 0.035 1.4 0.20 0.17 1.2

D 0.48 0.33 1.5 0.29  0.069 4.2 0.062 0.060 1.0 0.13 0.20 0.7

A 0.39 0.26 1.5 0.051 0.021 2.4 0.043 0.045 1.0 0.30 0.19 1.6

7 C 0.32 0.23 1.4 0.022 0.016 1.4 0.051 0.026 2.0 0.28 0.19 1.5

A 0.39 0.36 1.1 0.16 0.050 31 0.066  0.050 1.3 0.17 0.26 0.6

8 C 0.37 0.30 1.2 0.22 0.090 24 0.022 0.033 0.7 0.13 0.18 0.7

B 0.23 0.24 1.0 0.044 0.017 2.6 0.025 0.029 0.9 0.16 0.19 0.8

12 D 0.30 0.24 1.3 0.11  0.038 2.8 0.042 0.043 1.0 0.15 0.16 0.9

F 0.28 0.24 1.2 0.064 0.012 5.3 0.042 0.034 1.2 0.17 0.19 0.9

13 A 0.23 0.30 0.8 0.051 0.033 1.5 0.025 0.021 1.2 0.15 0.26 0.6

15 C 0.23 0.19 1.2 0.076 0.032 2.4 0.041 0.051 0.8 0.11  0.11 1.0

B 0.16 0.17 0.9 0.032 0.027 1.2 0.011  0.031 0.4 0.12 0.12 1.0

20 C 0.30 0.18 1.7 0.090 0.026 3.5 0.045 0.030 1.5 0.17 0.11 1.5
Mean 0.326 0.253 1.31 0.119 0.039 2.95 0.0378 0.0354 1.11 0.173 0.180 0.99

* Values for rate constants in days™.
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TABLE III
Distribution of percentage of injected dose*

Patient  Study Urine Feces Bone
no. no. Sr Ca Sr/Ca Sr Ca Sr/Ca Sr Ca Sr/Ca
B 52 20 2.6 7 11 0.6 41 68 0.6
3 F 40 24 1.7 5 5 1.0 55 72 0.8
C 49 18 2.7 10 15 0.7 41 67 0.6
' D 60 21 29 13 19 0.7 27 60 0.45
A 13 8 1.6 11 18 0.6 76 74 1.0
’ C 7 5 14 16 11 1.5 77 84 0.9
A 40 14 2.9 17 14 1.2 43 72 0.6
s C 59 30 2.0 6 11 0.5 35 59 0.6
B 19 7 2.7 1 12 0.9 70 81 0.9
12 D 36 16 2.3 14 18 0.8 50 66 0.8
F 23 5 4.6 15 14 1.1 62 81 0.8
13 A 22 11 2.0 11 7 1.6 67 82 0.8
15 C 33 17 1.9 18 27 0.7 49 56 0.9
B 20 21 1.0 7 16 0.4 73 63 1.2
20 C 30 16 1.9 15 18 0.8 55 67 0.8
Mean 34 16 2.1 12 14 0.9 55 70 0.8
* The values reported are maximal values calculated from cumulative excretion measurements. Bone uptake =

100 — (urinary + fecal excretion).

will yield the fractional rate constants, k., &y,
and k,,, shown in Table II.

Table II shows that the most consistent differ-
ences between rate constants were observed for
kurine. The kg, was always larger than the k,,,
their ratio varying from 1.2 to 5.7, with a mean
of 2.95. Moreover, this ratio varied for a given
patient. Ko also was rarely the same for the
two nuclides, the ratio of Kioal s:/Ktotal Ca
varying from 0.8 to 2.1, with a mean of 1.31.
This ratio, too, appeared to vary unpredictably
in a given patient and between patients. The
rate constant for Ca and Sr in feces varied rather
less, the ratio of Egeces sr/Riteces ca averaging 1.11,
with a range of 0.4 to 2.0. Finally, differences
between rate constants were smallest for Epone,
the mean ratio of Enone sr/Ebone ca €qualing 0.99.
But even here, this ratio varied from patient to
patient and was not consistent in a given patient.

DISCUSSION

To appreciate the meaning of the differences
and similarities of the values of the rate constants
set out in Table II requires an analysis of the

errors inherent in them. Each of the values re-
ported in Tables II and III is subject to two
types of errors: I) that due to the experimental
analysis and 2) that due to the method of analyz-
ing the data.

Errors due to experimental analysis. The ex-
perimental values reported in Table 111, i.e., the
percentage of the dose recovered in urine and
feces, are derived from duplicate analyses that
differed from their mean by approximately
+ 59,. Hence the percentage of dose in bone,
which is the difference between the injected dose
and that recovered in the excreta, has a relative
error of &+ 29, in the case of Ca and of &+ 49 in
the case of Sr2. The error of the Sr/Ca ratios

2 If the experimental error is & 5%, the absolute error
for the mean urine excretion of Ca* (Table III) is 0.80
(0.05 X 16) and for fecal excretion of Ca*0.70 (0.05 X 14).
The error for the total excretion is therefore 1.5, which
necessarily is the same absolute error for the percentage of
dose in bone [100 — (14 + 16)]. Hence the relative
error for the percentage of dose in bone is & 29, (1.5 X
100)/70. The same reasoning applies for Sr, except that
the total percentage of the dose excreted in urine and feces
is 48; hence, the relative error for bone is larger.
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in Table 111 is about double that of the compon-
ent values making up the ratio.

The values set out in Table II are not only
subject to the analytical errors detailed above,
but also to the error involved in deriving K. In
all cases, the numerical value of K was derived by
the method of least squares applied to the excre-
tion values obtained in the period of 2 to 6 days
following injection of the isotopes; the uncer-
tainty attaching to each is about + 59%,.

By adding this error to the error inherent in
the percentage of dose excreted and in bone, one
can estimate the over-all experimental error of a
given rate constant to be

Ca Sr
k. +109, +109%
kr +109, +10%
Fos + 7% + 9%

Errors due to the method of analyzing the data.
To compare the corresponding rate constants be-
tween patients, the error due to the method of
calculation must be taken into account as well.
The method used was of the same type described
elsewhere as the ‘‘simplified method” (26, 28).

In this method, the behavior of the system is
described by a single exponential term, and losses
from the system prior to homogenization are not
taken into account. As compared to the general
method, based on the complete, multitermed
equation, the simplified method overestimates P
and vy and therefore v,, and v,_. The degree of
overestimation varies in direct proportion to the
magnitude of P and vr, but cannot be predicted
unless both the simplified and general methods
have been applied to the same study. Since this
was not done here, we shall generalize a particu-
lar case.

In a patient whose true Ca pool was 6.5 g, but
whose Ca pool by the simplified method was 9.2 g
(28), we can calculate that by using the simplified
instead of the generalized method, K would be
underestimated by 159, k, by 409, k; by 209,
and k,, by 99,. Although none of our patients
had Ca pools as large as 9.2 g (by the simplified
method), it may be prudent to consider errors of
this magnitude as outside limits.

To compare the rate constant of a given pa-
tient with that of another subject, the error due
to the use of the simplified method (which always
underestimates the true value) must therefore
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be added to the error due to the experimental
analysis.

Because Sr metabolism may be formally de-
scribed in a manner identical with that used for
Ca metabolism, the errors inherent in the analy-
sis of Sr metabolism are the same as for Ca me-
tabolism. Hence, combining the experimental
with the method error, one arrives at the follow-
ing error range for the constants:

Ca Sr
K —5% to +209%, —5% to 4209,
ky —109%, to +50% —109% to +509%,
ks —109% to +309%, —109% to +30%
koy —7% to +119, —99% to +139,

With the ratios of the rate constants, however,
the error due to the use of the simplified instead
of the general method cancels, being identical
and in the same direction for both elements, if
the experiment is done in the same patient.
Hence, the ratios of the rate constants are in
error only by approximately the sum of the
over-all experimental errors of each rate constant,
i.e., Ks;/Kca == 109, kug,/kug, ==+ 20%, ksy./
ko, ==+ 20%, and korg/Rose, =+ 169,

A comparison of the various rate constants
listed in Table II indicates that the mean values
of the different constants vary from one process
to the other, both for Ca and Sr. Also, these
mean values fall within a relatively large range
(Table 1I). With the exception of the rate con-
stants for urine, the ranges of the other constants
are similar for Ca and Sr, and their mean values
are relatively close to one another.

The question that arises first is whether or not,
in a group of subjects as widely different in terms
of Ca metabolism as that studied here, the vari-
ous rate constants for Ca fall outside the range of
the combined error, i.e., over-all experimental
error and mode of analysis. By applying the
error range calculated above to the mean values
of the rate constants of the group, one obtains
the following ranges: Kc. = 0.240 to 0.303
(0.253 — 5% to 0.253 4 209%,); kue, = 0.035 to
0.058; kso, = 0.031 to 0.045; and k., = 0.168
to 2.200.

A comparison of these with the actual values
shown in Table II indicates that 7 of the values
for K exceed these limits (studies 4C, 4D, 7C,
8A, 15C, 20B, and 20C). Similarly, 11 of the
15 values are outside these limits for k,, 8 are
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outside the limits for k;, and 6 are outside the
limits for k,.. Hence, we are dealing with vari-
ations in the rate constants that are outside of
the limits of the experimental error, and the group
can be used for a comparison of the metabolic
behavior of Sr and Ca. Indeed, it would be
meaningless to attempt to compare these in indi-
viduals whose rate constants for Ca did not differ
significantly.

A similar calculation applied to the rate con-
stants of Sr indicates that 9 of the 15 values for
K, are outside the error range, 12 are outside the
error range of k,, 9 outside the error range of %,
and 9 outside the error range of &,,.

When the mean values of the various rate con-
stants were compared, Kc. was found to differ
significantly from Kg: (p = 0.02), as did k.,
from k., (p <0.01). Neither ks, nor ko,
differed significantly from ks, and k., respec-
tively.

Yet when an attempt was made to develop
regression equations for each pair of rate con-
stants, no significant function was derived for
any pair, whether or not the mean values differed
significantly.

The failure to find a correlation for any pair of
rate constants might be due to too great a dis-
persion resulting from the experimental errors.
The probable error range for each ratio of rate
constants was therefore calculated by use of the
error range listed above: Ks;/Kc, = 1.18 to 1.44
(1.31 — 109, to 1.31 4+ 10%); kug,/kue, = 2.36
to 3.54; ksg/kse, = 0.89 to 1.33; and kotg,/Rotc,
= 0.83 to 1.15.

A comparison of the values listed in Table 11
for the ratio Ks:/Kc. with the above range reveals
that 8 of the 15 values fall outside of the limit
(studies 4C, 4D, 7A, 8A, 12B, 13A, 20B, and
20C). Similarly, 8 of the ratios kug,/kug, 7 of
the ratios kg /kss, and 9 of the ratios ko.q/
ko, ¢, fall outside of the limits. In other words,
approximately half of the ratios of the rate con-
stants fall outside of the experimental error.
One may therefore conclude that the failure to
find a regression function in any pair is not due
solely to the dispersion owing to the experi-
mental error and that none of the metabolic proc-
esses of Ca and Sr discussed here can be con-
sidered equivalent, i.e., the ratios of the rate
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constants do not only vary within the limits of
error of their mean.

It is nevertheless surprising that as far as fecal
excretion and bone uptake are concerned, the
two elements seem directly equivalent. This is
due to the fact that for an unknown reason the
range of variation of the corresponding rate con-
stants for either element is similar. Also, the
rate constant for a given patient appears as if
placed within this range by chance. Hence,
the corresponding ratios of an individual pa-
tient’s rate constants may differ considerably
from the group mean that approximates unity.

SUMMARY AND CONCLUSIONS

1. In order to compare Sr and Ca metabolism
in man without at the same time assuming any
metabolic relationship between these elements,
it was necessary to develop a set of parameters
that have the same formal significance for each
element. Present knowledge of Sr metabolism
is as yet inadequate to permit affirming whether
or not this element behaves in the body as if
there were a central pool of constant size. Ca,
on the other hand, is known to have such a
central pool. To avoid making any assumption
concerning such a pool in the presentation of our
data, we have chosen to express each of the body
processes (over-all loss, urinary excretion, fecal
excretion, and bone uptake) in terms of its
characteristic rate constant. This constant is
independent of the real scheme of Sr metabolism.
It has the drawback of being much less explicit
for a given process than would be a true rate,
expressed in units of mass per unit time. It is
the only one, however, that allows describing Sr
metabolism and comparing it with Ca metab-
olism.

2. A comparison of the Sr and Ca rate con-
stants of the various processes in 15 studies done
on 8 patients whose Ca metabolism differed
widely revealed that these elements were not
equivalent in any of these processes. In other
words, in neither over-all loss, nor urinary ex-
cretion, nor fecal excretion, nor bone uptake
was it possible to establish a ratio of the corre-
sponding rate constants that varied only within
the limits of error of the mean ratio.

3. It was not possible to establish a significant
correlation (by means of regression functions)
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between the corresponding rate constants cal-
culated for each element.

4. Whereas the mean values of the total (K)
and urinary rate constants (k,) of Sr differed
significantly from the corresponding Ca con-
stants, the fecal (k;) and bone (k,,) rate con-
stants of the two elements did not so differ.
Values for individual patients of these latter two
rate constants appear as if distributed by chance
within the experimental range, with the result
that the mean ratios of the rate constants of the
two elements, ks /kso, and Roig/Roiq,, approach
unity.

5. These findings are interpreted to mean that,
qualitatively, both Srand Ca follow the same met-
abolic pathways, and quantitatively, the use of
Sr as a tracer for Ca in a given individual leads
only to an approximation of the true value, the
degree of error varying unpredictably for a par-
ticular case. Whereas all of the parameters of
Ca metabolism can be evaluated in terms of unit
mass and unit mass per unit time by the com-
bined use of the Ca balance and Car, the use of
Sr in studies of Ca metabolism can yield informa-
tion only in terms of an apparent circulating
volume (expressed, for example, in liters of
serum) and of rate constants (K, ky, ky, k,.). Sr
may be used as a tracer for Ca to measure the
mean bone formation rate in groups of individ-
uals whose Ca metabolism is disparate.
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