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ABSTRACT

Total-body calcium (TBCa) measurements have been employed in two basic

types of studies. In the first type, serial measurements made on an individual

patient are used to trace the tine variation in body calcium. Measurement of se

rial changes in TBCa serve well for the study of clinical disorders* since the

individual is used as his own reference. The relative change rather than an ab-

solute measurement is used to monitor the course of the disease or dysfunction,

and the response of the patient to treatment. In the second type of study, the

absolute total body calcium of an individual is determined and compared to a

"standard" or predicted value in order to determine the deficit or excess of cal-

cium. Generally, the standards are derived from data obtained from "normal" pop-

ulations and grouped by the parameters of age and sex (mean value denoted

In the study reported in this paper, the clinical usefulness of predicted

calcium (TBCa ) is evaluated. The necessity of relating individual TBCa measure-

ments to skeletal dimensions is obvious. The predicted value (TBCa ) for an in-

dividual is obtained with an algorithm utilizing values of sex and age, height

40
and lean body mass (as derived from K measurement). The latter two components

characterize skeletal size and body habitus, respectively.

For the study, 133 white women and 71 white men ranging in age from 20 to

80 yrs were selected from a larger population. On the basis of physical and

roentgenological examination, individuals with evidence of metabolic calcium dis-

orders or osteoporosis were excluded. Additionally, the women and men selected

were first judged to have total body potassium levels in the normal range.



For each age decade, the variance of TBCa values of these individuals,

when expressed in tens of TBCa , was significantly less than when expressed

in tens of TBCa (p • 0.95 - 0.99 as determined by "F" statistic in analysis

of variance). Thus, erroneous conclusions based on Ca deficit in osteoporosis

could be drawn for individuals whose height and body size differ markedly from

the average, as the variation of their TBCa values often exceeds the variation

in the age and sex cohort.

Data on a group of osteoporotic women were compared with the normal skele-

tal baseline values both in terms of the TBCa and the TBCa values.
P

Key Words: Bone Haas, Total Body Calcium, Neutron Activation, Osteoporosis.



INTRODUCTION

An ideal measure of the denineralization with age of individuals can be

based on the determination of loss of calcium from the entire skeleton. With

the advent of the total body neutron activation analysis (TBNAA) technique it

has become possible to measure total body calcium (TBCa) and hence to infer skel-

etal mass with high accuracy and precision. Further, because of the noninvasive

nature of the technique and the low radiation dose (0.28 rem) to the subject, it

is possible to study nonaal populations.

In a previous study, the levels of total body calcium were measured by neu-

tron activation analysis in a group of normal men and women (1,2). It was the

object of the present study to extend these observations by measuring total body

calcium in a larger population of normal males and females. In addition, total

body potassium (TBK) levels are measured in both populations for the determina-

tion of body composition. The changes in levels of calcium with age in adult

men and women are compared with the corresponding changes in their cellular mass

(i.e., total body potassium). The interrelationship of these elements and their

dependence on the anthropotnetric parameters of body size (height and weight)

were also investigated.

In a cross-sectional study such as this, in which individuals exhibit a

wide range of body size and habitus, it is necessary to normalize the data so

that only the effects ot' aging are represented. The absolute levels of calcium,

phosphorus, and potassium in the total body are thus expressed in ratio to the

calculated "normal" value for an individual matched for sex, age, and body size.

The measurement of total body constituents such as calcium and potassium are of

enhanced clinical value if the "normal" value for the particular subject studied

is known for comparison.



MATERIALS AND METHODS

The normal population, comprised of 133 white females and 71 White males,

ages 20-79 years, were analyzed by total body neutron activation analysis

(TBNAA). All the subjects were physically active and in good health; none were

institutionalized. None of the subjects had a previous history or current symp-

toms of metabolic, renal or cardiovascular disease. None of the postmenopausai

women were receiving estrogen replacement therapy. No subjects were receiving

medications known to influence calcium, phosphorus, or potassium metabolism.

A group of 79 osteoporotic women were also studied i der the same proto-

col. The clinical diagnosis of osteoporosis was clearly established by the pres-

ence of compression fracture(s) in each of these patients. Informed consent was

obtained from the subjects and the investigations were approved by the

Brookhaven Human Studies Research Committee.

Total body neutron a.£ivation analyses were performed with the neutron

238
exposure provided by an array of fourteen 50-Ci encapsulated Pu,Se neutron

sources (3). In this technique, the subjects are uniformly exposed to a beam of

48 49
partially moderated fast neutrons which induces the reaction Ca(n,y) Ca.

49
The absolute levels of the induced Ca are then counted in a whole body

counter. From these data, absolute levels of calcium are calculated. The jtn

vivo activation technique provides an accuracy and precision of ±1.02 for total

body calcium, and ±3.92 for total body phosphorus as measured in an

anthropomorphic phantom.

The Brookhaven whole body counter, with its on-line computer facility, w*s

also used to quantify the absolute levels of total body potassium (TBK) by the

measurement of K (4,5). The ace

in an anthropomorphic phantom (4).

4surement of K (4,5). The accuracy and precision for measuring TBK is ±3.32



For Che intercomparison of the TBCa values drawn from a heterogeneous popu-

lation, such as this, it is necessary that the data be normalized for skeletal

size. Normalization is accomplished by dividing the absolute calcium value by

a value computed for each individual from a matched set of critical parameters.

The calculated value is called the "normal predicted" value for the individual

and denoted as TBCa . The parameters utilized in the computation of the normal

values are sex, age, lean body mass (TBK), and height. The derivation o£ the

empirical relationship has been previously described (1,2). The equation for

predicting a norzul calcium value (TBCa ), based on normal subjects and

reapplied to the present population of 200 normal individuals, is presented in

Appendix A.

In the female population, after the age of 55, there was a marked increase

in the rate of loss ->f calcium. Thus it was necessary to apply an age correc-

tion fsctor for females over age 55 yr. The age correction factor was deter-

mined empirically. The coefficients for the characteristic equations rare deter-

mined by standard curve fitting to the data. In the derivation of the predic-

tion equation for males, data on men over 80 yr were not included because of

their large variability.

The measured total body calcium (TBCa) divided by the predicted or normal

calcium (TBCa ) is referred to as the calcium ratio, denoted TBCa/TBCa . Devia-

P P

tion of the calcium ratio from the value of 1.00 in a normal individual reflects

measurement errors, biological variation and inaccuracy of the model. An abnor-

mal TBCa value for an individual is defined as one which produces a calcium

ratio value differing froa 1.00 by > ± 0.13 (90% confidence level).

As with the calcium data, the total body potassium is also normalized for

body size. The mean potassium ratio (measured TBK divided by a predicted normal



TBK ) m i obtained through the study of a large population of normal subjects {5).

The eapirical relationship employed to predict a noroul potassium value is based

on age, physical size and sex (See Appendix A).

RESULTS

The sean values for the total body calcium (TBCa), and potassium (TBK) in

adult female and male subjects as a function of age are tabulated in Tables 1

and 2. The mean Ca ratio for each age group is approximately 1.00 (see Table

1), but in females the variability about the mean increased from 5.72 to 8.13

with increasing age. In the male population, the variability in the Ca ratio

ranged froa 6.52 to 8.1%. The variation in each age group ranges from 9.42

to 13.52, in the TBCa values, and from 10.42 to 17.02 in the TBK values. The

changes in TBCa as a function of age for females and aales (Figs. 1 and 2) were

analyzed by linear regression analysis.

The 902 confidence limits for the TBCa and Ca ratio data for the normal

population are shown with the individual data for the osteoportic females in

Figs. 3 and 4, respectively.

The mean total body potassium values (which reflect the muscle mass) for

each age decade in females and males are also presented in Table 1. The mean

TBK values show a decrease with age as previously reported (1,2). The mean K

ratio for males was 1.011 ± 8.72 (SD); for females, the aean K ratio was 0.991

± 8.72 (SD). The variability of the mean values for each age group was rather

constant with age except for a slight increase in males >70 yr.

In addition, the relationship between skeletal mass (TBCa) and muscle mass

(TBK) expressed in terms of the mean TBCa/TBK ratio for each decade is shown in

Fig. 5. The mean ratio for women was 9.9; for men (20-69 yr), it was 8.2.



There was a significant increase in this ratio for males past 65 years of age,

to a mean of 9.6.

DISCUSSION

Total Body Calcium (TBCa)

A. Normal Subjects

The variation in the TBCa values in both males *nd females in any age dec-

ade is very large, ranging up to 13.5% (SD). The absolute amount of calcium re-

flects both the size of the individual and the degree of mineralization.

Clearly, an "average" value based on sex and age alone is inadequate as a refer-

ence value because of the strong dependence of TBCa on the size of the individ-

ual. The values for females and males for each age decade are plotted in Figs.

1 and 2, respectively. It can be seen that these values do not provide a well

defined reference standard against which an individual's measurement can be

assessed. For each age decade, the mean TBCa values of females are 20Z-402

lower than the mean value for the males. • However, when total body calcium is

expressed in terms of the calcium ratio (TBCa/TBCa ) i.e., when the Ca level is

"normalized" for the size and habitus of the subject, the apparent difference

based on sex disappears.

The importance of the normalisation of the data for the various body con-

stituents lies in the fact that for the absolute measurement to be of clinical

value, the normal value for each individual must be known in order to provide a

reference against which to evaluate the level of calcium or potassium in that in-

dividual. Body weight, body surface area, and muscle mass have been widely used

as reference parameters for normalizing levels of various elements (5,6). The

first two parameters may be valid for normal individuals over a wide range of

body build, but neither alone has a satisfactory theoretical basis. Muscle



•assi as aeasured by TBK, would appear to be a useful parameter of body size.

Indeed, the muscle mass and height appear to be the simplest valid parameters

for normalization of the data, even over the wide range of body build ttudied

here.

The equations for predicting TBCa with height and TBK yielded a very high

correlation between the measured and the predicted calcium. A single equation

satisfactorily predicted the TBCa for the male population. In the male popula-

tion from 20-79 yr, the average calcium ratio was 1.011 ± 2.UX {SEA}. There

appeared to be a significant increase in the calcium ratio in elderly male sub-

jects (70-79 yr). It was found that an explicit correction for age (in addition

to the correction implicit in the height and potassium values) improved the cor-

relation between predicted and measured calcium for females beyond age 55 yrs.

The mean calcium ratio for the 133 women was 1.009 ± 1.5% (SEM). Thus, with the

present mathematical models, the TBCa for a normal male or female can be

predicted to within ± 8% at the 902 confidence level.

B. Osteoporotic Patients

The means of the TBCa values for the female osteoporotic patients were

significantly lower than that of the normal subjects. The mean calcium ratio

(0.82) of the osteoporotic patients was also significantly lower than that of

the normal controls. Sixty-two percent of the osteoporotic women were below the

5th percentile for the normal population (Fig. 4) and 892 of the TBCa/TBCa
P

values were below the normal mean value of 1.00. Thirty-four percent of the

calcium ratio values were within the 902 confidence limits, and only 42 of the

osteoporotic females had values above the 95th percentile. The latter values

were those of patients over 72 years of age.



Total Body Potinia (TBK)

The mean TBK values decreased with age in the normal males and females.

The variability in each cge decade remains relatively constant. Because

potassium is the dominant intracellular cation found primarily in muscle and

viscera, it has been used as an index of body cell mass. The variability of

this intracellular component has not been shown to change with age in normal

subjects. In absolute terms, the values for females are 333-462 lower than

those for males for each age decade. However, when the TBK is expressed as

TBK/TBK (i.e., normalized for body size) the mean potassium ratios do not dif-

fer between the sexes. As previously established, the predicted potassium value

(TBK) correlates well with the measured TBK in normal subjects.

Ratio of TBCa/TBK

If the mean ratio of Ca/K is considered (Fig. 5), the average value for

normal females is about 172 higher than that for nonaal males. That is, females

have ̂ 172 less muscle mass per unit skeletal mass than males. Further, the

value of the ratio does not change significantly vith age except for males over

65 yr, as previously noted (6). This finding indicates that the loss of muscle

mass is directly proportional to the loss of TBCa with age for most of the popu-

lation. The significantly increased Ca/K ratio of the elderly males (> 65 yr)

closely approximates that of the nonaal females of similar age. A possible ex-

planation for this increased ratio in males is an increase soft tissue calcifica-

tion, frequently observed in elderly persons.

Rate of Loss of Calcium From the Skeleton

Almost all the studies on the loss of calcium from the skeleton have been

on localized areas of the skeleton. Further, they have been cross-sectional



rather than longitudinal studies. The results of these studies, which concen-

trate on small areas of the skeleton (particularly measurements employing single

photon absorptiometry), cannot readily be extrapolated to whole bones* and are

not always applicabla to the whole skeleton.

The present cross-sectional study attempts to circumvent these

difficulties in two ways. First, an examination is made of the loss of calcium

from the entire skeleton. Secondly, the data are normalized to accommodate the

large variability in size, characteristic of a heterogeneous population of any

age. It is clear that with this large variability in absolute levels of TBCa in

each age group, the use of the age-specific average value for each decade can

lead to quite erroneous conclusions for the individual patient. With a

sufficiently large population, the mean error is, of course, minimized; however,

the error for an individual does not change.

The present study suggests that the overall skeletal calcium loss com-

mences within the fourth decade for woscen and in the third decade for men. In

the present study, the onset of the decline of skeletal bone mass was arbitrar-

ily taken to be 35 yr for females and 20 yr for males. The change in skeletal

mass after maturity appears to be linear with time, at least through the eighth

decade. The accelerated increase in the rate of loss of Ca that occurs in older

women (age >55 yr), presumably associated with menopause, is superimposed on the

slower rate of loss which starts earlier. For women in the normal population,

the meau rate of loss of calcium is 0.22Z of TBCa per year before menopause and

1.0Z per year over the age span 55-75 yr. For men in the normal population, the

mean loss of calciv* is 0.3S per year over the age range 20-74 yr.

In the male population, the decrease of TBCa starts at J"25 yr of age and

continues over the adult life span. The rate of loss of TBCa can be described

8



by a single linear function over the entire age span. The equation for

predicting calcium in males presented above is satisfactory without an addi-

tional age correction at least until 79 yr of age.

The time rate of decrease of lean tissue mass (a* determined by Measure-

ment of K) was previously measured in a large population (250 females and 250

males, 30-79 yr of age) (5). The mean rate of decrease of TBK with time for the

females was found to be 0.45 g/yr; for the males, the rate of decrease is 1.16

g/yr after 50 yr of age.

While no directly comparable data are available for comparison of total

skeletal calcium loss, there are tw, useful longitudinal studies reported in the

literature on the rate of loss of bone mass for the appendicular skeleton. Gam

et al. (7) measured the change in cortical thickness of the metacarpals of adult

women over a 23 year period, and reported an average loss of thickness of 0.25

ma per decade. When this value is corrected for subperiosteal '.one formation,

it yields a value of 0.75% per year. This value is somewhat lower than that

observed in the present study for the older females in the normal population.

The corresponding rate of loss of cortical thickness in males was 0.A5Z per

year, a value slightly higher than the results reported here. Adams (3) also

carried out a longitudinal study on the effects of aging in white females over

an 11 yr period, using the same end point, and reported a loss of 1-342 per

year. The corresponding loss of cortical bone width for white sales in the same

study was 0.862 per year, higher than observed here.

From the present study it appears that for the females in the normal popu-

lation, the average loss of body calcium is «P1.4 g/yr, over the age range 25-54

yr, and 7.6 g/yr after 55 yr of age. The age related loss of TBCa in males is

3 g/yr over the period 25-75 yr. For women, there is a loss of 200 g of Ca over



the age period 25-75 yr; for men, 150 g of calcium are loiJt over this time. The

average loss amounts to -̂ 232 of the total body calcium o£ a woman at 25 yr of

age, and >/*13* of the total calcium of a man at 25 yr of age. While the mecha-

nism of bone loss with age is not as yet fully understood, it must ultimately re-

sult from an imbalance in the bone formation and bone resorption rates. The

interesting point is that the change in the mean loss of Ca in women from 0.22*

per yr before menopause to 1.0% per year after menopause is equivalent to a

change in the average negative calcium balance from 4 to 21 mg Ca per day, re-

spectively. For males, the negative calcium balance from 25-75 yr amounts to

only s& mg per day. It is to be noted that these levels of Ca loss are well

within the experimental errors cf classical Ca balance techniques.

The universal decrement of calcium level with age is similar to that of

gonadal function. The accelerated rate of loss of total body calcium in older

wown that appears to commence at menopause may be associated with a progres-

sively marked imbalance in anabolic and cafabolic steroids that also occurs in

the age range 50-60 yr. It has been hypothesized that gonadal hormones normally

retard bone resorption; thus their decline with time could result in an

increased bone resorption rate.
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APPENDIX A. Equations for Predicting the Total Body Calcium

(TBCa ) and Total Body Potassium (TBK ) in Normal Subjects

1) TBCa • o HK*5
P

where:

H • height (m)

K • body potassium (g)

a « 56.62 for female subjects age (A) <55

o - 56.62 - 0.38 (A - 55) for females A > 55 yt

a • 54.5 for males

2) TBK
P

awV
where:

a - 5.52 - 0.014 A for males

a • 4.58 - 0.010 A for females

A « age (y)

W - weight (Kg)

H * height (m)

11
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FIGURES

1. Total body calcium in normal white females as a function of age. The solid

line represents the age regression.

2. Total body calcium in normal white males as a function of age. The solid

line represents the age regression.

3. The total body calcium of a population of white female osteoporotic patients

as a function of age. The solid center line represents the mean for the nor-

mal population. The dashed upper and lower lines represent the 90% confi-

dence level.

4. The calcium ratio (measured/predicted total body calcium) as a function of

age for white female osteoporo&ic patients. The center line represents the

normal mean and the dashed upper and lower lines represent the 90% confi-

dence level.

5. Age-specific mean values cf total body calcium/tota] body potassium in nor-

mal male and female subjects as a function of age. (0 * female, • • male.)
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TABLE I

TOTAL BODY CALCIUM IN NORMAL WOMEN

Age of Wt. Ht. TBK TBCa TBCa TBCa Analysis of
Subjects No. (kg) (cm) (g) g T*0*- T B C* a Variance, p*

20-29 10 59.0 162.9 88.8 876 1.018 1.000 > 0.99
±10.1° ±3.5 ±15.4 ±12.2 ±5.7 ±12.2

30-39 22 59.7 161.9 84,5 854 1.012 1.000 > 0.99
±25.0 ±4.2 ±15.7 sll.O ±4.8 ±11.0

40-49 23 65.5 161.5 85.9 856 1.001 1.000 > 0.95
±15.9 ±3.6 ±11.0 ±11.1 ±7.7 ±11.1

50-59 50 67.1 162.0 84.5 834 0.992 0.994 > 0.99
±17.5 ±3.8 ±11.7 ±10.9 ±8.1 ±10.9

60-69 18 68.7 158.8 81.9 775 0.998 0.999 > 0.99
±19.2 ±4.9 ±14.4 ±13.5 ±6.5 ±13.5

70-79 10 65.3 156.8 71.9 683 1.034 1.000 > 0.90
±17.1 ±2.7 ±10.8 :12.2 ±8.1 ±12.2

Wt - Weight (kg)

Ht - Height (m)

TBK - Total body potassium (g)

TBCa m Total boay calcium measured
TBCap Total body calcium predicted

TBCa Total body calcium measured
TBCap Total body calcium of age and sex matched mean

a Probability that the variance of TBCa is less than the variance of TBCa

("F" statistic)

SD
b Coefficient of variation « =~ X 100

14



Age of
Subjects

20-29

30-39

40-49

50-59

60-69

70-79

No.

10

17

11

16

10

7

Wt.
(kg)

80.8
±20.4b

75.7
±17.0

81.5
±16.9

80.7
±17.2

77.4
±13.2

79.4
±16.9

TOTAL BODY

HC.
(cm)

176.8
±2.3

174.7
±4.0

178.4
±3.2

174.2
±5.2

177.0
±2.8

172.5
±3.1

TABLE

CALCIUM

TBK
(g)

154
±12.2

139
±17.2

141
±10.9

134
±15.2

132
±10.4

116
±11.5

2

IN NORMAL MEN

TBCa

g

1206
±9.4

1124
±13.6

1149
±12.3

1103
±13.9

1104
±12.2

1064
±10.5

TBCa
TBCa

P

1.009
±6.5

1.004
±4.3

0.991
±6.0

1.008
±5.5

0.994
±8.1

1.057
±5.0

TBCa
TBCam

1.00
±9.4

1.00
±13.6

1.00
±12.3

1.00
±13.9

1.00
±12.2

1.00
±10.5

Analysis of

Variance, p*

> 0.90

> 0.99

> 0.99

> 0.99

> 0.90

> 0.95

Wt - Weight (kg)

Ht - Height (m)

TBK - Total body potassium (g)

TBCa m Total body calcium measured
TBCap Total body calcium predicted

TBCa Total body calcium measured

Total body calcium of age and sex matched mean for each decade
a Probability that the variance of TBCa is less than the variance of TBCa

TBCa,,,TBCa.

("F" statistic)

en
b Coefficient of variation - ̂  X 100

x
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