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ABsTrACT It has been postulated that the rate of
mineral loss in postmenopausal women remains con-
stant with aging and that the decreased activities of
daily living associated with aging contribute to min-
eral loss. These hypotheses were examined by measur-
ing the bone mineral content at the midshaft of the
radius with the photon absorption technique. The esti-
mated rate of loss was calculated in a cross-sectional
study as the regression coefficient of bone mineral con-
tent vs. age and in a longitudinal study as the regression
coefficient of bone mineral content vs. time.

In the cross-sectional study, Group A, which con-
sisted of 264 women aged 50-72 yr, had an estimated
rate of loss of —0.0114+0.0014 (SE) g/cm per yr.
Group B, which consisted of 266 women aged 73-96 yr,
had an estimated rate of loss of — 0.0055%0.0017 g/cm
per yr.

In the longitudinal study, Group C consisted of 33
women aged 51-65 yr who were followed for an average
of 4.5 yr with a mean number of 16 visits per subject;
they were found to have a mean rate of loss of — 0.00990
+0.00107 g/cm per yr. Group D consisted of 38 women
aged 70-91 yr who were followed for an average of 3.8
yr with a mean number of 31 visits per subjects; they
were found to have a mean rate of loss of — 0.00020+
0.00236 g/cm per yr.

The estimated and directly measured rates of loss were
more rapid in the younger groups than in the older
groups (A vs. B, P<0001; C vs. D, P<0.001).
These data demonstrate that the mean rate of mineral
loss is not constant with aging and that in elderly sub-
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jects it is significantly slower than that of the earlier
postmenopausal years. Since the elderly women were
the less active, these findings suggest that factors other
than decreased physical activity are more important in
determining the rates of mineral loss.

INTRODUCTION

The study of the pathogenesis of postmenopausal osteo-
porosis has been hampered until recently by the lack of
a sufficiently precise method of bone mineral measure-
ment to detect the low rate of mineral loss which ulti-
mately leads to the disease state. Consequently, clinical
investigations have been approached primarily by means
of cross-sectional (population survey) studies of sub-
jects over a wide age range. These studies have sug-
gested that mineral loss from the skeleton is widespread
within the population, if not a universal phenomenon
(1-5). Furthermore, they have demonstrated that a
primary consequence of the reduction of bone mineral
is an increase in the incidence of fractures (1, 3-5).

The inability to directly measure rates of mineral loss
has largely prevented further studies such as the rela-
tionship of rates of loss to the development of osteoporo-
sis, i.e., to determine if osteoporotics are rapid or slow
losers of mineral, and the variables which affect rates of
mineral loss. Recently, the value of the photon absorption
technique to measure rates of loss of mineral has been
demonstrated (6). The precision of the photon absorption
method and ability to make multiple measurements on the
same individual has made the direct measurement of rates
feasible in longitudinal studies (6). Although this meas-
urement is made at the radius, there is evidence from
population surveys that the changes of bone mineral
with age measured in the radius are as great or greater
than the changes of bone mineral measured in other
bones, including vertebra (7, 8). Changes in radial mass
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may also occur at a faster rate than changes in total
body calcium measured by neutron activation (9).
Thus, measurement of rate of mineral loss in the radius
should adequately reflect changes that occur in the
skeleton as a whole.

The present study examines the relationship of two
variables, age and activity, to the rate of mineral loss.
From previous cross-sectional and longitudinal studies,
models have been developed to explain the relationship
of bone loss to age. These models have generally as-
sumed that the loss of bone after menopause is a linear
function (1, 4, 10). In this paper, the relationship of age
and bone loss is examined by direct measurement of
rate, and evidence is presented that the function is non-
linear with a slowing of loss in older subjects. The inac-
tivity status of older subjects has been postulated to
contribute to mineral loss. From direct measurement of
rates of loss in this study, no evidence was found that
decreased levels of activity are associated with increased
rates of loss.

METHODS

Measurement of bone mineral. A Norland-Cameron bone
mineral analyzer (Norland Associates, Inc.,, Ft. Atkinson,
Wisc.) was utilized to measure bone mineral content
(BMC)* in grams per centimeter of the right radius at
the midshaft site as previously described (6). A plaster
form-fitting forearm cast was used for repositioning (11).
The instrument was standardized with a known phantom
before and after each subject was scanned. Four scans were
performed at each site on each visit.

Statistical analyses. A detailed description of the statis-
tical methods has been published (6). Briefly, the rate of
mineral loss of an individual is computed as the regression
coefficient of the mean BMC at each visit against time.
This regression has been determined to be linear for this
population over the span of time covered, but there is sig-
nificant heterogeneity among individual regression co-
efficients (6). The average rate of loss used for a group is
the pooled within-subject regression coefficient. To com-
pare average rates from two different groups, the approxi-
mate ¢ test with approximate degrees of freedom (df) (12)
was used with variation among individual regression co-
efficients in each group as the error variance.

Selection of subjects. All subjects were Caucasian fe-
males aged 50 yr or older and at least 1 yr post-meno-
pausal at the start of the study. The sources and age dis-
tribution of the 530 women used for cross-sectional data
have previously been described (4). At least 30% of this
group had complete history and physical examinations,
hemoglobin, white blood count, urinalysis, Serum Multiple
Analysis-12 (SMA-12), and X rays of the chest, thoracic,
and lumbar spine as screening procedures. All of the 71
women included in the longitudinal study had received the
screening procedures. Of these, 33 were from a private
gynecology clinic population who were returning for annual
examinations and had a mean age of 57 yr (range 51-65).
38 were from a home for the aged and had a mean age of
81 yr (range 70-91).

! Abbreviation used in this paper: BMC, bone mineral
content.

Subjects with organic bone disease other than osteoporo-
sis were excluded. Also subjects with chronic liver disease,
renal disease, or diseases known to affect bone metabolism
were excluded. In addition, subjects receiving estrogens and
cortisone were excluded.

Determination of activity status. The disabilities of sub-
jects were recorded as negative scores modified from the
Northwestern University Disability Scale (13). This scale
grades disabilities according to the difficulty subjects have
in performing activities such as mobility, dressing, eating,
feeding, and hygiene, as negative scores. Positive scores for
activity were graded in areas of activity of daily living
(such as cooking and cleaning), occupational, and athletic-
recreational activities. The grades for these are shown in
the Appendix.

RESULTS

Estimates of rates of loss from a cross-sectional study.
Regression analysis was performed on the midshaft
BMC values of 530 women, aged 50 yr and older (mean
70.5, range 50-96), against age using both linear and
quadratic functions. It was found that a quadratic func-
tion was significantly (P < 0.005) better fit for the data.
The test for this was the variance ratio (F-ratio) of the
mean square for the quadratic term divided by the mean
square for deviation about the quadratic regression
(F =0.166335/0.018819 = 8.839, df =1,527). The re-
gression equation derived from this analysis was:

Predicted BMC = 1.92026 — (0.02672) (Age) +
(0.000136) (Age?).

The regression curve for this equation is shown in
Fig. 1. The curve indicates that there is a slowing or
deceleration of the rate of mineral loss in late post-
menopausal years.

The data on this sample was also used to derive an
exponential equation with the general formula: y =a +
br" or y =a + be* where y = predicted BMC, » = age
— 50, and a, b, and r are constants to be estimated. The
equation derived from the data was:

y=10.5324 + (0.4003) (0.9614)*
or y = 0.5324 + 0.4003e™>%**,

The closeness of fit (multiple R?) for this data to the
exponential was 0.3587 and to the quadratic was 0.3846.
Thus the exponential or the quadratic function appear
to fit the data equally well. The quadratic has the dis-
advantage of predicting an increase in BMC (minimum
value of 0.608 g/cm at 98.2 yr) in ages beyond this
study when an increase in BMC would not be antici-
pated. The exponential approaches a value of 0.534 g/cm
asymptotically. The rate of loss predicted at any. specific
age from the quadratic is only dependent upon age,
whereas the rate predicted from the exponential is di-
rectly proportional to the level of BMC above the asymp-
tote at that age. This feature of the exponential would
be more compatible with the model of bone loss pre-
sented in the Discussion.
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F1Gure 1 Cross-sectional measurements on 530 women.
(Top) The regression curve of bone mineral measurements
of 530 women aged 50-96 yr. (Bottom) The two regression
lines were obtained when the population was divided by
age into a younger group, aged 50-72 yr and an older
group aged 73-96 yr.

To compare the results of the cross-sectional study
with that of the longitudinal study (see below), the
sample was divided into two age groups of equal size.
The estimated rates of loss were then computed by re-
gression analysis for each group. (The regression coeffi-
cient of BMC against age is not a true measure of rate,
but serves to estimate the changes of bone mineral with
age). As might be expected from the shape of the re-
gression curve for the entire population, a quadratic

TaBLE I
Comparison of Estimated Rates of Mineral Loss from a
Cross-Sectional Study of Postmenopausal
Women of Differing Ages

Younger Older
Mean age, yr 57 (50-72)* 81 (73-96)*
No. of subjects 264 266
Estimated rate of loss,
g/em per yr —0.0114 —0.0055
SE +0.0014 +0.0017

* Numbers in parentheses refer to range.
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TaBLE 11
Comparison of Rates of Mineral Loss from a Longitudinal
Study of Postmenopausal Women of Differing Ages

Younger Older

Mean age, yr 57 (51-65)* 81 (70-91)*
No. of subjects 33 38
Mean follow-up period 4.5 yr 3.8 yr
No. of visits,

mean/subject 16 31
Mean rate of loss,

g/cm per yr —0.00990 —0.00020
SE +0.00107 +0.00236

* Numbers in parentheses refer to range.

function was no longer found to be a significantly better
fit than a linear function for the subgroups (F < 0.63
for both subgroups). Thus the results in Table I which
compare the estimated rates in the younger and older
groups contain only linear regression coefficients. The
regression lines for these data are shown at the bottom
of Fig. 1.

The t-test for difference between the estimated rates
in the younger and older groups (test of significant dif-
ference between the two regression coefficients) was
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Frcure 2 The distribution of individual rates of mineral
loss obtained in the longitudinal study.
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significant, P < 0.001. This would indicate that the
older group was losing mineral at a significantly slower
rate.

Rates of loss determined from a longitudinal study.
The data for this study are shown in Table II. The #-test
for differences between mean rates in the younger and
older groups (12) was significant, P < 0.01. The magni-
tude of these mean rates is close to that estimated from
the cross-sectional study (Table I) and demonstrates a
slower rate in the older group. The standard error for
the mean rate of mineral loss of the older group in Ta-
ble II is larger than that for the younger group. This
difference is due both to the differences between the two
groups in average length of follow-up period and to the
variances among the individual rates of loss in the two
groups. The variances among the individual rates of
loss in the two groups were found to be significantly
different (F = 5.463, df = 37,32, P < 0.005). The dis-
tribution of individual rates is shown in Fig. 2,
and demonstrates that although the mean rates of the
two groups are significantly different, there is overlap
of individual values between the two groups.

The initial BMC value for each subject was com-
puted as the intercept of the regression line at time zero
(time started in the study). The mean initial BMC of
the older group was significantly smaller (P < 0.001)
than the mean initial BMC of the younger group: older
group, 0.63=0.12 (SD) g/cm; younger, 0.79*0.11
g/cm. For comparison of rates in this study to other
methods of measuring bone mineral, the individual rates
were computed as a percentage of the individual’s ini-
tial BMC. The mean percent rate of loss for the older
group was — 0.02+2.36 (SD)/yr compared to — 1.32%
0.86/yr for the younger group. Using the rates expressed
as a percent there was also a significant (P < 0.01)
difference between the group mean rates by ¢ test (12).

Within both groups there were sets of individuals
with significantly different rates. Thus, by testing for sig-
nificant differences between individual regression coeffi-
cients (14), within the younger group, a set of five
rapid and another set of five slow losers could be identi-
fied, and within the older group, a set of 11 rapid
and another set of 11 slow losers could be identi-
fied as having significantly different rates (6). The in-
vestigation of sets of individuals with significantly dif-
ferent rates will provide a unique approach to deter-
mining variables related to rates of mineral loss.

Relationship of activity status to rates of mineral loss.
There were no subjects in the younger group with any
of the disabilities measured (see Methods section).
There were no subjects in the older group with positive
occupational or athletic recreational scores (see Appen-
dex). A total individual activity score was computed as
the sum of each subject’s activity scores observed for
all areas. The scatter diagram of individual rates plotted
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Figure 3 The distribution of individual rates of mineral
loss plotted against the activity score. The larger (more
positive) scores indicate greater activity. The horizontal
dotted lines indicate the mean rates of loss for each group.

against the individual total activity scores is shown in
Fig. 3. As can be seen, the two groups have significantly
different activity scores with no overlap of values. The
older group exhibited a significantly slower average
rate of mineral loss as well as significantly less activity.
The relationship between activity status and rate of loss
was found to be negative by Spearman rank correlation
(r=—0.427, P <0.001). Thus factors other than de-
creased activity appear to have a greater influence on the
higher rate of mineral loss in early postmenopausal years.

DISCUSSION

An effect of age on rate of bone mineral loss has not
previously been demonstrated by valid statistical tech-
niques. However, some of the population surveys have
suggested that the trend of values of bone mineral
against age after age 50 yr is not linear and that a
slowing of mineral loss may occur (5, 10, 15, 16). Most
of the previous longitudinal studies did not relate age
with differences in rates of loss (3, 17, 18). Horsman
and Simpson (19) have reported data from a longitudi-
nal study with cortical thickness measurements which
suggest that the maximal rate of bone mineral loss oc-
curs 3 or 4 yr after menopause and that during the next
3 yr the rate of loss decreases to about one-half its peak
value. However, tests of statistical significance of the
differences were not reported.

In this study a slower rate of mineral loss was ob-
served in a population which also exhibited markedly
reduced activity. It has been shown from longitudinal
studies that prolonged bed rest or immobilization (20,
21) produces a loss of bone mineral. In addition there
is evidence that isotonic running exercise causes muscle
and bone to hypertrophy in the growing rat (22). How-
ever, some studies relating other types of activity or in-
activity to measurements of bone mineral from popula-
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Ficure 4 Hypothetical models of mineral loss. Models for
the development of osteoporosis. The theoretical effect of
aging on bone mineral in five individuals with varying
amounts of bone mineral at age 50 yr. All three models
have restrictions that the variation of bone mineral values
in the population remain constant with aging and that
individuals have different rates of loss. (A) Rates of loss
constant with time and generally related to initial mineral
values. (B) Rates of loss not constant with time and not
related to initial mineral values (C) Average rate of loss
slowing with time and rates of loss generally related to
initial mineral values.

tion surveys have not always found this relationship.
For example, Meema et al. (23) found that muscle width
in females did not begin to decrease until after age 60
yr, whereas mineral mass (roentgenographic technique)
began to decrease after age 45-50 yr and there was no
correlation between mineral mass and muscle width.
Very similar results were found when muscle strength
was measured with the use of a strain-gauge tensiometer
and dynamometer and when bone mineral was measured
by photon absorption (24). That is, no significant cor-
relation was found between age-related loss of bone
mineral and age-related change in muscle strength.
There are several possible explanations for these
seemingly conflicting reports. Among these are the pos-
sibility that there are other factors, such as hormones,
diet, heredity, etc., which have greater effects on min-
eral loss in postmenopausal women than activity. Cer-
tainly the decreasing levels of estrogen found in the
postmenopausal woman may be important, but this re-
mains to be demonstrated. Another possibility is that the
degree of activity or inactivity needed to affect mineral
loss is greater than that which has been measured in
this study. Or, it may also be possible that it is the
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change in activity status which affects rate rather than
the absolute level of activity. For example, the activity
status of women aged 50-65 yr may be decreasing, and
they thus have more active rates of loss, whereas women
aged 70-90 yr have been at relatively the same activity
levels for several years and thus have reached a new
equilibrium. Prospective studies in which changes in
level of activity are measured will be necessary to vali-
date this possibility. The results found here could also
have been explained if subjects with more rapid rates
of loss died earlier, thus leaving those with slower rates
in the older group. The determination of which of these
possibilities best explains the slowing of rates of loss
in the elderly, less active population will require further
investigation.

We have previously reported that the variance of
bone mineral values in the population does not increase
with aging (4) and that individuals followed as a func-
tion of time exhibit significantly different rates of loss
(6). Two models were proposed (4) as illustrated in
Figs. 4A and B. These models can now be modified to
include the further restriction indicated by the results
of this study, i.e., the average rate slows with aging
(Fig. 4C). This new model postulates some relation-
ship of rates of loss to initial mass. For example, the
slower rates would in general occur in the subjects
with lower initial mass. This postulated relationship
would explain how individuals can have significantly
different rates and yet the variation in bone mineral
values does not increase with aging. For example, if
there were not relationships to initial mass, that is, if
the rates of loss and initial mass are only randomly re-
lated, then subjects with low initial bone mineral values
and rapid rates of loss and subjects with high initial
values and slow rates of loss would produce an increase
in variance of bone mineral values with aging in the
population. Since the variance of bone mineral values
has not been found to increase with aging (4), it can be
postulated that there is a relationship of rate of loss
to initial bone mineral. This postulate would favor the
exponential function described in the Results section.

Further longitudinal studies with measurements of
rates of mineral loss in postmenopausal women directed
toward the identification of the effect of variables upon
rates would improve our understanding of the patho-
genesis of osteoporosis.

APPENDIX
Scoring System for Activity Status

Stages of inactivity were scored according to the North-
western University Disability Scale, except that no dis-
ability (normal function) was scored as zero and disabili-
ties were recorded as negative values. Stages of activity
were scored according to the system below as zero or posi-
tive scores. The total of all scores (positive and negative)
was used as the activity level for that subject.

D. M. Smith, M. R. A. Khairi, ]J. Norton, and C. C. Johnston



Activity

Occupational activity.
0. Not employed.
1. Part-time employed.
2. Full-time employed.
Participation in athletic recreational activities such as golf,
tennis, cycling, skiing, bowling, and dancing.

. No participation.

. Occasional participation—once a mo.

. Seasonal participation—twice a mo.

. Seasonal participation—once a wk.

. Seasonal participation—over once a wk.

. Year-round participation—twice a mo.

. Year-round participation—once a wk.

. Year-round participation—over once a wk.

Actwmes of daily living (Mark 1 if true, 0 if false).

1. Makes shopping trips of any type at least three
times a wk. (Includes window shopping, groceries,
meals out, etc.)

——2. Daily involved in either preparing meals or cleaning

up afterwards.

——3. Does some yard work of any degree at least once a

wk in season.

—— 4. Some involvement in cleaning, mopping, sweeping,

or vacuuming floors at least once a wk.

——5. Some involvement in washing or ironing clothes at
least once a wk.

Total score.

\IO\UI-AQ)N'-‘O

ACKNOWLEDGMENTS

Technical and clerical assistance for this study was by P.
Ogle, C. Shields, J. Davis, R. McVicar, and L. Huff, and
the critical review was by Dr. T-K. Li.

This investigation was supported in part by U. S. Public
Health Service grant No. AM-07126 and by a grant from
the Indianapolis Valley Ancient and Accepted Order of
the Scottish Rite. The facilities of the Research Computer
Center of Indiana University-Purdue University at Indian-
apolis were used for much of the statistical analyses.

REFERENCES

1. Newton-John, H. F.,, and D. B. Morgan. 1970. The
loss of bone with age, osteoporosis, and fractures. Clin.
Orthop. Relat. Res. 71: 229-252.

2. Garn, S. M. 1970. The Earlier Gain and the Later Loss
of Cortical Bone in Nutritional Perspective. Charles C
Thomas, Publisher, Springfield, Ill. 146 pp.

3. Dequeker, J. 1972. Bone Loss in Normal and Patho-
logical Conditions. Leuven University Press, Antwerp,
Belgium. 214 pp.

4. Smith, D. M,, M. R. A. Khairi, and C. C. Johnston,
Jr. 1975. The loss of mineral with aging and its relation-
ship to risk of fracture. J. Clin. Invest. 56: 311-318.

5. Nordin, B. E. C. 1971. Clinical significance and patho-
genesis of osteoporosis. Br. Med. J. 1: 571-576.

6. Smith, D. M., J. A. Norton, Jr., R. Khairi, and C. C.
Johnston, Jr. 1976. The measurement of rates of min-
eral loss with aging. J. Lab. Clin. Med. 87: 882-892.

7. Trotter, M., G. E. Broman, and R. R. Peterson. 1960.

10.
1L

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

23.

24.

Densities of bones of white and negro skeletons. J. Bone
Jt. Surg. Am. Vol. 42-A: 50-58.

. Madsen, M., W. Peppler, and R. B. Mazess. 1975. Verte-

bral and total body bone mineral content by dual photon
absorptionmetry. Proceedings XIth European Sympo-
sium on Calcified Tissues. In press.

. Manzke, E,, C. H. Chesnut, J. E. Wergedal, D. J. Bay-

link, and W. B. Nelp. 1975. Relationship between local
and total bone mass in osteoporosis. Metab. Clin. Exp.
24: 605-615.

Doyle, F. 1972. Involutional osteoporosis. Clin. Endo-
crinol. Metab. 1: 143-167.

Johnston, C. C, Jr, D. M. Smith, W. E. Nance, and
J. Beven. 1973. Evaluation of radial bone mass by the
photon absorption technique. Excerpta Med. Int. Congr.
Ser. 270: 28-36.

Cochran, W. G. 1951. Testing a linear relation among
variances. Biometrics. 7: 17-32.

Canter, G. J,, R. de La Torre, and M. Mier. 1961. A
method for evaluating disability in patients with Parkin-
son’s Disease. J. Nerv. Ment. Dis. 133: 143-147.
Steel, R. G. D, and J. H. Torrie. 1960. Principles and
Procedures of Statistics. McGraw-Hill Book Co., New
York. 173-174.

Goldsmith, N. F,, J. O. Johnston, G. Picetti, and C.
Garcia. 1973. Bone mineral in the radius and vertebral
osteoporosis in an insured population. A correlative
study using I photon absorption and miniature ro-
entgenography. J. Bone Jt. Surg. Am. Vol. 55-A:
1276-1293.

Mazess, R. B, and J. R. Cameron. 1973. Bone mineral
content in normal U. S. Whites. In International Con-
ference on Bone Mineral Measurement. R. B. Mazess,
editor. Dept. of Health, Education and Welfare. Publi-
cation No. (NIH) 75-683.228-237.

Garn, S. M,, G. C. Rohman, and B. Wagner. 1967. Bone
loss as a general phenomenon in man. Fed. Proc. 26:
1729-1736.

Adams, P., G. T. Davies, and P. Sweetnam. 1970. Os-
teoporosis and the effects of aging on bone mass in
elderly men and women. Q. J. Med. 39: 601-615.
Horsman, A, and M. Simpson. 1975. The measure-
ment of sequential changes in cortical bone geometry.
Br. ]. Radiol. 48 470-476.

Albright, F, and E. C. Reifenstein, Jr. 1948. The
Parathyroid Glands and Metabolic Bone Disease. The
Williams & Wilkins Co., Baltimore. 147-148.

Hulley, S. B, J. M. Vogel, C. L. Donaldson, J. H.
Bayers, R. J. Friedman, and S. N. Rosen. 1971. The
effect of supplemental oral phosphate on the bone min-
eral changes during prolonged bed rest. J. Clin. Invest.
50: 2506-2518.

. Saville, P. D, and M. P. Whyte. 1969. Muscle and

bone hypertrophy. Positive effect of running exercise in
the rat. Clin. Orthop. Relat. Res. 65: 81-88.

Meema, S., D. B. W. Reid, and H. E. Meema. 1973.
Age trends of bone mineral mass, muscle width, and
subcutaneous fat in normals and osteoporotics. Calcif.
Tissue Res. 12: 101-112.

Sinaki, M., J. L. Opitz, and H. W. Wahner. 1974. Bone
mineral content: relationship to muscle strength in
normal subjects. Arch. Phys. Med. Rehabil. 55: 508-512.

Mineral Loss with Aging 721



