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ABSTRACT 

Bone loss among the elderly Is of Increasing concern to the 

medical community. In a study combining retrospective data on 438 

women from southern Arizona and current bone minerai values determined 

at the one-third distal radius, the effects of premenopausal 

reproductive events on postmenopausal bone minerai are Investigated. 

Among those women who reach menarche at an early age are some 

whose growth Is not accompanied by normal height and long bone growth. 

These women tend to exhibit lower bone minerai density 

postmenopausally. In addition, the early accumulation of weight In 

excess of height and a later age at menarche appeara to result In 

wider bones stl I I observed postmenopausal Iy. 

Pregnancy normally Is accompanied by an acceleration of calcium 

accumulation In excess of the fetal demand. However, parity appears 

to have little significant Impact on postmenopausal bone minerai 

status. However, women pregnant during their teens tend to accumulate 

a greater amount of bone than women who first become pregnant later. 

These benefits to the teenage mother can be lost during lactation, an 

Impairment of the skeleton which may continue Into the postmenopausal 

years. 

The 

pregnancy 

particularly 

skeleton appears 

and lactation 

to require a recovery 

cycles. Inadequate 

when accompanied by advanced maternal 

adverse effects on postmenopausal bone minerai status. 

period between 

recovery time, 

age, may have 

--------~----------.-----------------------
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Chapter I 

BONE MINERAL STATUS AMONG POSTMENOPAUSAL WOMEN 

Introduction 

the demographic profl Ie of the United States Includes an 

percentage of elderly (U.S. National Center for Health 

1983), there Is a growing need for research Into the 

diseases and conditions which 'accompany the aging process. One such 

condition which has attracted attention from both the biomedical 

community and the general public Is the loss of bone mass and 

Increased susceptlbl I Ity to fractures. This degenerative condition 

results from a process In which bone resorption outstrips bone 

formation (National Institutes of Health 1984). In extreme cases this 

condition has been termed osteoporosis, now a major medical condition 

amongst the elderly. 

Bone minerai status depends on a multitude of factors which 

must be understood before they can be manipulated to prevent or 

alleviate this condition. It Is toward an understanding of the long 

term effects of reproductive history, which Includes episodes of 

potentially Increased change In bone, that this research Is directed. 

Although age Is the prime determinant In both males and females 

of the bone status and of the propensity to fractures, many other 

factors come Into play. These Include the magnitude of peak bone 

mass, which occurs In the late twenties to early thirties (Mazess 
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1982. Sandler et a/ 1985). genetic factors (Smith et a/ 1973. Moller 

et a/ 1978. Johnston et a/ 1981. Stevenson and Macintyre 1985. 

Dequeker et a/ 1987). racial affinity (Garn and Shaw 1976. Mayor et a/ 

1976. Cohn et a/ 1977. Solomon 1979. Mayor et a/ 1980. Mangaroo et a/ 

1985). current and lifelong calcium Intake (Riggs et a/ 1967. Sevastlk 

and Lindgren 1984. Horowitz et a/ 1985. Nordin 1985. Recker and Heaney 

1985. Sandler et a/ 1985. Sowers et a/ 1985). body size (Rundgren et 

a/ 1984. Yano et a/ 1984). hormonal abnormalities (FuJlsawa et a/ 

1984. Koppelman et a/ 1984. Toh et a/ 1985). vitamin 0 synthesis 

(Ralsz and Johannesson 1984. Sevastlk and Lindgren 1984. Nordin et a/ 

1985). protein and fiber Intake (AI len 1982), fluoride exposure (Riggs 

et a/ 1980. 1982aj Simonen and Laitinen 1985). body compoSition 

(Sandler et a/ 1987) and exercise patterns (Smith et a/ 1976a. 1984. 

Smith and Reddon 1976. Krolner et a/ 1983. Jacobsen et a/ 1984. Marcus 

1987). 

Among women. the depletion of bone mass and loss of minerai. 

predominantly calcium. Is accelerated by the loss of estrogen 

occurring at menopause or at termination of estrogen replacement 

therapy (Albright et a/ 1941. Nordin et a/ 1976. Recker et a/ 1977. 

Morimoto et a/ 1980. Riggs et a/ 1981. Christiansen et a/ 1984. Gordan 

1984. Rlchelson et a/ 1984, RI Is and Christiansen 1984. Christiansen 

et a/ 1985. Ettinger et a/ 1985. 1987. Ralsz and Smith 1985. RI Is et 

a/ 1986). Estrogen loss produces a pronounced decrease In bone mass 

(Horsman et a/ 1977. EI las et a/ 1985) which continues at a rate of 

10-12% per decade for 15-20 years. After this period the rate of loss 
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slows to the 3-5% per decade loss normally seen In males over age 

forty. 

The Increasing Incidence of osteoporosis and the associated 

fracture risk has necessitated Investigation of the many variables 

which affect bone formation, minerai Izatlon, and resorption throughout 

life. Whl Ie much research has concentrated on the abl I Ity of the body 

to compensate for changes over the short term, little Is known about 

the lifelong factois which affect peak bone mass. The purpose of this 

dissertation Is to Investigate how specific biological events In the 

reproductive life of women may affect their bone minerai status In 

later years. The paper reviews the problem of bone loss and 

osteoporosis In the United States today. The anatomy of bone, the 

physiology underlying the processes of bone growth and remodeling and 

how these Influence the strength of bone are discussed. These 

Influence the onset of osteoporotic problems In the Individual and 

changes In bone throughout life at the Individual female level. An 

Investigation of the effects of female reproductive history on bone 

minerai status as seen In an,elderly population Is presented. The 

events discussed Include the age at menarche, parity, timing of 

reproduction, and frequency and duration of lactation. 

Definition of Osteoporosis 

The term "osteoporosis" has been used to describe a complex of 

problems that result In the loss of bone mass. It Is a term which 

encompasses a variety of symptoms rather than one specific etiology 

and defines one extreme of a continuum of changes In skeletal mass and 
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strength. 

qua II ty 

Clinical Iy osteoporosis Is defined as 1) a change In bone 

which 

resulting 

occur with 

disposing medical 

In loss of minerai, 2) coinciding with 

minimal trauma and 3) for which there Is 

cause (Frost 1985). However, the 

fractures 

a pre-

research 

definitions have varied somewhat from this clinical approach. It was 

defined by Pommer (1925) as the loss of calcium and phosphorus from 

bone and by Nordin (1979:484) as "a metabolic d;sease characterized by 

a reduction In the amount of bony tissue relative to volume of 

anatomical bone". More recently the term "osteopenla" has been re

Introduced to Indicate bone loss of unknown causes which would 

encompass the different etiologies behind osteoporosis (Pitt 1983, 

Ralsz and Johannesson 1984) but this term has not gained wide 

acceptance. Instead, the definition of osteoporosis has been revised 

to describe the condition In which the rate of bone resorption exceeds 

the rate of deposition although both normally continue throughout life 

(Frost 1985). With the aval labl I Ity of noninvasive techniques of bone 

minerai measurement, the clinical diagnosis of osteoporosis Is now 

more often based on marked diminution of bone mass, with or without 

fractures. 

The complexity of the pattern of adult bone loss has led 

researchers to distinguish between different types of loss or 

osteoporoses. Riggs and Melton (1983, 1986) define two syndromes. The 

first type Is termed "senl Ie osteoporosis", primary osteoporosis 

(National Institutes of Health 1984, Ralsz and Smith 1985) or Type I I 

osteoporosis. This refers to the bone loss which occurs In both sexes 
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and affects both trabecular and cortical bone. This slow phase loss 

begins at age 40 at a rate of 3-5% per decade (Mazess 1982, Riggs and 

Melton 1986) and continues until the later years of life when It 

either slows or ceases (Smith et a/ 1976b, Stlnl 1986). It Is this 

type which results In hlp, proximal humeral, proximal tibial and 

pelvic fractures as wei I as vertebral fractures In extreme old age 

(Melton and Cummings 1987). 

The second type Is "postmenopausal osteoporosis", secondary 

osteoporosis (Ralsz and Smith 1985) or Type I (Riggs and Melton 1983, 

1986) which occurs In women In the years Immediately fol lowing 

menopause. Here there Is severe loss of trabecular and cortical bone 

which Is superimposed on the slower bone loss. The rate of cortical 

loss Is 2-3%/year lasting 8-10 years. The trabecular loss Is three 

times greater than In normal aging though of shorter duration. This 

type of osteoporosis leads to vertebral fractures and, eventually, to 

the severe kyphosis commonly known as "dowager's hump" (Melton and 

Cummings 1987). 

loss (Renner et 

Colles' fractures of the distal forearm and tooth 

a/ 1984) also are common consequences. Although 

cortical bone also Is present In the sites of these fractures, the 

disproportionate loss of trabecular strength would leave the skeletal 

elements subject to breakage (Mazess 1982). 

Recent work has also highlighted the problem of different rates 

of loss even within these broad categories. Bone turnover rates and 

endocrinological data have been used to distinguish "fast-losers" from 

norma I "s low-losers" (R I Is et a/ 1986, Chr I st I ansen et a/ 1987). In 
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addition. periods of very rapid change have been noted In Individuals 

during longitudinal study. frequently coinciding with adverse changes 

In physical and/or emotional wei I-being (Galloway 1988. Stlnl 1988). 

Consequences of Bone Loss and Osteoporosis 

The consequences of bone loss and osteoporosis have only come 

to public attention within the last decade. This Is surprising given 

the enormity of the problem. An estimated 15 to 20 ml II Ion Americans 

have lost enough bone minerai to be considered osteoporotic. though 

most of those wi I I be undiagnosed untl I they experience a fracture 

(Liebman 1985. National Institutes of Health 1984), It has been 

estimated that 1.3 ml I I Ion fractures attributable to osteoporosis 

occur annually In the United States. Costs of the treatment of these 

fracture Incidents alone are probably as high as 3-4 bl I I Ion dol lars 

(Owen et a/ 1980. Frame and McKenna 1985. National Institutes of 

Health 1984) with an estimated total cost for osteoporosis In 1983 of 

6.1 bl I I Ion (Holbrook et a/ 1985). These costs have risen sharply 

with hlp fractures estimated to cost over $800 ml I I Ion In 1976 (Owen 

et a/ 1980) but had risen by almost 800% by 1986 (Cummings 1987). The 

cost In mortality Is also high. particularly with hlp fractures where 

12-20% of the victims die within 1 year (National Institutes of Health 

1984). This rate Is even higher with Institutionalized patients (Ions 

and Stevens 1987). 

Estimates on the Incidence of this condition by age group vary 

considerably. Crl I Iy and col leagues (1979) suggest that about 4% of 
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those over 62 could be considered osteoporotic. Others argue that 

this figure Is far too low. Riggs and col leagues (1981) estimate 

that, by 65 years of age, 50% of al I women have bone minerai density 

below the normal fracture threshold of a 20-year old, and, by 85, this 

has risen to 100%. Further complications arise as osteoporotic 

fracture Incidence appears to have Increased within the last century 

and the degree of damage also to have become more severe (Melton et a/ 

1987, Bengner et a/ 1988). 

The source of much of the confusion In assessing the scale of 

the problem lies In documentation of osteoporosis among the general 

Dubllc. There Is a lack of $tand~rd.!z~ct crlter!a and a ~!d9 varIety 

of testing techniques (Pitt 1983. Lane et a/ 1984, Katz 1985. ott et 

a/ 1987, Abraham 1988). Comparability of the different techniques Is 

stl II being discussed (Mazess 1979, 1985. 1987. NI las et a/ 1985. 

Popcock et a/ 1986. Reinhold et a/ 1986. ott et a/ 1987. Robinson et 

a/ 1987). Clinically. the diagnosis Is often made on the presence of 

two or more vertebral fractures which occurred without significant 

trauma (National Institutes of Health 1984, Lukert 1984. Frame and 

McKenna 1985). Care must be taken that other patterns of bone minerai 

change such as hyperparathyroidism. osteomalacia or myeloma Is not 

misdiagnosed as osteoporosis (Khan and Lore 1984. Wingate 1984. 

Canlggla 1985). 

The Incidence and rates of lowered bone mass and bone mineral 

are unevenly distributed 

differences are weighed. 

In the population even 

The HANES study In the 

when 

early 

sexual 

1970's 
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(Mangaroo et a/ 1985), which used radiographs of the middle phalanx of 

the fifth finger to examine bone minerai content In a large sample of 

a non-Institutionalized population, revealed a non-gaussian 

distribution of bone mineralization. Only small numbers of 

Individuals· had extremely dense bones. A notable finding was the 

relatively large number of younger Individuals with low bone minerai. 

This study also revealed sizable differences In bone minerai between 

Caucasoid and Negroid racial groups. Caucasoid women had 

significantly less bone minerai than males, either Caucasoid or Black, 

or than Black females. Blacks had denser bones, peaking about 10% 

higher than Caucasoids. although Black women lost bone mineral 

markedly In the years past 65. These differences have been 

corraborated by other studies (Mayor et a/ 1976, 1980, Cohn et a/ 

1977) and lower fracture Incidence has been noted especially between 

Black and White females (Solomon 1979, Farmer et a/ 1984). 

Many bone fractures are attributable to osteoporosis. These 

Include not only spontaneous fracture but also those which occur when 

trauma Is less than that needed to cause a break In a bone of greater 

minerai Izatlon. The likelihood of fracture Is determined partly by 

the magnitude, direction and duration of the force appl led to the bone 

(National Institutes of Health 1984). A second factor Is the 

dissipation of that force by the muscles and other soft tissues. 

Finally the strength of the bone Itself Influences fracture 

probabl I Ity. Bone strength Is determined not only by the bone minerai 

content but also by the width of the bone, the cross-sectional shape 
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and area of cortical bone (Garn and Shaw 1976, Ruff and Hayes 1982, 

1984, Sumner 1984), the Internal architecture, the trabecular:cortlcal 

bone ratio and the quality of the tissue Itself (Ascenzl and Bel I 

1976). Changes In bone mass are, however, roughly equivalent to 

Increased risk of breakage (Mazess 1982). Fractures occur much more 

frequently with low bone mass (Riggs et a/ 1981, Johnel I and Nilsson 

1983, Grubb et a/ 1984, Katz 1985, Mazess and Cameron 1985, Nordin et 

a/ 1985, Wasnlch et a/ 1985, Reinhold et a/ 1986, Mazess 1987). Bone 

minerai provides an estimate of the amount of structural material 

which Is standardized by dividing by the size of the bone. 

Bone loss Is compJ Icated by differential loss of trabecular and 

cortical bone and by the effects of macro- and microscopic 

architecture. Differences In the patterns of change vary by the 

locality of the osteoporotic fracture. Hlp fracture patients usually 

exhibit reductions In cortical thickness and little compensatory 

trabecular plate thickening (Ultewaal et a/ 1987). In contrast, 

victims of vertebral fractures tend to show normal cortex thickness 

but disproportionate loss of trabecular bone (Johnston et a/ 1985a). 

Fracture victims, In general, however, often have significantly higher 

resorption on trabecular surfaces. Whl Ie fracture patients may have 

significantly lower bone minerai, they may stl I I fal I within the 

normal range (Popenphant et a/ 1987). Some criticisms regarding this 

confusion have recently arisen as many "pre-fracture" Individuals have 

traditionally been Included with the "normals" (Ross et a/ 1988). 
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factors 

other than bone mass or minerai measurement, Include those with Ilght

colored skin, who are have low proportion of body fat and a light 

frame (Chestnut 1984, Jackson and Ullrich 1984, Lane et a/ 1984, 

[Editors of Female Patient] 1985, Frame and McKenna 1985, Ralsz and 

Smith 1985). Many of these women have a near-relative with 

osteoporosis which Implies a genetic component. This latter factor 

may act Indirectly by Influencing body size and fat distribution. An 

early menopause or oophorectomy also Increases the risks. A history 

of low calcium Intake and otherwise poor nutrition wi I I also Increase 

the chance of low levels of bone minerai. Long periods of 

Immobll Izatlon (Mazess and Whedon 1983) and treatment with high 

dosages of steroid drugs (Mueller 1976, Spencer et a/ 1982, Avlol I 

1987), thyroid hormone or heparin therapy (Frame and McKenna 1985) 

have been linked to adverse skeletal changes. Finally, a history of 

heavy cigarette smoking (Daniel I 1976, Lindsay 1981, Seeman et a/ 

1983), alcohol Intake (Seeman et a/ 1983, Rico et a/ 1987) or caffeine 

use (Yeh and Aloia 1986) Increases the risks. 

The severity of the consequences of osteoporosis for the 

Individual depends on the type of fracture. The three major 

categories of Injury are hlp fractures, mostly of the femoral neck, 

compression or wedge fractures of the vertebral bodies and fractures 

of the distal radius, known as Colles' type fractures. These 

fractures typically occur with minimal trauma such as a fal I from the 

standing position or In stepping from a curb. Coughing and sneezing 



27 

are also known to trigger fractures of the ribs. Whl Ie these are the 

classical osteoporotic types of fracture, osteoporotic Individuals 

also have a much greater chance for more severe bone breakage when 

Involved In any serious accident. 

Among the other factors Involved In assessing fracture risk are 

postural Instabl I Ity and the greater propensity to fal I (Aitken 1984, 

Cummings 1985, Cummings et a/ 1985). Medications have also been 

I Inked to an Increase In fractures by Increasing Instabl I Ity, loss of 

balance and reflexes. Also, menopausal hormonal changes have been 

associated with an Increase In Colles' fractures (Latimer and 

Mensforth 1988. Mensforth and Latimer 1988). 

Approaches to Research ~ Osteoporosis 

Clinically, the problem of osteoporosis can be attacked from 

two different directions. The first, most easily approached 

experimentally, Is regulation of the factors which affect the rate at 

which bone Is lost. This approach Includes attempts to stabl I Ize or 

possibly reverse the loss seen In the older Individual. Therapeutic 

Intervention Involving estrogen, calcium, vitamin 0, calcitonin, and 

fluoride have been Introduced with monitoring of bone mass changes. 

These st~dles attempt to simultaneously Investigate the mechanisms of 

change and alleviate the condition. 

The second, more difficult approach Is the examination of adult 

peak bone mass development. This approach depends on an understanding 

of the growth and development Involved In the accumulation of bone 

mass, the determination of bone length, diameter, cortical area and 
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shape and the means by which this Is maintained or restored during 

periods of fluctuation calcium metabol Ism during adult life. This 

approach requires a extensive knowledge of bone physiology and anatomy 

which must be coupled with an assessment of the Impact of various 

factors In vitro. This knowledge must also be extended to the general 

population as significant results of control led experiments may have 

I ittle Impact In an uncontrolled environment. It Is toward this 

second of the two approaches that the present research Is directed. 
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Chapter I I 

RESEARCH DESIGN AND HYPOTHESES 

Introduction and Background 

An understanding of the determinants of normal bone mass 

formation In women Is critical. This study suggests some areas of the 

female reproductive history. previously unexplored. which appear to 

affect postmenopausal bone minerai status. The first of these Is the 

age at menarche and the relationship between this event and the 

attainment of maximum linear growth. _The second area Is the role of 

timing of pregnancies within the reproductive years and the Interval 

between pregnancies and the effect of these factors on the beneficial 

aspect of pregnancy to bone minerai status. 

This research Is prompted by the serious thieat of osteoporosis 

and the associated fractures which has focused attention on the 

processes of bone formation and resorption. This problem wll I 

continue to concern the health care community as the proportion of 

elderly grows (U.S. National Center for Health Statistics 1983). 

Currently. efforts are aimed at the prevention of the condition by 

maximizing the formation and minerai Izatlon processes throughout life 

and altering the rate of loss In the later years. Because of the 

limited success of treatment programs designed to reverse the loss of 

bone. much recent Investigation has centered on which lifetime factors 

can Influence later status. 
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Women are particularly affected by the loss of bone since they 

suffer a postmenopausal period of rapid resorption In addition to 

normal loss with aging (Albright et a/ 1941, Nordin et a/ 1976, 

Horsman et a/ 1977, Mazess 1982, Lindquist et a/ 1983, Riggs and 

Melton 1983, 1986, Gordan 1984, National Institutes of Health 1984, 

Rlchelson et a/ 1984, Ruegsegger et a/ 1984, Doepel 1985, EI las et a/ 

1985, Ralsz and Smith 1985, RI Is et a/ 1986). 

Research Questions 

The objective of this study Is to explore the degree to which 

premenopausal events affect the postmenopausal bone minerai status, 

and whether this Influence Is seen as changes In peak minerai Izatlon 

or In apparent differences In the rate of loss. It links data derived 

through a retrospective study with that obtained currently concerning 

bone minerai status. 

Age at Menarche 

The onset of menses In the female marks both the beginning of 

her reproductive years and the gradual slowing of the adolescent 

growth period. The Increased production of estrogen and progesterone 

occurring, normally, In a cycled manner, may Inhibit bone resorption 

accelerate epiphyseal fusion, and Increase calcium absorption from the 

Intestines and as wei I as restrict Its loss via the renal system. 

This would tend to Increase the amount of calcium available for 

deposition In bone whl Ie limiting that needed for modeling to 

accommodate linear growth. The correlation of menarche and growth 

--------------------- -_._-
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velocity peak would also suggest that menarche may affect bone length 

and width. Garn (1970) has also pointed to the dramatic Increase In 

endosteal apposition In the female during the adolescent growth spurt 

fol lowing menarche so Influences on bone width become critical. Four 

research questions have been defined to examine these topics. 

1. Are there significant differences ~ the bone minerai 

Index by the age at menarche seen postmenopausally? This 

addresses the question of peak minerai Izatlon, examining 

whether the differences seen In the bone minerai Index can be 

traced after the period of rapid bone loss which occurs 

Immediately fol lowing menopause. 

2. ~ ~ apparent difference ~ the bone minerai index ~ 

~ the postmenopausal women due primarily to differences ~ the 

bone minerai content or to differences In the bone width? This ---- -- -- -- --- ----
examines the magnitude of the Impact of each aspect of bone 

minerai measurement, as affected by menarche, as It relates to 

bone minerai density. The longer period with estrogen, which 

occurs with an earlier menarche, may enhance the bone formation 

and Increase the bone minerai content. Alternately, the age at 

menarche may alter the bone width, whl Ie the amount of bone 

deposited remains relatively constant regardless of age of 

menarche. These two processes may also act simultaneously. 

3. What ~ the relationship between bone width and bone 

length? How ~ this altered by changes ~ the age at menarche? 
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Since menarche Is expected to mark the beginning of the 

termination of adolescent growth, shorter stature would be 

expected with earlier menarche. However, within women of 

simi lar bone length, menarche may determine the bone width. 

Furthermore structural requirements may also playa role In 

determining bone width. 

4. Does accumulation of ~ minerai ~ a narrower bone 

affect the estimated rate of loss of bone occurring with age 

and loss of -- - estrogen? This examines whether the rates of 

m I nera I lost by women w loth s 1m I I ar bone widths var I es by the 

amount of bone minerai held In this bone. Since osteocytes may 

be Involved In some transfer of bone minerai Into the 

exchangeable Ions, the restriction of a greater proportion of 

these to deep within the dense bone could be expected to limit 

their activity and eventually lead to cel I death. These 

portions of bone may be less accessible to resorption, slowing 

the rate of loss later In life. Heavy deposition on a narrow 

bone would mean that the endosteal surface would also be 

reduced, further restricting the active resorption areas. 

Parity and Timing of Pregnancy 

Pregnancy Is accompanied by massive and prolonged Increases In 

estrogen and progesterone, both known to limit bone resorption whl Ie 

maximizing calcium uptake by other routes. Pregnancy Is fol lowed by 

prolactin secretion, the duration of which Is determined by the mode 

-----------------------------
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of feeding adopted by the mother. This hormone has also been shown to 

affect bone minerai, leading to Increased calcium mobil Izatlon through 

bone resorption. To Investigate the effects of pregnancy and 

lactation on bone minerai, attention wi I I be placed on the fol lowing 

research questions. 

1. Does the bone minerai Index Increase or decrease with 

Increasing parity ~ does !! reach ~ plateau? This study wi I I 

attempt to examine the effects of greater parities on bone 

minerai content, width, and Index. 

2. uoes timing of pregnancy aiiect ~ bone minerai Index 

and, !!. so, does the first, last Q!. total number of pregnancies 

play ~ ~ critical role? Does Interval between pregnancies 

affect bone minerai accumulation? The evidence of oral 

contraceptive Influence on bone minerai suggest greater 

benefits accrued In the twenties and early thirties (Goldsmith 

and Johnston 1975). It Is thought that pregnancy may work by a 

simi lar pattern but It Is not known whether spacing between 

pregnancies affects accumulation. 

3. Does pregnancy cause ~ loss ~ bone minerai Index at any 

age below the levels ~ ~ nulliparous women? The effects of 

oral contraceptives do not seem to benefit women In their teen-

age years and women over approximately age 35. The present 
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data are examined to see whether the timing of pregnancy may 

affect bone minerai. 

4. ~ there ~lmplY changes!.!! lli peak mlnerallzat Ion 2!: Is 

there any suggestion of structural differences In the bone - ---
produced by pregnancy which would Inhibit later resorption? 

Whl Ie Individuals with greater bone minerai would be expected 

to lose more than those Individuals bordering on the fracture 

threshold, extreme discrepancies In the rates of loss between 

multiparous and nulliparous women after menopause may suggest 

that there are differences In the composition of the bone which 

limIt resorption. Calculations based on the longitudinal data 

for rates of loss by age and bone minerai status could be 

appl led to the participants of this study. 

Expected Significance 

The results of this study could provide Important Information 

on the factors which control the bone status as seen within a general 

population. The factors Investigated In this study cannot be 

duplicated readily In the laboratory setting but require population 

studies to prove their statistical significance. 

The focus of the research design Is on two areas of 

premenopausal reproductive history and their effects on bone minerai 

status In later life not previously explored. The relationship 

between age at menarche and bone minerai density has been briefly 

noticed (Johnel I and Nilsson 1984) but the Interactions between this 

- -- ---- ----- ----_.--- ---- -------------------- .--
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and the growth process have not been specifically analyzed. Whl Ie the 

effects of parity on bone minerai have been documented (Nilsson 1969, 

Garn 1970, Goldsmith and Johnston 1975, Aloia et a/ 1983, 1985, 

Johnel I and Nilsson 1984, Lindsay et a/ 1986), the timing and spacing 

of births has not been Investigated. The current Interest by the 

general public has also raised concern over the effects of pregnancy 

on depletion of maternal calcium stores. These misconceptions should 

be counteracted. 

Documentation of the extent to which these factors affect bone 

minerai status later In life would also assist In developing a profl Ie 

of those at risk for rapid loss of bone minerai. Early Identification 

of those whose bone minerai status wi II more quickly approach the 

fracture threshold Is a key to effective preventative therapy. 

Rebuilding lost bone minerals has not proven particularly useful, 

shifting the emphasis to maximum accumulation of minerai during the 

premenopausal years and retention of the maximum amounts of minerai In 

the later years. 

Clinically, this study provides Information to help target 

women who fal I In categories where reduced or lower peak bone 

minerai Izatlon Is expected In higher proportions. For these women, 

additional attention could be paid to calcium Intake and exercise 

patterns during the period of bone change to maximize the potential 

for Increasing bone minerai. Postmenopausally, earlier Implementation 

of bone retention strategies for those women at greatest risk could be 
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taken such as use of an estrogen replacement therapy. adjustment of 

calcium Intake and adequate weight-bearing exercise. 
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Chapter I I I 

ANATOMY AND PHYSIOLOGY OF BONE 

Introduction 

Bone fulfl I Is many functions during the human lifetime. It 

provides structure and support for the body, a means of mobility and 

It Is the storage mechanism by which calcium homeostasis can be 

maintained despite fluctuations of nutritional Intake. At times these 

roles are In conflict. This Is especially true In the growing 

Individual where the bones are undergoing extensive modeling to al low 

linear growth and simultaneous skeletal reshaping. Bone changes 

continue throughout life, shifting from formation of new bone to 

processes In which old bone Is destroyed and replaced. This adult 

bone turnover, In part, provides a mechanism for repair of mlcrodamage 

(Lanyon and Rubin 1984, 1985, Burr et al 1985) and al lows compensation 

for Increased demands for bone strength (Lanyon 1984, Kursunoglu et 

al 1986, Frost 1988) or for calcium mobil Izatlon (Frost 1960, Drlvdahl 

et al 1984, Recker 1987). 

The homeostatic role of bone wi II be discussed In this chapter 

In terms of the major systemic and local regulators which must 

function within the constraints of providing structural support for 

the body. Since one of the major functions of bone Is as a minerai 

reservoir for calcium and phosphorus, bone structure must also al low 

for ready access to regions of minerai exchange. 
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Anatomy of Bone 

Bone consists of an Interconnected matrix of organic and 

Inorganic components of which cel Is compose only 5-8% (Trlfflt 1980). 

Cortical bone Is approximately 69% Inorganic, 9% water and 22% organic 

matrix by weight. The organic component Is 90% collagen, the 

remainder being other proteins, carbohydrates and lipids. The 

Inorganic component consists of calcium hydroxyapatite and amorphous 

calcium phosphates formed around the organic material. 

Cellular Components 

Bone formation, minerai Izatlon and resorption are control led by 

cel Is which manipulate bone as a dynamic organ. These cel Is respond 

to hormones, nutrients and toxins In the general circulation from 

which they draw their support. They also respond to local physical, 

biochemical, and bioelectric circumstances. 

Osteoblasts 

Bone Is Initially formed by active osteoblasts which 

synthesize collagen, water and mucopolysaccharldes forming the osteoid 

(Jowsey and Gordan 1976, Vaughan 1981). Osteoblasts are large 

Irregularly shaped cel Is with fine cytoplasmic processes (Cameron 

1976, Pritchard 1976a) which develop from mesenchymal stem cel Is 

(Vaughan 1981). They contain three "compartments": the nucleus, the 

clusterlngs of Goigi membranes and the remaining cytoplasm. The latter 

contains large quantities of endoplasmic reticulum necessary for the 

production of collagen. Osteoblasts are marked by large quantities of 
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alkaline phosphatase which are attached to the extracellular membrane 

(Doty 1981). Although alkaline phosphatase may not be Involved 

directly In calcification (Aaron 1981), Its presence serves as a 

biochemical marker of bone formation. 

The osteoblasts produce the large quantities of collagen 

protein which forms most of the organic matrix around which the 

minerai fraction of bone Is deposited. Other protein products of the 

osteoblasts Include osteocalcln and osteonectln, discussed below. 

Collagen provides bone with much of Its elastic properties al lowing 

some accommodation to tensl Ie loading. Of the five different types of 

collagen formed by the body only type Is found In. bone, the rest 

appearing In skin and connective tissue. 

Collagen Is produced by osteoblasts as procol lagen chains with 

control of production focused at the level of Initial transcription 

(Ralsz and Kream 1983a). The particular chemistry of the chains 

promotes the proper orientation and I Inking between the Individual 

chains to form a triple hel Ix. The molecules are then converted In a 

process requiring vitamin C and two enzymes to form mature collagen. 

Procol lagen amlnoprotease removes the amino peptldes whl Ie the second 

enzyme, procol lagen carboxy protease strips the carboxy propeptldes. 

This al lows the cross-I Inks to form between the collagen chains for 

final maturation (Ralsz and Kream 1983a). 

Whl Ie collagen Is an extremely common protein In the body, It 

Is unusual In that hydroxyproline and hydroxylyslne are Incorporated 

Initially In a non-hydroxylated state. Electron microscopy has 
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revealed that the rodl Ike crystals are oriented In chains along the 

collagen flbrl Is (Albanese 1977). Because these crystals form a 

honeycombed effect there Is a large amount of surface area providing 

an Interconnecting framework around which minerai Izatlon can occur. 

Gradually the Immature bone tissue loses water and accumulates 

an amorphous calcium phosphate precipitate In a band within the 

osteoid. Osteoblasts support the circumstances In which calcification 

crystals, composed of crystal line hydroxyapatite (Ca10(P04)6(OH)2) and 

amorphous calcium phosphates, are deposited over the organic framework 

of proteins (Neuman 1980). The process of minerai Izatlon Is gradual, 

resu I t I ng I n an area between the end of matr I x format Ion a.nd tl:v~ (ln$~t: 

of minerai Izatlon known as the osteoid seam (Frost and VI I lanueva 

1960). This area consists of 95% collagen and Is a normal part of 

healthy bone. 

Actual minerai Izatlon probably Is Initiated via one of two 

mechanisms. The first Is the "booster mechanism" which elevates 

concentrations of calcium Ions or phosphate to the point at which 

mineralization can occur spontaneously. Osteoblastic mitochondria 

accumulate calcium and may pass It Into the matrix thereby providing a 

concentrating mechanism (Vaughan 1981) since normal circulating levels 

of calcium and phosphate are Insufficient for precipitation. Although 

a number of Intracellular organelles, such as mitochondria, have been 

shown to Increase cellular concentrations of calcium and phosphate It 

Is believed that spontaneous formation of crystals Is not possible 

solely by high concentrations of the components (Gllmcher 1976). The 
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nucleation mechanism" 

Bone formation may be 

collagen. This most 

probably occurs around the epltactlc processes of the collagen fibers 

onto which the bone crystals can be laid. Minerai Izatlon would be 

Inhibited by limiting the production of nuclei or seeds or by slowing 

the deposition of minerai onto already present seeds (Neuman 1980). 

Known Inhibitors of the minerai Izatlon process Include magnesium Ions, 

citrate and pyrophosphate. 

Osteocytes 

Osteocytes develop from osteoblasts which have become trapped 

within the minerai Ized matrix which they have constructed. The 

transition of these cells Is marked by the loss of alkaline 

phosphatase synthesis (Uoty 1981). Each osteocyte occupies a smal I 

cavity or lacuna within the matrix. These tend to occur close to 

matrix capillaries and their level of activity may depend on their 

proximity to more active bone surfaces (Baud and Boivin 1981). The 

cel Is wi I I probably die If encased too deeply within the minerai 

(Vaughan 1981). Osteocytes produce an elaborate network of processes 

which I Ie within fine tunnels or canal Icul I. These al low the cel I to 

obtain nutrients, dispose of waste products and provide contact with 

other cel Is Including osteoblasts (Pritchard 1976b, Neuman 1980, 

Vaughan 1981). The cel Is are also enclosed In an area of quickly 

available bone marked as a "halo vOlume", a quasi-permeable state of 
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bone, 0.5-2.0 microns deep, only visible In fresh bone (Frost et a/ 

1960a). 

Osteocytes must prevent the mineralized matrix from Impinging 

on their space. This Is accomplished by an osteoclast-I Ike osteolysis 

of surrounding bone. In some osteocytes, parathyroid hormone (PTH) 

has been shown to cause production of mlcrofl laments and lysosomal 

vesicles which are used on bone minerai. Because of this ability, the 

osteocytes may be Important to calcium homeostasis (Vaughan 1981) 

though this function may be purely anabolic In nature (Boyde 1981). 

Osteoclasts 

Cel I resorption, which releases calcium and phosphate, Is 

conducted largely by osteoclasts, large multinucleated cel Is derived 

from monocyte precursors (Hancox 1976, Vaughan 1981). Recent models 

concerning the origin of osteoclast precursors suggest that they are 

ultimately derived from hemopoietic stem cel Is through a monocyte to 

macrophage lineage (Baron et a/ 1986). The differentiation of these 

cel Is may be prompted by colony-stimulating factor (CSF) (Mundy and 

Roodman 1987). This factor also directs osteoclast migration and 

fusion of the multinucleated osteoclast (Barnes 1987). These cel Is 

are mobile and vary In shape and number of nuclei and they contain 

vast numbers of mitochondria to support their high activity rates. 

They also contain large amounts of hydrolytic enzymes (Ogden 

1980) which dissolve first the Inorganic salts and then the protein 

matrix (Blair et a/ 1986) by drawing protons from the blood to 
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solubl I Ize the salts (Frost 1986). Carbonic anhydrase may provide the 

protons necessary for resorption which are carried across the cel I via 

two pumping mechanisms: ATPase and Na/K ATPase (Barnes 1987). This 

may take advantage of the flow of calcium Into the extracellular 

fluid. The cel Is are marked by the resorption cavity which they erode 

Into the bone matrix and by a ruffled border where the cel I contacts 

the bone. It has been suggested that active resorption occurs only at 

the ruffled border which only a portion of osteoclasts will exhibit at 

anyone time (Lucht 1972b). This appears to correlate with the 

orientation of the collagen fibers with which the osteoclast Is In 

C?ont~ct ~ suggest I ng substrate contro lover resorpt Ion D.<;I,t~er.n~ (W.oqps 

1981) . 

Other Cells 

Mononuclear cel Is also appear to be Involved In bone resorption 

(Vaughan 1981). These cel Is are derived from the same precursor line 

as osteoclasts and are known to be attracted to sites of resorption. 

They are rich In collagenase. 

Another type of cel I Involved In bone physiology Is the thin 

flattened cel I which appears to line the bone surface, separating It 

from the normal Interstitium (Vanderwel I 1981). This has been cal led 

a "bone lining cell" and Is characterized by 1) direct apposition to 

bone surface, 2) a thin, flat nuclear profl Ie, 3) cytoplasm extending 

thinly (0.1 urn) across the bone surface, 4) few organelles, 5) some 

cel Is having processes extending Into canaliculi and 6) gap Junctions 

with other bone lining cel Is and osteocytes (Miller and Jee 1987). 
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Such cel Is are not In direct contact with the crystals but maintain a 

narrow band or seam In which fluids are accumulated In response to 

calcitonin. They appear to be physiologically Important to bone 

health though not directly Involved In bone turnover. They may act as 

support cel Is for osteocytes and may have a role In bone resorption In 

that they may migrate to expose bone to osteoclastic activity. They 

may also separate bone extracellular fluid from Interstitial fluid, 

where calcium levels are double that of bone but potassium Is only 

about one-fifth (Neuman 1980). 

~ l,c~£QJtl c, ~~,r.!-:l9.t~.~~. 

Microscopically bone Is formed In two distinct patterns which 

fol low the process of bone formation (Frost 1960b). Bone begins with 

hyaline cartilage which Is a simple elastic tissue composed of 25% 

organic materials, largely collagen, and 75% water (Frost 1980). 

Minerai Izatlon converts this gradually to calcified cartilage. This 

Is replaced by woven or fibrous bone which Is, In turn, replaced by 

lamellar bone (Frost 1960b). This process Is one of de ~ formation 

of bone rather than reformation of existing material. 

Woven bone contains a collagen matrix without orientation 

accompanied by a lack of orientation In lacunae. The trabeculae 

formed of woven bone do not conform to mechanical properties. Instead 

they fol low the paths of the capl I lary loops which originally Invaded 

the cartl lagenous model to begin the transition to bone. This type of 

bone tends to contain more lacunae per unit volume than later bone and 
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This Is the 

Initial type of ossification, being found throughout fetal bone. In 

chi Idren It Is found at the epiphyseal plates and Is found, even In 

adults, at the subchondral articular cortex and between bone and 

calcified cartilage at sites of tendon or fascial attachment. It Is 

also the Initial bone constructed during repair, neoplastic, 

Inflammatory and Irritative processes. 

The second type of bone which, under normal conditions, wll I 

eventually replace woven bone, Is lamellar bone. This Is bul It around 

finer collagen bundles which display strong orientation. The grain 

paral leis directions of maximum tension-compression stresses and 

strains (Frost 1980). The lacunae are oriented between lamellae and 

I Ie with the long axis paral lei to the long axis of the bone. The 

borders of this bone are smooth without the Jagged Irregularity seen 

with woven bone. This bone appears In circumferential lamellae, 

primary and secondary osteons (see below), compacta and trabeculae. 

The formation of bone can also be divided Into that occurring 

during growth when bone Is being modeled and that which occur during 

remodeling and repair. 

modeling process In 

Woven and lamellar bone are formed during the 

which new bone Is laid where none previously 

existed. Modeling processes control the outside diameter of bone, the 

medullary diameter and cortical thickness and also shape the bone to 

fit the longitudinal dictates of both bone and muscle growth and 

mechanical usage. It Is responsible for shaping the bone to limit the 

damage which may occur from functional loading (Frost 1988). The 
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remodeling process Involves the replacement of packets of pre-existing 

bone either during routine turnover or as part of the repair process. 

This wi I I occur on the four bone "envelopes" or areas where bone 

turnover occurs: 1) the endosteal surface which lies adjacent to the 

marrow, 2) the periosteal surface on the bone exterior, 3) the 

Haversian systems within the cortical bone, and 4) the trabeculae. 

The activities of the many types of cel Is Involved In bone 

remodeling are not Independent but appear to be "coupled" (Frost 1964, 

Jaworski 1984), possibly by a factor which regulates osteoblastic 

activity (Martin 1983). The activities fol low a sequence of 1) 

activation. 2) osteoclastic ,resorD,tlon" 3) revers::!l; ,~I;'.d 4) f0t;"m~,t!I)~, 

of new bone by osteoblasts (Frost 1980). The coordinated activity of 

osteoblasts and osteoclasts has been called the basic multicellular 

unit (BMU) of bone remodeling which functions throughout life (Frost 

1973, 1980, 1986). Osteoclasts erode bone from sites usually paral lei 

to the local tension-compression strains. A reversal phase, which 

lasts four to six times the active resorption phase, then begins and 

Is characterized by the presence of mononuclear cel Is. These latter 

cel Is may provide a signal for the onset of the final phase of 

formation (Baron et a/ 1981). Osteoblasts deposit new organic matrix 

which Is minerai Ized after a delay of about eight days. 

Since osteoclasts are 20-40 times more effective than 

osteoblasts, only one In seven BMUs are actively resorbing under 

normal conditions (Lee 1985). This unit replaces smal I sections of 

bone so that mechanical Integrity can be maintained. The whole 
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process requires up to three months depending on the type of bone 

Involved (Frost 1980). Each remodeling BMU turns over about 0.05-0.1 

mm3 of bone. Remodeling typically results In a net loss of bone of 

about .002 mm3 per BMU as resorption outpaces formation. 

This sequence produces a microscopically characteristic pattern 

of smal I sections of bone which have been eroded away then refl I led. 

Within bone, remodeling occurs at the Haversian envelope resulting In 

primary osteons (Figure I I 1-1). As this sequence Is repeated, osteons 

overlap forming secondary and fragmentary osteons. Simi lar processes 

also occur on the endosteal, periosteal and trabecular envelopes of 

bone (Frost 1980). 

The remodeling process al lows for rejuvenation of bone material 

whose strength Is Impaired by age and Internal damage as wei I as 

al lowing the bone to respond to local conditions such as adjacent 

tissue or changes In stress levels. The presence of marrow tissue 

alone appears to Impose a net loss of nearby bone (Frost 1985). 

Constant pressure due to aneurysms on calvarial bone (Lanyon, p.c.) 

and along the spine (Kelley 1979) also causes resorption. 

Bone may also reshape Itself In order to accommodate changes In 

work load. Osteoblasts have been proposed as the receptor cel Is for 

tensl Ie stresses (Smith 1985). In vitro analysis has shown that 

osteoblast-I Ike cel Is respond to tensl Ie force by production of 

prostaglandin E2 which Induces DNA synthesis. It has been proposed 

that electrical stimuli may produce simi lar responses directly. 

Circumstantial evidence suggests that strain-generated electrical 

.--.. -- ... -.---------
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Figure 111-1: Cross-section of bone showing envelopes and Haversian 
systems. 
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potentials are Invoked In the appreciation of mechanical strain within 

bone (Lanyon 1981). This Is supported by the association between 

remodeling sites and areas of high functional strain (Lanyon and Rubin 

1985). 

Microcracks are mechanical fatigue phenomena which must be 

repaired by the BMUs (Frost 1985). In general, bone has relatively 

poor fatigue resistance due to Its heterogeneous composition (Carter 

et al 1981). The degree of damage which normally occurs In bone 

depends on the type of loading. Tensile loading causes debondlng of 

osteons but does little cellular harm. In contrast, compressive 

loading causes diffuse shear cracks and considerable cellular damage. 

Primary bone has a higher tensl Ie strength than Haversian bone 

(Vlncentel I I and Grlgorov 1985). However, osteons serve to trap 

cracks which would otherwise move across a more homogenous material 

(Currey 1969). ~ vivo experiments have shown that microcracks occur 

at higher mlcrostraln levels and that these are associated, within a 

few days, with cutting fronts of resorption at 44 times the expected 

levels (Burr et al 1985). This suggests that Haversian remodeling Is 

preferentially stimulated where fatigue damage Is most severe. 

Eighty percent of the variance In the compressive strength of 

trabecular bone and 90% of compact bone Is associated with the density 

of the material (Mazess 1982). Therefore, changes In bone mass can be 

correlated with changes In bone strength and In susceptlbl I Ity to 

fracture. There are, however, three masking factors. These Include 

1) geometric changes In compact bone In response to stress which 
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affects elasticity and strength. 2) disproportionate loss In 

trabecular versus cortical bone. 3) age associated changes In bone 

marrow. such as Increases In fat content or decreases In hematopoietic 

tissue which may alter energy absorption capabilities. 

Macroscopic Structure 

Mature bone consists of two distinct types of architecture: 

cortical and trabecular bone. Cortical bone Is compact and forms the 

hard envelope of the bone particularly evident In the diaphyses of 

long bones. In the cortex. woven bone Is replaced by lamellar bone 

with preferential alignment of collaqen so that adjacent sectlo~s.wlll 

run In opposite directions •. longitudinally or c'rcumferent'a"y 

(Copenhaver et a/ 1978). The rates of cortical bone turnover vary 

considerably between Individuals. and. within one Individual wi I I vary 

between and within bones (Frost et a/ 1960b). In a single Individual. 

cortex half life has been reported as 7.6 years In the femur but 24.2 

years In the tibia. 

Trabecular bone Is the porous. "spongy" bone such as that found 

In the vertebrae and the ends of the long bones. The Inner trabecular 

bone forms plates which traverse the space surrounded by the denser 

bone. The strength of trabecular bone depends largely on the 

alignment of the trabeculae. the Interconnectedness between the 

trabecular plates and the density of the plates (Merz and Schenk 1970. 

Parfitt et al 1983. Parfitt 1984. Mosekl Ide et a/ 1987. Weinstein and 

Hutson 1987). This bone appears more active than cortical bone since 
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Because of 

this, It Is more susceptible to early loss during periods of 

accelerated resorption or decreased formation of the bone. 

Bone responses to mechanical loading can also be seen at the 

macroscopic level. Transverse or obliquely oriented radiopaque lines 

occur In osteopenlc long bones as a possible reinforcement of existing 

normal trabeculae within the medullary cavity In response to prolonged 

stress (Kursunoglu et a/ 1986). New bone may be laid In areas which 

are subjected to the highest functional strain (Lanyon 1981). In 

addition, crests and tuberosities are a local response for muscle 

anchorage that reduces stress concentrations. 

Calcium Regulation 

Ninety-nine percent of the total calcium In the body Is 

contained In the skeleton (Ganong 1983). Of the remaining 1%, a 

portion Is In the extra-cellular fluid. Part of this amount Is bound 

to albumin, a blood protein; some Is bound to organic anions whl Ie 

almost 50% remains as free calcium Ions (ca++) (Walser 1961). In soft 

tissue, calcium performs many functions Including maintenance of 

transmembrane potential, stimulation of secretion, regulation of 

muscle contraction, as a factor In blood clotting and as a part of 

hormonal regulation. Excess calcium, hypercalcemia, can result In 

extra-osseous calcification especially In the kidney which leads to 

renal fal lure. Insufficient calcium In the blood can produce tetany 

(uncontrollable muscle spasms) and lead to death through cardiac 

arrhythmia. Because of these extreme consequences, blood calcium 
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levels must be tightly control led at approximately 10 mg/dl. There 

are. however. circadian rhythms In plasma calcium levels probably 

I Inked to photofractlon and meal timing (Simmons 1979). The strict 

regulation of calcium Is possible through stringent monitoring and 

adjustment at the three calcium exchange organs of the body: the 

Intestinal tract. the kidneys and the skeletal system (Figure I I 1-2). 

Since this monitoring Involves many points throughout the entire 

calcium regulatory system. Individual feedback mechanisms wi II be 

discussed In conjunction with systemic regulation. 

Calcium Sources 

Calcium Is a minerai which must. ultimately. be obtained from 

the diet. About 200-300 mg of calcium Is secreted dally Into the 

Intestine along with the digestive Juices (Granger et a/ 1985). This 

and the dietary calcium are primarily absorbed by the duodenum and 

proximal jejunum where an acidic medium. necessary for 

of the calcium salts. can be maintained. In total 

solubl I Izatlon 

amounts. the 

duodenum absorbs the least calcium since It Is shorter although Its 

rate of absorption Is higher than the jejunum. Only about 40% of the 

remaining calcium which enters the bowels Is absorbed. Despite the 

overal I high recovery of calcium. It Is estimated that. minimally. 75-

100 mg of calcium Is claimed dally by endogenous fecal loss (Nordin et 

a/ 1979). 

Calcium Is gleaned from the food by a calcium binding protein 

In the lumenal brush border. Calcium transport from the Intestinal 
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Figure 111-2: Processing of calcium by the body. Included are 
average dally Intake, utilization and output. 
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lumen Is accomplished by facilitated diffusion and active transport 

Into the endothelial cel I then active transport via a Ca-ATPase pump 

Into the blood stream. The active transport phase of calcium exchange 

requires both metabol Ie energy and vitamin D. The second step, Into 

the blood stream, Is the slowest and Is, therefore, rate-limiting. 

Active transport abl I Ity Increases with chronic low calcium diet. At 

high lumen concentrations, simple diffusion wi II suffice. Therefore, 

calcium absorption Is not Increased linearly with Intake but rises 

sharply at lower levels then flattens to only a gradual rate of 

Increase as the saturation limits of the active transport mechanisms 

are reached (Nordin et a/ 1979). 

The present National Institutes of Health recommended Intake of 

calcium for most adults Is 1000 mg/day. Postmenopausal women who are 

not using estrogen replacement therapy should take 1500 mg/day. 

Unfortunately the bloavallabl I Ity of Ingested calcium varies 

considerably. A major factor are other foods In the digestive tract 

(Bronner 1979, AI len 1982). Cereal phytates greatly Impair calcium 

absorption (Heaney et a/ 1982, Schwartz et a/ 1986, Southgate 1987) 

although the normal mix of dietary fiber appears to have little effect 

(Southgate 1987). Protein has also been considered as a hindrance to 

calcium absorption (Lukert 1984) but the proteins normally found In 

foods also do not appear to affect calcium bloaval labl I Ity (Spencer et 

al 1982, Recker and Heaney 1985). Gastric acid content does affect 

calcium absorption, particularly with calcium supplements (Ivanovlch 

et al 1967, Hunt and Johnson 1983, Recker 1985). Lactose Intolerance, 
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which Impairs one's abl I Ity to consume milk, Is common throughout many 

non-European groups and among many elderly of al I racial affinities, 

thus eliminating a major calcium source from the diet (Heaney et a/ 

1977, Newcomer et a/ 1978, Paclflcl et a/ 1985). Lactose Itself may 

enhance calcium absorption (MI I ler 1986). 

Calcium Intake does not 'appear to be an overwhelming factor In 

control ling calcium utilization by the skeleton (NI las et a/ 1984, 

Mazess et a/ 1985) although extremely low dietary calcium does appear 

associated with low bone minerai and rapid bone loss (Riggs et a/ 

1967, 1982, Nordin et a/ 1979, 1987, Heaney et a/ 1982, Sandler et a/ 

1985, Freudenhelm e~ a/ 19~6, Dawso~-~ughes et a/ 1987, Recker 1987). 

There may be a threshold nutrient where additional benefits to bone 

are not seen beyond the Intake levels required for calcium sufficiency 

(Heaney and Recker 1987) and may affect cortical loss more than 

trabecular (RI Is et a/ 1987a, 1987b). 

Calcium Conservation and Output 

In the kidneys, calcium passes through to Bowman's space as 

part of the filtration fraction but about 98% of this calcium Is 

resorbed before excretion (Bronner 1979, Ganong 1983). About 11,000 

mg of calcium Is processed through t~e renal tubules dally with about 

60% of the resorption occurring In the proximal tubule. Smal I amounts 

of resorption occur In the ascending 11mb of the loop of Henle and In 

the distal tubule. Renal conservation of calcium fluctuates In 

response to Intake and plasma levels of calcium (Bronner 1979, Heaney 



56 

et al 1982) but some calcium loss, over 50 mg dally, Is lost In normal 

kidney function (Nordin et al 1979). When Intestinal absorption of 

calcium Increases the circulating calcium levels above the acceptable 

limits, urinary excretion normally provides accommodation for about 

25% of the excess. The remaining 75% will be stored, at least 

temporarily, by the skeleton (Bronner 1979). 

A further potential cause of calcium loss Is the sweat glands. 

Although this amount Is normally minimal, It can reach about 50 mg/day 

during periods of Intense exercise or heat exposure. 

Hormonal Regulation of Bone Remodeling 
.. ,." .. ,,,,,,,.,,, " 

The calcium stored In bone can be transferred to circulation 

either by normal homeostatic mechanisms or from a more "non-

exchangeable" form by hormonal regulation. The Interplay between 

exchange of bone calcium, serum levels and calcium excretion Is 

regulated at the systemic level by 3 hormones: parathyroid hormone 

(PTH), metabolites of vitamin 0, and calcitonin (Figure 111-3). These 

monitor serum calcium levels and modulate bone storage, Intestinal 

absorption and renal conservation of both calcium and phosphate. In 

addition, bone Is known to respond to other circulating hormones 

either directly or through the major hormonal mechanisms. Loca II y, 

bone remodeling Is regulated by a wide variety of factors which 

determine cel I differentiation, proliferation, protein synthesis and 

minerai deposition and resorption. 
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Systemic Regulation 

Parathyroid Hormone 

Parathyroid hormone (PTH), one of the three major systemic 

regulators, Is a peptide hormone produced by four small glands on the 

posterior surface of the thyroid gland (Parsons 1976, Fregly and 

Luttge 1982, Norman and Litwack 1987). The parathyroid glands appear 

to have evolved In land-dwelling animals expressly to resorb 

minerai Ized tissue and mobil Ize minerals stored In the bone (Fujita 

1985). PTH Is produced by chief cel Is and consists of 84 amino acids 

of which only the first 28 to 34 are necessary, forming the active 

site for Interaction with the target organs. Three forms of PTH. are 

known but there Is stl I I debate as to which of these Is the most 

active form. The effects of PTH are seen as Increasing serum calcium 

through 1) osteolysis, 2) Increasing urinary excretion and 

reabsorption, and 3) vitamin 0 conversion. 

The hormone appears to cause an Initial transient Increase In 

cytosollc calcium by changing the cel I membrane permeabl I Ity (Reid et 

a/ 1986). Osteoclasts respond to parathyroid hormone by Increasing 

their activity, thereby releasing calcium Into the extracellular 

fluid. This Is fol lowed by a more gradual shift In calcium release 

from bone which Is accomplished by a change In size and number of 
............. 

osteoclasts (Norman and Litwack 1987). This Increase occurs only 

after a delay of about 24 hours (Neer 1979, Evans et a/ 1981). The 

catabolic effect on bone can only take place when PTH Is found In the 

presence of vitamin D. PTH also Increases citrate, lactate and 

--------------- -~----
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carbonic anhydrase production which lowers the pH In areas targeted 

for resorption possibly aiding In that activity (Martin 1983). 

PTH may have anabolic effects on bone In that osteoblastic 

activity can be enhanced even In the absence of calcitonin (Welsbrode 

et a/ 1974, McGuire and Marks 1974). PTH stimulates a cAMP surge In 

osteoblasts which leads to an Inhibition of collagen synthesis and 

alkaline phosphatase activity (Rodan and Martin 1981). It also 

stimulates Ca++ uptake producing a change In cel I shape so that the 

cel Is are less tightly packed together. This may expose bone surface 

to osteoclastic activity . 

. "PTI:I, I mJ) I emented change, In Ie Ic;lnev funct Ion. can .be prompted hy 

PTH alone (Neer 1979). It simultaneously Increases renal secretion of 

phosphate, which Is normally actively reabsorbed, and also of 

potassium, bicarbonate, sodium, and amino acids whl Ie decreasing 

secretion of ammonia. ++ It appears that a Ca exchange mechanism Is 

Involved In this renal resorption. The hormone stimulates kidney 

reabsorption of calcium primarily at the distal tubules. 

PTH also Increases the rate of conversion of vitamin D to the 

activated form by the kidney which stimulates calcium absorption In 

the Intestines. This again may be due to a change In plasma membrane 

permeabl I Ity to calcium Ions (FuJII et at 1986). Because of this 

Indirect route for Increasing calcium absorption. there Is a 3-5 hour 

delay between the Increase In PTH and and an Increase In calcium 

absorption. 
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PTH levels respond to the serum Ca++ concentration via a "long" 

feedback loop. A decrease In plasma calcium stimulates release of PTH 

from the parathyroid eel Is and also prompts PTH synthesis. With 

decreased PTH or loss of renal response to the hormone there are 

lowered levels of blood calcium. In humans, a circadian rhythm In 

PTH levels has been observed (Simmons 1979). This feedback loop can 

be disrupted and an Increase In PTH, as would occur with a tumor or 

hypertrophy of the parathyroid gland, results In elevated blood 

calcium levels. 

PTH also regulates circulating levels of phosphate In order to 

." .. ". ",,,,,,,,, PF~\(.~r:'!.t . .ca 10.1 f I c:.at .. lon of sOft ... tl.s~u~.! ... Ph()sl)ha.~~"I~~g.ll~.II.Y .... Inmor.t~n,t 

In bone formation Since calcium Is deposited In bone as 

hydroxyapatite, a combination of calcium and phosphate. The plasma 

levels of phosphorus must be modula~ed In conjunction with calcium to 

prevent this calcification occurring spontaneously In soft tissue 

(Heaney et al 1982). Phosphate Is normally actively reabsorbed by the 

kidney but PTH can Inhibit this action, Increasing urinary phosphorus 

excretion. 

VI tamln D 

Vitamin D, the second major regulator, Is commonly held to be a 

hormone (Parfitt et al 1982, Frnkelman and Butler 1985). Only when It 

Is derived from dietary sources can It correctly be termed a vitamin. 

Vitamin D3, also cal led cholecalciferol, Is produced by ultraviolet 

radiation on the skin from an Intermediate pre-vitamin D3 which Is 

formed from 7-dehydrocholesterol (Norman 1980, Fregly and Luttge 1982, 

-----_ .. - -------------------------------------
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Parfitt et a/ 1982). Vitamin 02 can also be absorbed from the diet. 

From either point It moves to the liver where It undergoes 

hydroxylation at the 25th molecular position forming calcldlol. 

greatly enhancing the potency. From the liver the compound passes to 

the kidney where It again undergoes hydroxylation at the first 

position. forming the most potent. biologically active form of vitamin 

D. 1.25(OH)2D3 (calcltrlol). Over 30 metabolites of vitamin 0 have 

been Identified with varying levels of activity (Norman and Litwack 

1987) . 

Production of vitamin 0 Is control led In the skin by the amount 
, . . ., ., ... , t.;.'ltI1(Jp I 

liver by substrate 

aval labl I Ity and by serum calcltrlol (Duncan et a/ 1986) and at the 

kidneys by parathyroid hormone (Norman 1980. Finkelman and Butler 

1985). PTH Increases the activity and synthesis of the renal enzymes 

but this shift can also be produced by low phosphorus concentrations 

In the plasma. High serum levels of 1.25(OH)2D3 and 24.25(OH)2D3' 

another active form of vitamin D. can Inhibit synthesis and secretion 

of PTH (Norman 1980). 24.25(OH)2D3 may also be Involved In mediating 

bone development and In parathyroid function. Receptors for this 

metabolite are found on chondrocytes as wei I as In the parathyroid 

gland. Production of this form Is enhanced by 1.25(OH)2D. Vitamin 0 

levels are also Increased by growth hormone. prolactin. and estrogen. 

and lowered by Insulin. and possibly glucocortlcolds (Ralsz and Kream 

1983b) . 
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Activated vitamin D conserves calcium by Increasing Its 

absorption by the Intestine and Its resorption by the renal tubules. 

Its Intestinal Impact Is seen by an Increase In the number and 

concentration of calcium-binding proteins, effects which are doubled 

In vitro In the presence of the thyroid hormones (Cross et al 1986). 

Vitamin D prompts production via a steroid-receptor complex of, at 

least, three other proteins at the Intestinal level besides calcium 

binding protein. The function of these proteins Is stl I I unknown 

although vitamin D does enhance phosphate transport suggesting that 

phosphate transport mechanisms may be formed. Cortisol antagonizes 

the Intestinal effects of vitamin D, being reported to Impair calcium 

absorption. 

The role of vitamin D on bone metabol Ism was established by 

Mellanby (1919) who produced rickets experimentally In dogs. In the 

growing animal, vitamin D al lows the normal calcification of osteoid 

surfaces to occur. Without this hormone there Is synthesis of 

Immature collagen and large accumulations of cartilage with little 

minerai Izatlon (Norman 1980, Finkelman and Butler 1985). On mature 

bone, vitamin D governs the rate of calcium accretion Into bone, at 

least Indirectly through the regulation of serum calcium. Vitamin D 

Is highly active In the mobilization of calcium from bone minerai 

(Cousins and DeLuca 1976). It Increases the size and activity of the 

ruffled border of the osteoclasts which appears to be the site of bone 

resorption (Vaughan 1981). Other metabolites of vitamin D have also 

shown some potency (Norman et a/ 1986). PTH must be present with the 
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vitamin D to prompt bone mobil Izatlon. A specific receptor for 

1,25(OH)2D3 on bone prompts production of a calcium binding protein 

which Is chemically different from the calcium binding protein found 

In the Intestine. The vitamin also Influences the citric acid content 

of bony tissue. 

Receptors for calcltrlol have also been found on promonocytes, 

monocytes and on lymphocytes where It Is believed to promote cel I 

differentiation In the cel I lineage leading to osteoclasts. The I Ink 

between the vitamin D and Immune systems appears strengthened by the 

synthesis of 1,25(OH)2D3 by bone marrow In response to gamma

Interferon stimulus. 

Racial differences In the balance of vitamin D metabolism have 

been reported with Blacks being observed to have higher 1,25(OH)2D3 

levels associated with what appears as secondary hyperparathyroidism 

when compared to nonobese Whites (Bel I and Epstein 1987, M'Buyamba

Kabangu et a/ 1987). This may, In part, account for some of the 

observed differences seen In skeletal mass, most noticeable between 

Black and White females (Mayor et a/ 1976, 1980, Cohn et a/ 1977). 

Ca lei ton In 

Calcitonin, the third of the major systemic bone regulating 

hormones, Is a peptide produced by the parafol I Icular or C cel Is In 

the thyroid gland (Copp 1976, Fregly and Luttge 1982). Two genes have 

been recognized In man which are responsible for production of 

calcitonin and calcitonin gene-related peptide (CGRP) as wei I as an 

assortment of other peptldes (Fischer and Born 1987). There Is some 

----------------------
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overlap between these proteins for receptor recognition and biological 

targets. CT Inhibits bone resorption at low levels whl Ie CGRP has 

simi lar effects at high levels. AI I the forms of calcitonin that have 

been sequenced contain a simi lar 32 amino acid chain. 

As yet calcitonin Is less wei I-understood than either vitamin D 

or PTH, having only been discovered In 1961, but, It appears to be 

released when plasma calcium exceeds 10 mg/dl. Its principal function 

Is reduction of serum calcium probably by a decrease In bone 

resorption. In vitro studies with calcitonin have shown that It 

Induces a state of quiescence In osteoclasts which Is semi-stable 

(Chambers 1982). This Is marked by a gradual cytoplasmic retraction, 

cessation of cel I migration and disappearance of ruffling borders. 

This situation Is reversed when osteoblasts establ Ish contact with the 

osteoclasts, reactivating osteoclastic function In those areas of 

close proximity. Calcitonin also decreases the number of osteoclasts 

(Lucht 1972b). 

It also may be Important In regulating the transient 

hypercalcemia which follows digestion of a meal. Calcitonin secretion 

Is stimulated by a number of gastrointestinal hormones particularly 

gastrin and transient Increases of calcitonin occur In anticipation of 

a meal. Calcitonin appears to Increase renal excretion of calcium. 

Other major functions may Include protection of newborns against 

postprandial hypercalcemia, blocking PTH activity and stimulating 

renal secretion of phosphate. 
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Other Systemic Regulators 

Along with these major regulators, other circulating hormones 

affect bone minerai status. These Include growth hormone and 

prolactin. The effects of estrogen, progesterone, prolactin and other 

female reproductive hormones wi II be discussed below (Chapter V) along 

with the use of hormone replacement therapy and Its effects on bone 

minerai accumulation and bone loss. 

Growth hormone (GH) Is produced by the pituitary and 

overal I growth (Urlst 1976). It Increases bone formation 

regulates 

Indirectly 

through Increasing skeletal mass. Its primary Importance Is during 

the periods of linear growth where It regulates the epiphyseal growth 

plate as wei I as hard tissue (Lin et a/ 1986). Growth hormone 

stimulates the proliferation of chondrocytes and Increases 

of cartilage matrix of the bone. The epiphyseal growth Is 

synthesis 

probably 

due to the Indirect action of growth hormone through somatomedln. 

Later In life, the activity of the sex steroids depends, at least In 

part, on the presence of GH. Estrogen noticeably Increases the 

release of GH (Buckler 1969). 

The major effect of human growth hormone 

Increasing bone formation and, consequently, bone 

probably works secondary to Increased activity of PTH. 

Is hyperplasia, 

remodeling. It 

Recent studies 

(Chenu et a/ 1986) suggest that the responsiveness of osteoblasts to 

human GH may require the presence of calcltrlol and that GH also 

enhances the activity of somatomedln C which may be a mediator of 

vitamin D. It appears that GH Is necessary for balancing the activity 

-- --- -- ----------- ---
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of other major bone regulating hormones. GH also Increases renal 

excretion of calcium and retention of phosphate. 

Epidermal growth factor (EGF) also appears to promote cel I 

division and be a potent bono resorbing agent ~ vitro (Martin 1983). 

Its activity ~ vivo Is stili being Investigated (Shevrln et a/ 1986). 

It may act to potentiate the effects of PTH by Influencing growth 

among osteoclast progenitors (Mundy and Roodman 1987). 

Insulin appears to have direct and Indirect effects on bone 

metabol Ism (Ralsz and Kream 1983b). In part this Is due to regulation 

of somatomedln release from the liver which requires the presence of 

thyroid hormones (Canal Is et a/ 1977). Direct effects have also been 

observed with Insul In (Silberberg and Silberberg 1976). For these 

reasons, abnormally lowered bone minerai content values are found In 

about 30-50% of patients with diabetes mellitus (Ringe et a/ 1976). 

Severity depends on duration and age of onset. 

Thyroid hormones have been associated with changes In calcium 

metabol Ism (Spencer et a/ 1982, Toh et a/ 1985). Hyperthyroidism Is 

marked by hypercalclurla and Increased fecal calcium. The thyroid 

hormones may directly stimulate resorption raising serum calcium 

levels and Indirectly affecting PTH and 1,25(OH)2D3 levels (Cross et 

a/ 1986). T3 and T4 have been shown to Interact with vitamin D 

metabolites at the level of the Intestinal tract, as previously 

mentioned. 

The anti-Inflammatory agents also playa major role In both 

systemic and local regulation of calcium homeostasis. Glucocortlcolds 



67 

appear to enhance PTH-medlated resorption and lower Intestinal calcium 

absorption due to vitamin D depression (Ralsz and Kream 1983b. Mundy 

and Roodman 1987). They appear to decrease the number of vitamin D 

receptors on bone (Finkelman and Butler 1985). The effects of long

term corticosteroid therapy. particularly for children. has become a 

major medical ~oncern (Mueller 1976. Avlol I 1987). 

Local Regulation 

Local regulators are many and the precise mechanisms of their 

functions have not yet been fully mapped (Figure I I 1-4). They can be 

roughly grouped Into four major categories (Centrella and Canal Is 

1985): 1) polypeptide growth factors which Include transforming and 

non-transforming factors derived from bone and cartilage. 2) bone and 

cartilage Inducing factors. 3) blood cel I-derived growth factors and 

4) prostaglandins. 

The transforming factors are Involved In the development of 

cancerous colonies In bone (Centrella and Canal Is 1985) and so are not 

discussed here. The non-transforming polypeptides Include bone

derived growth factor (BDGF) and somatomedln which stimulate bone DNA 

and collagen synthesis. Somatomedln may act as both a local and a 

systemic regulator since It circulates In response to growth hormone. 

Perlpubertal Increases In serum somatomedln-C have been seen In 

animals which synchronize with an acceleration of growth (Masoud et al 

1985). Skeletal growth factor (SGF). another non-transforming 

polypeptide. Is specific for bone cel Is and stimulates cel I division 

(Mohan et al 1984). SGF Is several times more potent than parathyroid 
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hormone and appears to function via a non-competitive pathway. Simi lar 

effects are promoted In cartilage by cartilage-derived growth factor 

(CDGF) and cartilage-derived factor (CDF), both produced by cartilage. 

The former may help regulate the linear skeletal growth by stimulating 

further cartilage production. 

Among the bone and cartilage-Inducing factors (Centrella and 

Canal Is 1985) obtained from bone matrix Is bone morphogenetic protein 

(BMP) which appears to act as a chemoattractant for precursor 

mesenchymal cells, Inducing their proliferation and differentiation 

Into chondrocytes. Also In this category are the cartilage Inducing 

factors A and B which promote cartilage production. Osteonectln, a 

binding Inducing factor linking collagen and Inorganic bone, also Is 

found In bone matrix and may respond to PTH (Gronowlcz et a/ 1986) and 

calcltrlol (Gehron Robey et a/ 1986). 

Osteocalcln, also cal led bone Gla protein (BGP), Is a major 

component of the noncol lagenous proteins In bone (Price et a/ 1980, 

Garcia-Carrasco et a/ 1988) but also appears locally during resorption 

where It Inhibits matrix minerai Izatlon (Yasumura et a/ 1986). It 

seems particularly Important In attracting more monocytic osteoclast 

precursors and Idle osteoclasts (Rodan and Martin 1981). BGP Is 

probably produced by osteoblasts and Is a rei lable serum marker of 

bone formation (Podenphant et a/ 1985, Garcia-Carrasco et a/ 1988) It 

Is dependent upon vitamin K for production and levels are Increased by 

vitamin 0 (Zerwekh et a/ 1985, Canlggla et a/ 1986, Pan and Price 

1986), suppressed by PTH and Increased by calcitonin (Morrison et a/ 
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Synthesis of BGP Is prompted by an Increase In somatomedln C 

In the bone cel Is which, In turn, has been stimulated by an Increase 

In calcltrlol (Valentln-Opran et a/ 1986). 

Blood-cel I derived factors also help regulate bone formation 

and resorption. 

Involved In the 

regulated through 

Macrophage-derived growth factors In 

coup I Ing of formation and resorption. 

the mediation of Interleukln 1 (IL-1). 

humans 

They 

IL-1 

are 

are 

Is 

released by monocytes and macrophages and acts on bone In a manner 

simi lar to osteoclast-activating factor (OAF) (Gowen et a/ 1983) but 

requires the presence of osteoblasts or osteoblast-I Ike cel Is to 

stimulate resorption. IL-1 has also been shown to prompt synthesis of 

the fourth type of local regulator, the prostaglandins (Tatakls et a/ 

1986, Dewhirst et a/ 1987). IL-1 responds to changes In PTH and 

Intracellular calcium concentrations. At both high and low levels, It 

Is seen to have adverse effects on bone In vitro (Ross Laboratories 

1987). Osteoclast-activating factor, a Iymphoklne, stimulates bone 

resorption, and may act locally In disease states (Horton et a/ 1978). 

It Is produced In the presence of monocytes and may require 

prostaglandin stimulation (Martin 1983). 

The final local regulator group Is the prostaglandins which are 

found In large quantities In bone, some forms being synthesized within 

bone tissue (Tashjian 1978). The role of these regulators seems 

contradictory In that, at low levels, they can stimulate collagen and 

DNA synthesis, activities which they Inhibit at higher levels. It 

appears that at least two different, concentration dependent pathways 
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for prostaglandins are found on the osteoblast which may partly 

explain the different effects (Hakeda et a/ 1986). 

At the local level. then. there Is a complex of factors which 

modulate the Interaction of bone formation and resorption. Factors 

such as bone morphogenetic protein would recruit mesenchymal stem 

cel Is which would be differentiated Into precursor bone and cartilage 

cel Is by the bone and cartilage-Inducing factors. Other factors. such 

as CDGF. would be responsible for the completion of the 

differentiation. Collagen frameworks for bone would be synthesized 

under the Influence of 

Minerai Izatlon of the 

factors such 

underlying model 

as BDGF. SGF. and 

would be regulated 

CDF. 

by 

osteonectln and osteocalcln. The prostaglandins would regulate the 

resorption of bone during remodeling and. possibly, also In later age

related changes. 

These two regulation levels. the systemic and the local. do not 

act Independently but are meshed Into a network which monitors the 

serum calcium. The major systemic hormones affect the activity and 

synthesis of many of the local regulators. The local factors also 

work to al low bone to respond to local stresses such as tensl Ie or 

compressive strains. 

Summary 

The factors which affect bone are many and account for the 

dynamic nature of Its function. This multiplicity of variables also 

shows that the understanding of both peak mineralization and rate of 

bone loss are unlikely to be attributed to only a few factors. The 
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ablll ty to refer to this background of Information may help 

Interpretation of the many subtle trends which can be observed In 

population studies of bone mineralization throughout life. 

------------------------ --
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Chapter IV 

AGING CHANGES IN BONE STRUCTURE 

Introduction 

Aging changes In bones can be seen In both microanatomical and 

gross skeletal levels. Changes In cel I function alter the Internal 

composition of bone necessitating compensatory measures to retain bone 

strength and structure. This balance Is most critical during growth 

and development but must be maintained throughout the life of the 

Individual. Wide ranges of Individual variation are evident 

throughout the growth process as this balance shifts among the 

necessary requirements of the body. 

Fetal Bone Development 

Bone Is developed around a membranous or a cartilaginous model 

formed by chondroblasts (Ortner and Putschar 1981). Membranes are the 

foundation of most of the bones of the cranium whl Ie long bones are 

constructed following a cartilaginous model. As this latter model 

expands In the embryo, ossification centers appear. These are formed 

by Invasion of blood vessels Into the oldest cartilaginous portions 

which support the conditions necessary for ossification. The exact 

origin of the bone cel Is Is stl I I debated (Hal I 1988). They may be 

derived from cartilage precursors, from the local cel Is, or from 

blood-derived cel Is. As bone Is formed by osteoblasts, osteoclasts 

destroy the adjacent cartilage. The bone forms an expanding sleeve 
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Beginning late In fetal life secondary 

ossification centers appear In the epiphyses. Fetal skeletal weight 

Increases exponentially with sexual and racial differences already 

discernible (Trotter and Hixon 1974). The weights of fetal bone rise 

much more rapidly than the volumes as Increasing portions become 

minerai Ized. 

and 

Bone Development During Infancy and Chi Idhood 

New bone consists of woven type bone which replaces 

Is responsible for changes In bone shape and length 

cartilage 

during the 

growth process. This Is gradually replaced by lamellar bone In .whlch 

collagen layers (lamellae) are uniformly laid In a concentric 

orientation. The rate of this bone growth Is rapid In utero but 

postnatal growth gradually slows. 

Growth In bone length occurs at the metaphyses, adjacent to the 

cartilaginous growth plate. On the long bones these regions are 

usually flared. Considerable remodeling Is undertaken to reshape this 

flaring to meet the adult pattern as bone length Increases. 

Simultaneously there Is an Increase In bone width along the diaphyses. 

Bone Development During Adolescence 

Adolescence Is marked by a rapid Increase In linear growth, up 

to 0.25 mm/day as wei I as an Increase In skeletal minerai deposition 

of up to 1.2 gm dry weight/day (Garn and Wagner 1969). Although this 

rate of linear change declines greatly by the later teens, smal I 

Increases are usually seen In growth through the early twenties. 
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Linear growth and skeletal growth fol low different patterns and 

schedules of change. Bone mass accumulation Is greatest In females In 

early adolescence, ages 10 to 14, when as much as 200 mg/day may be 

retained. This Is reflected In compact bone minerai changes of 4-4.5% 

annually (Mazess and Cameron 1972). Usually the gain In skeletal mass 

Is rapid among those who mature early and slower In those who mature 

late (Garn and Wagner 1969). 

Garn (1970) compared the patterns of subperiosteal and 

endosteal apposition and resorption during the growth period. Whl Ie 

In the early postnatal period there Is rapid subperiosteal apposition, 

this slows during childhood then accelerates at the time of the 

adolescent growth spurt. This Increase Is greater In males than In 

females. Later endocrine studies on adolescent boys (Krabbe and 

Christiansen 1984, Krabbe et al 1984) show that testosterone levels 

rise simultaneously with alkaline phosphatase, a biochemical Indicator 

of bone formation, four to five months prior to visible Increases In 

minerai Izatlon. The rate of Increase then slows but continues 

throughout life. 

Endosteally, the pattern Is complicated by sexual differences. 

Immediately following birth there Is endosteal resorption In both 

sexes untl I the adolescent growth spurt. In males, the Influx of sex 

steroids at puberty cause a shift toward endosteal apposition but the 

rate Is slow and of short duration. By contrast, the onset of 

endosteal apposition In females, which occurs shortly after menarche, 

Is of greater magnitude and duration (Garn 1970, Tanner et al 1981, 
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Roche 1987). In both sexes the medullary cavity decreases or remains 

constant, Indicating endosteal apposition. Johnston and Watts (1969) 

observed an endosteal breadth decrease of 16% at the second metacarpal 

In adolescent females. Simi lar changes were seen to a much lesser 

extent at the radius (Mazess and Cameron 1972). 

In at least the lower leg region, bone width Increases are 

associated with accumulation of fat (Reynolds 1944) rather than an 

Increase In muscle, height or weight. Since adolescence Is a time of 

very rapid Increases of fat among females, a I Ink may be Involved 

between fat retention and skeletal modeling. 

Bone Changes During Early and Middle Adulthood 

Bone mass accumulation reaches a peak In the mid-thirties In 

humans and Is fol lowed by a period of bone loss. However, It must be 

kept In mind that turnover of bone, both formation and resorption 

occur throughout life. The Interplay between these two functions 

changes In 

adjustment 

response to the aging processes. It Is also capable of 

during Inflammation or under conditions of stress. These 

processes do not signal a transition from one process to another but 

rather a shift In the balance. 

In the healthy Individual, remodeling usually Involves a slight 

periosteal Increase, no change In Haversian areas, and endosteal and 

trabecular loss (Frost 1980). After about age 20, virtually all (95%) 

of the bone turnover Is derived from the remodeling processes of the 

basic multicellular unit (BMU). Abrupt onset of multiple BMUs, as may 

occur with Immobll Izatlon (Mazess and Whedon 1983) or weightlessness 
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(Rambaut 1987), can result In dramatic decreases In bone mass. Within 

eight weeks, greatly Increased remodeling can remove 20% of compact 

and 50% of trabecular bone, much of which wi I I be refl I led later as 

the formation phase begins. 

Bone mass accumulation continues after the achievement of adult 

height. Estimates of the duration of this process range between the 

age of 25 and the age of 45, depending on the bone Involved. The 

vertebral bodies reach their maximum mass and strength early, at about 

age 25, whl Ie the long bones of the leg may continue wei I Into the 

40s. Peak bone mass Is about 30% higher In Caucasoid men than In 

Caucasoid women (National Institutes of Health 1984). Peak skeletal 

mass can be affected by lifetime calcium Intake, muscle mass and 

physical activity, genetic factors, hormonal differences and 

pathologies (Seeman et a/ 1983, Chestnut 1984, Mangaroo et a/ 1985, 

Stevenson and Macintyre 1985). 

Bone Changes During Later Adulthood and Senescence 

After achievement of peak bone minerai Izatlon, the bone mass 

begins a decline continuing for the rest of the life span. These 

changes can be seen In the cell biology. biochemistry, bone structure 

and strength. In some cases, these lead to much higher susceptlbl I Ity 

to fracture, though bone minerai content Is but one factor In fracture 

risk. However, there are differences In the patterns of bone loss by 

race, by sex and, within the Individual, between the type of bone 

Involved. 
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The skeletal changes are reflected In changes In bone 

biochemistry. Reductions of 40% In circulating 1,25(OH)2D levels as 

wei I as a reduction In other vitamin D metabolites have been reported 

by the eighth decade (FuJlsawa et a/ 1976, Tsal et a/ 1987). 

1,25(OH)2D3 levels have been found to be particularly low with those 

diagnosed as osteoporotic or who have had an osteoporotic fracture 

(Lamberg-Allardt 1984, Nordin et a/ 1985, Riggs and Nelson 1985, 

Hordon and Peacock 1987). Production of 1,25(OH)2D3 Is Impaired due, 

In large part, to lower exposure to sunlight but response to Vitamin D 

Is stl I I viable and more normal levels can be obtained In the elderly 

by resumption of outside activities (Parfitt et a/ 1982, Lamberg

A I I ardt 1984). 

The reduction In calcltrlol, In turn, lowers calcium absorption 

(Riggs and Melton 1986). Most calcium balance studies show a decrease 

In absorption, beginning at about age 60 In both sexes (8ullamore et 

a/ 1970, Heaney and Recker 1986). Some alterations In calcium 

metabol Ism, which Includes an Increase In serum calcium, has been 

associated with the menopause (Falch and Gautvlk 1988). The situation 

Is aggravated by the notoriously low dietary calcium Intakes seen 

among many of the elderly (Riggs et a/ 1980, Yearick et a/ 1980, 

Heaney et a/ 1982, Lukert et a/ 1987). 

Possibly as a consequence of lower calcium absorption, serum 

PTH rises with age promoting an Increase In bone turnover (Delmas et 

a/ 1983, Endres et a/ 1986). These Increases are noticeable by age 40 

and rise significantly after age 50 (Wlske et a/ 1979). Another 
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contributing factor to this Increase Is the normal decline In 

glomerular filtration 

biologically Inactive 

rate, a major disposal mechanism for the 

fragments of PTH. Some studies have also 

suggested lowered calcitonin values postmenopausal Iy (Corghl et a/ 

1984, Leggate et a/ 1984). Again, this reduction may be especially 

pronounced In diagnosed osteoporotlcs (MI Ihaud et a/ 1978) although 

these results have been disputed (Tiegs et a/ 1985). The 

postmenopausal changes may be secondary to estrogen loss as 

significant alterations In the normal circadian rhythms of plasma 

calcitonin concentrations have been reported fol lowing menopause 

resulting In an overal I reduct ron (Stevenson et a/ 1981). 

Serum growth hormone and somatomedln C are known to decline 

with age and Insul In and glucocortlcolds tend to Increase (Rudman et 

a/ 1981, Riggs and Melton 1986, Ralsz 1987a). In osteoporotlcs many 

of these factors, as wei I as the major calcium regulating hormone 

levels, have been altered to an extreme degree (Crl I Iy et a/ 1979, 

EI las et a/ 1985, Rlfas et a/ 1986). 

Furthermore, It Is postulated that the mechanism which 

coordinates bone formation and resorption may be uncoupled with 

Increasing age so that the pace of resorption surpasses formation 

(Parfitt 1979, 

Melton 1986). 

Frost 1980, Ralsz and Johannesson 1984, Riggs and 

Reductions In bone turnover speed may result In 

Increased fragl I Ity and accumulation of mlcrodamage. 

The depth of the resorption cavity formed by osteoclasts 

appears to decrease significantly with age (Eriksen et al 1985). 
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However there Is a hyperresorptlve phase seen In perlmenopausal 

females In which the cavities are much deeper. The differences In 

depth with age Is largely attributed to changes In resorption by 

mononuclear and preosteoblast-I Ike cel Is while osteoclastic resorption 

remains constant. It appears, therefore, that a slowing of the bone 

formation phase Is responsible for at least some of the reduction of 

bone minerai (Riggs and Melton 1986). 

Significant changes occur with age In trabecular bone. Often 

the loss of trabecular bone Is considerably more rapid than that of 

cortical bone. Rates of trabecular bone minerai loss have been 

estimated as high as 12% per decade In normal, healthy males (Meier et 

a/ 1984). In women, trabecular loss begins earlier than cortical loss 

and Is greater during the Immediate postmenopausal period although It 

lasts for only 5-8 years (Riggs and Melton 1986). Loss of trabecular 

bone as measured by dual photon or quantitative computed tomography 

has been shown to correlate strongly with vertebral crush fractures 

(Cummings et a/ 1985. Mazess 1987). 

As bone minerai Is lost the bones become more porous and 

brittle. The bone remodeling units In trabecular bone appear to 

perforate the structural units during the resorptive phase (Parfitt et 

a/ 1983, Parfitt 1984, Compston et a/ 1987). Once perforated. the 

coupled response of bone formation, which normally fol lows resorption, 

Is prevented. Since new trabeculae can normally only occur using 

endochondral ossification. perforated trabeculae cannot be replaced 

and the Interconnectedness of the trabeculae Is compromised. There Is 



preferential loss of horizontal trabeculae whl Ie vertical ones, 

undergo more compressive force, appear to thicken. However, 
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which 

this 

apparent thickening has not been found In all histological 

(Weinstein and Hutson 1987). In addition, there Is Increased 

between the vertical bars (Arnold 1981). 

analyses 

spacing 

In osteoporotic patients there Is an expansion 

trabecularlzatlon Into the cortical bone by means of the activity 

of 

of 

resorption cavities, especially on the subendosteal area of the cortex 

(Keshawarz and Recker 1984, Wahner et a/ 1984). This activity does 

not appear to occur throughout the cortical area but concentrates on 

expanding the medullary cavity. The now trabecularlzed areas tend to 

be coarser and more subject to active remodeling than either the 

cortical bone or the older trabecular bone because of the Increase In 

surface area available for resorption and less stable minerai and 

collagen components. 

These losses In trabecular and cortical bone are reflected In 

changes In the ash content and In bone minerai. In vertebral 

trabecular bone, a 48-50% decrease Is seen In ash content between age 

20 and 80 (Mosekl Ide et a/ 1987). 

In addition to these changes In bone mass, there are 

qualitative changes In bone as wei I. Repetitive strain on the bone 

results In mlcrofractures which are normally replaced by new 

multicellular units. In the presence of osteoporosis there Is 

Inadequate replacement and these mlcrofractures remain Improperly 

healed (Frost 1980, 1988). Hypermlnerallzatlon due to slower bone 
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turnover may also contribute to Increased brittleness In some 

Individuals (Parfitt 1987). 

Some compensation for the loss of overal I bone minerai In the 

diaphyses can be made by Increasing width. Such a trend of Increasing 

width with age has been measured In cross-sectional studies (Garn and 

Shaw 1976. Ruff and Hayes 1982). This provides some additional 

strength by changing the cross-sectional moment of Inertia (Ruff and 

Hayes 1984. Harrington 1986). However. even In these measures. sexual 

differences are evident not only In the extent of change but also the 

location of change (Ruff and Hayes 1982). Most probably. this Is 

partially In response to stress placed on the bone, however; those 

areas most susceptible to breakage. such as the proximal femur. change 

diameter only slightly even when bone minerai Is extremely low. 

Co; lagen also has been shown to change with age becoming 

Increasingly resistant to solubilization by denaturing agents. This 

Is possibly due to progressive covalent cross-I Inking. However older 

collagen may also be resistant to minerai Izatlon so that demineralized 

areas may not be receptive to new deposit lor. of crystals. In 

osteoporotic Individuals further abnormalities In collagen have been 

reported (Ferris et a/ 1987). Molecular orientation of the 

proteoglycans appears defective al lowing accumulation of free water 

Interstitially. This may be a factor In the formation of abnormally 

large hydroxyapatite crystals reported with some osteoporotic fracture 

sites. 
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Summary 

The process of bone formation begins In utero with the 

formation of cartllagenous or membranous models of bones which are 

gradually Infiltrated by blood vessels. Around these. woven bone 

begins to form to be replaced by lamellar bone. During chi Idhood and 

adolescence the bones continue to expand. modeling new bone at the 

metaphyseal region to Increase bone length and adding bone 

perlosteally to Increase width. Simultaneously there Is resorption of 

bone to mold the shape to fit the structural requirements of strength. 

flexibility and muscle attachment. 

In adulthood. even though the overal I shape of bone remains 

simi lar. there Is continuous remodeling of bone to repair damage to 

the Inner structure and to adjust to changes In mechanical loading. 

During senescence. there Is gradual reduction In bone minerai which 

may be accelerated In the trabecular areas. This loss Is particularly 

pronounced In females during the 10-15 postmenopausal years. 

These processes of growth and aging In bone exhibit a large 

degree of variation. It Is an understanding of the causes of this 

variation which may enable the medical community to assess, more 

accurately, the risk of disproportionate and dangerous bone loss at 

the level of the Individual. 
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Chapter V 

THE ROLE OF ESTROGEN AND OTHER FEMALE SEX HORMONES 

IN BONE PHYSIOLOGY 

Introduction 

Because females are the most frequently and most severely 

affected by the alterations In bone mass and strength, research has 

centered upon the factors which Initially limit the amount of bone 

accumulated during growth and development and those which produce the 

rapid loss of bone during and fol lowing menopause. The close 

association of the menopause with acceleration In bone resorption has 

centered much Interest on those hormones which also undergo the most 

radical alterations during this time. These are the female 

reproductive hormones of estrogen and progesterone. Also Included In 

this discussion are the other hormones associated with the 

reproductive events In female premenopausal life. 

Hormonal Factors and Effects on Bone .;;;;..;...;..;;..;;..;;.,.;.---

Estrogen 

The estrogens are a group of sex steroids secreted by the 

ovarian fol I Icles In the presence of fol I Icle stimulating hormone 

(FSH), by the corpus luteum, by the placenta and, In lesser amounts, 

by the adrenal cortex. The major estrogen In non-pregnant women Is 

17B-estradlol (E2) which tends to circulate In equl I Ibrlum with the 

levels of estrone (E1). The latter also forms a metabolite cal led 
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estriol, the least potent of the estrogens. The normal circulating 

levels are three:two:one for estrlol:estrone:estradlol. 

The levels of estrogen fluctuate throughout the life cycle In 

women, and, with the onset of menarche, there are also monthly 

fluctuations (Flgur~ V-1). Beginning at low levels at the start of 

the menstrual cycle, there Is a surge of estrogen secretion reaching a 

peak of about 0.6 mg/day Just before ovulation. It rises again In the 

mldluteal period of the cycle from 0.07 mg/day to about 0.25 mg/day. 

Menopause Is marked by a drastic reduction In the ovaries' 

ability to produce steroids. While estrone continues to circulate, 

Its primary source Is aromatlzatlon of androstenedione at the level of 

the adrenal glands, adipose tissue and muscle (Norman and Litwack 

1987). Therefore the percent body fat Is a major determinant of the 

circulating estrogen levels postmenopausal Iy (Wingate 1984). 

Estrogen's effects on bone Include an Increase In osteoblastic 

activity, an Increase In retention of calcium and phosphate, early 

closure of long bone epiphyses and broadening of the pelvis In humans 

(Silberberg and Silberberg 1971). The mechanism by which bone Is 

affected stili Is debated. Recently estrogen receptors were found on 

osteoblast-like cel Is using a high sensitivity assay (Barnes 1987) 

however the overal I effects may be largely Indirect. Estrogen Is 

associated with a reduction In PTH (Lindsay 1987) and with an Increase 

In 1,25(OH)2D (RI Is and Christiansen 1984). Estrogen also may Inhibit 

the sensitivity of bone to PTH (Heaney 1965, Nordin et a/ 1976) and Is 

known to stimulate IL-1 secretion In vitro (Ross Laboratories 1987). 
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IL-1 levels are known to fluctuate In line with the menstrual cycle. 

The monthly changes In estrogen during the menstrual cycle do not seem 

to be reflected In measurable bone minerai changes (Christiansen et al 

1984). 

studies also have shown that calcium absorption Is affected by 

estrogen status (Nordin et al 1976, RI Is and Christiansen 1984, Nordin 

et al 1985). This may be due to direct action on the gastrointestinal 

transport of calcium but Is more probably an Indirect effect of the 

Increase In bone resorption which would Increase serum ca++ when 

estrogen Is lost. 

Some reports claim that administered estrogens stimulate 

secretion of calcitonin resulting In a decrease of plasma calcium 

concentration and Increased plasma PTH levels (Morimoto et al 1980). 

Others believe that estrogen does not affect the plasma levels of 

calcitonin (Hurley et al 1986). 

The critical nature of naturally occurring estrogens has been 

demonstrated repeatedly (Lindquist et al 1983, Ruegsegger et al 1984, 

RI Is et al 1986). Estrogenic hormones tend to decline well before the 

onset of the menopause proper as marked by the cessation of menses and 

the perlmenopausal years may be the most critical to later bone status 

(Johnston et al 1985b, Hul et al 1987). Postmenopausal women show 

Increases In serum Ca, phosphorus, magnesium and alkaline phosphatase 

along with a rise In urinary calcium, phosphorus and magnesium 

(Lindsay 1987). Circulating BGP also Increases. 

---------------- ---------
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Bone loss Is most rapid within 5-6 years fol lowing menopause 

(Trouerbach et at 1987). Rlchelson and her col leagues (1984) 

estimated the contribution of estrogen loss to bone mass loss 

three-quarters or more In the two decades fol lowing menopause. 

30% of females. especially In obese Individuals. produce 

through peripheral conversion of androstenedione to 

to be 

About 

estrogen 

estrone. 

preventing or Impairing the development of postmenopausal osteoporosis 

(Rundgren et at 1984. Wingate 1984). 

Rapid losers of bone minerai showed significantly lower levels 

of serum estrone and estradiol. along with higher levels of 

hydroxyproline/creatine. Indicative of substantial bone turnover (RI Is 

et at 1986. Christiansen et at 1987). Differences In estrone and 

estradiol alone can distinguish many rapid losers of bone minerai 

during early menopause. Studies have shown that osteoporotiC female 

have lower estrogen and plasma androstenedione (Crl I Iy et at 1979). 

Rates of loss among rapid losers are around 3-3.5%/year. Such phases 

of rapid loss of simi lar magnitude may occur In healthy postmenopausal 

women for relatively short periods of about 3 to 9 months (Ruegsegger 

et at 1984) but. In rapid losers. these losses continue longer 

(Christiansen et at 1987). Periods of extreme loss may produce the 

severe reductions In bone mass seen In postmenopausal osteoporotlcs. 

The problems seen postmenopausal Iy are also seen In amenorrheic 

and 01 Igomenorrhelc women where normal estrogen function Is adversely 

affected by exercise or diet (Llnnel I et at 1984. Heath 1985. Jones et 

at 1985. Drinkwater 1987. Lloyd et at 1987). Among athletes this loss 
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Is compounded by a high Incidence of stress fractures (Lindberg et a/ 

1984). This condition counteracts the benefits normally associated 

with weight-bearing exercise (Krolner et a/ 1983, Jacobsen et a/ 1984, 

Smith et a/ 1984, Smith 1985, Marcus 1987, Sandler et a/ 1987). 

Advocation of estrogen replacement therapy (ERT) for prevention 

of osteoporosis was proposed by Albright In 1940 although his 

suggestion was only officially endorsed In 1984. The effectiveness of 

estrogen therapy seems fairly secure In studies of both bone minerai 

content changes and fracture history (Gallagher and Nordin 1975, 

Paglnlnl-HI II et a/ 1981, Christiansen et a/ 1984, Gordan 1984, 

Shargl I 1985, Ettinger et a/ 1987, RI Is and Christiansen 1987a. 

1987b). One study showed a 50-60% lower Incidence of hlp and forearm 

fractures In women taking estrogen for at least 6 years (Weiss et a/ 

1980). Ettinger et a/ (1985) report that estrogens effects are most 

evident In a lowering of vertebral fractures, whl Ie lowering risks of 

hlp, rib, and wrist fractures by a lesser extent. It showed that 

those women using estrogen replacement therapy five years or longer 

had spinal minerai content equivalent to that expected In women 10-12 

years younger. Their appendicular content was estimated at only five 

years less than expected. 

The timing and circumstances of estrogen therapy seem critical. 

Data from the use of oral contraceptives (Goldsmith and Johnston 1975) 

suggest that added estrogen during the period when bone formation 

normally exceeds resorption tends to produce higher peak bone minerai. 

Nachtigal and associates (1979) have found that women should receive 
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supplemental estrogen within about five years fol lowing their last 

menses for there to be actual bone gain. 

Is only able to prevent further loss. 

After this period, treatment 

Women undergoing 

oophorectomy 

to severe 

bilateral 

subject rather than natural menopause seem particularly 

bone loss (Horsman et a/ 1977, Stephan et a/ 1987). 

Accelerated bone loss has been observed In 50% of women who have 

undergone surgically Induced menopause compared to only 25% In women 

whose menopause began naturally (Notelovltz and Ware 1982). Although 

hysterectomies are not always accompanied by oophorectomy, the use of 

post-operative estrogen therapy may be necessary even when the ovaries 

remain Intact. Surgery to the genital tract often disrupts the 

circulation to the gonads and thereby Impairs the secretion of 

estrogens to the blood. 

The currently recommended levels for estrogen replacement 

therapy published In most professional medical journals are a cyclical 

course of 0.3 to 0.625 mg of conjugated estrogen and 10 mg of 

progesterone (Jackson and Ullrich 1984; Frame and McKenna 1985, 

Matteucci et a/ 1985). The combination of estrogen and calcium 

supplementation does, however, seem to be highly beneficial (Recker et 

a/ 1977, Ettinger et a/ 1987, RI Is et a/ 1987 a & b). Some studies 

have suggested that oral estrogen doses need to be at least 0.6 mg/day 

for effective treatment of bone loss (Gordan 1984, Lindsay et a/ 

1984). 

These dosages and the combination of hormones diminish the 

risk of endometrial cancer associated with estrogen therapy alone 
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though this risk Is considerably lower than Initial studies reported 

(Gordon 1984, Wingate 1984, Haber 1985, Persson 1985). Estimates 

place the risk at 4-8:1000 over a background rate of 1:1000 and this 

Is reduced greatly with when combined with progesterone (Persson 1985) 

or when administered transdermal Iy rather than orally (Whitehead et al 

1985). Overal I mortality risk appears greatly decreased by ERT (Bush 

et al 1983, Stampfer et al 1985). 

Ideally the hormone replacement therapy should last 10-15 

years (Editors of Female Patient 1985) but Is particularly Important 

during the 5 to 10 years Immediately fol lowing menopause. Long term 

use does not provide the same benefits throughout the course of 

treatment as the effects of senl Ie osteoporostlc bone loss wll I 

continue to be felt even though postmenopausal loss can be alleviated 

(Davies et al 1970). 

Progesterone 

Progesterone Is secreted In women by the corpus luteum and 

placenta with small amounts also produced by the adrenal cortex. 

During pregnancy cholesterol Is metabolized by the placenta Into 

progesterone. Circulating levels of progesterone range between 0.9 

and 18 ng/mL In women depending on the stage of the menstrual cycle. 

The low levels are maintained throughout the fol I Icular stage of the 

cycle but rise In the mid-luteal period In response to luteinizing 

hormone (LH). Progesterone has an antlestrogenlc effect on uterine 

tissue. 
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A form of progesterone has baen credited with Increasing bone 

mass In postmenopausal women (Abdalla et al 1985, Stewart and Stern 

1986). Although some have suggested that this works by peripheral 

conversion to estrogen, It may have a role In bone formation 

Independent of estrogen. Goldsmith and Johnston (1975) noted that 

only oral contraceptives which Included norethindrone (an orally 

active substance simi lar to progesterone) produced Increases In bone 

minerai values. Whl Ie estrogen primarily reduces bone resorption, 

Christiansen and col leagues (1985) suggest that progesterone may 

actually Increase bone formation postmenopausal Iy. The combination of 

the two hormones may work to uncou~ Ie f(\rm~t Ion ::md resorpt Ion In el.!::h 

a way as to preserve or Increase bone mass. 

In studies using oophorectomized beagle dams, replacement by 

either estrogen or progesterone showed simi lar effects on bone with 

Increased mean trabecular thickness and Increased osteonal wal I 

thickness (Snow and Anderson 1986). This suggests that both hormones 

affect the quantity of new BMUs and the efficiency of existing 

osteoblasts and osteoclasts. Progesterone also appears to bind to 

glucocorticoid receptors, thereby lowering the detrimental effects of 

these factors on bone (Deftos, p. c.). However some studies disagree 

with these findings suggesting that progesterone given al9ne may not 

stimulate bone formation and may, according to some studies, actually 

depress al I bone activity Including formation (Selby and Peacock 

1985). 
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Progestlns are I Inked to higher risks for coronary heart 

disease (Haber 1985). Based on these data some have argued against 

the combined estrogen/progesterone treatment when Justified by the 

effects on bone alone. However, progesterone Is frequently added to 

ERT In order to reduce the risk of endometrial hypertrophy. Others 

have reported lowering of cholesterol and triglyceride levels as wei I 

as Improvement In other conditions, such as osteoarthritis, with a 

combined estrogen/progestin therapy (Shargl I 1985). 

Hormones of Pregnancy and Lactation 

Along with to the above cited hormones, additional ones are 

known to occur during pregnancy and lactation whl Ie others change the 

patterns of concentration and secretion (Norman and Litwack 1987) 

(Figure V-2). During pregnancy, the placenta, whose primary purpose 

Is transfer of nutrients between maternal and fetal blood supplies, 

also has an Important role as an endocrine gland. Fetal production of 

hormones and alterations In maternal production also affect maternal 

metabol Ism. 

Estrogen and Progesterone 

Estrogen levels during pregnancy remain high although the 

portions of the various forms vary. Partly this Is due to synthesis 

of estrogen by the placenta using dehydroeplandrosterone from the 

fetal adrenal glands (Norman and Litwack 1987). By the end of the 

first trimester, the placenta has become the principal source of 
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estradiol and estrone. By late pregnancy, the proportions of estriol 

to the other forms of estrogen have Increased ten times. 

Progesterone, during pregnancy, maintains endometrial Integrity 

and prevents myometrial contractions which would result In spontaneous 

abortion (Fregly and luttge 1982). The corpus luteum Is the primary 

source of this hormone for the first 2-3 months of pregnancy but this 

Is later replaced by the placenta. Progesterone continues to be 

secreted untl I just before parturition after which levels fal I, 

removing the Illocal block" on uterine contractions and al lowing 

chi Idblrth to occur. 

Prolactin 

Growth of mammary tissue occurs during pregnancy due to the 

high levels of both estrogen and progesterone. However, lactation Is 

Initiated by the release of prolactin, a pituitary hormone which Is 

90-95% homologous with growth hormone (GH). Prolactin levels rise 

sharply during pregnancy but the effects on breast tissue are limited 

by the circulating estrogen/progesterone. Prolactin wll I normally 

continue to be secreted as'long as suckling occurs at frequent 

Intervals. 

Prolactin has been reported as elevating plasma 1,25(OH)2D3 

(Spanos et a/ 1976, lund and Seines 1979, Pike et a/ 1979, Robinson et 

a/ 1982) whl Ie PTH (Isaac et a/ 1978) and calcltrlol can Increase 

prolactin levels (Wark and Tashjian 1982). Animal model studies by 

Pahuja and Deluca (1981) and MI I ler and col leagues (1982) suggest that 

prolactin may also act Independently of vitamin D In stimulating 
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calcium mobilization from bone and retrieval from the gut. Enhanced 

Intestinal calcium absorption during breastfeedlng. may be secondary 

to Increased secretion of PTH (Aloia et al 1983). 

Hyperprolactlnemla also Is associated with serious osteoporotic 

conditions (Kllbanskl et al 1980. Koppelman et al 1984). This may be 

partly due to secondary amenorrhea but bone minerai has been shown to 

Increase. though not to fully normal levels. fol lowing resolution of 

the hyperprolactlnemla (Kllbanskl and Greenspan 1986). 

other Hormones 

Ch('lr!onlc 

simi larltles to luteinizing hormone and thyroid-stimulating hormone 

(TSH). Increases rapidly. reaching a peak by about the 10th week of 

pregnancy. After this point It fal Is but remains at measurable levels 

throughout pregnancy. The primary function of this hormone Is 

stimulation of progesterone by the corpus luteum untl I sufficient 

quantities can be produced by the placenta. 

Placental lactogen Increases throughout pregnancy and probably 

helps regulate maternal blood glucose to meet the fetal glucose 

demands. Structurally It has many simi larltles with growth hormone 

and prolactin. This Is limited to the maternal circulation and may 

have effects on bone simi lar to GH such as enhancing formation 

processes. During pregnancy. the periods of enhanced bone formation 

coincide best with placental lactogens and somatomedlns which appear 

during mid-pregnancy (Miller et al 1986). These also peak with the 
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greatest Increase In dentin apposition (MI I ler et al 1985). The 

effects of the lactogens may be mediated by somatomedln, which are 

known to stimulate bone formation In vitro. 

Relaxin 

elongate the 

parturition. 

Is simi lar to Insul In and It acts to soften and 

fibrous connections surrounding the birth canal at 

Other hormones which are found during the reproductive 

cycle are oxytocin, evident at birth, which Is also Important In the 

release of milk; human chorionic thyrotropin; and chorionic ACTH. The 

effects of these factors on bone have not been assessed at present. 

Effects of Pregnancy ~ Bone and Bone Minerai status 

The average newborn skeleton contains, In total, 25-30 grams of 

calcium, about 80% of which Is added In the last trimester 

(Christiansen et al 1976, Gertner et al 1986). Despite this drain, 

the maternal skeleton often exhibits an Increase In bone mass during 

pregnancy. These beneficial effects may be due to a number of causes. 

There Is an Increase In bone activity during this time which al lows 

the body to accumulate bone If the raw materials, primarily calcium, 

are available In the diet. 

Calcium Regulation during Pregnancy 

Serum calcium levels are altered during pregnancy. Whl Ie the 

Ca++ levels are largely maintained, the total plasma calcium fal Is 

(Colussl et al 1987). This decrease Is relatively smal I, usually 

about 8% (Pitkin et al 1979). In part, the overal I reduction Is due 

to reduced albumin which lowers the protein-bound component relative 
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to Ca++ (Pitkin et a/ 1979, Conforti et a/ 1980). There may be a 

slight Increase In total calcium close to term and some studies show a 

++ slight reduction In Ca at mid-second trimester which corresponds to 

the Increase In fetal demand (Drake et a/ 1979). There Is also an 

Increase In urinary calcium excretion, probably due to changes In the 

glomerular filtration rate at pregnancy. 

Fetal demand for calcium Is greatest toward the end of 

gestation. Calcium readily crosses the placenta where It wi I I bind to 

fetal protein and also complex to anions (Reitz et a/ 1977). This 

causes the fetal calcium concentration to rise above that of the 

Alterations In Calcium-Regulating Hormones 

Parathyroid Hormone 

Caucasian women measured from the tenth week of pregnancy show 

a reduction In parathyroid hormone although It remains within the 

normal range (Cushard et a/ 1972, Whitehead et a/ 1981). This drop Is 

most pronounced during the 20th to 30th week of pregnancy. It may be 

fol lowed by a sharp rise to a level where PTH Is 100% greater than 

normal (Cushard et a/ 1972). This cannot be completely explained by 

fluctuations In serum calcium although It does coincide with the 

majority of fetal calcium demand. Other studies of women of other 

racial groups have shown differences In PTH levels. With women of 

North African background, PTH Is Increased during the latter half of 

pregnancy and labor (Conforti et a/ 1980). The levels at birth may 

fal I In response to prostaglandin release during del Ivery. 
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VI tamln D 

An Increase In 1,25(OH)2D has been reported In animal models 

during pregnancy (Hal loran et at 1979). In humans, Increased 

calcltrlol levels have been reported early In the first trimester, 

wei I before there Is fetal demand for calcium, and these levels remain 

high throughout the pregnancy (Kumar et al 1979, Whitehead et al 1981, 

Breslau and Zerwekh 1986, Gertner et al 1986). The drop In serum 

calcium may stimulate renal 25-0H-D-1 hydroxylase via PTH. Increase 

In the levels of vitamin D wi I I bring about an Increase In calcium 

binding proteins which transport calcium across the Intestinal wal I. 

This also enhances calcium resorption by the kidneys. In addition to 

the higher levels of estrogen, the placenta can also synthesize 

activated Vitamin D (Whitsett et al 1981). The Importance of the 

placental contribution of 1,25(OH)2D3 can be seen In Its abl I Ity to 

compensate for the effects of pseudohypoparathyroldlsm (Breslau and 

Zerwekh 1986). In addition, there may also be some fetal synthesis of 

vitamin D metabol Itas (Wieland et al 1980). 

The Increased calcltrlol levels coincide with 

absorptive abl I Ity for calcium (Kumar et al 1979). Higher 

greater 

absorption 

rates of calcium In humans during pregnancy have been noted, even when 

calcium Intake Is low (Shenollkar 1970, Heaney and Ski I Iman 1971). 

Intestinal absorption rises by the second trimester and urine 

excretion fal Is In the third trimester. Studies In rats show that the 

excess of calcium absorption over calcium loss during pregnancy Is 
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four to five times greater than needed to form the fetus and placenta 

(Goss and Schmidt 1930). 

Calcitonin 

In addition to the above changes. animal studies suggest that 

calcitonin levels are substantially higher during pregnancy. 

Calcitonin reduces bone resorption which would limit one major source 

of calcium tapped by the enhanced activity of Vitamin D during 

pregnancy. This would further the Increased levels of calcium 

absorption In the Intestine.' Analysis using pregnant rats who had 

undergone thyroidectomy but had transplanted parathyroid glands 

suggest that calcitonin exerts a physiological role during pregnancy 

which Inhibits the osteolytic action of parathyroid hormone whl Ie 

stl I I permitting the Influence of this hormone on gastrointestinal 

absorption of calcium and on kidney resorption (Lewis et a/ 1971). 

Studies of pregnant women suggest that. whl Ie stl I I within the 

normal range. calcitonin levels are significantly higher (Drake et a/ 

1979. Stevenson et a/ 1979. Wieland et a/ 1980. Kovarik et a/ 1980. 

Whitehead et a/ 1981). These Increased levels appear early and do not 

differ substantially through the second and third trimesters. 

Fluctuations In calcitonin levels do not appear to change In response 

to estrogen levels during pregnancy. However. women with "at-risk" 

pregnancies frequently do not show an elevated calcitonin level. 

Differences In calcitonin responses to pregnancy are suggested by 

Pitkin and col leagues (1979). Although using only a smal I sample they 

find three divergent responses. Whl Ie some women show no change In 
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calcitonin, 23% show a progressive decline and about half of the women 

show an Increase. reaching maximum by late second trimester then 

declining. 

These heightened calcitonin levels are passed to the Infant and 

calcitonin concentrations In arterial cord blood has been found higher 

than maternal levels (Samaan et al 1975). This Indicates that there 

Is active transport of calcitonin to the fetus. Calcitonin also 

appears to rise dramatically during birth. possibly In response to 

stress which produces an Increase In epinephrine. prolactin. 

corticosteroid and estrogen. al I of which also stimulate calcitonin. 

High serum calcitonin may be Important In producing the hypocalcemia 

commonly seen In newborns. 

Bone Changes During Pregnancy 

Animals studies show a significant Increase In skeletal 

and calcium content for rats by the later stages of pregnancy 

et al 1986). Trabecular bone shows Increased appositional 

weight 

(Miller 

bone and 

formation rates whl Ie cortical bone shows Increases In cross-sectional 

area, and In endosteal and periosteal perimeters. The peak of 

formation Is reached at mid-pregnancy. 

Bone strength also Is altered. While young. non-mated rats are 

able to bear greater loads and the modulus of rupture Is greater. 

those kl I led Immediately postpartum are significantly stronger than 

rats fol lowing lactation (Currey and Hughes 1973). The bones of rats 
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fol lowing pregnancy are also stronger than non-mated rats of the same 

age. 

Growth changes during pregnancy have been documented In animal 

experiments. Rats show a substantial Increase In endochondral bone 

elongation during pregnancy (Redd et a/ 1984). Cartilage cel I 

production Increases. Increased somatomedlns during pregnancy may be 

responsible for much of this acceleration In growth. 

Some caution must be taken when comparing animal models with 

human pregnancy data. Most studies have used young laboratory rats 

with litters of eight to ten per dam. In utero development of rats 

Involves very little minerai Izatlon so maternal calcium stores are not 

affected significantly. 

Research on dairy cattle by Holmberg and col leagues (1985) may 

better reflect the human situation In changes In bone mineralization 

during pregnancy and lactation. Cows examined using absorptlometrlc 

readings of the coccygeal vertebrae showed peaks of BMC Just prior to 

calving. 

Recent work with nonhuman primates also suggests that the bone 

minerai changes can be monitored In these animals as wei I. DeRousseau 

(1985) 

those 

reports that age-related changes In bone minerai, 

seen In humans, are seen In macaques. Pregnancy In 

similar to 

the free-

ranging and captive animals did not affect metacarpal cortical 

thickness but fluctuations have been seen In the minerai around the 

time of pregnancy. 

~ ~-----~~~-- ---------------------------------
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In human studies. the role of parity In the development of 

osteoporosis and later bone minerai status was an early research 

concern. Kesson and col leagues (1947) and Finley (1956) report 

higher Incidence of osteoporosis In multiparous women compared to 

nul Ilparous women. However. higher bone minerai values correlated 

with parity are noted by Nilsson (1969). Garn (1970). Goldsmith and 

Johnston (1975). Aloia and his colleagues (1983. 1985). Johnel I and 

Nilsson (1984). Lindsay and his col leagues (1986). 

Garn (1970) suggests that. based on metacarpal radiographs. the 

first three months of pregnancy are associated with Increased rate of 

endosteal apposition. Johnell and Nilsson (1984) report that there Is 

an Increase In bone width with chi Idblrth. There Is some suggestion 

that there may be a loss of trabecular bone In pregnancy (Lamke et al 

1977). 

Despite the early Interest In parity. there has been little 

examination of the timing of the pregnancies. In one study. Sowers 

and her associates (1985) do not find any significant relationship 

between the age of first pregnancy and bone minerai status In a study 

of 372 women. However. animal studies suggest that older animals 

appear to accumulate bone better during pregnancy than younger ones 

(Currey 1973). This may be also that older rats tend to gain more 

weight at pregnancy. 

Role of Calcium Intake During Pregnancy 

Calcium Intake may also playa role In the benefits and 

possible costs of pregnancy to the skeleton. Pregnancy In conjunction 
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with severe calcium deficiency In rats can produce an overall 

reduction In bone minerai content (Rasmussen 1977a. 1977b). This Is 

associated with hypocalcemia. However. If the skeleton Is already 

severely depleted then pregnancy may al low accumulation of bone even 

In the face of calcium deficiency. In Rasmussen's (1986) study dams 

on low calcium diets were virtually unaffected In abl I Ity to conceive 

and bear to term normal pups. 

Role of Weight Changes during Pregnancy 

A final factor which tends to Increase bone mass accumulation 

during pregnancy Is the rapid Increase In wel~ht particularly at the 

end of gestation. Similar to the effects of weight-bearing exercise. 

this Increase places stress on"the bones which respond by forming new 

bone matrix. In humans. this may not be applicable to the changes 

seen In the radius since weight changes would not directly affect this 

region. 

Effects of Lactation ~ Bone and Bone Minerai Status 

The calcium content of human milk Increases from birth through 

the first one to three months of lactation (Greer et al 1982a. Karra 

et al 1988). Beyond this point It declines. with the rate of decline 

partly 

milk 

dependent upon maternal calcium Intake. Maternal losses to 

In humans are about 220-340 mg calcium per day during the first 

three months. This loss. combined with normal calcium loss. totals 

about 400 mg/day (HI I Iman et al 1981). 
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The rate of calcium loss to the milk Is fifty times higher In 

rats than the transfer rate In humans. Rats transfer 250-300mg/kg/day 

to milk whl Ie this rate In humans Is only 4-6 mg/kg/day (Greer et a/ 

1982b). This rate In rats would, not Including additional Intake, be 

equivalent to 60% of the skeletal calcium (Toverud and Boass 1979). 

That humans do not support on,breastml Ik alone the tremendous growth 

of a chi Id argues for evaluation of animal models In terms of maternal 

costs of maintaining offspring. 

Calcium levels during lactation 

Serum calcium during early lactation Is below non-pregnant 

levelS (Greeref'cil 1981'>' • ..:1) This rises slowly and, by 6 months, Is 

usually within normal levels. This may be largely due to the return 

of normal serum protein levels. The levels of ca++ remain relatively 

constant throughout. 

Alterations lrr Calcium-Regulating Hormones during lactation 

Prolactin 

High levels of prolactin produced during breastfeedlng are 

expected, based on animal studies (PahuJa and Deluca 1981, MI Iler et 

a/ 1982), to deplete maternal bone minerai. As weaning approaches and 

suck I Ing occurs less frequently, prolactin levels diminish and 

mobil Izatlon of calcium from bone due to the Influence of this hormone 

Is less. 



Parathyroid Hormone 

Var I ab I I I ty 

and human studies. 
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In PTH levels Is seen during lactation In animal 

This may be due to calcium aval lability as studies 

on rats maintained on a low calcium diet show a steady rise In PTH 

during lactation (Garner et al 1987). Rats also show an Increase In 

parathyroid gland weight during lactation and parathyroidectomy 

Impairs milk secretion (Toverud and Boass 1979). In ~umans, PTH 

levels fal I fol lowing birth returning to normal within four to eight 

weeks whether or not the woman Is lactating (Cushard et al 1972). 

However, PTH appears to have an Important role modulating the 

1,25(OH)2D levels In late lactation when the latter hormone frequently 

rises and the effects of prolactin are less. 

VI tamln D 

Animal studies have shown 1,25(OH)2D levels 2-6 times higher In 

lactating than In non-lactating control animals (Boass et al 1977, 

Hal loran et al 1979, Pike et al 1979). During this time, 24,25(OH)2 D 

levels drop dramatically. By weaning, levels of both metabolite 

approximate normal, non-pregnant levels. Changes In these hormones do 

not appear linked as the rates and timing of change differ. 

In women, Greer and col leagues (1981,1982b) found a further 

Increase In vitamin D levels after about six months of lactation and a 

final Increase was seen In women lactating over one year. These 

levels appear to be a continuation of the high levels seen during 

pregnancy (Kumar et al 1979). However, vitamin D, along with PTH, 
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does not appear responsible for the loss of bone minerai during much 

of lactation. The Increased vitamin D does enhance calcium absorption 

at the gastrointestinal tract which may absorb as much as six times 

more calcium than usual (Toverud et al 1976). 

In humans, Increased vitamin D during lactation Is required to 

meet that needed for milk Itself (Falrney et al 1977). However, human 

milk alone does not provide sufficient vitamin D without the 

additional benefits of sunlight exposure. The Infants receiving 

vitamin D supplements show an Increase In bone minerai by the sixth 

week whl Ie those without supplements show a reduction (Greer et al 

1981). 

Calcitonin 

There are other hormonal changes which may work to preserve the 

bone resources. Animal model studies also suggest that the role of 

calcitonin Increases during lactation may be to provide a protective 

mechanism for maternal bone calcium (Toverud et al 1976, 1978). This 

Increase may be primarily designed to prevent hypercalcemia which may 

be a consequence of the enhanced Intestinal absorption produced by 

higher prolactin, PTH and 1,25(OH)2D levels. 

These results have been disputed by Hirsch and Hagaman (1986). 

They found that loss of calcitonin In rats produced simi lar loss In 

bone mass regardless of lactational status and that CT-deflclent and 

CT-replete lactating rats also lost similar amounts of bone. Simi lar 

experiments have, however, produced conflicting results (Taylor et al 

1975). Partly this may be due to alternate production of calcitonin 
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during lactation. Bucht and col leagues (1986) compared milk and 

plasma levels of calcitonin In women and their findings suggest that 

mammary tissue may be a site of calcitonin production In addition to 

the thyroid. 

Studies of calcitonin levels In lactating women also are 

somewhat contradictory. HI I Iman and colleagues (1981) and Greer and 

his colleagues (1982b) reported levels comparable to those In non

lactating women. However Toverud and Boass (1979) were more 

frequently able to obtain measurable levels of calcitonin In lactating 

women than In controls. 

Changes ~ Bone and Bone Minerai Status during Lactation 

Bone minerai studies during lactation show a wide range of 

responses. Animal models suggest that calcium Intake, duration and 

Intensity of lactation may be major factors In determining the effects 

on bone mass (Garner et a/ 1987). In rats, lactation appears to 

Increase formation and resorption rates, resulting In net loss 

et a/ 1981) which Is evident by the second week (MI I ler et a/ 

(Wong 

1986). 

The result Is a mean 17-20% loss In bone mass due to lactation (Goss 

and Schmidt 1930, MI Iler et a/ 1986). There also appears to be an 

Increase In the water content of bone suggesting that there Is greater 

mobil Izatlon of bone (Komarkova et a/ 1967). 

The distribution of loss Is not even. Long bones tend to lose 

more minerai In the metaphyseal regions with little change occurring 

In the cortical mldshaft regions (Hagaman et a/ 1985). Reduction may 
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There may be almost complete 

loss of bone trabeculae from the metaphyseal and endosteal areas If 

the rats were maintained on a low-calcium diet during lactation 

(Rasmussen 

Reductions 

1977b) . Between bone differences have also been noted. 

In lactating rats were greatest In the femur, less In the 

tibia and least In the humerus. 

Growth during periods of lactation Is adversely affected. In 

young rats there was significantly less Increase In bone lengths as 

wei I as weight (Rasmussen 1977a). Endochondral elongation was also 

observed In rats by Redd and col leagues (1984) during the first week 

of lactat Ion. Lactating rats also showed accelerated epiphyseal 

maturation which was attributed to the rapid drop In somatomedlns 

fol lowing pregnancy. This alteration In growth Is also seen In a 

reduction In dentin apposition rates below normal (MI I ler et a/ 1985). 

Studies on the strength of bones by lactational status show 

that bones of lactating rat dams become thln-wal led (Currey 1973, 

Currey and Hughes 1973) endosteally and have a 17% reduction In the 

load borne although not In energy required to reach breaking point. 

Bone appears to be removed from areas where mechanical safety factors 

are largest and where It wi I I have the least effect on the moment of 

Inertia. 

Compared to rodent animal models, cattle may better 

precoclal birth pattern seen In humans. The peak values 

prior to calving drop during lactation to a low 3-6 months 

parturition (Holmberg at a/ 1985). The degree of change 

fit the 

seen Just 

following 

Is most 

--- - ~ ------ ---------------------------- ---- ----
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notable with the first pregnancy and lactation. In addition, during 

lactation the Interrelation between live weight and BMC Is broken so 

that milk yield became the prime factor. Nonhuman primates also may 

be useful In studies of calcium metabol Ism during lactation. Initial 

studies on lactating rhesus macaques reveal adverse effects upon the 

minerai content (DeRousseau 1985). 

~ of Calcium Intake during Lactation 

On low calcium diets particularly, lactation proves a major 

drain on maternal resources, and rat pups whose mothers are fed a low

calcium diet quickly fal I behind control animals In growth (Rasmussen 

1986). Regardless of maternal calcium Intake, the calcium content of 

the milk Is maintained at normal levels. However quantities of milk 

are lower when maternal calcium Intake Is low. In rats fed a normal 

calcium Intake It Is estimated that as much as 130 mg of calcium are 

transferred to milk daJ Iy (Toverud et a/ 1976). This represents a 

substantial drain on the maternal resources and Is not over a long 

enough period In which the dam's body can adjust to the requirements 

of the growing pups. 

Maternal nutrition during the time of lactation also may be 

largely responsible for the relatively better maintenance of bone 

minerai status In humans. Women whose calcium Intake Is high and who 

maintain adequate synthesis of vitamin D are less likely to lose 

substantial bone minerai and be able to recover from any loses 

fol lowing lactation. Indeed, Lamke et a/ (1977) reported that women 

who lactated less than three months showed an Initial loss fol lowed by 
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a gain In bone minerai. However women who had breastfed more than 

three months showed no change In bone minerai In this study. 

Unfortunately, many women consume less than the recommended levels of 

calcium during lactation (Greer et a/ 1981). 

Other mechanisms which can affect calcium absorption during 

lactation Include Increased food consumption and select of calcium 

rich foods (Brommage and DeLuca 1985). structural changes In the 

gastrointestinal tract such as total GI weight, vi I Ius depth and crypt 

depth may also alter calcium absorption and are all seen In 

association with lactation (Toverud and Boass 1979). 

Recovery of Bone and Bone Minerai Fol lowing Lactation 

Whl Ie the effects of lactation In animal models can show 

dramatic losses, there Is also evidence of a recovery period fol lowing 

weaning during which much of this loss Is recovered. Endosteal bone 

formation has been seen In rats sacrificed at weaning (Miller et a/ 

1986). Gruber (1986) and MI I ler and col leagues (1982, 1986) reported 

that lactating rats kept on a low calcium diet began Increasing bone 

minerai density within 24 days of weaning. Simi larly, In humans 

recovery periods have been observed (Lamke et a/ 1977). 

Those women who have lactated may be more sensitive to estrogen 

once normal menstrual cycling resumes. Goldsmith and Johnston (1975) 

report that women who have lactated appear to be more sensitive to the 

estrogens In oral contraceptives. A disproportionate amount of 

demineralized bone matrix and, as yet, unmlneral Ized newly formed bone 

- -- - -------------------------------------
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may accelerate the minerai Izatlon process fol lowing weaning. This may 

be due to the release of an accumulation of local minerai Izlng 

factors. 

Effects of Maternal Age 

Maternal age Is a factor which appears Important In animal 

models. Older animals are able to accumulate more bone during 

pregnancy and suffered less loss during lactation. Young lactating 

rats undergo more erosion of the bone cortices through endosteal 

resorption but less development of cavities within the cortical bone. 

This may be partly due to success In raising young, since older 

animals produce large litters but frequently wean fewer numbers. The 

greater Incidence of Infant death with older dams would mean less milk 

produced. 

Researchers working with human subjects note that, the 

lactation magnitude of the drain on maternal resources presented by 

depends on the age of the mother. This Is particularly true In 

adolescent mothers who show a 7.5-15% decrease In BMD at the radius 

(Chan et a/ 1982a, 1982b, Chan and Thomas 1983). However these 

studies cover 

recovery of 

only the 16 weeks post partum and may 

bone minerai status fol lowing the 

not recognize 

termination of 

lactation. Older women In these studies did not suffer significant 

decrease In bone minerai during lactation, at least whl Ie receiving a 

vitamin D and calcium supplement. The loss among teen-age mothers may 

reflect an Increase In osteoclast activity In the response to 

Increased vitamin D as wei I as Inabl I Ity to substantially Increase 

._-_ .. _. -----------------------------------
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calcium Intake. At this time the osteoclasts stl I I remodeling the 

bones of the adolescent to fit the adult model. Lactation may also 

adversely affect the adolescent growth spurt (Greer and Garn 1982). 

Similar results are seen by Atkinson and West (1970) using 

single-beam photon absorptlometry of the femur. Scans taken during 

pregnancy and then regularly through 6 months after birth show younger 

women have a greater rate of loss than older women even though they 

lactate less. The mean rate of loss Is 0.022% per day. equivalent of 

about 250 mg/day from total skeletal minerai. 

Effect of Duration and Intensity of Lactation 

Besides the effects of maternal age. the duration of lactation 

may also be a factor. Wardlaw and Pike (1986) find that long-term 

lactation. lasting over six months. results In lower bone mass 

especially at more trabecular sites. Again maternal nutrition plays 

an Important role. as those with higher calcium Intake during 

lactation do not exhibit these adverse effects. 

Finally the Intensity of the lactation also may be a factor. 

This Is true In animals models. where rats with Iitter3 of ten pups 

suffered greater losses In bone minerai and bone mass than those with 

litters of three (Garner et a/ 1987). Women nursing twins show an 

Increase In serum calcium and elevated serum PTH and serum calcitonin. 

A nonsignificant trend for Increased 1.25(OH)2D Is also reported. Also 

these women tend to maintain a higher calcium Intake for a longer 

period than usually found with lactating women. 
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Effect of Repeated Pregnancy and Lactation Cycles ~ Bone 

Some work has appeared on frequency and spacing of pregnancies 

and lactation In animal model studies. The greatest change In bone Is 

seen during the first pregnancy and lactation cycle. While further 

reductions are seen In the second cycle. by the third there Is a 

plateauing effect In which little additional bone loss Is seen 

(EI I Inger et a/ 1952. Peng et a/ 1987). However successive cycles do 

result In an Increase In bone widths. 

Short Intervals between one cycle of pregnancy and lactation 

and the next may also present a substantial drain on maternal 

resources. In three women who produced large amounts of milk. two 

lost calcium at the end of their third and fourth lactations despite 

very high calcium Intake (Hunscher 1930. Donelson et a/ 1931). In 

previous pregnancies they had been able to show some recovery of 

calcium close to the time of weaning. 

Summary 

The hormonal factors of female reproduction. with their varying 

effects on bone. must Interact with the underlying calcium-regulating 

hormonal system. The complexity of this Interaction Is complicated 

not only by the timing of onset and terminus of the reproductive years 

but by Inconsistencies In the menstrual cycle found even within 

apparently normally cycling women (Ross Laboratories 1987). 

In general. pregnancy and lactation appear to modify the normal 

physiological response to calcium stress to some degree. The addition 

----------------------- ---------
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of prolactin and placental lactogens and their effects on bone 

resorption and formation causes a major change In calcium regulation. 

However none of the events require explanation as mechanisms which 

prepare the maternal organism for the events to come. Rather, they 

are adjustments made to meet the current requirements of the fetus and 

maintain a functioning skeletal system for the mother. 

During pregnancy the addition of vitamin D from the placenta 

and the reduction In total serum calcium due to decreased albumin 

cause a shift In the function of the calcium regulators. 

In a maximization of Intestinal calcium absorption. 

This results 

Since fetal 

demand Is relatively low during most of the pregnancy, much of this 

calcium Is stored. Late In pregnancy, calcium must be moved across 

the placenta where It Is captured In the fetal circulation. 

During early lactation the rapid transfer of calcium to milk 

production causes hypocalcemia. The normal calcium mobil Izatlon 

responses are enhanced by the presence of prolactin. These changes 

greatly enhance Intestinal calcium absorption. To compensate for this 

Influx of calcium, calcltonln,may Increase which has the additional 

effect of helping to protect the maternal skeleton. Prolactin may be 

more Influential during early lactation whl Ie PTH and 1,25(OH)2D 

become more Important when lactation continues beyond about 6 months. 

At this point, lactation becomes less frequent and less Intense as the 

Infant Is supplemented by other foods. This reduction lowers the 

prolactin levels. 

."-'--------------------------
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MATERIALS AND METHODS 

Data Collection Design 
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The research design combines a cross-sectional examination of 

current bone minerai status, retrospective data on reproductive 

history and uti I Izatlon of longitudinal Information on change In bone 

minerai content and width. This approach Is required to obtain 

Information concerning events earlier In life which affect 

postmenopausal bone and risk of fracture. 

Cross-Sectional and LongItudinal Data 

nature. 

women. 

The primary data uti I Ized by this study Is cross-sectional In 

It Is derived from one point In time from a large group of 

While this wi I I provide Information on what Is considered to 

be "normal" change, It does not provide Information on the rate of 

change at the level of the Individual. Nor does It provide 

Information on the pattern of change which wi I I produce the result 

seen at the time of measurement. The pattern may be one of gradual 

gain or loss or It may be due to sporadic, short-term change. 

For some of the women Included In this study, longitudinal data 

also are available. The Department of Anthropology, University of 

Arizona has conducted bone minerai evaluations for more than six years 

using a mixed longitudinal research design In which additional 

Individuals were Included to maintain the statistical population. The 

object of this project has been the annual repeat scanning of elderly 

------------------------------
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residents of two large Arizona communities which differ In socio

economic position. 

From repeated annual scans on these women, rates of change as a 

percent of orlglnlal values can be calculated. These data al low 

evaluation of rates and patterns of change In measured bone minerai. 

This rate of change can be linked to other Information concerning the 

Individual's habits, lifestyle or disease profl Ie. 

Retrospective Study 

The study Is also, In part, retrospective In approach. Recal I 

of Information concerning events which occurred much earlier In life, 

such as age at menarche and ages at pregnancies, Is requested. Long 

studies covering the lifespan of humans can rarely be accomplished. 

Retrospective data provide the only Information available although 

they may reflect errors In memory, the use of ranges of time or a 

preferential use of certain ages (Ie. 20, 25, 30). 

Retrospective data may also lead to problems with the 

Interpretation of changes due to earlier events despite other events 

which may have occurred In the Intervening years. This Is especially 

true for the study of bone where there Is likely to have been 

considerable postmenopausal loss. Given this restriction, high levels 

of significance and strong associations are not expected. 

The 

Statistical Population 

study Is based on results from three statistical 

subpopulatlons of women. These women have been recruited from on-
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going studies at Sun City, Tucson and Casa Grande, Arizona (Figure VI-

1). AI I women have undergone either a natural menopause or 

hysterectomy prior to Inclusion In the study. The study Is restricted 

to women of Caucasoid racial affinity In order to limit the Influence 

of genetic factors which tend to produce greater bone minerai content 

In Blacks (Mayor et a/ 1976, 1980) and lower values among Individuals 

of Mongoloid ancestry (Yano et a/ 1984). A total of 489 women have 

been Involved within this study, of whom 438 meet the requisite 

criteria. These women range In age from 41 to 92 years. 

AI I participants gave Informed written consent prior to the 

proceeding with the questionnaires and bone scan as required by the 

Human Subjects Committee. University of Arizona. 

Sun CI ty 

Data are collected at facilities In three main communities. 

Boswel I Memorial Hospital serves as the collection site for Sun 

The Boswel I Memorial Hospital Volunteer Office Is responsible for 

recruitment and scheduling of participants. The women In 

CI ty. 

the 

this 

community tend to be affluent, mobile, active participants In sports 

and social activities, and In relatively good health. Many stl I I have 

a surviving spouse or other companion and they are non

Institutionalized. Sun City Is largely a winter residence for 

retirees from the Midwestern states. 
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Figure VI-1: Current age distribution by subpopulatlons. 
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Tucson 

The Tucson collection sites are primarily public housing 

facl I Itles (Tucson House, Craycroft Towers and Western Winds). The 

screening and monitoring program at these centers has been organized 

In conjunction with ProJect AgeWel I, Family and Community Medicine, 

Arizona Health Sciences Center, University of Arizona. The women In 

these communities are less affluent than those !Ivlng In Sun City. 

They are also less active In recreational activities and, generally, 

In poorer health. Many do not have a surviving spouse or other 

companion residing with them. Most stl I I live Independently although 

some receive support services. For the most part, they are year-round 

residents. 

In addition, data are collected at the Armory Park Senior 

Citizen Center. This Is an active recreational and educational 

program for the city's elderly, providing lunchtime meals, classes and 

evening social activities. Some participants come from local public 

housing, but the center also draws many people from the general 

community. Whl Ie tending to be less affluent than Sun City women, 

women from Armory Park are more active socially and physically than 

those In public housing. 

Casa Grande 

The Cas a Grande bone scan program has been coordinated by the 

Pinal County Health Department as part of their health monitoring 

program which parallels their senior exercise classes. Collection 

centers are located In Casa Grande, Florence and Eloy. The women from 
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this area, which Is semi-rural, are Independent of Institutionalized 

care, frequently with a spouse or other companion. They are often 

long-time residents, although many travel during the summer months. 

They are In generally good health and many are stl II employed past 

retirement age. 

Independent 

The final group of volunteers for this project are from the 

campus community of the University of Arizona. Although only five 

women are Included from this group due to the criteria needed for the 

study, they provide additional data on the younger age range. These 

women tend to be associated with the university and In relatively good 

health. Scans are conducted, for this group, at the departmental 

fac I II ties. 

Quantitative Data Base 
.;;;.;;.;.;.;.;..;..-....;;.;..;~-----

The measurement and scanning facilities currently established 

by the Department of Anthropology, University of Arizona are uti Ilzed 

for this study. These Include anthropometers and Lunar Radiation 

single-beam photon absorptiometer (Model SP2) I Inked to an IBM/PC-AT. 

This equipment Is portable and can be transported to an easily 

accessible facility for each population. 

Bone Minerai Assessment 

Single-beam photon absorptlometry was used throughout this 

study. This Is an excellent survey tool, providing rapid results for 

----- -----------------------------------
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minimal time commitment (about 5 minutes) on the part of the 

participants. Radiation levels to the 11mb are also extremely low (2 

to 5 mrem) and only slightly higher (13 mrem) to the skin (U.S. NCHSR 

& HCTA 1986). 

The SP2 single-beam photon absorptiometer Is developed on the 

method of Cameron and Sorenson (1963). A monoenergetic radiation 

source. 12510dlne. Is passed across the bone to be measured. The 

source Is directly below a highly col I Imated (3mm diameter) 

sclntl I latlon detector. The signal received by the detector Is 

forwarded to a single-channel analyzer and counted. The difference 

between the Intensity of the beam as It passes through the tissue 

equivalent andlor the soft tissue of the arm (1 0) and that which 

passes through the bone (I) Is Integrated Into a measurement of the 

Bone Minerai Content (BMC) according to the fol lowing formula: 

BMC (g/cm) - (log 10 - log I) * K 

where K represents the calibration constant determined from 

measurements on calibration standards which have been devised using 

ash bone sections. 

The use of the distal one-third radius site has been recently 

evaluated (U.S. NCHSR&HCTA 1986). This scan location measures bone 

which Is largely cortical with cited ranges of 85% to 90% compact 

bone. Recent Improvements which Include the recti linear scanning 

techniques used In the present study have Increased precision to an 

"---------- "-------- --------------------------
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estimated 2-4%. Accuracy Is reported at 1-4% (Cameron et a/ 1968, 

Mazess et a/ 1972). 

Correlation between forearm bone minerai content to 

appendicular and total body bone minerai content Is strong (Krolner 

1985). This system does not al low prediction of loss of bone from 

more trabecular areas and to accurately predict most osteoporotic 

fractures (Johnel I and Nilsson 1983, Mazess et a/ 1988). This Is 

despite the finding that most diagnosed osteoporotlcs have bone 

minerai values, as determined by single-beam photon absorptlometry, 

below the mean values for their age group (Mazess et a/ 1984, Mazess 

and Cameron 1985). It may be more applicable to peripheral fracture 

prediction (Nordin et a/ 1987). Correlations are slightly better with 

hlp fracture patients where more of the fal lure Is due to loss of 

compact bone. 

the 

Although useful In basic research on human aging, In 

clinical diagnostic applications of the distal one-third 

general, 

radius 

site are seriously limited by the Imbalance between specificity and 

sensitivity (Popcock et a/ 1986, Ott et a/ 1987). The screening, 

monitoring and research uses are stl I I considerable. With Its ease of 

mobil Ity, low radiation, high precision, and low financial and time 

expenses, It has been advocated, by some, for mass screenings 

(Robinson et a/ 1987) using a variation on the cortical site, and for 

monitoring renal patients (Mazess and Cameron 1985), Infants (Steichen 

et a/ 1976) and those with degenerative spine disease (U.S. NCHSR & 

HCTA 1986). This Is a preferred site for looking at the correlation 
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of bone width to bone length and so Is particularly valuable In 

examination of the effects of menarcheal age and growth patterns. It 

Is also less subject to the short-term changes which are seen In more 

highly trabecularlzed bone. 

The distal one-third site on the radius Is obtained by 

measuring the distance on the ulna from the olecranon process and the 

distal ulna using an anthropometer. The distal third point Is then 

marked on the arm and the radius measured at this point. The one

third measurement Is recorded at the location of the scan. Some 

difficulty may arise In correct location of the distal ulnar due to 

arthritic changes In the wrist. 

The forearm at the scan locations Is wrapped In a gel tissue 

equivalent prior to placement and Immobilization In the scanning unit. 

The equivalent provides a uniform substance for the calculation of 

baseline measurements. Four passes are made at a speed of 1 mm/second 

and the results of these averaged. Between each pass the scanning arm 

moves 3mm proximally. This produces the recti linear scan area which 

Improves precision. 

The results are presented, based on the formula given 

previously, as Bone Minerai Content (BMC) In grams per centimeter, 

Bone Width (SW) In centimeters and Bone Minerai Density (BMD) as grams 

per centimeter squared. The latter measurement must be considered an 

approximation of density since only a two-dimensional measure can be 

obtained using this technique. 
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In addition to primary data. two comparisons are made to 

normative values for BMD provld~d by LUNAR Radiation and programmed 

Into the software for the SP2 Single-beam photon absorptiometer. 

First. Individual results are compared with that expected for sex-

matched. healthy. young normals (age 20-50 yrs). The value used f9r 

2 this comparison In women Is .7103 gm/cm. Second. In order to assess 

the bone minerai density for the older Individual (over age 50). there 

Is also a comparison provided with sex and age-matched controls. This 

comparison Is compared to values predicted using linear regression 

analysis. Both variables are presented as percent of the normative 

values. No documentation Is available from LUNAR Radiation on the 

data used to produce either the normative value for the young. normal 

Individual or for the regression formula for the elderly comparison. 

The women from Sun City. Tucson and Casa Grande are 

participants In the on-going longitudinal study presently being 

conducted by the Department of Anthropology. Multiple scans are 

available for 247 women from which their percent annual rate of change 

over the course of the study can be calculated. These rates are 

determined for BMC. BW and BMD using the first and last of the 

available scans taken at approximately one year Intervals and divided 

by the number of years these cover. 

Height 

Height measurements are taken with a free-standing 

anthropometer (Gneiss and Gnoepel) according to established 

procedures. Subjects stood upright. barefooted. and the maximum 
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standing height was recorded, In almost al I cases by a single observer 

(W.A. Stlnl). In addition, since height loss has been I Inked with low 

bone minerai and, In particular, loss of trabecular bone leading to 

vertebral crush fractures, reported current height and height at age 

25 are requested from al I participants. Height at age 25 Is assumed, 

In this study, to be equivalent to maximum attained height. 

Weight 

Reported weights (In pounds) are taken for al I participants at 

the time of scan. Weight at age 25 Is also noted In the questionnaire 

to monitor earlier weight and possibly note any major weight changes. 

Ponderal Index Is calculated for the reported height and weight at age 

25. This Index Is determined by the cube root of weight multlpl led by 

100 and divided by the height. 

Data Derived from Subject Questionnaires 

Whenever the scheduling permits the questionnaire Is presented 

In an Interview format (Figure VI-2). Three female researchers 

conduct these Interviews at the time of the scan. The opportunity to 

briefly explain the research alms of the study helps to obtain 

cooperation from the women Involved and the Interview situation 

maximizes responsiveness. 

Questions to which a subject fal led to respond are left blank 

and treated as missing data. 

------------------- --- .-



Name ________ _ 
10 4t ________ _ 

Date ________ _ 

REPRODUCTIVE HISTORY QUESTIONNAIRE 

1. Are you currently taking estrogen (Including birth control pills)? 

Yes No ---
I f yes: How long? years 

Have you taken estrogen In the past (Including birth control pills)? 

Yes No --- ---
If yes: At what age (ages)? __ _ 

For how long? ___ years 

2. How old were you when menstrual periods started? ___ years 

How old were you when menstrual periods stopped? ___ years 

3. Old you have a hysterectomy? Yes __ (Age _) No __ _ 

Old you have an oophorectomy (ovaries removed)? 

Yes (both/only one) No __ _ 

4. For each pregnancy (Including miscarriages), please record: 

Figure VI-2: 

Age at childbirth 
(years) 

1. ____ _ 
2. ____ _ 
3. ____ _ 
4. ____ _ 

5. -----6. ____ _ 

7. -----8. ____ _ 

9. -----
10. -----11. ____ _ 
12. ____ _ 

Length of Pregnancy Length of Breastfeedlng 
(months) (months) 

Questionnaire on reproductive history . 

127 

.. ~-~---------------------------------



128 

Estrogen Use 

Data on current use of estrogen replacement therapy Include 

whether or not the subject currently used estrogen and the length of 

time (In years) for which they had used It. Past use data also covered 

use of birth control pll Is and addressed the age at which use began and 

duration of use (In years). All periods of use less than 1 year were 

considered as 1 year usage, thereafter usage was rounded to nearest 

year. 

From these data the total length of time In which estrogen 

therapy Is used was calculated. In addition, the years since estrogen, 

whether from the age at menopause or the age at which estrogen therapy 

was terminated, Is calculated. 

Hysterectomy and Oophorectomy 

Whether the subject had undergone hysterectomy and the 

which this was performed Is also requested. In addition, 

age 

data 

at 

on 

removal of ovaries Is asked and whether this was unl- or bilateral 

oophorectomy. 

Age at Menarche and Menopause 

Age at first menses Is used for age at menarche. This 

Is rounded to the nearest earlier ful I year, the age at 

previous birthday. Age at last menses Is considered, for the 

of this study, equivalent to age at menopause. Although 

applying a fixed date to a process of gradual change, It Is 

convenient marker for subject recal I. In addition to 

variable 

the last 

purposes 

this Is 

the most 

biological 
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uncertainties, memory flaws on the part of the subjects must be 

acknowledged, particularly In regard to these two questions. 

Parity, Maternal Age, Interval Between Pregnancies, and Lactation 

The final set of questions relate to pregnancy history and 

Include: age at each birth or miscarriage, the length of the pregnancy, 

and the duration of lactation. If subjects are unable to recal I their 

age at chi Idblrth, the children's present age or year of birth Is used 

to determine this Information. EmphaSis Is placed on recording all 

pregnancies Including miscarriages and stl I Iborn offspring. 

From these data the total number of pregnancies Is calculated 

and the number of these which were fullterm (reported as being 9 months 

of pregnancy) regardless of outcome. In addition the total amount of 

time that each woman was pregnant for al I her pregnancies combined Is 

calculated. This Is termed "total duration of pregnancy". The average 

Interval between pregnancies Is also determined by dividing the 

difference between the maternal age at last and first pregnancies by 

the total number of pregnancies. 

Finally the total number of months during her life that a woman 

was breastfeedlng Is calculated. This does not take Into account the 

Intensity of the lactation and whether or not the chi Id was receiving 

any supplementary nutrients. Also the average length of lactation per 

fullterm birth Is also calculated. In many Instances not al I chi Idren 

were breastfed, however, this value does provide an estimate for the 

lactation per chi Id. 
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Fracture History and Other 

Data are also available from other questionnaires used during 

the course of this study and related studies which did not pertain to 

reproductive history. Questionnaires are directed at current dietary 

Intake, medications, exercise patterns, recent health and lifestyle 

alterations, and smoking habits. 

From these questionnaires, provided to women In Sun City and 

Casa Grande, Information Is obtained on fracture history since the age 

of 50. This Included the bone broken, the age at which It occurred and 

a brief description of the circumstances. For the purposes of this 

study, data are-restricted to the presence or absence of fractures 

which occurred after age 50. 

Data Analysis 

The majority of the statistical evaluation of the data Is 

conducted using SPSS/PC Plus (Norusls 1986) In conjunction with an IBM 

AT/XT provided by the Department of Anthropology. This Is uti I Ized for 

basic descriptive statistics, analysis of variance and linear 

regression. Basic descriptive statistics Include the mean, standard 

deviation, minimum and maximum values. Correlation matrices are 

developed to Investigate the relationship between variables and to 

highlight those where patterns of change may co-occur. Linear 

regression Is conducted to further explore this type of correlation and 

to measure the amount of explained variance and Its statistical 

significance. 
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Comparison of groups Is conducted using T-tests and ANOVA 

(Analysis of Variance) when groups are sufficiently large and show a 

relatively normal distribution. In other cases, the Mann-Whitney U

Wllcoxlan Rank Sum W Test Is used. This test Is more appropriate for 

samples with a nonparametrlc distribution and those of smal I sample 

size. 

Because of the Integration of growth and aging data, stepwise 

multiple regression, discriminant function analysis and principal 

components analysis are also required. Both SPSS/PC 

1986) and BMDP (Biomedical Data Program) (Dixon et al 

Plus (Norusls 

1985) on the 

University of Arizona, CYBER facl I Itles are used. These analyses al low 

the Integration of many variables Into one relationship. Stepwise 

multiple regression systematically Includes those variables which, In 

decreasing order of contribution, al low prediction of a dependent 

variable. Discriminant function analysis tests the ability of a number 

of variables to predict group membership. Principal components 

analysis computes a set of new variables based on their relationships 

presented as raw data. The new variables can be regressed on a 

separate variable and the correlation coefficients for each variable 

plotted for those eigenvectors which show the highest correlations to 

the regression variable. This al lows an evaluation of proximity 

between variables and of their relationship to the single variable upon 

which they are regressed. 

--- .. - ._ ... "- ... -._.--._._-----------------
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Chapter VII 

RESULTS AND DISCUSSION: STATISTICAL DESCRIPTION OF THE POPULATIONS 

AND EFFECTS OF MENOPAUSE AND ESTROGEN USAGE 

Introduction 

The underlying multlcausallty of osteoporosis Is commonly 

accepted (Finlay 1956. Heaney 1977. Spencer et a/ 1982. Aloia et a/ 

1983. 1985. Lukert 1984. National Institutes of Health 1984. Ralsz and 

Johanneson 1984. Sevastlk and Lindgren 1984. Wingate 1984. Frame and 

McKenna 1985. Katz 1985. Mangaroo et a/ 1985. Nordin et a/ 1985. Riggs 

and Melton 1986. Ralsz 1987 a & b). The occurrence of bone loss and 

osteoporosis In the elderly Is attrIbuted to fal lure to achieve 

adequate peak bone mineralization during the earlier years of life 

and/or a rate of loss In the later years which Is accelerated beyond 

that normally found. Whl Ie age and loss of estrogen are the primary 

known determinants of bone minerai status In females. these factors 

actually explain only a smal I portion of the variation seen In the 

aging population. These basic associations are apparent In the 

present body of data. 

Population Overview 

The bone minerai values for the women Included In this study 

are compared with the normative values provided by Lunar Radiation and 

those generated from the scans of all females conducted by the 

Department of Anthropology (Table VI 1-1). T-tests comparing the 
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Bone Minerai Content 

Age-Group Unlv AZ Values Study Females 
20-29 .859 ( .11 ) 
30-39 .838 (.09) 
40-49 .815 ( .09) .768 ( .13) 
50-59 .780 ( .11) .778 ( .14) 
60-69 .694 ( .13) .741 ( .13) 
70-79 .634 (.12) .652 ( .13) 
80-89 .576 ( .11) .609 ( .15) 
90+ .400 .621 ( .02) 

Bone Width 

Age-Group Unlv AZ Values Study Females ---

Age-Group 

20-29 
30-39 
40-49 
50-59 
60-69 
70-79 
80-89 
90+ 

20-29 1.24 ( .12) 
30-39 1.24 ( .11 ) 
40-49 1.21 ( .09) 1.11 
50-59 1.22 ( .11) 1.20 
60-69 1.24 ( .12) 1.25 
70-79 1.24 ( .14) 1.27 
80-89 1.23 ( .12) 1.28 
90+ 1.11 1.29 

Bone Minerai Density 

Age-matched 
Normative Values 

.710 

.710 

.710 

.678 

.618 

.555 

.489 

Unlv AZ Values 
---..;...;;;.;..~..;;., 

.689 (.05) 

.676 (.04) 

.674 (.05) 

.638 (.07) 

.560 (.09) 

.508 (.09) 

.468 (.08) 

.361 

(.16) 
(.14) 
( .12) 
( .14) 
( .14) 
(.02) 

Study Females 

.691 (.05) 

.657 (.11) 

.595 (.10) 

.517 (.10) 

.476 (.11) 

.481 (.01) 

Table VI 1-1: Comparison of bone minerai values of study population 
with normative values. Unlz AZ values are based on 
Initial scans of 1189 females (Including those In this 
study) conducted by University of Arizona, Department 
of Anthropology. Age-Matched normative values are 
provided by Lunar Radiation . 

....... _.-_._ .... _._. __ ._-----------------
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Initial values of the women In this study with the first scans of 

women scanned under the long~tudlnal study but not Included In the 

present data reveal no significant differences between these groups 

except at the 60-69 year age group. At this age, the present women 

have significantly more minerai content and, consequently, denser 

bones. Only limited data are available on the normative values 

provided by Lunar Radiation. These Indicate that significantly lower 

values are found with the Arizona study population. This may be due 

to genuine differences between these populations such as would occur 

with dietary or exercise patterns or with tendencies for women with 

concerns about osteoporosis to seek the services of this project. The 

difference may also be due to observation technique or equipment 

differences. 

Current Age 

Mean current age for the women In this study Is 70.5 yrs (SO 

7.8). There are differences In the mean age by city which reflect the 

sociological makeup of the study populations. In Sun City the mean 

current age Is 70.7 (SO 6.6), In Tucson 72.1 (SO 8.0), In Casa Grande 

It Is 68.0 (SO 8.3), and mean age of the Independent group Is 55.2 (SO 

10.8). The Sun City and Tucson groups are significantly older than 

the Casa Grande group (p <.000, P <.002, respectively). The 

Independent group, largely drawn from the non-retired campus community 

Is much younger than al I the others (p <.0000). 
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Height and Weight 

The mean height and weights of the population as a whole are 

158.7 cm (SD 6.5) and 63.4 kg (SD 13.4) respectively (Table VII-2). 

The Sun City women are significantly taller than those from Tucson (p 

=.015) whl Ie they and the Tucson women weigh significantly less than 

those from Casa Grande (p <.000, p =.023 respectively). The 

Independent group are both taller and weigh less than the other 

groups, but sample size Is very smal I. 

Overal I Correlations 

Correlation matrices for al I variables have been prepared. 

Table VII-3 shows correlations between the anthropometric and bone 

minerai factors. Correlations between these factors and age at 

menopause and estrogen replacement therapy are presented later In this 

chapter. Those factors relating to menarche and parity wi I I be 

presented In the following chapter VI I I and chapter IX, respectively. 

Bone Minerai Status 

Since the Bone Minerai Content (BMC) and Bone Width (BW) are 

used In the computation of the density, significant correlations 

between these factors should be expected and are observed In the 

present data. Simi lar correlations are expected and found between the 

percent annual changes of BMC and BW with percent annual change of 

Bone Minerai Density (BMD). 

As can be seen from the correlations there are highly 

significant negative correlations between age and both BMC and BMD 
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N !2 of Young !2 of Age 
Normal Matched 

Normative Normative 
Value Value 

5 97.0 (7.7) 97.0 (7.7) 
20 91.7 (15.1) 98.1 (15.0) 

180 83.3 (13.9) 96.5 (15.6) 
184 72.3 (13.4) 92.9 (17.5) 

46 66.5 (15.9) 94.1 (23.0) 
3 67.0 (1 .0) 107.0 (2.6) 

438 77.4 (15.6) 94.6 (17.2) 

% Annual % Annual % Annual 
BMC Change BW Chanae BMD Chanae 

(N=233) (N=233) (N=233) 

0.87 (4.3) 1.23 (2.1) -0.41 (3.2) 
1.01 (5.2) 1.58 (3.8) -0.56 (5.6) 

-0.25 (4.4) 1.51 (3.9) -1.66 (4.8) 
-0.60 (4.8) 2.13 (6.5) -2.77 (6.6) 

1.41 (3.7) 0.99 (0.7) 0.64 (4.3) 

0.10 (4.6) 1.60 (4.3) -1.45 (5.3) 

Helaht % Annual Helaht Maximum Welaht 
(N=437) Change Hel~ht (N=438) 

(N=231) (N=270) 

162.6 (13.2) 64.7 (13.7) 
161.4 (5.7) 0.11 (0.4) 163.0 (7.7) 66.9 (10.8) 
159.9 (6.2) 0.12 (0.9) 161.7 (5.9) 65.1 (16.0) 
158.2 (6.1) -0.08 (0.3) 162.5 (6.1) 62.9 (10.1) 
154.4 (6.7) -0.24 (1.1) 160.3 (5.5) 57.3 (13.9) 
158.0 (9.9) -0.08 (0.0) 167.0 (3.6) 57.6 (5.8) 

158.7 (6.5) -0.04 (0.7) 162.1 (5.0) 63.4 (13.4) 

Table VI 1-2: Means and standard deviations (In parentheses) by 
current age. 



BMC BW 

Current ~ -.38** NS 

BMC .26** 

BW 

BMD 

! ~ Young ~ 

! ~ Age-Matched ~ 

%Annual ~ Change 

! Annual BW Change 

!~~Change 

Haight 

! Annual !!.!. Change 

Maximum Haight 

Height Lou 

~ Maximum 

Table VII-3: 

BMD % of % of ! ! ! Height ! Maximum Height 

Young Age Annual Annual ~ Annual Height Lo •• 

Norm. Match BMC BW BMD Ht ~ ------
Norm Change Change Chans!. Change Maximum 

-.47** -.47** NS NS NS NS -.27** -.20* NS -.38** 

.87** .87** .79** .35** NS .2t** .25** NS .16* .32** 

.24** -.24** -.21** NS .39** -. 2~,** NS NS .1&* NS 

.99** .90** .38** NS .4D** .20** NS NS .29** 

.90*- .38*- NS .4D*- .26** NS NS .29--

.36-- NS .39** .17-- NS NS .15-

NS .72** NS NS NS NS 

-.6D** NS NS NS NS 

NS NS NS NS 

NS .42** .33** 

NS .27** 

-.17* 

Correlation matrix for bone minerai and anthropometric 
variables (Significance: * - .01, ** - .001). 

Weight 

-.19** 

.36** 

NS 

.35** 

.35-· 

.31--

NS 

NS 

NS 

.21** 

NS 

.22*-

NS 

-" 

W 
-...I 
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(Figure VII-1). This Indicates that the primary change with age Is In 

the minerai component rather than being a change In the size of the 

bone, although the latter process Is also evident, as discussed below. 

In order to evaluate the rate of loss and better compare the 

minerai status of Individuals at different ages, the Bone Minerai 

Density (BMO) Is converted Into percentages based on normative values. 

The mean value for the comparison to young normals Is 77.4 (S015.6) 

and these values show a gradual decline with age. The mean age

matched value Is 94.9 (SO 17.2). Some differences between the 

populations are evident. The Independent group, being significantly 

younger than the women from the other three cities, have higher values 

In comparison to young, normals. Comparison to age-matched values 

does not show any distinction of the Independent group from the other 

three. Within the three major collection sites there Is less 

difference although Casa Grande mean values are significantly greater 

than either Sun City or Tucson for the comparison to young, normal 

values (p <.000, p <.003) and are better than Tucson for the age

matched values (p =.01). 

Percent Annual Change 

In looking at the percentage annual change, derived from the 

longitudinal data, It Is apparent that the significant correlations 

between BMC and change In BMC and BMO fol low a slightly different 

pattern than that of bone width. Whl Ie those Individuals with larger 

values for bone minerai tend to have more positive change (I.e. less 
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Figure VI 1-1: Mean values for bone minerai content, bone width and 
bone minerai density by current age. 
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loss of bone minerai). those with wider bones tend to be also 

Increasing or holding steady on the width thus decreasing the density 

of the minerai distribution. This Is despite the positive correlation 

between BMC and BW. 

Two relatively distinct processes may account for this apparent 

contradiction. A large bone size In younger and middle-aged adults 

wi I I normally correlate with larger minerai content. a trait which may 

be carried Into the later years. However. particularly In senescence. 

a second cause of Increased bone width becomes more common. This Is 

the phenomenon of compensation for low bone minerai 

expansion which has been observed elsewhere (Ruff and 

by periosteal 

Hayes 1982. 

1984. Harrington 1986. Stlnl 1987.1988). This maximizes the 

structural support provided by the bone with the minimal minerai 

available. This phenomenon Is most evident In the advanced age groups 

where a normal pattern of slight reduction In bone width Is abruptly 

reversed. primarily In those women In the lowest third of the bone 

minerai distribution (Stlnl 1988). This Is supported by a negative 

correlation between the percentage changes In BW and BMD and a 

positive correlation between these rates for BMC and BMD. 

Besides the differences In rates of change due to bone size. 

there are also subpopulatlon differences. The Sun City women are 

losing BMC and BMD (p <.0000. p <.000 respectively) at a faster rate 

than those from Tucson. Since no statistically significant 

differences In BMC. BWor BMD are seen between these populations this 
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rate would not appear to be due to major discrepancies In these 

factors. 

Reductions are seen In height and weight. Height and weight 

are also correlated. Taller people tend to weigh more and also have 

larger bone structure. Height therefore shows a highly significant 

positive correlation with BMC, though not with BMD since there Is 

compensation for size In this factor. Whl Ie present height does not 

correlate with BW, reported height at age 25 does. 

With age there are losses In bone minerai which are matched and 

frequently related to losses In height. Those with low bone minerai, 

especially those whose weight Is smaller and so are more likely to be 

already 

height 

losing 

probably 

result 

1982). 

lose 

be 

disadvantaged by smaller bone structure, also tend to 

more rapidly (Galloway 1988). The older groups appear to 

height (I.e. negative change) at a greater rate. This Is 

will due to vertebral compression fractures, each of which 

In loss of approximately 1-2 cm In height (Notelvltz and Ware 

Some height reduction with age Is normally expected due to 

compression and loss of resl I lence In the Intervertebral disks. 

Fracture History 

Fracture history data (N=409) on the study population shows 

that 126 (30.8%) have experienced a broken bone In one or more areas 

since the age of fifty (Table VI 1-4). There are no significant 

differences In the distribution of those with or without fractures 

between the major collection sites. However, there are statistically 



Women with Fractures 
since age 50 

Current Age 
BMC 
BW 
BMD 
! of Young Norm 
! of Age-Matched 

Norm 
% Annual BMC Change 
% Annual BW Change 
% Annual BMD Change 
Height 
! Annual Ht Change 
Maximum Height 
Height Loss 

from Maximum 
Weight 
Menopause 
Years since 

Menopause 
Years of ERT 
Years since 

Estrogen 

73.1 (7.2) 
0.64 (.14) 
1.26 (.13) 
0.51 (.10) 

71.7 (13.4) 
90.8 (15.4) 

-1.25 (3.9) 
1.61 (5.1) 

-2.55 (6.3) 
158.0 (7.0) 
-0.12 (.29) 

163.0 (6.5) 
-4.7 (3.9) 

61.5 (12.7) 
46.9 (6.8) 
26.2 (9.8) 

3.9 (7.0) 
22.4 (12.2) 
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Women without Fractures 
since age 50 

69.7 (7.3) 
0.71 (.13) 
1.26 (.13) 
0.57 (.11) 

79.8 (15.5) 
97.0 (17.6) 

0.69 (4.8) 
1.66 (3.8) 

-1.05 (4.7) 
159.1 (6.3) 

0.02 (.67) 
161.7 (5.8) 
-3.1 (2.4) 

64.6 (14.0) 
46.7 (6.5) 
23.0 (9.7) 

, 5.2 (8.4) 
17.9 (12.7) 

Table VI 1-4: Means and standard deviations (In parentheses) of bone 
minerai, anthropometric, and menopausal variables for 
women with and without fractures, regardless of cause, 
since age 50. 
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significant differences In the profiles of those experiencing 

fractures. They tend to be slightly older with a mean age of 73.1 

compared to 69.7 for those without fractures (p <.0000). They also 

tend to have lower BMC and BMD (p <.0000) although BW does not differ 

significantly. The differences In the minerai component also produce 

statistically significant distinctions In the means of the percents of 

young normal arid age-matched values (p<.OOO). 

In addition to the Initial values for bone minerai, there also 

are apparent differences In the rates of change. The women with 

fractures reported since age 50 are losing significantly greater 

amounts of BMC than those without fractures (p <.003). The latter 

group appears to be largely holding steady. There Is no discernible 

difference In the rates of change In BW and only a tendency for 

greater loss of BMD among those women experiencing fractures (p <.05). 

No apparent present height or reported weight differences are 

seen between the two groups. However, the women with fractures were 

Initially slightly taller than those without but are now shorter. The 

differences In this height loss from maximum are statistically 

significant (p <.000). This may be due to an Increased Incidence of 

vertebral fractures which causes height reductions In excess of the 

normal compaction of the Intervertebral disks (Galloway 1988). 

Age at Menopause and Use of Estrogen Replacement Therapy 

Despite multiplicity of factors Involved In determining the 

processes of accumulation of bone minerai during early adult life and 

the determination of the rate of loss In the later years, some major 
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factors other than age must be recognized. In normal, healthy women, 

one of the principal factors Is the loss of estrogen, usually at the 

time of menopause. 

Hysterectomy and Oophorectomy 

The mean age at menopause, Including women undergoing 

hysterectomy and oophorectomy, In the present study 

46.7 years (SO 6.6), with a range of 18 to 68 years 

populations Is 

(Table VII-5). 

Excluding those In whom surgical procedures may have affected the age 

at menopause, the mean menopausal age Is 44.6 years (SO 7.5). Those 

women reported to be postmenopausal at the time of this study who were 

stl I I within the 40-49 year age-group tended to have earlier 

menopause, (mean 41.6 yrs, SO 5.3). No statistically significant 

differences are seen In the mean ages of menopause by the city In 

which collection of the data took place. 

Two hundred thirty three women reported undergoing a natural 

menopause whl Ie 194 had undergone a hysterectomy. Eleven women failed 

to comment on this question. No statistically significant difference 

was seen In the age distribution of those reporting hysterectomy, 

although there was a tendency for slightly greater percentages of 

women, now In the fifties through seventies to have undergone 

hysterectomy than those older. This may reflect not only secular 

trends In biomedical procedures and survivorship differences but also 

random changes within the population. Of the women having undergone 

hysterectomy 123 (63%) also reported oophorectomy whl Ie 61 (31%) did 
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current Age at Years since Years of Years since 
Age Menopause Menopause ERT Estrogen 

40-49 41.6 (5.3) 2.4 (2.9) 4.4 (7.1) -0.2 (5.9) 
50-59 44.6 (6.2) 12.2 (7.4) 5.8 (7.9) 6.6 (13.3) 
60-69 47.1 (6.9) 18.2 (7.3) 5.3 (7.8) 12.9 (9.7) 
70-79 46.9 (6.5) 27.5 (7.0) 4.0 (7.4) 23.6 (10.2) 
80-89 46.4 (6.4) 36.6 (7.3) 4.6 (10.0) 32.1 (12.5) 
90+ 45.0 (8.9) 46.0 (9.8) 1.6 (2.1) 44.3 (8.1) 

TOTAL 46.7 (6.6) 23.8 (10.1) 4.7 (7.9) 19.2 (12.9) 

Table VI 1-5: Means and standard deviations (In parentheses) of 
menopausal variables by current age. 
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not. Nine women were uncertain and 2 women reported having undergone 

radiation treatment or "false menopause". Six women reported having 

had oophorectomy without hysterectomy. Greater uncertainty was noted 

over the number of ovaries removed at the time of hysterectomy or 

oophorectomy. 59 women failed to respond to this question. Fifty-two 

reported a bl lateral removal of the ovaries whl Ie 17 women reported 

having had only one ovary removed. 

Effects of Menopausal Age ~ ~ Minerai Status 

There Is a lack of significant correlations between the age at 

menopause and any of the primary bone minerai values (Table VII-6). 

These relationships may be confused by the large variation In age, 

however, no significant correlation Is seen In the age-matched 

percentages either. Age at menopause does correlate negatively with 

changes In both BMC and BMD~ Those women with an earlier age at 

menopause tend to have more measured loss of bone minerai content or 

density. 

Years since menopause may be a better gauge of the effects of 

deprivation of endogenous estrogen. Correlations with this show very 

strong negative associations with both content and density. 

Comparisons 

correlation 

to young normal values for BMD show a highly 

(p <.000). In addition to a greater loss of 

slgnflcant 

bone wi th 

greater periods of time since menopause, there Is also an association 

with greater decrease In height (p <.0000) and weight (p <.004). 

Despite the strength of the correlation, the amount of variation In 

the comparison to young normals explained by years since menopause Is 
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Age at Years Years of Years 
Menopause since ERT since 

Menopause Estrogen 

Current Age NS -.75** NS .63** 
BMC NS -.35** NS -.39** 
BW NS NS .18** NS 
BMD NS -.39** NS -.44** 
2! of Young Norm NS -.40** .22** -.45** 
2! of Age-Matched Norm NS NS .22** -.20** 
% Annual BMC Chan@ -.16* NS .22** NS 
% Annual BW Change NS NS NS NS 
% Annual BMD Chang~ -.20* NS NS NS 
Height NS -.18** -.16* -.20** 
% Annual Height Change NS NS NS NS 
Maximum Height NS NS NS NS 
Height Change NS -.30** NS -.30** 

from Maximum 
Weight NS -.14* NS -.14* 
Age at Menopause -.63** NS -.47* 
Years Since Menopause NS .79** 
Years of Estrogen Use -.63** 

Table VII-6: Correlation matrix of bone minerai and anthropometric 
variables with menopausal variables (Significance: * -
.01, ** - .001). 
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only about 15%. 

Whl Ie the fracture history does not show any distinction along 

the lines of age at menopause, statistically significant differences 

are observed based on years since menopause. Those experiencing a 

fracture tend to have been longer since menopause with a mean value of 

about 3 years greater than those without fractures. 

Effects of Estrogen Therapy ~.~ Minerai Status 

Another factor which plays a role In the evaluation of 

menopause-related changes In bone mass Is the use of birth control 

pi I Is and estrogen replacement therapy (ERT). Estrogen use In this 

group was largely restricted to the perl- and postmenopausal period. 

Fifty-seven percent of the women responding to this question had used 

estrogen at some time. Of these 21% had used estrogen prior to the 

reported age at menopause but only 11% had begun to use ERT more than 

6 years before this date (Figure VI 1-3). Surprisingly, almost nine 

percent reported beginning ERT over twenty years after the menopause, 

many of these having started only very recently. Studies have held 

that use of ERT after the period of rapid loss of bone mass 

Immediately fol lowing menopause Is responsible for only minor 

Improvements though It many help stabilize bone turnover (Rich 1969). 

For many the duration of estrogen use was relatively short, with many 

women complaining of adverse side-effects. Twenty-seven percent 

usedblrth control or ERT for one year or less. No statistically 

significant secular trend Is seen In the use of estrogen therapy. 
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Figure VII-3: First use of estrogen therapy In relation to age at 
menopause. 
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Within the population, significant differences are observed In 

the duration of ERT. The longest mean value Is In Casa Grande at 10.9 

yrs (SO 8.8). This may, In part, help explain the significantly 

better bone minerai values for the Casa Grande group although other 

factors also playa role. One obvious advantage for this group Is the 

pattern of slightly greater weight which wll I also Increase peripheral 

conversion of estrogen. The smal lest mean duration of ERT Is at 

Tucson with 5.9 yrs (SO 8.1). The Sun City mean Is close to that of 

Casa Grande at 9.4 yrs (SO 9.3) whl Ie the four women from the 

Independent group, despite being younger, had been using ERT for a 

mean period of 6.0 yrs (SO 7.6). 

Both the comparison to young, normal values and those to age

matched values show a significant correlation with the duration of 

estrogen therapy (p <.0000). The longer ERT Is maintained the better 

the bone minerai values are preserved (or possibly Improved) (Henneman 

and Wallach 1957, Ettinger et a/ 1985, 1987, RI Is et a/ 1987a, 1987b). 

When the time since menopause Is adjusted for the use of ERT, an 

Improvement of the explained variance Is seen. With age matched 

values, the addition of Information on ERT moves the correlation Into 

the area of significance. 

As with the years since menopause, fracture history also 

appears to be affected by the years since estrogen aval labl Iity. Mean 

value for the fracture history group Is 22.4 years since estrogen 

whl Ie for those without fractures It Is only 17.9 years (P <.002). 
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Discussion 

The present data show the Importance of many of the factors 

which affect postmenopausal bone minerai status. In addition to age, 

height and weight affect the body build and bone size. Fracture 

history tends to depend principally on the minerai content, however, 

the differences between those who fracture and those who do not Is not 

great. 

Using stepwise multiple regression with age and the variety of 

factors associated with menopause and estrogen usage Indicates that 

age Is the greatest single factor of this group. This alone explains 
~ 

about 21% (r' =.209, SE.099) of the variance. However, the addition 

of years since estrogen aval lability Increases this to about 25% (r 2 

=.250, SE.096). ThiS suggests that, In females, consideration be 

given not only to age In calculating the "normal" values but also to 

the years since menopause or use of an exogenous source of estrogen. 

Using the present data, a suggested calculation would be: 

BMD = -.00423 (Age) - .00225 (Years Since Estrogen) + .89332. 

Whl Ie age and the duration of estrogen aval lability appear, 

given the factors considered In this chapter, to be the primary 

determinants, It Is evident that there Is stl I I much variation to be 

explained. It Is Important that other variables not be forgotten, 

especially If they can affect both the accumulation of bone minerai 

and an alteration In the rate of loss. 
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RESULTS AND DISCUSSION: LONG TERM EFFECTS OF MENARCHEAL AGE 

AND ADOLESCENT GROWTH ON POSTMENOPAUSAL BONE MINERAL STATUS 

Introduction 
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The development of peak mineralization during early adulthood 

must be traced to the processes of skeletal growth during chi Idhood 

and adolescence. In human females, sexual maturation Is known to be 

an Important marker of skeletal growth and development patterns. It 

Is likely, therefore, that this also plays a role In the development 

bone formation and remodeling In adulthood. The Question which must 

be addressed Is whether these processes of growth and development play 

a role In bone minerai status In the later years. 

The age at menarche serves as a marker for skeletal and linear 

growth and therefore should be expected to playa role In determining 

some factors of skeletal size and volume. For this reason analysis 

has focused on variables which gauge those factors related to growth 

In stature and long bone length. 

Resul ts 

Secular Trends In Menarcheal Age 

Four hundred and thirty-eight women reported an age at first 

menses. Whl Ie the mean age was 13.0 (SD 1.6), ages ranged from 9 to 

21 years. There Is a relatively strong secular trend toward an 

earlier menarche (p <.0000) (Table VI 11-1). Women born close to the 

beginning of the century had a mean age at menarche of about 14 years. 

------- ----- ------- -- -- ---



153 

Current N Age at 
Age Menarche 

40-49 5 12.6 (1 .5) 
50-59 20 12.5 (1 .3) 
60-69 180 12.7 (1.7) 
70-79 182 13.2 (1.4) 
80-89 45 13.6 (1 .6) 

90+ 3 14.3 (1.2) 

TOTAL 435 13.0 (1.6) 

Table VI I 1-1: Mean ages and standard deviations (In parentheses) of 
age at menarche by current age. 

----------
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This steadily drops over the next two decades so that those women born 

from about 1920 on have a mean age at menarche of 12.5 years. This 

trend matches that of 1/3 to 1/2 year per decade reported by Tanner 

(1955). However there appears to be a leveling of this trend In the 

younger women. 

Because of this secular trend In menarcheal age there are also 

significant correlations between Bone Minerai Density (BMD) and 

menarche (Tables VII 1-2, VIII-3). This Is largely secondary to the 

effects of aging on the bone minerai status rather than a change due 

to the age at menarche. Those women with a later menarche are now 

older than those with earlier menarche. Therefore, they have been 

subject to longer periods of postmenopausal and senl Ie bone loss. A 

simi lar association Is seen In the percent of young, normal values 

since present reported age Is compensated by this calculation. When 

age-matched values are used no trend Is seen which fol lows the age at 

menarche (Table VI I 1-4). 

Menopause, Hysterectomy, Oophorectomy and Estrogen Use 

Also related to the secular trend are the 

correlations of years since menopause and years since 

significant 

estrogen with 

the age at menarche (Table VI 11-3). Since those women with younger 

age at first menses tend also to be younger now, they have fewer 

elapsed years since either menopause or termination of estrogen 

therapy (Table VI I 1-5). No significant correlations are observed 

between age at menarche and either age at menopause or duration of 



155 

Age at N Current BMC BW BMD 
Menarche Age 

9 4 63.5 (2.4) .71 ( .04) 1.26 (.07) .56 ( .03) 
10 12 63.8 (3.1) .76 (.06) 1.26 ( .12) .61 ( .06) 
11 51 69.6 (8.0) .69 ( .13) 1.22 ( .12) .57 (.09) 
12 94 68.2 (7.8) .71 ( .16) 1.26 ( .13) .57 ( .13) 
13 124 70.5 (7.6) .69 (.15) 1.25 ( .14) .55 ( .12) 
14 79 72.4 (6.6) .68 ( .14) 1.25 ( .12) .54 ( .11) 
15 44 72.6 (8.4) .66 ( .10) 1.28 (.13) .52 ( .09) 
16 20 75.6 (7.5) .70 ( .13) 1.30 ( .13) .54 ( .11) 
17 4 70.8 (7.3) .68 (.10) 1.16 ( .13) .59 ( .03) 
18 2 78.0 (2.8) .63 ( .11) 1.27 ( .01 ) .49 ( .09) 
21 1 63.0 .84 1.62 .52 

TOTAL 435 70.5 (7.8) .69 (.14) 1.26 ( .13) .55 ( .11) 

Table VI I 1-2: Means and standard deviations (In parentheses) of 
current age and bone minerai values by age at menarche. 



Current Age 
BMC 
BW 
BMD 
% of Young Norm 
~ of Age-MatChed Norm 
~ Annual BMC Change 
~ Annual BW Change 
~ Annual BMD Change 
Height 
~ Annual Height Change 
Maximum Height 
Height Loss from 

Maximum 
Weight 
Menopause 
Years since Menopause 
Years of ERT 
Years since Estrogen 
Menarche 
1/3 Ulna Length 

Age at 
Menarche 

.25** 
NS 
NS 

-.13* 
-.13* 

NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 

NS 
NS 
.14* 
NS 
.17** 

1/3 Ulna 
Le'nQ'til' 

NS 
.20** 
NS 
.16** 
.16** 
.16** 
NS 

-.16* 
NS 
.42** 
NS 
.60** 
NS 

.30** 
NS 
NS 
NS 
NS 
NS 
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Reported Weight 
at Age 25 

NS 
.18* 
.20* 
NS 
NS 
NS 
NS 
NS 
NS 
.43** 
NS 
.47** 
NS 

.34** 
NS 
NS 
NS 
NS 
NS 
.30** 

Table VI I 1-3: Correlation matrix for age at menarche, 1/3 ulna 
length, and reported weight at age 25 to bone minerai, 
anthropometric and menopausal variables (Significance: 
* -.01, **-.001). 
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Age % Annual % Annual % Annual ~Qf. % of 
at BMC BW BMC Young Norm Aae-Matched 
Men- Chanae Chanae Chanae Norm 
arche 

9 2.29 1.32 0.91 78.5 (3.7) 90.3 (6.2) 
10 2.45 (3.7) 2.35 (5.4) 0.17 (2.0) 85.0 (9.0) 97.0 (9.4) 
11 -0.93 (4.1) 1.03 (2.9) -1.92 (5.0) 79.1 (13.3) 96.5 (15.0) 
12 -1.02 (5.2) 3.18 (6.7) -3.83 (7.4) 79.6 (18.4) 95.1 (20.0) 
13 0.54 (5.4) 0.83 (3.4) -0.42 (4.2) 77.1 (16.2) 94.7 (18.1) 
14 -0.03 (4.0) 0.92 (1.9) -0.84 (4.1) 76.2 (14.9) 95.4 (16.1) 
15 0.52 (2.9) 1.78 (3.8) -1.24 (4.9) 72.4 (12.9) 90.5 (14.8) 
16 2.49 (5.0) 1.80 (4.2) 0.61 (6.1) 75.7 (16.0) 97.5 (20.4) 
17 82.0 (4.5) 101.3 (12.6) 
18 1.53 (6.8) 0.86 (4.3) -1.80 (1.8) 69.0 (12.7) 93.0 (19.8) 
21 73.0 82.0 

TOTAL 1.60 (4.3) 0.10 (4.7) -1.45 (5.3) 77.4 (15.6) 94.9 (17.3) 

Table VI I 1-4: Means and standard deviations (In parentheses) of percent 
annual change and percent of normative values by age at 
menarche. 



158 

Age at Age at Years since Years Years since 
Menarche Menopause Menopause of Estrogen Estrogen 

9 41.5 (8.8) 22.0 (8.2) 2.5 (5.0) 19.5 (11.8) 
10 43.9 (8.9) 19.9 (8.6) 3.5 (9.8) 15.0 (7.5) 
11 46.6 (7.1) 23.0 (10.8) 5.5 (8.9) 18.5 (14.4) 
12 48.8 (6.5) 21.3 (10.1) 6.8 (8.6) 14.6 (13.3) 
13 46.5 (6.7) 23.9 (9.9) 4.0 (7.4) 20.1 (12.5) 
14 48.1 (5.2) 24.4 (8.5) 4.9 (8.6) 19.6 (11.9) 
15 46.2 (7.5) 26.5 (11.8) 2.7 (5.1) 23.7 (13.3) 
16 45.8 (6.4) 29.8 (8.3) 2.6 (5.4) 26.8 (9.2) 
17 50.3 (5.4) 20.5 (9.5) 2.0 (2.7) 18.5 (10.4) 
18 49.0 (8.5) 29.0 (5.7) 3.0 (4.2) 26.0 (1 .4) 
21 56.0 7.0 0.0 7.0 

TOTAL 46.8 (6.7) 23.7 (10.0) 4.7 (7.9) 19.2 (12.9) 

Table VI I 1-5: Means and standard deviations (In parentheses) of 
menopausal variables by age at menarche. 

~~ ----~-----------------------
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estrogen therapy. However, those women with an age at menarche 

considerably earlier than the norm of 13.0 years tend also to have an 

early menopause. Women who have had an age at menarche between 

11 and 14 have used estrogen therapy for longer periods. For 

ages 

these 

women the discrepancy between 'years since menopause and years since 

estrogen aval lability Is larger than for older women. 

More than 50% of the women who experienced menarche at ages 11 

and 12 have since undergone a hysterectomy and 81% of these had 

undergone an oophorectomy. This compares with the overal I percentage 

of 45% having undergone hysterectomy with 63% normally also having a 

unl- or bl lateral oophorectomy. Those women beginning menstruating at 

age 13 are slightly lower than the mean percentage for hysterectomy. 

Height, Ulnar Length and Menarche 

The mean values for reported maximum height suggest that there 

Is a tendency for an Increase In height with later menarche (Table 

VI I 1-6), however, the large degree of variation around this does not 

al low for a significant correlation to be determined. There Is 

little difference In present height and the mean height loss from the 

reported maximum for al I ages at menarche Is about 3.7 cm. 

These trends are not consistent throughout the population. 

When the Sun City and Tucson subpopulatlons are compared, no 

differences In reported maximum height are seen In the Sun City women 

but, In Tucson, there Is a tendency (p=.03) for greater height with 

later menarche. 
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Age at Height % Annual Maximum Height 1/3 Ulna ---Men- Helaht Height Change from Lenath 
arche Chanae Maximum 

9 164.0 (9.4) .25 166.5 (2.1) -2.0 (2.8) 83.3 (4.3) 
10 156.0 (4.8) -.04 (.3) 159.5 (5.6) -3.1 (2.2) 81.4 (3.0) 
11 156.7 (6.7) .19 (1.3) 160.9 (7.3) -3.9 (2.9) 81.6 (3.9) 
12 160.2 (5.7) -.02 (.3) 163.1 (5.7) -3.3 (3.1) 83.0 (4.5) 
13 158.7 (6.7) -.20 (.8) 161.8 (5.4) -3.9 (3.3) 82.9 (4.3) 
14 158.1 (6.7) -.06 (.3) 162.0 (5.6) -3.6 (3.0) 83.2 (4.1 ) 
15 159.1 (6.2) -.02 (.2) 163.2 (6.2) -3.8- (3.3) 83.1 (3.9) 
16 158.8 (7.8) -.10 (.7) 162.0 (7.2) -3.2 (3.0) 84.4 (5.0) 
17 156.0 (3.4) 152.0 -1.0 81.3 (2.8) 
18 164.5 (10.6) -.01 (.2) 170.0 (8.5) -5.5 (2.1 ) 87.5 (0.7) 
21 154.0 .20 155.0 -1.0 82.0 

TOTAL 158.7 (6.5) -.05 (.7) 162.1 (6.0) -3.7 (3.1) 82.9 (4.2) 

Table VI 11-6: Means and standard deViations (In parentheses) of 
variables concerning related to stature and long bone 
length by age at menarche. 

- -----------_. ---------
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Another measure of linear growth Is long bone length. The 

location of the one-third distal site measured on the ulna Is recorded 

during the study to facl I Itate the repllcabl I Ity of the scans In the 

longitudinal study. In order to examine the effect of menarche on 

long bone length this measure has been used (Table VI I 1-6). As 

expected, location of the scan site correlates strongly with both 

present height and reported maximum height. In conjunction with the 

factors of height, one-third ulnar length also correlates to current 

weight. 

As previously observed, greater height associates with heavier 

bones (Table VI 1-3). This also applies to greater length of bones. 

One-third ulnar length shows strong correlation with BMC and BMD. 

Longer bones have absolutely and relatively more minerai than shorter 

bones. In addition, strong correlations are seen between one-third 

ulnar length and the percentage of young, normal and age-matched 

normative values. Longer bones continue to have relatively more bone 

than shorter bones during the aging process. 

In the total sample (N=438), there Is a non-significant 

tendency (p =.02) for Increased length of the ulna with later 

menarche. No correlation Is seen with any menopausal or estrogen use 

variable. 

These growth In length patterns are obscured by differences In 

the relationships between menarche and growth In the extreme 

menarcheal age groups, particularly those age 17 and older. In order 

to clarify this relationship some of the menarcheal age groups with 
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smal I sample size need to be eliminated. Menarcheal age at more 

extreme divergence from normal values may be more Indicative of 

endocrine disorders which may adversely affect lifelong estrogen 

status and, hence, bone minerai status. Regression analyses are 

conducted using limitations of those menarcheal age groups with at 

least a sample of ten. This restricts the range of age at first 

menses to between 10 and 16 years. 

Correlations using these restrictions shows similar results 

with those using the ful I sample with one exception. Whl Ie the 

secular trends are stl I I seen with age, the nonsignificant trend 

associating location and menarche reaches significance (r=.12. p=.01). 

When ages at menarche are grouped by standard deviation from the norm, 

those one standard deviation above and below show significant 

differences In ulnar length (p=.008). These can be plotted against 

age at menarche and compared with the acquisition of maximum height 

and of bone width (Figure VI I 1-1). Very simi lar patterns In the means 

are seen at the different menarcheal ages. Whl Ie It Is apparent that 

there Is consl~erable variation In the correlation of these factors, 

It can be suggested that there Is an Interaction between them which 

al lows similar tendencies to be fol lowed In al I three measures. 

Smaller measures on al I these values tend to be associated with an 

earlier age at menarche. 

Differences In bone lengths can also be detected within the 

study population. Again the Sun City and Tucson populations can be 

compared. Whl Ie Sun City again shows no tendency for Increased linear 
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Figure VI I 1-1: Relationship between bone width and one-third ulnar 
length by age at menarche. 
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bone growth with later menarche the Tucson women show a strong 

correlation of these two variables (p=.009). This suggests 

sociological factors may playa role In the maximization of the growth 

potent la I. 

Bone Width and Menarche 

While bone width does not Increase significantly by age at 

menarche In the total sample, there Is a tendency for greater width 

with later menarche. If the population Is limited to those between 

menarcheal ages of 11 through 16, as discussed previously, and 

compared by groups depending on divergence from the norm, this 

tendency can be seen more clearly. A comparison of those groups 1 

standard deviation above and below the norm shows a non-significant 

tendency for greater width with later menarcheal age (p=.02). The 

women with a later age at menarche have a mean width of 1.30 em while 

those with earlier menarche have a mean width of 1.23. 

Growth Patterns and Menarche 

In the combined population there appears to be a differing 

relationship between height, linear bone growth and bone width when 

viewed In terms of the age at menarche (Figure VI 11-2). When menarche 

occurs early there appears to be a tendency for linear growth to occur 

without compensatory expansion In bone width. With later menarche, 

particularly beginning at about a menarcheal age of 12, bone width 

does not vary by the length of the bone. In the later menarcheal age 

groups, ages 15 and older there Is an apparent reversal of the 
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wldth:one-thlrd ulnar length relationship with the longer bones 

appearing to be narrower than those which are shorter. 

Percent Annual Change 

Of particular Int~rest In the examination of one-third ulnar 

length Is the negative correlation between this variable and the 

percent annual change In bone width. Either those with longer bones 

are losing more bone periosteal Iy or those with shorter bones are 

Increasing 

population 

more on this envelope. To concentrate on this 

was again divided Into three groups: 1) those 

the study 

within 1 

standard deviation of mean location, 2) those above 1 SO and, 3) those 

below 1 SO. Although there Is not a statistically significant 

difference between the groups there Is an Indication that those with 

shorter bones are Increasing bone width more rapidly than those with 

longer bones. 

Weight and Ponderal Index at Age 25 

Because this study concerns events which occurred early In 

life. weight at age 25 Is also considered (Table VI I 1-7). No secular 

trends are seen with reported weight at age 25 but weight during early 

adulthood also correlates to ,current anthropometric parameters of 

height and weight. It correlates with neither age nor age at 

menarche. This does correlate with location as wei I as with BMC and 

BW. Those who are heavier. have longer bones which are wider and 

contain more minerai. although are not denser. Weight at age 25 may 
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Age at Weight Reported Welaht 
Menarche at Aae 25 

9 73.1 (11.6) 59.2 (3.8) 
10 64.6 (11 .7) 54.3 (7.6) 
11 62.5 (13.9) 53.1 (7.8) 
12 66.4 (13.5) 57.2 (5.5) 
13 63.1 (13.8) 55.6 (7.0) 
14 62.3 (13.3) 55.1 (8.1) 
15 60.4 (14.5) 54.9 (5.3) 
16 62.2 (9.8) 57.5 (8.8) 
17 64.4 (5.0) 59.0 
18 57.5 (15.1) 
21 58.2 54.5 

TOTAL 63.4 (13.5) 55.7 (6.9) 

Table VI I 1-7: Means and standard deViations (In parentheses) of 
weight variables by age at menarche. 
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be more of a determinant of bone width (r-.1980, p - .01) than current 

weight although current weight Is more Important to determining bone 

minerai content (r-.2969, p-.001) than weight In early adulthood 

(r=.1753, p=.01). 

Because weight Is strongly associated with height, ponderal 

Index was calculated using the reported values for height and weight 

from age 25. This, as expected, shows strong positive associations 

with current weight and height. It also correlates with location when 

limited to those with menarcheal age between 10 and 16 (r=.18, p=.01). 

Whl Ie not reaching the level of significance, there Is also a trend 

for positive association of ponderal Index at age 25 and current bone 

width (r=.178, p=.02) (Figure VI 11-2). Those with less weight In 

proportion to height tend to have narrower and shorter bones. No 

significant correlation was observed between this Index and measures 

of current minerai content or density nor with any measure of bone or 

height change. No correlation Is seen with menarcheal age or any 

menopausal or estrogen therapy factors. 

Fracture History 

Fractures do not suggest any menarcheal factors which would 

alter the risk of fracture In the later years. The length of the bone 

and the reported weight at age 25 do not appear to affect the 

postmenopausal fracture risk. 
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Figure VI 11-3: Relationship between bone width and ponderal Index 
based on reported weight and height at age 25. 
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Menarche, Adolescent Growth and Postmenopausal Bone Minerai Status 

Changes In long bone lengths and body segment lengths, stature 

and weight have been extensively studied In cross-sectional and 

longitudinal studies during adolescence and early adulthood (Simmon 

and Greulich 1943; Tanner 1955, 1978). Increases In height begin wei I 

before Indications of sexual maturation (Tanner 1955, 1978) and 

continue well past the social achievement of adult status at about 18 

years of age. 

Girls experience an adolescent spurt In stature earlier than 

boys and It lasts about 3 years (Tanner 1978). The Increases In 

height are approximately 6-8 cm per year for th~ t~Q y~ars of the 

spurt 

peak 

prior to menarche. Menarche occurs about two months after the 

of the adolescent growth spurt (Simmon and Greulich 1943). 

However, this varies by the rate of growth with early maturers having 

a shorter Interval between peak height velocity and menarche whl Ie 

late maturers have a longer Interval (Tanner 1955). After menarche, 

the average Increase In height Is only about 6 cm, and this appears 

largely Independent of the timing of menarche (Tanner 1978). 

Menarche appears to affect later bone minerai status through 

the complicated Interrelationships between height, linear growth and 

bone mass. With an earlier peak, under certain circumstances, women 

with an earlier menarche may to be shorter than those who begin menses 

later In life. Later maturers may show greater stature (Stone and 

Barker 1937) primarily through growth In the leg (Shuttleworth 1939). 

However, rapid maturers tend to have accelerated growth processes 
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throughout chi Idhood as wei I. They usually not only experience an 

earlier peak height velocity but also a greater one and may reach a 

taller stature (Tanner 1978). In general, there Is little difference 

In height by age at menarche although maximum stature Is attained at 

different times. This appears to be the case with the current body of 

data. 

Interpretation of these data are obscured by the complex of 

genetic, 

affect 

sociological, environmental and nutritional factors which 

the rate of biological growth and sexual maturation (Tanner 

1955). Coupled with these are secular trends, as seen In the present 

data, for earlier menarche and, to a lesser extent; Increasect heIght. 

Often there Is a coincidence of factors, such as better nutrition and 

decreased risk of Infection, which wi I I allow an earlier menarche and 

also maintain greater linear growth. 

Skeletal development Is more volumetric than linear growth and 

Increases are nearly exponential (Garn and Wagner 1969). Particularly 

In females there Is a rapid burst of linear growth In early 

adolescence which Is accompanied periosteal growth. This skeletal 

modeling has an adolescent spurt of about 2 years (Tanner et al 1981, 

Roche 1987). The largest gains In skeletal weight are seen, In girls, 

early In adolescence, ages 10 to 14. Between the onset of the 

adolescent growth spurt and age 18 approximately 45% of the skeletal 

mass Is accumulated. This Is fol lowed by a shift In some skeletal 

sites from endosteal resorption which expands the marrow cavity to one 

of endosteal apposition (Garn 1970, Roche 1987). 
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The shift to endosteal apposition during adolescence has been 

wei I-documented In hand-wrist radiographs (Johnston and Watts 1969. 

Garn 1970). Decreases of up to 16% In medullary cavity diameter have 

been reported In the second metacarpal. However. this process. more 

than periosteal breadth change. Is subject to a high degrees of 

Individual variation. 

In addition to Individual variation. there appears to be 

considerable differences between apposition and resorption rates at 

different bone sites. Correlations between the measures of total and 

compact bone thickness In the hand. lower leg and upper arm are 

relatively low (.28-.31). except Just prior to puberty (Johnston and 

Mal Ina 1970). Mazess and Cameron (1972). using radiographs and 

absorptlometry. also noticed different rates of change In different 

bones and at the different envelopes. Endosteal apposition at the 1/3 

distal radial site was absent or greatly reduced compared to that 

reported at the metacarpal. 

Analysis of long term effects of age at menarche on bone 

minerai status In older women Is limited. Johnel I and Nilsson (1984) 

reported lower bone minerai content In 395 49-year old women whose 

menarche began later than their average age of thirteen. They did not 

report any difference In bone width or bone length correlating with 

age at menarche. 

The Impact of the adolescent growth process on later bone 

minerai status depends on how It affects the accumulation of peak bone 

density and how the rates of bone loss may be affected by structural 
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differences which can be traced to adolescence. This would be seen In 

the present population as differences In bone minerai values compared 

to age-matched normative values, In the rate of change, and In 

measures of bone less subject to short-term change. 

Formation of bone and deposition of minerai, which peaks at 

around age 30 (Mazess 1982), may continue longer In women with earlier 

menarche. An earlier menarche coupled with little fluctuation In the 

age at menopause means a longer period during which the beneficial 

effects of estrogen on bone formation and turnover can occur. The 

result Is that the women with earlier menarche may have a higher peak 

bone minerai content than those who began later. However, there Qoes 

not appear to be any significant difference In BMC, BMD or In the 

percent of age-matched normative value by menarcheal age. 

Although only through Indirect means, age at menarche does 

appear to have a minor role In determining later bone mass activity 

and status. This occurs primarily In the length of long bones such as 

the ulna used In the present study. The ulna usually fuses at age 14 

proximally and at age 17 distally In females (Krogman 1962). Despite 

a faster growth rate normally associated with early menarche, the 

shortened period reduces the time al lowed for long bone growth. This 

may be particularly true of a relatively late fusing bone such as the 

ulna. 

Whl Ie bone length Is one consequence of changes In growth rate, 

bone width also appears affected. This may be both a consequence of a 

later shift from periosteal to endosteal apposition as wei I as a 
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mechanical requirement for Increased diameter with Increased length. 

Whl Ie a narrower bone with respect to length may result from an early 

menarche, bone structure may necessitate a minimum width to support a 

bone of a given length. Therefore a long bone may accelerate the 

subperiosteal apposition In response to stress regardless of age at 

menarche. 

The Importance of environmental factors may also be of greater 

Importance to bone minerai status during the adolescent period than Is 

apparent In studies of later periods. In the present study, 

differences emerge when economic status Is considered. In the less 

affluent Tucson population the onset of menarche termInates the 

adolescent growth spurt at a shorter stature than occurs In women who 

began menses later In life. However with the Sun City women, who now 

belong to a more affluent economic status, simi lar maximum height Is 

attained despite changes In age at menarche. 

Whl Ie the Impact of the rate of linear growth on skeletal 

growth appear to 

additional costs 

be minimal for most adolescents, there may be 

to those who mature rapidly. The differing 

relationship between linear bone growth and bone width seen at the 

different ages at menarche suggest that there Is an emphasis on linear 

growth In the long bones at the expense of bone width expansion when 

menarche occurs at an unusually early date. With later menarche, the 

slope shifts to a tendency to have less difference In bone width 

despite length. Simi lar changes In the relationship between height 

and radial bone width are seen depending on the age at menarche. 
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In addition to the rate of linear growth, the accumulation of 

weight In proportion to height may also playa role In determination 

of bone width. Total weight Is a measure of overal I body size, 

Including al I tissues and correlating strongly with height. Weight 

gain velocity Increases at or before the adolescent Increase In height 

In girls but peaks about 1 year after the peak height velocity (Tanner 

1955). Early maturers, although normally attaining simi lar hel§hts as 

other adolescents, may be heavier. Fat accumulations, which form part 

of the weight, Increase later In girls than the peak of the adolescent 

spurt In linear growth. Subcutaneous fat continues to be deposited 

for about three years after peak height velocity. Late maturers tend 

to be more ectomorphic than those who reach peak height velocity In 

menarche earlier. 

Reynolds (1944), using radiographs of the leg showed that the 

critical factor In determining bone width was not muscle or overal I 

size but the fat content. Whl Ie percentages of fat cannot be assessed 

retroactively In the present population, there are some suggestions 

that accumulation of less weight In proportion to height Is associated 

with smaller bone widths. Late maturers appear more "linear" In that 

there Is greater growth In long bone length. However, the correlation 

between fat content and bone width, seen by Reynolds, may be largely 

overcome as the different rates of maturation culminate In the adult 

form. At this point, late maturers with longer bones also have wider 

bones. 



The 

pattern of 

Summary 

age at menarche and Its relationship within the 

adolescent girls plays only a minor role 
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growth 

In the 

postmenopausal bone minerai status of women. This effect works 

through the differential development of bone length and bone width and 

the timing of the shift from periosteal to endosteal apposition during 

adolescence. 

To some extent, bone length Is determined by the age at 

menarche with girls reaching menarche earlier tending to have shorter 

bones than those who begin menstruation later. Because large bone 

structure tends to coincide with greater accumulation of bone minerai, 

those with longer bones often also have greater bone minerai content 

and density. However, this Influence Is complicated by other factors 

which can be traced to adolescence. 

Bone width may partly be Influenced by bone length with a 

longer bone structurallY requiring a bone of a certain diameter In 

order to retain mechanical Integrity. Even during a relatively short 

period of linear growth, when growth rate Is rapid as with very early 

menarche, there Is acquisition of normal width In longer bones. 

However, shorter bones tend to lack the width found In bones of 

simi lar length but where menarche has been achieved later and growth 

rate was more gradual. 

Another determinant of bone width, which Incorporates linear 

growth Is reported weight at age 25. This finding may partially 

support findings of earlier studies on adolescence which showed that 
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bone width may be more dependent upon fat accumulation than other 

variables. However, In this study weight reflects, to a greater 

extent, overal I body build. 

What Is Important here Is that early weight Is stl I I of 

Importance, greater than current weight, In postmenopausal bone width. 

However, the current weight may govern current minerai content whl Ie 

weight In early adulthood no long has any effect. 

width, 

Finally, 

there are 

In connection with the early establishment of 

differences In bone width change during 

bone 

the 

postmenopausal years. Those women with shorter bones tend to be 

Increasing the subperiosteal diameter more rapidly than those women 

who have longer bones. 

Rapid maturers appear to be most prone to the development of 

shorter bones with narrower periosteal widths. These factors are 

determined relatively early In life and are retained In amended forms 

Into later adult life. Although there Is no evidence In the present 

data to support any Increased risk of fracture, the Increases In bone 

diameter seen In Individuals with short, narrow bones suggest that the 

structural Integrity of these bones are being compromised by the loss 

of bone mass which accompanies the aging process. 

These effects are of minor Importance to the establishment of 

risk factors for postmenopausal and senl Ie osteoporosis, however, they 

may help explain a few of the underlying causes of the great range of 

variation seen In the bone minerai status of older women. 
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Chapter IX 

RESULTS AND DISCUSSION: LONG TERM EFFECTS OF PREGNANCY 

INCLUDING MATERNAL AGE, INTERVAL BETWEEN PREGNANCIES, AND LACTATION 

Introduction 

The final area of concern In this study Is the effect of 

pregnancy and lactation on postmenopausal bone minerai status In this 

contemporary elderly population. Animal and human studies have 

documented dramatic changes In calcium metabol Ism during these 

reproductive events but the persistence of these changes wrought upon 

the skeleton has not been fully Investigated. 

Results 

Parity 

Information about the number of pregnancies Is available on 433 

women. The mean number of pregnancies, which Includes miscarriages, 

premature births, and stl I Iblrths, Is 2.3 per women (SO 1.9) (Table 

IX-1). Information on total duration of pregnancy In months was 

available for only 401 women. Distribution of parity, based on number 

of pregnancies, Is given by 10-year age group In Figure IX-1. The 

number of pregnancies and the number of ful I-term pregnancies both 

show a strong negative correlation with age. This Indicates that the 

younger women In the study population have experienced more 

pregnancies regardless of outcome, and given birth to more live 

chi Idren (Table IX-2). 

Ninety-eight women (22.6%) did not report any pregnancies. 
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Figure IX-1: Number of pregnancies by current age. 
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Current N Number Number Total Months Total Months 
Age of of Preliilnant Lactation 

Preliilnancles Fu II term 
Preliilnancles 

40-49 5 1.8 (2.5) 1.2 (2.2) 14.0 (22.4) 2.8 (6.3) 
50-59 20 3.1 (2.3) 2.5 (2.1) 22.6 (16.2) 3.6 (5.4) 
60-69 179 2.7 (2.1) 2.2 (1.6) 20.3 (14.3) 3.7 (6.1) 
70-79 181 2.1 (1 .7) 1.6 (1.4) 16.1 (13.7) 4.8 (8.1) 
80-89 45 1.5 (1 .4) 1.2 (1.3) 11.3 (11.8) 4.8 (10.1) 
90+ 3 2.3 (1 .5) 1.7 (0.6) 13.5 (6.4) 1.6 (2.1) 

TOTAL 433 2.3 (1.9) 1.8 (1.6) 17.5 (14.2) 4.3 (7.4) 

Table IX-1: Means and standard deviations (In parentheses) of 
pregnancy and lactation variables by current age. 

---------------- --.- ... -- .. 



Number 
of 

Pregnancies 

Current Age 
BMC 
BW 
BMD 
~ of Young Norm 
~ of Age-Matched ~ 
~ Annual BMC Change 
~ Annual BW Change 
~ Annual BMD Change 
Height 

-.20** 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 

% Annual Height Change 
Maximum Height 

NS 
NS 
NS Height Loss from 

Maximum 
Weight NS 
Weight at Age 25 NS 
Menopause NS 
Years since Menopause -.18** 
Years of Estrogen Use NS 
Years since Estrogen -.15* 
Menarche NS 
1/3 Ulnar Length NS 
Number of Pregnancies 
Number of Fullterm 

Pregnancies 
Total Months Pregnant 
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Number Total Months Total Months 
of Pregnant Lactation 

Full term 
Pregnancies 

-.20** 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 

NS 
~! ' ,·t." 
NS 
NS 

-.20** 
NS 
NS 
NS 
NS 
.88** 

-.22** 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
.17* 
NS 

NS 
NS 
NS 

-.19** 
NS 

-.14* 
NS 
NS 
.96** 
.96** 

NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 

NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
.40** 
.43** 

.46** 

Table IX-2: Correlation matrix for pregnancy and lactation 
variables with al I other variables (Significance: * -
.01, ** -.001). 

--------~----------
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Eleven percent reported a single pregnancy. 24.2% reported two. and 

19.2% reported three. Twenty-three percent had 4 or more pregnancies 

and the maximum reported Is twelve. Total months of pregnancy ranged 

from 0 to 94 with a mean value of 17.5. 

Study Population Differences 

Differences exist among the scan facl I Ity populations related 

to parity and lactation. The Independent women experienced fewer 

pregnancies. were pregnant less months and breast fed less than the 

other groups. There Is little difference In number of pregnancies 

among the three major series. Sun City women have had fewer fullterm 
'<1( I.', ttl 'A~ 'i.~1·f"· .,..~ • '4'~ 

pregnancies than the other two locations. Cas a Grande women 

experienced an average total months pregnant of 19.7. compared to 17.0 

for Sun City women and 17.4 for Tucson. These differences are not 

significant. 

Other Reproductive Factors 

Correlation of age and pregnancy reflects other variables In 

which age plays a factor. For example. years since menopause 

correlates strongly with both number of pregnancies and ful I-term 

births. Years since estrogen aval labl I Ity also correlates with 

pregnancy. but. In this case. not with the ful I-term births. These 

data show no correlation between number of pregnancies or fullterm 

births or total duration of pregnancy and age at menarche and 

menopause. Duration of estrogen therapy also does not correlate with 

any parity data. 
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Bone Minerai Status 

A trend toward Increased BMC and BMD with greater parity exists 

although statistical significance Is not observed (Table IX-3). This 

Is apparently due to the differences In the age distribution of parity 

rather than a consequence of parity Itself. No difference Is seen In 

BW by either pregnancy or ful I-term data. 

Comparison with normative values shows a secular trend In 

pregnancies. Whl Ie the percent compared to the normative values for 

young, normal women shows an Increase associated with greater parity, 

the age-matched comparison shows no such trend. Values do show a ~eak 

with those women reporting five pregnancies. 

A comparison was also made between women who reported one or 

more pregnancy and those who reported none. Here, mean values 

differed, but these differences were not statistically slgnflcant. 

For those women for whom longitudinal data are available, no 

correlation Is seen In percent annual change In any bone minerai value 

by any of the pregnancy variables. 

Analysis Is also conducted on data for those women who did not 

breast feed their chi Idren. The above findings again are confirmed 

when age corrections are Included. 

Height and Weight 

Current height and ulnar length do not correlate 

data. In addition, current weight and weight at age 

association with any of the parity variables. Total 

with parity 

25 show no 

months of 
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Number 8MC 8W 8MD ~ of Young ~ 21. Aae-
of Norm Matched 

Prea- Norm 
nancles 

0 .67 ( .15) 1.27 ( .14) .53 ( .12) 74.8 (17.1) 93.8 (20.0) 
1 .69 ( .13) 1.24 (.13) .56 ( .09) 78.1 (13.2) 97.5 (14.4) 
2 .68 ( .13) 1.25 (.14) .55 ( .10) 77.0 (14.5) 95.1 (15.9) 
3 .69 ( .13) 1.25 ( .11) .56 ( .11 ) 77.9 (16.0) 94.1 (17.2) 
4 .71 (.16) 1.27 ( .14) .56 ( .12) 78.0 (17.0) 94.6 (18.2) 
5 .75 (.14) 1.27 (.14) .59 (.11) 83.2 (14.9) 98.1 (16.7) 
6+ .71 ( .13) 1.24 ( .17) .57 ( .09) 79.5 (12.4) 92.9 (12.9) 

Table IX-3: Means and standard deviations (In parentheses) of bone 
minerai values by number of pregnancies . 

..... . __ ._---------

" '. , .. ' 
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pregnancy does not correlate with reported maximum height, but taller 

women are more likely to have been pregnant. Statistically, this Is 

largely due to a number of tall women with five pregnancies where the 

average reported maximum height Is 3.1 cm above the mean. Maximum 

height differences among the other women do not differ significantly. 

This peak of reported maximum height at five pregnancies helps explain 

simi lar peaks seen In the bone minerai values. 

Fracture History 

Reproductive history does not appear to have any bear Ina on tne 
• ", "' . ", , , .'." f·,'. , , .••. j'", .. ,' . ..' . , ,. .., ,-

fracture history past age 50. No correlation exists with number of 

pregnancies or fullterm births nor with total duration of pregnancy. 

Maternal Age at Pregnancy 

Since maternal age has been seen as a factor In maternal bone 

minerai change (Atkinson and West 1970, Chan 1982a,1982b, 1982c) the 

age at first and last births are examined. There are trends for lower 

BMC and BMD (p=.074 and p=.026, respectively) with later age at first 

pregnancy. However, the percent of the age-matched normative values 

show no correlation suggesting that differences In the current bone 

minerai measurements are due to differences, between the age groups, 

In timing of first pregnancy. 

The age at last birth also shows a slight tendency for lower 

bone minerai values with later births. However, this Is largely due 

to alteration In the BW rather than BMC. The percent of age-matched 
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normative values shows no difference which can be attributed to the 

maternal age data. 

In order to Investigate the effects of maternal age on 

postmenopausal bone minerai status, 198 women with one to four 

pregnancies were divided Into five groups: 1) ali pregnancies before 

age 21,2) half their pregnancies In teens and half In twenties, 3) 

al I pregnancies during their twenties, 4) half their pregnancies In 

twenties and the rest after age 30, and 5) all pregnancies after age 

30. 

Age differences were noticeable. The first 3 groups, those 

twenties cluster around a 

current age of 69 to 70 years. The later groups, those having 

chi Idren Into their thirties are now older. Group four (having 

pregnancies In twenties and later) has a current mean age of 72.3 

whl Ie group 5 (having pregnancies beyond age 30) has a mean age of 

76.5. 

Regression analyses show no significant association between age 

at pregnancy and bone minerai values Including the age-matched 

percentage of normative values. This may be due to the highly non-

linear nature of the results In which there Is a peak of bone mass 

accumulation during one period of maternal age. 

While little change Is seen In the bone width, both BMC and BMD 

show a peak of bone accumulation for those women who had their 

chi Idren either entirely In their twenties or spl It between their 

teens and twenties (Figure IX-2). Women who had al I their pregnancies 
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age-matched normative values by maternal age at 
pregnancies. 



188 

whl Ie teenagers show a mean value for bone minerai below the 93.8 

average percent of age-matched normative value found In women without 

pregnancies. Women who have pregnancies In their entirely during 

their twenties and thirties are slightly above the average values for 

women who have not been pregnant. 

In order to assess the Impact of secular changes In maternal 

age, the two largest age groups, the women aged 60 to 69 and those 

aged 70 to 79 were examined separately. Each group shows showed the 

same pattern of change; women with pregnancies during their teens and 

twenties show the greatest benefits of pregnancy . 
• • ' • ",', "'" .. '" ..... " •• , ,., •• f. " 

Interval Between Pregnancies 

The spacing between pregnancies Is Investigated by subtracting 

the age at first pregnancy from the age at last pregnancy and dividing 

this by the number of pregnancies. For this calculation, data are 

available for 263 women. The mean Interval between births Is 1.47 

years, with a range of less than 1 year to 9.7 years. 

Interval between pregnancies shows strong associations with the 

number of pregnancies (r=.49, p<.001) and total length of pregnancy 

(r=.54, p<.001) but less so to duration of lactation (r=.28, p<.001). 

Correlations showed no association between pregnancy spacing and age, 

bone minerai values, menopause or estrogen use variables. Pregnancy 

Interval also does not correlate with current height or weight, 

however there Is a significant association with reported maximum 
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height (r=.20, p<.001). Taller women are more likely to have a longer 

average Interval between births. 

Since these data suggest that bone minerai Is enhanced when 

women are In their teens and twenties during pregnancy, the average 

Interval between births Is examined only In those women who had 

pregnancies during their twenties. Comparison to age-matched 

normative values suggests greater bone minerai values with longer 

Intervals. However, the variation within this group Is too large to 

show any statistically significant differences. 

"'" "d "" >,.,,,,,', ",'" .,(-,,' ... ·'f. t''' ,·· ••. 1 f •• , ..... ",' .••• , I ." .••• , .••• H·,. , • I, I.'" •. ,." •. ,-".,., ...... \" 

Data on total duration of lactation are available for 414 

women. The mean duration Is 4.3 months but ranged from 0 to 50 

months. Of the women who had had at least one pregnancy, 43% did not 

breast feed any chi Id. In addition many only breast fed for a minimal 

time, one month or less. This large proportion of women who chose not 

to breast feed or were unable to do so reduces the average number of 

months of breastfeedlng. The average length for breastfeedlng was 

1.76 months per chi Id and 4.71 months per chi Id that was breastfed. 

No correlations are seen by total months of breastfeedlng, 

except with other parity data. There Is a non-significant tendency 

for older women (ages 70-89) to have breast fed their children longer 

and they also tended to have fewer chi Idren than the younger women 

(ages 40-69). 
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Figure IX-3: Percent of age-matched normative values by average 
Interval between pregnancies: A. Lactating mothers; B. 
Non-lactating mothers. 
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study Population Differences 

While the Casa Grande women spent more time pregnant. the 

Tucson women were more likely to breastfeed. with an average total 

months of lactation at 5.1 per woman versus 3.8 for Sun City and 3.6 

for Casa Grande. 

Bone Minerai Status 

The bone minerai values are not altered by duration of 

lactation. This Is true even If the number of pregnancies and age are 

taken Into consideration. Lower mean values for BMD and percent of 

the age-matched normative values are found In women with total 

lactation time of more than 20 months. although this Is not 

slgnflcantly different. 

In matching lactational data with those of maternal age at 

pregnancy. women with teenage pregnancies who did not breast feed (N=3) 

had higher mean values for the percent of age-matched normative values 

(x=98. SD 12.2). than those who had breast fed (N=7) whose mean values 

(x=82. SD 17.6) were below one standard deviation from the others. 

The total duration of lactation changes by maternal age. The 

youngest group had a mean total length of lactation of 11.9 months (SD 

9.7). This dropped slightly for those who had chi Idren In both their 

teens and twenties to 11.3 (SD 8.0) then dropped further to 7.8 (SD 

6.7) for those being pregnant only In their twenties. For 

two groups there Is little change from this lower point 

the last 

with the 
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fourth group having a mean of 8.4 (SO 6.7) and the fifth group a mean 

of 7.3 (SO 5.1). 

Although sample size Is small, this 

reduction In bone minerai values, apparent 

chi Idren In their teen years, may be due 

suggests, that some 

In women only having 

to the effects of 

breastfeedlng. In older maternal age groupings no differences are 

seen between women who breast fed and those who did not. 

Information on the average lactation per chi Id Is obtained from 

the total lactation divided by the number of fullterm births. The 

"", "",., ,,,,,,, ,,~,~~~p, ~,~ ,,()~, ,~n.j), IX~~~" ,l;1~ .l..r'!,Q".t~"I.~" v.~r. ,I,~p ,I,~" ,~l;1PP9.r t" .t~~" ,)iJ?9,V.~.,. "f..I.r'J,!,I,r:tgS~, "" ,., ,,,, '''''''' 

This shows that not only do women who have chi Idren early have 

total duration of lactation but they also lactate for longer 

per fullterm birth. 

longer 

periods 

The duration of lactation per chi Id may also have some effect 

on bone minerai values. Whl Ie width of the bone does not appear 

different, there are non-significant decreases In BMC (p=.04) and BMD 

(p=.01). There Is also a slight, non-significant, decrease In the 

percent of age-matched normative values (p=.15), though average 

lactation per chi Id does not correlate with current age. These 

results suggest that greater duration of lactation with each pregnancy 

as wei I as longer total lactation has adverse effects on bone minerai. 

The average length of lactation per pregnancy In relation to 

the percent of age-matched normative values for BMO can also be viewed 

with respect to Interval between pregnancies (Figure IX-3). Whl Ie 

Interval between pregnancies has little effect on women who do not 
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breastfeed, an adequate period of recovery appears more Important for 

women who do. Those women who lactate for more than six months per 

fullterm births also show a greater tendency for a reduction In 

percent of age-matched BMD than those who lactate for shorter periods. 

Height and Weight 

Neither current height nor reported weight seems affected by 

duration of lactation. Reported maximum height Is again greatest 

among women who breast fed for more than 20 months. This Is the same 

group which reported more children, many having five pregnancies. 
I .' I, t .• , " "" I' ',' I , I" I " , I. I I I I. , , .' ,,(, I, I' ~,~. , • j' • ~ I If'" I , •• ' .• I • , "" , '. , • ( 1 ., '.", ••• I' I· I • I". ", •• ,',. ' , ., ••.•• , • I .' ,. I ,'" ",.,. .,' .,.. '" , •• , • ( • , • , ,I , ' ,'" I •• " ~ •.• , ••• , , 

No trend In maximum height Is seen with lesser duration of total 

lactation. 

Fracture History and Lactation 

Total lactational history, as with parity, apparently has no 

Influence on th occurrence of fractures In the postmenopausal years. 

However the groupings by maternal age at pregnancy, the youngest and 

oldest groups - those who were pregnant during their teens only or 

only after age thirty show unexpectedly higher proportions of 

fractures using a Chi-square analysis (p=.02). 

The fracture data can be combined with data on lactation, birth 

Interval and maternal age at first and last birth. Although these 

samples are both smal I, Mann-Whitney tests show that the women with a 

history of postmenopausal fractures who became pregnant during their 

teens tended to have a shorter Interval between pregnancies and had 

longer lactations per chi Id. They were simi lar to non-fracture 

-------------_ ... _ .. _--_._--
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history subjects of this maternal age group In total lactation and age 

at first and last birth though they had lower BMD values and 

percentages of age-matched normative values. The oldest grouping. 

those who were pregnant only after age 30. showed differences In BMD 

but not In percent of age-matched normative values. Those with a 

history of fractures exhibited later age at first and last pregnancies 

(p=.086) but simi lar total lactation time. Significance could not be 

determined due to smal I samples and large degree of variation In these 

two subgroups. 
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Postmenopausal Bone Minerai Status and Reproductive History 

Numerous studies have suggested that parity Is a factor In the 

determination of postmenopausal bone minerai status (Nilsson 1969. 

Garn 1970. Goldsmith and Johnston 1975. Aloia et a/ 1983. 1985. 

Johnnel I and Nilsson 1984. Lindsay et a/ 1986). The present study 

suggests that much of the advantage seen In this population Is due. 

not to differences In parity. but. to changes In the number of 

pregnancies per woman and the timing of these pregnancies. This 

finding agrees with the results of a study by Christiansen and 

col leagues (1976) who found no gain In bone minerai during pregnancy. 

In the present study. the women who are older tend to have had 

fewer chi Idren and to have had them later In life than the younger 

members of the study population. Therefore the effects of parity are 

overshadowed by the effects of age-related change. This may be a 

consequence of the political events of this century which produced a 
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post-war "baby boom". This postponed pregnancies for women during the 

conflicts, Increased the number of pregnancies for women Immediately 

fol lowing the war, and may have reduced the Interval between 

pregnancies. 

The lack of clear benefits with parity may also reflect 

differences In dietary Intake during pregnancy with this population. 

Studies of animal models have shown that differences In calcium Intake 

can greatly affect the magnitude of bone mass accumulation during 

pregnancy and rate of loss during lactation (EI I Inger et a/ 1952, 

Rasmussen 1977a, 1977b, 1986, Gruber 1984). Dietary Intake Is 
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notoriously low among adult women. For example, more than half the 

women over age 15 receive less than the dally Recommended Dietary 

Allowance for calcium (Heaney et a/ 1982) and for women over age 35 

this has Increased to 75%. These dietary habits tend to continue 

among women who are pregnant and lactating (Chan et a/ 1982a, 1982b, 

Greer et a/ 1982a). It Is possible, therefore, that whl Ie pregnancy 

does not produce major adverse changes In bone minerai status, the 

full extent of the benefits can not be accrued. 

Maternal age at pregnancy does playa role. This has been 

suggested In animal models In which growing rats showed the largest 

fluctuations In bone mass and bone minerai values with pregnancy and 

lactation. Older rats did not lose as much bone mass during 

lactation and were able to maximize bone strength during pregnancy 

(Currey 1973). 
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The greatest fluctuations from mean values are seen among those 

women who have had their chi Idren In their teens and In their teens 

and twenties. These women have breast fed longer In total and per 

chi Id. It appears that the mobil Ity of the bone tissue Is stll I high 

during this period. Pregnancy and lactation can produce the greatest 

results at this time as the bone Is stili undergoing modeling and 

heightened remodeling during the terminal part of the growth process. 

Women during this time appear able to accumulate more bone mass during 

pregnancy than later. 

Chan and col leagues (1982a, 1982b, 1982c; Chan and Thomas 1983) 

of bone mass. The recovery of bone following weaning may be gradual 

and was not examined by that study. 

From the present study, results suggest that women who 

breast feed chi Idren during their teens may be at risk later In life 

from lowered bone minerai status. The late teen years are Important 

for accumulation of skeletal mass (Garn 1970, Matkovlc et a/ 1987) . 

Therefore, It Is Important that adequate calcium and activity be part 

of the recommended regimen for the teenage mother. 

Shortened Intervals between births may also be a problem 

(Donelson et a/ 1931, Komarkova et a/ 1967). Recovery from the 

effects of lactation appears, In circumstances where another pregnancy 

does not fol low Immediately, to be nearly complete (Lamke et a/ 1977). 

Little difference Is seen with most women who have breastfed and those 

who have not. However, particularly In the younger and much older 
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mothers, rapid succession of pregnancies tends to adversely affect the 

recovery process and later bone minerai values may be lowered. 

Whl Ie the present data only suggest the trend, long periods of 

lactation may be cause for concern. Studies of women during lactation 

have shown that long-term lactation produces significantly lower bone 

mass, particularly In trabecular areas (Wardlaw and Pike 1986). In 

the present study, Increases In total duration of lactation and 

duration per child tend to associate with lowered bone minerai values 

much later In life. The continuance of a high calcium Intake 

throughout the period of pregnancy may be of greater Importance when 
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The Intensity of lactation can not be assessed given the 

retrospective nature of this study. However, It Is likely that this 

also plays a role, particularly when coupled with prolonged lactation 

and/or shortened Intervals between births. Animal models have shown 

that In heavy lactation, there Is estab II shment of an 

Interrelationship between milk yield and bone minerai content 

(Holmberg et at 1985). 

Summary 

Whl Ie strong correlations are not apparent In the present data, 

some processes related to female reproductive history may produce 

changes In postmenopausal bone minerai status. These are primarily 

centered on the relationship between the underlying tempo of bone 

formation and resorptive processes and an alteration In the demand for 

calcium. 
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Parity Itself does not appear to be an overriding factor. 

However the timing of the pregnancies does appear to affect the 

ability to accumulate bone during the hyperabsorptlve state which 

accompanies pregnancy. Women who become pregnant during their teens 

appear able to greatly Increase their bone mass during this period. 

Unfortunately, these are the same women who appear to be more 

adversely affected by prolonged breastfeedlng, resulting In an overal I 

dlmlnltlon of postmenopausal bone minerai status. 

In addition to this potential risk group, women who have 

suffer some loss In bone minerai. It Is probable that low calcium 

Intake plays an Important role In this process, but shorter Intervals 

between births and postponing of pregnancy untl I later In life may 

also be factors. Since total and average lactation tends to be 

shorter with these later maternal age groups, breastfeedlng does not 

appear to be as Influenclal as It Is for younger women. 

There are suggestions that these mechanisms which lower 

postmenopausal bone minerai status may affect the risk of fracture. 

Women who underwent prolonged lactation and those who had chi Idren 

much later In life with short Intervals between pregnancies are more 

likely to have a postmenopausal history of fractures. 

For the majority of women, pregnancy may confer a slight, 

though statistically non-significant, benefit In terms of 

postmenopausal bone minerai status. This Is contrary to much of the 
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cautions seen In the popular press, although care for calcium Intake 

during pregnancy and lactation are certainly Important. 



Chapter X 

THE SIGNIFICANCE OF PREMENOPAUSAL REPRODUCTIVE EVENTS 

ON POSTMENOPAUSAL BONE MINERAL STATUS 

Introduction 
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The search for a direct. linear correlation between one or a 

few factors Is unlikely to be fruitful when the ultimate cause depends 

on a multitude of lifelong. non-linear processes. This Is most 

especially true In the processes of bone mass accumulation and loss 

during the course of an Individual life. Certain factors playa more 

Important role than others but even the largest of these. the effect 

of age Itself. explains only a smal I portion of the variation found In 

postmenopausal bone minerai status. Research cannot be expected to 

find highly significant results by considering only one aspect. 

Relative Importance of Factors Considered ~ Present Study 

In order to assess the relative Importance of the factors 

considered here. principal components analysis Is conducted 

BMDP. a biomedical statistical analysis program (Dixon 1985) on 

University of Arizona CYBER computer. AI I the variables of 

current and past reported anthropometric measurements. menopausal 

using 

the 

age. 

and 

estrogen use data. menarche. parity and lactation data are Included In 

this analysis. 

Before the relationship of the variables to bone minerai status 

Is explored. It Is Important to Investigate their relationship with 

each other. Principal components analysis shows that a number of 
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factors, regardless of bone minerai status, cluster together (Figure 

X-1). The eigenvectors developed cover 35.2% of the explained 

variance. These variable clusters can be traced when the relationship 

between the variables and bone minerai density Is analyzed. 

The most obvious of these variable clusters Is that related to 

age. This Includes the reported chronological age and the years since 

menopause and estrogen aval lability. The second grouping Includes 

those variables which are related to pregnancy: the number of 

pregnancies and fullterm births along with the total months of 

pregnancy. Total lactation time Is more distantly related. but may be 

Included In this cluster. The third cluster consists of measures of 

linear growth: height, height at age 25 (reported maximum height) and 

ulnar length. 

first birth. 

relationship. 

each other. 

The fourth group consists of age at menarche and age at 

The other variables are less obvious In their 

They tend to move more Independently In relation to 

It Is Important to note that whl Ie the measures of linear 

growth cluster tightly, those of current weight and reported weight at 

age 25 appear divergent. This may be due to reporting errors, 

particularly with the earlier Information or may reflect lifelong 

patterns of change In weight. 

Regression on BMD 

The principal components analysis first associates those 

variables which are Inter-related. As seen above this accounts for 
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only 35.2% of the variance. When these variables are regressed onto a 

single factor, the explained variance Is considerably less. Despite 

this, patterns of association can be discerned. 

When these variables are regressed onto bone minerai density, 

the age cluster (Figure X-2) Is shown to associate with decreased BMD 

as would be expected. Also associated with this grouping Is that of 

age at menarche and age at first pregnancy. This would suggest that 

later age at these two reproductive events would be I Inked with lower 

bone minerai content or greater width, both of which would decrease 

the BMD. Also associated with lower bone minerai Is the age at 

menopause. 

Associated with greater bone minerai density are the pregnancy 

and linear growth clusters.· The pregnancy cluster shows little 

differentiation between the number of pregnancies, of fullterm births 

and the total months of pregnancy. Total months of lactation also Is 

associated with Increased BMD, as Is the Interval between pregnancies. 

Regression 2rr BMD, Without Age 

Because age Is the major negative factor In the loss of bone In 

this elderly population, principal components analysis was also 

conducted with this variable removed (Figure X-3). The most strongly 

negative factor Is the age at menopause, however, years since 

menopause and years since estrogen avallabl I Ity also are I Inked to 

lower BMD. 

most 

Months of lactation and Interval between pregnancies 

strongly I Inked to positive BMD. Also Included 

are the 

In this 
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association are estrogen use and, to a lesser extent, height. The 

other variables do not appear to have a major Influence over the 

measured BMD. 

Regression ~ Percent of Age-Matched Normative Values 

Because there are secular trends In many of the variables 

discussed above, the principal conponents analysis was also conducted 

using the percent of the age-matched normative values as the dependent 

variable (Figure X-4). This compensates for the current age 

differences In age at menarche, pregnancies, lactation and, to some 

extent, reported maximum height. 

The factors most strongly associated with greater percentage of 

the age-matched normative values are those of linear growth. Taller 

Individuals tend to have relatively better bone minerai density 

compared to other members of their sex and age group. Also associated 

are the weight variables. Heavier people also derive some benefits. 

Both current and early weight are Important, although, as discussed 

earlier, they tend to work somewhat differently. 

Also Important Is the Interval between pregnancies. Greater 

Intervals are more often found with higher percentages of BMD by age. 

Also age at menarche and years since estrogen are associated with 

higher bone minerai. The former variable appears reversed from that 

seen when viewed In combination with age and regressed on the BMD. 

This Is probably due to the significant secular trend In the age at 

menarche found In the study population. The latter association may be 
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explained by the correlation of estrogen use with lower percentages. 

Those women known to be "at risk" or already diagnosed as being 

osteoporotic more frequently are the ones taking estrogen replacement 

therapy. 

Pregnancy and lactation appear to be slightly negative, 

however, because of the amount of variance Involved, this Is 

negligible. Both of these events as wei I as the years since 

menopause, age at first and last pregnancltes and age at menopause do 

not have a profound effect on BMD. 

Regression and Discriminant Function Analysis on Fracture History 

Whl Ie age Is commonly viewed as a major determinant of fracture 

history, principal component analysis, conducted on the presence or 

absence of fractures after age 50, shows little effect from age 

(Figure X-5). The factor showing highest association with decreased 

Incidence of fracture Is weight at age 25. People who are heavier In 

early adulthood tend to have a lower risk of fractures 

postmenopausally. This suggests that early development Is a critical 

factor In delaying the onset of osteoporosis and the accompanying 

propensity to fractures. Current reported weight and current height 

are also associated with fewer fractures. Reported height at age 25 

(reported maximum height) appears to be I Inked with greater fracture 

risk. The other variables do not show any tendency to significantly 

affect the risk of postmenopausal fracture. 

In addition to principal components analysis, discriminant 

function analysis Is also conducted to distinguish between those 
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Individuals with a reported history of postmenopausal fracture and 

those without. Both SPSS/PC Plus and BMDP are uti I Ized for these 

analyses. The analysis Is Initially conducted using the chronological 

age and the BMD. those variables most often used to estimate fracture 

risk (Figure X-6a). With these variable only. It Is virtually 

Impossible to distinguish between those with a history of fractures 

and those without. 

In addition. discriminant function analysis was conducted using 

the Information on estrogen use. age at menopause and menarche and the 

parity and lactation data (Figure X-6b). In no case was the 

discriminating abl I Ity greater than about 65% correct placement based 

on the Information given. 

The results of both these analyses. principal components 

analysis and discriminant function analysis. strongly suggest that the 

fracture risk cannot be readily estimated based on the bone minerai 

density at the distal one-third radius. This prediction may not be 

possible using purely quantitative criteria. 

Research and Clinical Significance 

This study provides some understanding of the relative 

Importance of the various factors In female Individual life history 

which affect bone minerai status In the postmenopausal years. 

The application of statistical techniques reveals some Interesting 

aspects of the process of aging as It relates to premenopausal events: 
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1. The Importance of adolescent growth In the formation and 

maintenance of adult bone emerges as a factor In later bone minerai 

status. This process may be traced to early chi Idhood but, In the 

present study, can be seen through the terminal end of the adolescent 

growth spurt by examination of ,the age at menarche and the height and 

weight at age 25. The adolescent acquisition of weight In proportion 

to or slightly In excess of height may be beneficial later In life as 

It correlates with greater accumulation of bone width. Whl Ie early 

weight Is more Important for determination of bone width than current 

weight, current weight wi I I strongly affect the minerai content of the 

bone. 

The Interrelationship between the patterns of linear growth and 

bone mass accumulation suggest that these are I Inked by the timing and 

tempo of the maturation process. Bone width, one of the components In 

determining bone minerai density, appears to fluctuate In response to 

the development of long bone length. This Is most likely due to 

mechanical requirements for structural Integrity. There are also 

suggestions, though not statistically significant, that there Is an 

Increase In bone width with later maturation. This may be due to a 

prolonged period of subperiosteal apposition which precedes sexual 

iii'd.ur~t Ion. 

These findings partly support early research which suggested 

that fat accumulation may be a major factor In determination of bone 

width. In the present study, weight, which largely reflects overal I 

body size, Is seen as a determinant of bone width. However, ponderal 
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Index suggests, though not significantly, that excess weight for 

height may produce wider bones. 

2. In addition to benefits from weight gained early In life, 

the maintenance of an adequate weight for height during the 

postmenopausal years Is of benefit In maintaining adequate bone 

minerai content. There Is, however, no measureable correlation 

between weight and change In bone width In the later years. With a 

higher percentage of body fat there Is an extra source of estrogen 

from peripheral conversion. This reduces the abruptness of the loss 

of estrogen at menopause. In addition, the heavier work load may help 

maintain bone at higher density and the additional fat may provide 

some buffering mechanisms which help during times of I I Iness. 

3. The effects of pr~gnancy and lactation as was practiced by 

women who are now over age 50, has little effect on later bone minerai 

status. In part, this may have been due to the level of calcium 

Intake which restricted the benefits In bone mass accumulation during 

pregnancy. Without an adequate calcium Intake, the maximIzed 

Intestinal absorption during pregnancy may stl I I be unable to meet the 

fetal demand for calcium during the last trimester causing a net 

maternal loss of calcium despite a positive calcium balance. 

The lack of measureable losses tracable to lactation may be 

attributable to the shortness of the lactation period per chi Id which 

was most commonly practiced. Longer duration of lactation appear to 

coincide with a hormonal shift from calcium mobilization by prolactin 

to one dependent upon PTH and Vitamin D. This shift may also occur 

- -- . __ ._-- ._--_.- ----------------------------
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with a lessening of the protective mechanisms regulating calcium 

extraction from bone. When weaning occurs prior to this hormonal 

shift, It Is possible that the adverse effects on the maternal 

skeleton are limited. 

4. Clinically, this study highlights the Importance of 

attention paid to adolescent mothers. Those who become pregnant 

during their adolescent years have the abl I Ity to achieve excellent 

bone minerai content due to the greatly enhanced absorptive ability 

during this period. This Increase can, potentially, continue to be an 

asset during their postmenopausal years. 

Unfortunately, the enhanced ability to alter bone mass during 

adolescent pregnancy may become a hindrance In the preservation of 

this resource during lactation. This suggests that bone minerai, 

during late adolescence, Is stili more easily mobil Ized than later In 

life. The losses due to milk production are particularly severe If 

the lactation Is prolonged, If enough pregnancies occur whereby total 

lactation length Is Increased, or If there Is Insufficient recovery 

period between pregnancy and lactation cycles. Older mothers are less 

likely to lactate for the long periods frequently seen with adolescent 

mothers. These older mothers seem better able to withstand the 

calcium drain and do not show adverse effects from lactation. 

5. Mothers over age 30 are potentially "at-risk" from the 

expenses of pregnancy and lactation In terms of bone mass. During the 

later years the majority of women do not consume adequate calcium and 
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the costs of reproduction, despite the Increased Intestinal absorptive 

abl I Itles, cannot be met. 

At this time period, the Interval between pregnancies appears 

to be a greater determinant of the magnitude of loss, rather than 

duration of lactation. This may be due to a longer recovery period 

needed In the older mother before there Is a return to the bone mass 

found prior to pregnancy and lactation. 

Principal component analysis also suggests that Interval between 

pregnancies may be Important throughout the reproductive years. The 

abl I Ity of the body to recover bone minerai to compensate for the 

losses of lactation may depend on an adequate time span as well as 

sufficient calcium Intake. Special care should be taken for all 

women, particularly those over age 30, whose pregnancies fol low In 

rapid succession and who chose to breast feed their offspring. 

6. The difficulty of distinguishing those IndIviduals at risk 

for postmenopausal fractures Is emphasized by this research. While 

advanced chronological age and lower bone minerai density correlate 

with an Increased Incidence of fracture, these factors do not provide 

an accurate means of prediction. Even the inclusion of other 

quantitative variables, such as years since estrogen, current and past 

weight, height, bone width, pregnancy and lactation data, does not 

permit more than a modest Increase In accuracy of prediction. 

This lack suggests that other factors which can not yet be 

quantified by present noninvasive techniques or factors which are more 

qualitative In nature may be of greater Importance to the 
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Identification of fracture risk - If such a prediction Is possible. 

Basic to the development of a better means of assessment Is greater 

understanding of the dynamics of bone change throughout life. 

7. This study underscores the Importance of applying different 

statistical techniques to data of this type which Incorporates many 

Inter-connected variables whose Influence fluctuates over the course 

of a lifetime. 

The multivariate techniques such as stepwise multiple 

regression, discriminant function analysis and principal components 

analysis al low exploration of the Interrelationship between variables. 

However these techniques do not automatically adjust for secular 

differences through the population as Is common with human subjects. 

For analysis of these data, comparison of groups using analysis of 

variance, t-tests and nonparametrlc tests must be appl led. Whl Ie this 

Introduces a subjective component In the manner In which subjects are 

grouped, It Is often the only means for coping with the biological 

realities of Independent living participants of divergent backgrounds. 

Future Research Objectives 

This study also defines additional research directed toward 

assessment of age-related changes occurring during adolescent growth 

and during pregnancy and lactation. The necessity of longitudinal 

studies becomes apparent In assessing the overa! I Impact of these 

processes which Incorporate a period of relatively rapid change and a 

longer period during which the body reaches equl Ilbrlum. 
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Rapid Maturers and Skeletal Maturation. Research 

should be directed to adolescent girls who appear to be 

rapid maturers but whose maximum height Is below the 

normal percent I les found. As these girls mature they 

may be deficient In the accumulation of bone mass, a 

problem which wi II fol low them Into their later years. 

Postmenopausal women should continue to be monitored 

for menarcheal age, with special emphasis on those with 

early maturation. 

2. Adolescent Fat AccumulatIon and Bone Minerai Content 

and Bone Width Change. The adolescent accumulation of 

fat as one component of weight should be further 

Investigated In relation to bone minerai status. Early 

work on bone width suggests that the proportion of body 

fat may be a prime determinant, a suggestion which 

3. 

appears to gain support from the present study. 

Assessment of percent body fat using blo-electrlcal 

Impedance techniques along with photon absorptlometry 

studies would help clarify the relationship between fat 

and bone size. 

Timing of Pregnancies. Women who become pregnant 

during their teens and whose duration of breastfeedlng 

Is extended, need to be assessed according to their 

calcium Intake. It may be that calcium avallabl I Ity 
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during this period, when bone may be more easily 

mobil Ized, will be more Important than It appears In 

older mothers. 

4. Interval Between Pregnancies. Further assessment Is 

needed of the Impact of pregnancy and lactation cycles 

which occur In rapid succession. Women should be 

fol lowed through pregnancy and lactation and Include an 

extensive fol low-up to monitor recovery. This recovery 

period should extend for at least one year after 

weaning. 

Summary 

Although the process of postmenopausal bone loss Is becoming of 

Increasing concern to the medical community, the multiplicity of 

factors which affect this loss have yet to be understood. 

Reproductive history Is one of the potential factors that may affect 

peak bone minerai values accumulated In adulthood and the rate of bone 

loss after the menopause. 

Whl Ie this study does not reveal any factors which by 

themselves determine postmenopausal bone minerai status, It does 

stress the Importance of early development In the retention of 

adequate bone mass during later life. The current emphasis on 

adjustment of the rate of loss postmenopausal Iy and treatment of 

diagnosed osteoporotlcs Is cnly part of the needed approach. As 

Important are factors which affect the size of bone and the abl I Ity of 
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the body to retain and store calcium as bone during the phases of 

adolescent growth. 

Age at menarche, which Is a crucial marker of growth, serves 

also as a marker of skeletal maturation. The balance between linear 

and skeletal growth can be evaluated retrospectively. 

rapid and slow maturers are, In general, wei I matched 

achieved height, there appears to be a group of girls 

While both 

for maximum 

whose 

maturation Is not accompanied by normal growth In stature 

These women exhibit lower bone minerai 

and 

early 

long 

bone length. dens I ty 

postmenopausally. They may be at risk, consequently. of Increased 

likelihood of fracture. 

Pregnancy normally Is accompanied by an acceleration of calcium 

absorptive and retentive abilities far In excess of the fetal demand. 

The benefits of pregnancy may be greatest for women who are In the 

terminal periods of growth, when linear growth has ended but skeletal 

maturation Is stl I I progressing. Women pregnant during their teens 

appear to accumulate a greater amount of bone than women who first 

become pregnant later. 

These benefits to the teenage mother may be lost 

lactation. Those who breast feed In their teens tend to do so 

In total and per chi Id. This may result In an Impairment 

during 

longer 

of the 

skeletal maturation process which fol lows these women Into the 

postmenopausal years. 

The body appears to require a recovery period between pregnancy 

and lactation cycles In which to recover the bone mobil Ized to meet 

--~ - --- -----
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the demands of lactation, and, during low calcium Intake, the demands 

of fetal growth. Inadequate recovery time, particularly when It may 

be coupled with low calcium Intake and advanced maternal age, may have 

adverse effects on postmenopausal bone minerai status. 

Clinically, pregnancy and lactation provide windows In which 

postmenopausal bone minerai status may be adjusted. Careful attention 

should be paid to diet, exercl~e and other environmental factors known 

to affect bone. 

The bone minerai status of the postmenopausal woman Is not 

determined solely by age but by many factors which may be traced to 

very early In her life. The prevention of the crlppJ Ing effects of 

osteoporosis must also begin early In life. 
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