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INTRODUCTION

Women who breastfeed have chosen their feeding preference after considering both infant
and maternal needs. For infants, breast milk provides nutritional (Prentice 1991, Lawrence
1994) and cognitive (Lucas et al. 1992, Rogan and Gladen 1993) benefit, and enhanced
immunologic protection against many infectious diseases (Howie et al. 1990, Bock and
Sampson 1994). On one hand, breastfeeding is a cost-effective means of feeding for
mothers, a convenience in that the milk requires no separate preparation and handling, and a
unique opportunity for bonding with their offspring (Kennedy 1994). On the other, however,
a potential reduction in bone mass associated with lactation has recently received

considerable attention (Sowers 1996a, 1996b, Tudor-Locke and McColl 2000).

Low bone mass is a major determinant of osteoporotic fractures (Riggs and Melton 1992,
Dempster and Lindsay 1993, Johnell 1996). Osteoporosis, one of the major public health
problems world-wide (Riggs and Melton 1995), is a bone disease characterised by low bone
mass and microarchitectural deterioration of bone tissue which leads to increased bone
fragility and a consequent increase in fracture risk (Consensus Conference on Osteoporosis
1993). The risk of evolving skeletal fragility is dependent on the maximum amount of bone
mass achieved during childhood and adolescence (peak bone mass) and the amount and rate
of bone loss thereafter. A high peak bone mass can be thus seen as a safety margin to
maintain adequate bone strength in the face of inevitable menopausal and age-related bone

losses (Law et al. 1991, Johnston and Slemenda 1992, Eisman et al. 1993).

Existing knowledge of premenopausal bone mass is inadequate to demonstrate precisely the
natural course of bone mass evolution and variance in it prior to menopause. The accelerated
bone loss in women is most distinct during the first decade after the menopause, involving a
disproportionate loss of cancellous bone, and is mediated mainly by the depletion in the
direct restraining effects of estrogen on bone cell function (Slemenda et al. 1987, Riggs et
al. 1998). Needless to say, estrogen exposure is also one of the most important determinants

of bone mass in premenopausal females (Armamento-Villareal et al. 1992, Slemenda et al.



1996). Prolonged periods of amenorrhea can be regarded as a risk factor for the evolution of
osteoporosis, and in the majority of amenorrheic premenopausal women, estrogen deficiency
has been hypothesised to be the factor through which amenorrhea affects bone mass

(Schachter and Shoham 1994, Miller and Klibanski 1999).

Pregnancy and lactation are physiological phases of life characterised by significant
alterations in maternal endocrine function, particularly regarding estrogen and prolactin
levels (McNeilly 1993, Sowers 1996b). Moreover, pregnancy and lactation pertain to
circumstances in which the mother must provide for maintenance of her own skeleton as
well as for the construction of her child. Specifically, during the 9 months of pregnancy she
provides the fetus with 25-30 g of calcium, and during the ensuing 9 months or so of
lactation, she provides another 50-75 g in breast milk (Heaney 1996). Evidence of the effect
of pregnancy on bone mineral density (BMD) is as yet somewhat inconclusive and scanty
(Naylor et al. 2000, Drinkwater and Chesnut 1991, Sowers et al. 1991b, Kent et al. 1993,
Cross et al. 1995a, Ritchie et al. 1998). In contrast, recent prospective studies have mainly
reported 4% to 7% decreases in lumbar BMD and 3% to 5% decreases in femoral neck
BMD during 6 months of lactation (Sowers et al. 1993, Kalkwarf and Specker 1995, Lopez
et al. 1996, Laskey and Prentice 1997), and either partial (Sowers et al. 1993, Affinito et al.
1996) or complete (Lopez et al. 1996, Krebs et al. 1997, Caird et al. 1994, Kalkwarf and
Specker 1995, Laskey and Prentice 1997) recovery after weaning. The complete recovery
seems to be more evident at lumbar spine than at proximal femur (Sowers et al. 1993,
Kolthoff et al. 1998, Laskey and Prentice 1999). As to whether this bone loss, if it occurs, is
permanent the existing retrospective data provide no conclusive evidence (Hreshchyshyn et
al. 1988, Lissner et al. 1991, Feldblum et al. 1992, Melton et al. 1993). Little is likewise
known regarding the specific mechanism underlying bone turnover and skeletal changes

during human reproduction.

Many questions concerning the factors affecting bone loss and recovery during reproduction
have remained unanswered. Specifically, the role of postpartum amenorrhea (PPA) is

unclear. Only a few studies have primarily considered resumed menstruation as a potential



regulator of bone metabolism during the postpartum period (Caird et al. 1994, Kalkwarf and
Specker 1995, Sowers et al. 1996, Kolthoff et al. 1998). These studies have indicated that
lactating women whose menstruation is resumed earlier suffer lesser bone loss and make a
better recovery after weaning than lactating women with a longer period of amenorrhea.
This issue is complex to interpret because women who resume menstruation early tend also
to lactate for shorter periods of time. To introduce a new viewpoint in postpartum studies,
we hypothesised that BMD changes are driven by hypoestrogenemia during amenorrhea.
BMD was therefore assessed on a physiology-based schedule with the main emphasis on
PPA, since the normal ovulatory ovarian function in postpartum mothers is reported to be
suppressed until the resumption of menstruation (Howie et al. 1982, Diaz et al. 1992). The
goal of the present study was to examine changes in BMD and bone turnover during PPA
and the subsequent follow-up period after resumed menstruation, and to expose genetic,

physiological and habitual factors which would best account for these changes.



REVIEW OF THE LITERATURE

1. The course of premenopausal bone mass

In adults, bone mass present at any time in life is a function of the amount achieved by
maturity and that lost with ageing and concomitant events. The traditional view has been
that the peak bone mass is attained as late as the third decade of life (Recker et al. 1992).
However, recent prospective data indicate that most of the bone mass in multiple skeletal
regions is already accumulated by late adolescence, that is by about the age of twenty
(Katzman et al. 1991, Theintz et al. 1992, Kroger et al. 1993). There is more controversy
regarding the maintenance of bone mass during the adult premenopausal years (Baran 1994).
Peak bone mass in the lumbar spine, femoral neck and distal radius is held either to remain
stable until the menopause (Mazess and Barden 1991, Slosman et al. 1994, Slemenda et al.
1996, Sowers et al. 1998a, Chapurlat et al. 2000), or to start to decrease during the fourth
decade of life at a rate of 1.0% per premenopausal year (Smith et al. 1989, Baran et al. 1989,
Sowers et al. 1992b, Luckey et al. 1996, Prior et al. 1996, Melton et al. 2000). Recent
studies also suggest that premenopausal bone loss occurs earlier in the femoral neck than in

the lumbar spine (Sowers et al. 1998a, Hui et al. 1999, Melton et al. 2000).

2. Bone mass determinants

2.1. Genetics

Genetic factors have been shown to exert a strong influence on BMD accounting for as
much as 80% of the age-specific variation (Pocock et al. 1987, Seeman et al. 1989,
Slemenda et al. 1991). Heritability affects not only the attainment of peak bone mass (Lutz
and Tesar 1990, Sowers et al. 1992a, Hansen et al. 1992, Seeman et al. 1994) but also the

subsequent rate of bone loss (Lutz and Tesar 1990, Kelly et al. 1993) and bone turnover



(Kelly et al. 1991, Hansen et al. 1992). However, the contribution of heritability seems to
depend on particular bone sites, showing a weaker influence in the appendicular skeleton
than in central sites (Pocock et al. 1987, Seeman et al. 1989, Kelly et al. 1993, Krall and
Dawson-Hughes 1993). Although genetic factors are currently thought to make a major
contribution to the total inter-individual variance observed in BMD, gene-environment
interaction should not be ignored (Slemenda et al. 1991, Kelly et al. 1993, Salamone et al.
1996b).

The variation in population-based BMD suggests polygenic inheritance (Eisman 1995,
Peacock 1995). Among the candidate genes involved in the regulation of bone mass, greatest
attention has focused on the vitamin D receptor (VDR) gene. The polymorphism of the VDR
gene was originally held to account for up to 75% of the genetic effect (Morrison et al.
1994), this manifesting itself as a considerably lower BMD in the BB homozygote (without
the restriction enzyme Bsml sites on the two VDR gene alleles) than in the bb genotype.
More recently the VDR theory has been under a matter of lively debate (Eisman 1995,
Peacock 1995, Cooper and Umbach 1996). The majority of studies on premenopausal
women, however, indicate that the VDR polymorphism is indeed to some extent associated
with bone mass (Barger-Lux et al. 1995, Fleet et al. 1995, Salamone et al. 1996a, Tokita et
al. 1996, Viitanen et al. 1996), but this finding is not consistent (Garnero et al. 1995, Willing
et al. 1998). Neither would there seem to be conclusive evidence for a relationship between
VDR genotype and premenopausal bone turnover (Fleet et al. 1995, Howard et al. 1995,
Garnero et al. 1995, Tokita et al. 1996), or the rate of premenopausal bone changes, which
have been reported either to relate (Yamagata et al. 1994) or not to relate (Jarvinen et al.

1998, Willing et al. 1998) to allelic variation in VDR.

The estrogen receptor (ER) gene polymorphism is another potential candidate for genetic
regulation of BMD. Kobayashi and colleagues (1996) demonstrated that the restriction
fragment length polymorphisms at the first intron of the ER gene (defined by the Xbal or
Pvull restriction enzymes) were associated with variation in BMD in postmenopausal

women. Results of the few subsequent studies on this relationship in premenopausal women



have been contradictory (Mizunuma et al. 1997, Ongphiphadhanakul et al. 1998, Willing et
al. 1998, Han et al. 1999). Two of them (Mizunuma et al. 1997, Willing et al. 1998) also
paid attention to the rate of bone change, finding no significant genotypic differences in
BMD changes. It is highly likely that the polymorphisms of several important genes
affecting bone metabolism (for example VDR and ER) could have interactive effects, the
relationship between the variability in BMD and genetic factors thus possibly being even
more complicated than previously envisaged. Not surprisingly, a significant additive effect

of VDR and ER polymorphisms on BMD has been identified (Willing et al. 1998).

2.2. Body weight

BMD, by definition, is strongly associated with bone size (Sievdnen 2000) and therefore
also with body size and body weight (Sowers et al. 1991a, Mazess and Barden 1991, Reid et
al. 1992, Lindsay et al. 1992). Thus, should the most important influence on bone mass arise
from the load the bone had to bear (Frost 1993, Lanyon 1996), it is possible that a
substantial reduction in body weight could initiate changes in bone remodelling which might
eventually lead to a detectable decrease in BMD. In premenopausal overweight women a
significant loss in body mass has been accompanied by significant losses in total body BMD
(Compston et al. 1992, Jensen et al. 1994, Ramsdale and Bassey 1994, Van Loan et al. 1998,
Fogelholm et al. in press), whereas some studies have found no significant changes in total
body BMD (Hendel et al. 1996, Andersen et al. 1997). Data on specific bone sites suggest
that BMD declines more rapidly in predominantly trabecular bones than in more cortical
bones (Ramsdale and Bassey 1994), albeit, not in a consistent fashion (Andersen et al.
1997). Little is known of the effect of changes in body weight on BMD in normal-weight
populations. Non-obese premenopausal women have shown higher rates of BMD loss in the
lumbar spine and hip even with a modest weight loss (Salamone et al. 1999). Nor is it clear
whether BMD recovers with weight regain after weight reduction, and if so, to what extent
(Compston et al. 1992, Jensen et al. 1994, Fogelholm et al. in press). It is important to note
that longitudinal effects of body weight are complicated to interpret in that changes in BMD

observed with weight loss may be true, or may result partly or totally from the



methodological inability of dual- energy X-ray absorptiometry (DXA) to deal properly with
body composition changes (Bolotin 1998, Van Loan et al. 1998, Bolotin et al. in press).

2.3. Nutrition

Nutritional factors are essential for the maintenance of bone mass, these including dietary
intake of energy, protein, calcium, phosphorus, vitamin D and many other nutrients
(reviewed by Anderson 1992, Sowers and Galuska 1993, Kruger and Horrobin 1997, Tudor-
Locke and McColl 2000). In adults in industrialised nations the most important nutrients for

bone health are calcium and vitamin D (Heaney 1996).

There is little epidemiologic evidence on nutrients other than calcium in premenopausal
women (Tudor-Locke and McColl 2000). Calcium is vital for the skeleton, but there is
controversy as to how much calcium is required. Numerous studies have examined the
relationship between calcium, nutrition and bone mass. The inconsistencies in the literature
have been extensively reviewed (Cumming 1990, Heaney 1992, Baran 1994, Welten et al.
1995, Tudor-Locke and McColl 2000). In the case of premenopausal women there are only a
few controlled intervention studies of calcium supplementation showing a protective effect
against bone loss in the lumbar spine (Baran et al. 1989) and the humerus (Smith et al.
1989). Although many longitudinal studies have failed to show any association of calcium
intake with premenopausal bone mass and/ or BMD changes (Riggs et al. 1987, Mazess and
Barden 1991, Sowers et al. 1992b, Citron et al. 1995), the evidence from the meta-analyses
undertaken by Cumming (1990) and Welten and colleagues (1995) indicates that calcium
intake is positively associated with bone mass in premenopausal women. However, it has
been proposed that calcium functions as a threshold nutrient (Matkovic and Heaney 1992,
Heaney 1996): i.e. calcium intake is relevant up to a certain threshold intake only, which
varies between 1000 mg/day and 1500 mg/day depending on age, and higher calcium

allowances seem to have only a minor, if any additional effect on bone.



Vitamin D plays an important role in the regulation of calcium and phosphorus absorption
and skeletal mineralisation (Nordin and Morris 1992). If levels of vitamin D are insufficient,
parathyroid hormone (PTH) secretion is increased, which leads to increased osteoclastic
activation frequency. Vitamin D deficiency causes rickets in children and osteomalacia in
adults. An adequate source of vitamin D of at least 400 IU per day contributes to bone health
(Holick 1996). The relative contributions of orally ingested and dermally synthesised
vitamin D are poorly characterised, and the latter is very difficult to measure (Heaney 2000).
However, it is estimated that upwards 80% to 90% of the body’s requirement for vitamin D
comes from exposure to sunlight (Holick 1994), and incidental sun exposure during the

summer months normally ensures adequate vitamin D synthesis in premenopausal women

(Holick 1996, Tudor-Locke and Mc Coll 2000).

2.4. Life style

The importance of physical activity and exercise and the deleterious effects of
immobilisation on bone and in the maintenance of skeletal mass are well established and
have been reviewed by several authors (Schoutens et al. 1989, Forwood and Burr 1993,
Chilibeck et al. 1995, Snow et al. 1996, Jarvinen and Kannus 1997, Tudor-Locke and
McColl 2000). Overall, physically active subjects have, according to these reviews,
significantly higher BMD than age-matched sedentary controls. Most striking evidence for a
positive effect of physical activity on bone arises from cross-sectional comparisons between
athletes and their non-athlete counterparts, showing that athletes may have substantially
greater BMD than non-athletes (e.g. Heinonen et al. 1996). There are also sufficient
longitudinal data to demonstrate that moderate to intensive training programs have a positive
effect on BMD (see also the meta-analyses by Wolff et al. 1999, Wallace and Cumming
2000). The effects of exercise are very likely load-dependent and site-specific (Kannus et al.
1996). The role of non-athletic exercise in maintaining or improving BMD has remained
more inconclusive. Low or moderate additional exercise in young women may be of no
value in further increasing bone mass if they are already physically active (Sinaki et al.

1996). Out of a few prospective studies investigating the relationship between current or



lifetime physical activity and BMD in premenopausal adults, one has reported a positive
association (Recker et al. 1992), whereas some have found no association (Mazess and
Barden 1991, Sowers et al. 1992b). It is of note, that the effect of physical activity may be

evident only with adequate calcium intakes (Specker 1996).

High caffeine consumption has been proposed as a risk factor for osteoporotic fracture, but
the evidence associating high caffeine intake with low BMD is inconsistent (reviewed by
Laitinen and Vialiméki 1993, Tudor-Locke and McColl 2000). In premenopausal women no
significant relationship between caffeine intake and bone mass has been observed (Packard
and Recker 1996). The potential bone benefits of tea consumption warrant also further

investigation (Yang and Landay 2000).

Alcohol would appear to have direct toxic effects on bone and mineral metabolism, and
alcohol abuse is known to be associated with deleterious changes in bone structure and a
decrease in BMD (reviewed by Laitinen and Vélimaki 1993, Tudor-Locke and McColl
2000). In contrast, more moderate alcohol intake is unlikely to be associated with lower
BMD in premenopausal women (Sowers et al. 1992b). Even a positive correlation of
moderate to heavy alcohol consumption with bone density in premenopausal women has

been reported (Holbrook and Barrett-Connor 1993).

No longitudinal study has assessed the effects of smoking on bone in premenopausal
women. The estimate from a recent meta-analysis of the influence of cigarette smoking on
BMD indicated no deficit in premenopausal bone mass, but the effect of smoking on BMD
seems to increase cumulatively with age (Law and Hackshaw 1997), thus resulting in
increased bone loss after menopause and hip fractures in older women. Interestingly, current
smoking may be associated with substantial deficits in bone mass in women with a body
mass index (BMI) <25 kg/m’ or a with breast-feeding history (Jones and Scott 1999). The
data on effects of smoking, caffeine and alcohol on BMD are difficult to evaluate reliably

and are not very convincing (reviewed by Sowers and Galuska 1993).
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2.5 Hormonal factors

Regulation of bone mineral homeostasis pertains to control of the intra- and extracellular
levels of calcium, magnesium and phosphate ions with calciotropic hormones, i.e.,
parathyroid, calcitonin and D-vitamin hormones acting mainly on three target tissues, i.e.
bone, intestine and kidney (Bikle 1993). Osteoblasts have receptors for parathyroid hormone
(PTH) and 1,25 dihydroxyvitamin D vitamin (1,25(OH),D), and osteoclasts for calcitonin
(Einhorn 1996). Other systemic hormones regulating bone remodelling include growth
hormone, insulin, thyroid hormones, glucocorticoids and sex steroids (Canalis 1993).
Estrogen receptors, for example, have been found in all main types of bone cells (Eriksen et

al. 1988, Komm et al. 1988, Pensler et al. 1990, Oursler et al. 1991).

Of the sex steroids, progesterone (Prior et al. 1990) and androgens (Slemenda et al. 1996)
may affect BMD, but estrogen obviously plays the vital role in the growth and maturation of
bone as well as in the regulation of bone turnover in adult women (Turner et al. 1994,
Viaindnen and Harkonen 1996). The mechanisms for the skeletal effects of estrogen have
been subjected to intensive study, but are still incompletely understood. It is well
documented that estrogen affects bone tissue by direct and indirect mechanisms, and that
several of these effects are ER-mediated (Ciocca and Roig 1995). In addition to exerting
direct effects on bone, estrogen improves the efficiency of intestinal calcium absorption and
renal calcium reabsorption. Estrogen would thus seem not only to enhance BMD, but also to
help the body accrue and retain the mineral necessary to strengthen the bone. Estrogen
stimulates the synthesis of 1,25(OH),D-vitamin in the kidney. Otherwise, there is little
evidence that estrogen has any effect on the secretion of calciotropic hormones, although it

apparently reduces PTH action on bone resorption (Prince 1994, Khosla et al. 1997).

An antiresorptive function characterises the influence of estrogen (Girasole et al. 1992,
Turner et al. 1994, Viinédnen and Harkonen 1996, Jilka 1998). Estrogen deficiency increases
the rate of bone remodelling. Although bone formation is also enhanced, it is not able to
compensate fully for markedly increased resorption. Thus, estrogen deficiency causes a

rapid loss of bone mass, the most rapid changes being observed in trabecular bone (For
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review, see Turner et al. 1994, Viindnen and Héarkonen 1996). The interaction between
estrogen and bone homeostasis may nonetheless be far more complex; the bone-conserving
effect of estrogens has been found to be enhanced by calcium intake (Nieves et al. 1998) or
by physical loading (Lanyon 1996, Notelovitz et al. 1991, Kohrt et al. 1995), although not
consistently (Heikkinen et al. 1997).

Female sex hormone levels are cyclic in nature and physiologically integrated in the regular
menstrual cycle. Early menarche is known to be associated with higher BMD (Ito et al.
1995, Johnell et al. 1995). In otherwise healthy women with normal menstruation cycles,
low estrogen levels are associated with low BMD (Steinberg et al. 1989, Sowers et al. 1990,
Sowers et al. 1998b). A low estradiol level during the follicular phase of the normal cycle is
reported to be associated with monthly episodes of increased bone resorption (Chiu et al.
1999). Estrogen administration via oral contraceptives may abolish these estrogen
fluctuations while establishing a relatively constant low estrogen level similar to normal
early follicular phase levels. The role of oral contraceptive use relative to BMD during the
reproductive years has not been resolved. According to recent reviews, the balance of
evidence leans toward a positive association between oral contraceptive use and bone mass
which, moreover, is directly related to the duration of oral contraceptive use and also shows

dose response (Corson 1993, DeCherney 1996, Cromer 1999).

Menstrual irregularities, apparently representing states of transient hypoestrogenism, are
related to reduced bone mass (Drinkwater et al. 1990, Armamento-Villareal et al. 1992).
Hypoestrogenic amenorrhea, irrespective of the underlying specific cause, is associated with
a reduction in bone mass (Cann et al. 1984, Davies et al. 1990, Haenggi et al. 1994, Ulrich et
al. 1995, Park and Song 1995), and a high incidence of fractures (Davies et al. 1990). The
degree of osteopenia in amenorrheic women is, however, highly variable (Schachter and
Shoham 1994, Park and Song 1995, Miller and Klibanski 1999), and may be confounded by
other underlying causes, including hyperprolactinemia (Klibanski et al. 1980, Biller et al.

1992), excessive exercise (Drinkwater et al. 1984), anorexia nervosa (Rigotti et al. 1991,
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Grinspoon et al. 1999) and premature ovarian failure due to diverse reasons (Metka et al.

1992, Anasti et al. 1998).

An inverse correlation between bone mass and duration of amenorrhea has been reported in
many studies (Klibanski and Greenspan 1986, Davies et al. 1990, Biller et al. 1991, Rigotti
et al. 1991, Grinspoon et al. 1999), not however consistently (Cann et al. 1984, Schlechte et
al. 1987). The amenorrheic bone loss is most distinct in trabecular bone (Cann et al. 1984,
Drinkwater et al. 1984, Schlechte et al. 1987, Haenggi et al. 1994, Keen and Drinkwater
1997). The most rapid bone loss appears to occur at the onset of amenorrhea (Klibanski and
Greenspan 1986, Davies et al. 1990, Biller et al.1991, Metka et al. 1992, Haenggi et al.
1994, Anasti et al. 1998). Although appropriate treatment apparently enhances BMD, the
detrimental effects of amenorrhea may be irreversible (Drinkwater et al. 1986, Klibanski and
Greenspan 1986, Biller et al. 1992, Gulekli et al. 1994, Keen and Drinkwater 1997), or
limited to specific sites (Drinkwater et al. 1990, Haenggi et al. 1994). The partial recovery of
BMD may be due to a too long duration of the preceding amenorrhea (Biller et al. 1991),
low body weight (Drinkwater et al. 1990, Biller et al. 1991), underlying diagnosis of
amenorrhea (Drinkwater et al. 1986, Gulekli et al. 1994), ovulatory disturbances despite
regular menses (Prior et al. 1991) or some limit the bone can be regained following the
menses (Drinkwater et al. 1990). No relation of recovery to the duration of amenorrhea has
been found (Drinkwater et al. 1986), but the gain in BMD has been reported to be the better

the more severe the osteopenia (Gulekli et al. 1994, Haenggi et al. 1994).

In the majority (65% to 75%) of amenorrheic women, estrogen deficiency has been
hypothesised as the factor through which amenorrhea affects bone mass (See reviews by
Schachter and Shoham 1994, Miller and Klibanski 1999). Although osteopenia in women
with secondary amenorrhea caused by hyperprolactinemia has sometimes been attributed to
the hyperprolactinemia itself (Schlechte et al. 1983, Schlechte et al. 1992), current thinking
conceives the degree of estrogen deficiency to be most important (Klibanski et al. 1988,
Biller et al. 1992). The distinction between amenorrhea due to estrogen deficiency and that

due to other causes is important in considering the long-term implications of the disorder
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(Schlechte et al. 1992, Schachter and Shoman 1994). Whether the resumption of normal
menstruation in treated women with temporary but substantial amenorrhea is sufficient to
counterbalance the negative effect of transient hypoestrogenism within the fertile period of
life is unknown, but an increase in circulating estradiol coincident with resumption of

menses is regarded as the primary factor in reversing bone loss (Drinkwater et al. 1986,

Klibanski and Greenspan 1986, Biller et al. 1992).

It is of note, that factors besides estrogen deficiency may also modulate the degree of
osteopenia in amenorrheic premenopausal women (Schlechte et al. 1987). In particular, body
composition may make a significant contribution to the pathogenesis of amenorrheic bone
loss (Klibanski and Greenspan 1986, Drinkwater et al. 1990, Biller et al. 1991, Biller et al.
1992, Grinspoon et al. 1999). The data from these studies suggest the critical importance of
nutritional factors among premenopausal women with amenorrhea and estrogen-deficient
bone loss. Moreover, the above-mentioned conditions associated with amenorrhea are also
associated with a variety of additional neuroendocrine and/ or psychosomatic dysfunctions

which apparently also have a direct impact on bone (Schachter and Shoman 1994).

3. Reproduction and bone

3.1 Hormonal control of pregnancy and lactation

After the sixth week of pregnancy the placenta takes over the function of the corpus luteum
of pregnancy and produces progressively increasing levels of hormones, including estrogens,
progesterone, prolactin and placental lactogen. This leads to the suppression of pituitary

gonadotropin secretion characteristics of pregnancy.
After the birth of the baby, the hypothalamus-pituitary-ovarian axis takes its time to recover

from the suppressive effects of pregnancy steroids. At term, placental steroids decline

rapidly over 2 to 3 days postpartum to an undetectable level, plasma concentrations of
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prolactin are very high, and both follicle-stimulating hormone (FSH) and luteinising
hormone (LH) are undetectable during the first week postpartum (Dada and Laditan 1982,
Shaaban et al. 1987, Kremer et al. 1994). In the absence of lactation, plasma prolactin
concentrations decline to normal limits over the first 30 days (Howie et al. 1982), FSH and
LH synthesis is resumed around day 10 (Kremer et al. 1994) and the hypothalamic-pituitary-
ovarian axis recovers over a 40-day period, resulting in the first menstruation some 2 months

postpartum (Howie et al. 1982, Moran et al. 1994, reviewed by McNeilly 1993).

Breastfeeding prolongs the suppression of the ovarian cyclicity postpartum and results in a
period of lactational amenorrhea (Howie et al. 1982, Heinig et al. 1994, Moran et al. 1994).
A notable feature of this period is its highly variable duration among different communities,
although most breastfeeding mothers start menstruating during the first postpartum year
(Shaaban et al. 1987, Lewis et al. 1991, Heining et al. 1994, Moran et al. 1994, Vestermark
et al. 1994). Approximately fifty per cent resume menstruation while they are breastfeeding
in spite of a high suckling frequency (Diaz 1989, Kurz et al. 1993, Campino et al. 1994,
Vestermark et al. 1994), and there is 6% to 15% probability of menstruation even during full
breastfeeding, i.e., baby receiving breast-milk alone (Lewis et al. 1991) or less than 120

ml/day (Heinig et al. 1994) or 146 KJ/day (Kurz et al. 1993) of other nutrients.

Lactational amenorrhea is characterised by elevated basal plasma prolactin concentrations
and increased prolactin secretion in response to suckling (Howie et al. 1982, Diaz et al.
1989). Plasma concentrations of prolactin remain elevated during the first 3 to 4 months
postpartum, declining with time in parallel with the decline in suckling activity (Dada and
Laditan 1982, Howie et al. 1982, Shaaban et al. 1987, Diaz et al. 1989, Diaz et al. 1991,
Nunley et al. 1991, Burger et al. 1994).

Plasma concentrations of FSH reach a level comparable to the upper part of the normal
follicular range in 4 to 8 weeks (Dada and Laditan 1982, Kremer et al. 1990, Burger et al.
1994). LH remains undetectable during the first 3 weeks, and slowly increases thereafter to

levels comparable with the lower part of the normal follicular range (Kremer et al. 1990,
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Burger et al. 1994), while its pulsatile release remains inadequate (Kremer et al. 1991,
Nunley et al. 1991). FSH secretion recovers earlier than LH secretion in the postpartum
period (Diaz et al. 1995, Zinaman et al. 1995), leading to a period with a high FSH to LH
ratio and follicular inactivity (Kremer et al. 1990). Thus, two patterns of pituitary secretion
are distinguished: a completely suppressed pulsatile LH secretion together with low FSH
concentration during the first 2 weeks and a period with partially suppressed pulsatile LH
secretion together with relatively high FSH concentrations during the following weeks
(Kremer et al. 1990, Kremer et al. 1991). Despite the relatively high FSH levels during
lactation, hardly any follicular growth or any production of estradiol and progesterone occur

in the absence of adequate LH secretion (Kremer et al. 1994).

Estrogen levels are thus suppressed in lactating women (Kremer et al. 1990, Kremer et al.
1991, Diaz et al. 1992, Caird et al. 1994, Dobnig et al. 1995, Lopez et al. 1996, Sowers et al.
1996, Krebs et al. 1997, Sowers et al. 1998c), even to a lower level than that of the early
follicular range. Breastfeeding status as well as months since parturition have been reported
to be significantly associated with estrogen levels (Diaz et al. 1995, Sowers et al. 1996).
Apparently hypoestrogenemia remains present for at least 3 months postpartum, but no
longer after 5-6 months lactation (Shaaban et al. 1987, Burger et al. 1994, Dobnig et al.
1995). In some women transient increases in ovarian estrogen secretion occur, indicating a
modicum of follicular development, but ovulation rarely occurs (Shaaban et al. 1987, Diaz et
al. 1991, Lewis et al. 1991). The first menstruation is regarded as a good indicator of the
recovery of ovulatory ovarian function (Howie et al. 1982, Diaz 1989, Diaz et al. 1992,

reviewed by Zarate and Canales 1987, McNeilly 1993, McNeilly et al. 1994).

The endocrine mechanisms responsible for the suppression of the hypothalamus-pituitary-
ovarian axis are not yet fully understood (See for reviews Zarate and Canales 1987,
McNeilly 1993, McNeilly et al. 1994). A central factor underlying the duration of PPA
seems to be the suckling stimulus of the baby. Intense suckling can delay the resumption of
menses and ovulation for even 1 to 3 years (Shaaban et al. 1987, Diaz et al. 1989, Lewis et

al. 1991). Suckling appears to suppress the normal pattern of pulsatile release of
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gonadotrophin-releasing hormone (Kremer et al. 1991, Zinaman et al. 1995) and hence
prevents the normal growth of follicles. The normal positive feedback effect of estrogen on
LH release is abolished, and estradiol exerts an enhanced negative feedback effect on both
LH and FSH. Thus, while suckling continues, any follicle which starts to develop and
secrete estradiol will further inhibit LH release and therefore stop growing. There is no clear
role for prolactin per se in the suppression of ovarian activity postpartum (Diaz et al. 1988,
Zinaman et al. 1995). As suckling declines, the pulsatile pattern of LH returns to normal,
sensitivity to estrogen negative feedback declines, follicle growth can continue and
ovulation will occur. Thus, ovarian activity and ovulation usually proceed as a result of a
decline in suckling frequency or in the duration of suckling (Howie et al. 1982, Diaz 1989,
Rosner and Schulman 1990), this possibly precipitated by the introduction of supplementary
food (Howie et al. 1982, Diaz 1989, Kurz et al. 1993) and termination of night feeding
(Howie et al. 1982, Diaz 1989, Rosner and Schulman 1990, Heinig et al. 1994).

However, the duration of PPA is only partially explained by the duration of breastfeeding or
the suckling pattern (Diaz 1989, Lewis et al. 1991, Heinig et al. 1994), and it varies greatly
even among homogeneous groups with apparently comparable nursing practice (Diaz et al.
1991, Diaz et al. 1995). This suggests differences between nursing women either in suckling
stimulus intensity or in the sensitivity of the mother to the inhibitory effects of this stimulus
on the release of the pituitary gonadotropins and the consequent stimulation of ovarian
activity (Diaz 1989, Diaz et al. 1989, Diaz et al. 1991, Campino et al. 1994). Also, maternal
age (Diaz 1989, Kurz et al. 1993, Moran et al. 1994) and parity (Diaz 1989, Kurz et al. 1993,
Heining et al. 1994) have been reported to prolong the length of PPA. No clear relationship
between maternal nutritional status and PPA has been reported (Diaz 1989, Diaz et al. 1991,
Lewis et al. 1991, Kurz et al. 1993).

3.2 Calcium metabolism

Calcium metabolism during reproduction differs from that of the normal state in

fundamental ways, although some of the relevant data are contradictory (reviewed by
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Kovacs and Kronenberg 1998, Power et al. 1999, Prentice 2000). During pregnancy the fetal
calcium needs are primarily met by enhanced intestinal calcium absorption (Kent et al.
1991a, Cross et al. 1995a, Ritchie et al. 1998). Immediately after delivery, absorption
efficiency falls toward nonpregnant levels and remains at this relatively low level throughout
lactation (Kent et al. 1991a, Kent et al. 1993, Cross et al. 1995a, Ritchie et al. 1998), even in
women with different calcium intakes (Specker et al. 1994, Kalkwarf et al. 1996). Urinary
calcium, which is high during pregnancy (Dahlman et al. 1994, Seely et al. 1997) falls at the
same time and remains low throughout lactation and for several months postweaning (Kent
et al. 1990, Kent et al. 1991b, Kent et al. 1993, Specker et al. 1994, Prentice et al. 1995,
Ritchie et al. 1998, Kalkwarf et al. 1999). Not all data, however, indicate that renal calcium

reabsorption is increased during lactation (Cross et al. 1995b, Krebs et al. 1997).

PTH levels are typically normal during pregnancy (Saggese et al. 1991, Dahlman et al. 1994,
Gallacher et al. 1994, Cross et al. 1995a, Seely et al. 1997, Ritchie et al. 1998). Neither are
they elevated in early lactation or mid-lactation (Kent et al. 1990, Cross et al. 1995b, Ritchie
et al. 1998, Sowers et al. 1998c, Prentice et al. 1998), when the PTH concentration may be
even below the levels of nonlactating women (Dobnig et al. 1995, Krebs et al. 1997,
Kalkwarf et al. 1996, Kalkwarf et al. 1999). However, several studies have reported
increasing concentrations during and after weaning (Kent et al. 1990, Specker et al. 1991,
Verhaeghe and Bouillon 1992, Cross et al. 1995a,b, Kalkwarf et al. 1996, Kalkwarf et al.
1999, Prentice et al. 1998, Sowers et al. 1998c). The concentration of PTH-related peptide
(PTHrP) is elevated during pregnancy (Gallagher et al. 1994, Kovacs and Kronenberg 1998)
and lactation (Dobnig et al. 1995, Sowers et al. 1998c). The concentration of calcitonin
apparently remains within normal limits during pregnancy (Cross et al. 1995a, Ritchie et al.
1998) and lactation (Chan et al. 1987, Krebs et al. 1997, Ritchie et al. 1998). In contrast,
serum 1,25(OH),D levels rise early in pregnancy, being double the normal range, and this
high level is maintained until term (Wilson et al. 1990, Verhaeghe and Bouillon 1992, Cross
et al. 1995a, Seely et al. 1997, Ritchie et al. 1998), whereas 1,25(OH),D is not elevated
during lactation (Kent et al. 1990, Cross et al. 1995a,b, Specker et al. 1991, Specker et al.
1994, Kalkwarf et al. 1996, Ritchie et al. 1998). With time from partus, however,
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1,25(0OH),D concentrations show gradually increasing levels (Wilson et al. 1990, Krebs et
al. 1997, Prentice et al. 1998, Kalkwarf et al. 1999), albeit again not in all studies (Sowers et
al. 1998c).

3.3 Bone turnover

As during pregnancy (Rodin et al. 1989, Cross et al. 1995a, Naylor et al. 2000), bone
turnover during the postpartum period is in an elevated state (Cross et al. 1995b, Prentice et
al. 1998). Breastfeeding women have a higher bone turnover than bottle-feeding women
(Kent et al. 1990, Zinaman et al. 1990, Sowers et al. 1993, Caird et al. 1994, Dobnig et al.
1995, Affinito et al. 1996, Lopez et al. 1996, Krebs et al. 1997, Kalkwarf et al. 1999). The
duration of lactation is an essential determinant of bone turnover (Sowers et al. 1995a,
Yamaga et al. 1996), and women with longer lactation have higher formation marker levels
for longer periods (Sowers et al. 1995a). It has been postulated that the bone loss during
early lactation is attributable to a high bone resorption to formation ratio (Kent et al. 1990,
Sowers et al. 1993, Dobnig et al. 1995, Prentice et al. 1998). During the postweaning period
the bone resorption rate has reverted to virtually normal while the bone formation rate
remains elevated (Kent et al. 1990, Dobnig et al. 1995, Ritchie et al. 1998, Kalkwarf et al.
1999). Typical bone turnover markers measured in reproduction include circulating
osteocalcin (OC), bone-specific alkaline phosphatase (BAP) and carboxy-terminal
propeptide of type I procollagen (PICP) as indicators of bone formation, and urinary
collagen cross-links and serum tartrate-resistant acid phosphatase (TRAP) as indicators of

bone resorption.

The OC concentration is lower throughout pregnancy than before conception (Cross et al.
1995a, Ritchie et al. 1998), although late gestation concentrations are higher than those in
early pregnancy (Cross et al. 1995a, Yamaga et al. 1996, Ritchie et al. 1998). This may be
due to uptake of OC by the placenta (Salle et al. 2000). Studies have consistently shown that
the serum concentration of OC tends to be comparable to normal nonpregnant control for

some time after delivery (Sowers et al. 1993, Dobnig et al. 1995, Sowers et al. 1995a,
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Affinito et al. 1996, Krebs et al. 1997, Prentice et al. 1998). Only a few studies have
reported elevated OC levels already at partus (Lopez et al. 1996, Yamaga et al. 1996). In
general thereafter, OC have been reported to rise up to 3 to 4 months (Cross et al. 1995a,
Sowers et al. 1995, Yamaga et al. 1996, Krebs et al. 1997, Prentice et al. 1998, Kalkwarf et
al. 1999) or to 6 months (Sowers et al. 1993, Dopnig et al. 1995, Caird et al. 1994, Affinito
et al. 1996) during lactation, and subsequently to fall to baseline levels by 2 to 6 months
postweaning (Kent et al. 1990, Krebs et al. 1997) or 12 to 18 months postpartum (Sowers et
al. 1995a, Affinito et al. 1996).

BAP has been reported to increase gradually during pregnancy, resulting in elevated levels
at partus (Rodin et al. 1989, Cross et al. 1995a, Naylor et al. 2000) and showing a virtually
unchanged or slightly decreasing trend thereafter (Cross et al. 1995a, Sowers et al. 1995a,
Prentice et al. 1998). PICP levels have been reported to be elevated during the third trimester
of pregnancy (Cross et al. 1995a) and during lactation (Cross et al. 1995a, Dobnig et al.
1995).

Bone resorption markers are most markedly elevated at partus (Cross et al. 1995a, Krebs et
al. 1997, Prentice et al. 1998, Kalkwarf et al. 1999, Naylor et al. 2000), while the pattern
thereafter is somewhat obscure. The bone resorption markers have been reported either to
decrease during the first 3 to 6 months postpartum (Cross et al. 1995a, Lopez et al. 1996,
Krebs et al. 1997, Prentice et al. 1998, Kalkwarf et al. 1999, Naylor et al. 2000), or to
increase (Ritchie et al. 1998), or first to increase for 1 to 3 months and then to decrease

(Dobnig et al. 1995, Yamaga et al. 1996).

3.4 Bone mineral density (BMD)

Severe bone loss leading to idiopathic osteoporosis and fracture in young women is a well
recognised but rare complication of pregnancy (reviewed by Khovidhunkit and Epstein
1996). The clinical course of this condition is variable. Most patients sustain vertebral

fractures, usually late in pregnancy or shortly after the delivery of their first child. In most
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the symptoms resolve spontaneously after delivery, abortion or cessation of lactation, while
some continue to have debilitating pain for several years. The condition tends not to recur in
subsequent pregnancies. The syndrome appears to be clinically distinct from transient
osteoporosis of the hip, another syndrome occurring during pregnancy, which typically
appears earlier, may be localised in one hip only, and proceeds almost always without
fracture (Brooks et al. 1990, Funk et al. 1995). It is unclear whether pregnancy is the
causative factor in these syndromes or merely the highlighting event. Although lactation

cannot be the etiological factor in most women, it may lead to a further reduction in BMD.

Prospective studies including pre- and postpregnancy measurements are sparse, and the
effect of pregnancy on BMD is as yet quite inconclusive (Sowers 1996a, Sowers 1996b). On
one hand, no change in the BMD of the radius (Cross et al. 1995a), the proximal femur
(Sowers et al. 1991b) or the lumbar spine (Ritchie et al. 1998) has been reported. On the
other, some 4% mean losses in lumbar (Drinkwater and Chesnut 1991, Black et al. 2000,
Naylor et al. 2000), and femoral and radial BMD (Drinkwater and Chesnut 1991, Black et
al. 2000) have been observed.

The recent prospective studies of postpartum women including measurements of the axial
skeleton have been carried out with DXA (Table 1), an approach which is the present
method-of-choice for clinical osteoporosis and bone research (Genant 1998). Earlier reports
of prospective changes in bone mass have mainly rested on single photon absorptiometry
(SPA) and dual photon absorptiometry (DPA) technology (Atkinson and West 1970, Lamke
et al. 1977, Chan et al. 1987, Hayslip et al. 1989, Kent et al. 1990, Drinkwater and Chesnut
1991, Kent et al. 1993, Cross et al. 1995a, Prentice et al. 1995, Affinito et al. 1996, Krebs et
al. 1997), and by reason of this difference in technique these studies are not addressed here.
According to DXA studies, it is obvious that the mean decrease in BMD is some 4% to 7%
in the spine and femoral neck during the first 3 and 6 months of lactation. Also total bone
mineral content is reported to decline during lactation (Kalkwarf and Specker 1995,
Kolthoff et al. 1998, Ritchie et al. 1998, Laskey and Prentice 1999, Hopkinson et al. 2000).

However, the lactation-associated decrease in BMD seems to be temporary and to be
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reversed when breastfeeding declines and ceases, and when menstruation resumes (Lopez et
al. 1996, Laskey and Prentice 1999, Polatti et al. 1999). The recovery is apparent even in
women who become pregnant during lactation (Sowers et al. 1995b, Laskey and Prentice

1997).

Prior to the initiation of the present work only two studies using SPA and/or DPA
(Drinkwater and Chesnut 1991, Cross et al. 1995a) had also included prepregnancy BMD
measurements. Compared to prepregnancy, there seemed to be no difference in bone mass in
the lumbar spine postmenses or postweaning (Cross et al. 1995a). Drinkwater and Chesnut
confined BMD measurements to 6 months of lactation, during which time the BMD of the

radius and spine returned to prepregnancy levels while femoral BMD continued to decline.

The net effect of reproduction on bone mass is largely unresolved (Eisman 1998). Parity has
been found to be related to a reduced fracture risk later in life (Wyshak 1981, Paganini-Hill
et al. 1991, Kelsey et al. 1992, Hoffman et al. 1993, Tuppurainen et al. 1993), but also no
association has been reported (Kreiger et al. 1982, Alderman et al. 1986, Torgenson et al.
1996). However, current epidemiological evidence seems fairly consistent with regard to the
protective effect of a lactation history against spinal (Aloia et al. 1985), hip (Kreiger et al.
1982, Alderman et al. 1986, Cumming and Klineberg 1993) and arm (Kelsey et al. 1992)

fractures.

According to retrospective studies resting chiefly on the SPA/DPA technique, the effect of
parity on BMD is even more conflicting. This is not surprising due to large individual
variation in BMD, variable study designs, variable data and definition of lactation and
several confusing factors related to time. No association has been found (Armamento-
Villareal et al. 1992, Kritz-Silverstein et al. 1992, Melton et al. 1993, Bauer et al. 1993,
Berning et al. 1993, Bererhi et al. 1996, Sinigaglia et al. 1996), but there is also evidence for
a positive correlation (Fox et al. 1993) and that nulliparity is associated with lower BMD

(Sowers et al. 1992b). Some studies, again, have shown that parity is associated with low
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BMD (Lissner et al. 1991, Ghannam et al. 1999) or its effect is skeletal site dependent
(Hreshchyshyn et al. 1988).

Studies of lactation with respect to its impact on BMD are highly inconsistent (reviewed by
Sowers 1996a, Sowers 1996b, Tudor-Locke and McColl 2000). According to the literature,
the effect of lactation on postmenopausal bone mass is either negligible (Wasnich et al.
1983, Kritz-Silverstein et al. 1992, Fox et al. 1993, Bauer et al. 1993, Sinigaglia et al. 1996)
or positive (Aloia et al. 1983, Berning et al. 1993). In contrast, where pre- or
perimenopausal bone mass is concerned, previous retrospective studies have observed either
a negative association (Goldsmith and Johnston 1975, Lissner et al. 1991, Ghannam et al.
1999) or no association (Sowers et al. 1985, Koetting and Wardlaw 1988, Stevenson et al.
1989, Cox et al. 1991, Sowers et al. 1992b, Armamento-Villareal et al. 1992, Melton et al.
1993) with duration of lactation. Some studies have suggested site specificity, indicating that
in sites containing primarily trabecular bone lactation is associated with high (Hreshchyshyn

et al. 1988, Feldblum et al. 1992) or low BMD (Wardlaw and Pike 1986).
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TABLE 1. Longitudinal studies of site-specific postpartum BMD with DXA.

Study Times of Site(s) Sample size Mean dietary | Duration of lactation | Duration of PPA Findings
measurement calcium/ day
Sowers 1993 | 2wk, 2,4, 6,12 mo | Spine 20 short-term (0-1 mo) BF | 900 mg BF =2/3 of infant need | NA Loss of 5.1%/ 6 mo in spine, 4.8% in femur, partial
Femoral neck 26 mid-term (2-5 mo) BF 1200 mg recovery in long-term BF
64 long-term (>6 mo) BF 1600 mg
No change in others
Caird 1994 4 wk, 6, 12 mo Spine 9 BF >800 mg >6 mo Median 36 wk Loss of 4.9%/ 6 mo, full recovery in BF
9 oral contraception BF 41 wk
10 FF controls 6.3 wk Loss of 3%/ 6 mo, full recovery in oral
contraception BF
Gain of 4.3%/ 12 mo in FF
Cross 1995b | 2wk, 3 mo, Forearm 7 ca suppl BF 1100 mg Fully BF at 6 wk in 9.8 mo Loss of 4.3%/ 3 mo in placebo BF and 6.3% in ca
3 mo pw Spine 8 placebo BF 100%, at 3 mo in 80%, BF in spine. Partial recovery.
at 6 mo in 40%.
Gain of 5.7%/ 3 mo in ultradistal forearm. Loss of 6
Mean BF 8.3 vs 6.8 mo to 11 % pw in forearm.
Kalkwarf a)2, 14,26 wk Radius a) 65 BF 800 mg a) Fully BF 4.7 mo a) >6 mo in 70% of BF, | a) Loss of 3.9%/ 3 mo, no further loss/ 6 mo in spine
1995 Spine 48 FF controls 8 wk in FF in BF
b) 24, 36, 48 wk b) >6 mo fully BF
b) 40 BF b) 32 wk in BF, <24 wk | Gain of 1.5% in FF
43 FF controls Fully BF = at most 1 in 98% of FF
formula/day No change in radius
b) Gain of 5.5%/ 6 mo in spine in BF
Gain of 1.8% in spine in FF
No change in radius
Matsumoto 5d,1,3,6,12, 24 Radius 11 BF NA 8.6 £ 0.9 mo NA Loss of 5.2%/ 6 mo and 11.7%/ 12 mo, partial
1995 mo 11 FF controls recovery in BF
No change in FF
Sowers 2wk, 2,4,6,12,18 | Spine 25 BF with a new pregn. 1600 mg Fully BF >6mo 7.4+5.1 mo Loss of 3.4% to 3.9%/ 6 mo in both groups.
1995b mo, Femoral neck 20 BF controls 1200 mg 7.7+ 6.2 mo
28 mo or 3wk after Fully BF =2/3 of infant Full recovery, similar in both groups.
new pregn. need
Lopez 1996 1, 6 mo, Spine 20 BF 1000 mg Fully BF 6 mo (8.1 + >6 mo in 52% of BF Loss of 5.5%/ 6 mo in spine, 3% in femur, recovery
6 mo pw Femoral neck 22 non-preg controls 600 mg 2.2 mo) above baseline in BF

Fully BF=not even
water

Total BF 13.4 +4.6 mo

No change in controls
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TABLE 1 (continued)

Study Times of Site(s) Sample size Mean dietary | Duration of lactation | Duration of PPA Findings
measurement calcium/ day
Kalkwarf a) 2 wk, 3, 6 mo Radius a) 87 BF ca or placebo <800 mg a) Fully BF >6 mo a) >6 mo 75% of BF a) Loss of 4.2%/ 3 mo ca, 4.9% placebo in spine
1997 Spine 81 FF ca or placebo with little further loss in 6 mo in BF
b) 6,9, 12 mo b) Fully BF <8 mo b) >6 mo 85% of BF
b) 76 BF ca or placebo Gain of 2.2%/ 6 mo ca, 0.4% placebo in spine in FF
82 FF ca or placebo (Fully BF= not more
than 1 formula/day) No change in radius
b) Gain of 5.9% ca, 4.4% placebo in spine in BF
Gain of 2.5% ca, 1.6% placebo in spine in FF
Laskey 1997 | 0.5, 3, 6 mo, Spine 12 BF 1600 mg >3 mo NA Loss of 3.4%/ 3 mo and 3.1%/ 6 mo in spine
12 mo and 3 mo pw | Femoral neck
or 0.5 mo after a Loss of 0.5%/ 3 mo and 2.8%/ 6 mo in femur
new pregn.
Recovery, before and during subsequent pregnancy.
Honda 1998 |54, 3, 6 mo Spine 111 cases, grouped NA >3 mo 62% >3 mo 63% Loss of 4.9%/ 3 mo in spine and 5.9%/ 6 mo in BF
at 3 mo 69 BF, 42 FF, >6 mo 55% >6 mo 56% or in PPA
at 6 mo 61 BF, 32 FF
No change in FF
at 3 mo 70 PPA, 41 menses,
at 6 mo 51 PPA, 42 menses
Kolthoff 0,3,6, 12, 18 mo Radius 16 BF + PPA< 4 mo 1600 mg 4.8 mo 6.1 mo Loss of 5.2%/ 3 mo in spine, 5.3%/ 6 mo in femur,
1998 Spine 26 BF + PPA 4-8 mo 1200 mg 8.8 mo full recovery
Femoral neck 17 BF +PPA> 8 mo 1300 mg 12.2 mo
No change at radius
Laskey 1998 | 0.5, 3 mo Spine 47 BF 1300 mg >3 mo NA Loss of 4%/ 3 mo in spine, 2% in femur in BF
Femoral neck 11 FF 1000 mg
Forearm 22 nonpregn. controls 1000 mg Fully BF >2 mo in No change in radius, in FF, in controls
89%, >3 mo in 79%
Ritchie 1998 | 2 mo, Spine 14 BF 1200 mg 12 £ 10 mo 8+ 3 mo Loss of 9%/ 2 mo at spine, full recovery to
5 mo pm prepregnancy level
Fully BF >2 mo in 71%
Laskey 1999 0.5, 3,6, 12 mo Spine 59 BF 1500 mg 6.9 mo 5.6 mo Loss of 3-4%/ 3 mo in spine, 4% in femur and 5%/
(+ 3 mo pw) Femoral neck 11 FF 1100 mg 6 mo in femur, recovery above baseline in spine
Forearm 22 nonpregn. controls 1000 mg (2.7%), partial in femur (-2%) in BF
No change in FF, in controls
Polatti 1999 5d,3,6,12, 18 mo | Radius 135 BF NA Fully BF 6 mo <5 mo 57% in BF, Loss of 4%/ 3 mo in spine and 2% in radius,
Spine 139 ca suppl. BF <5 mo 58% in ca BF, recovery above baseline in spine (2%) and in radius
153 FF 35-55din FF (1%) in BF

Gain of 2%/ 18 mo in spine and 1% in radius in FF

BF = breast-feeding; FF = formula-feeding; NA = not available
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3.5 Factors underlying postpartum-related BMD changes

3.5.1 Lactation

Postpartum bone loss has been demonstrated only in breastfeeding women (Caird et al.
1994, Kalkwarf and Specker 1995, Matsumoto et al. 1995, Honda et al. 1998, Laskey et al.
1998, Polatti et al. 1999). In fact, according to some reports nonlactating postpartum women
gain BMD in the lumbar spine (Caird et al. 1994, Kalkwarf and Specker 1995, Polatti et al.
1999). However, the effect of the duration of breastfeeding on bone changes is not clear. In
one study, the magnitude and duration of bone loss was greater in women who breastfed for
a longer time (Laskey and Prentice 1999). Breast-milk volume, but not breast-milk calcium
concentration has been identified as a significant predictor for BMD change in the spine

(Laskey et al. 1998).

Lactation-related spinal BMD losses have been reported to disappear by approximately 3
months postweaning regardless of the duration of breastfeeding (Cross et al. 1995b, Ritchie
et al. 1998), but on the other hand, a longer duration of lactation has been reported to be
associated with larger individual net losses in BMD 1 to 2 years after delivery (Kolthoff et
al. 1998, Hopkinson et al. 2000).

3.5.2 Postpartum amenorrhea

In addition to lactation status, ovarian dysfunction is one of the potential factors behind bone
loss during lactation (Honda et al. 1998). A shorter duration of PPA has been reported to be
associated with a smaller loss of bone during lactation (Kalkwarf and Specker 1995, Sowers
et al. 1996, Kalkwarf et al. 1997, Polatti et al. 1999). Earlier resumption of menses has been
reported to be associated with a greater increase in BMD after weaning (Caird et al. 1994,
Kalkwarf and Specker 1995, Kolthoff et al. 1998, Hopkinson et al. 2000), this however not

consistently (Polatti et al. 1999). Changes after lactation have also been reported to be
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largely independent of the duration of lactation or amenorrhea (Kalkwarf et al. 1997, Laskey

and Prentice 1999).

3.5.3 Hormones

The evidence on classical calciotropic hormones suggests that they do not play a key role in
bone metabolism accompanying human lactation (Specker et al. 1991, Dobnig et al. 1995,
Cross et al. 1995b, Lopez et al. 1996, Sowers et al. 1998c). Neither does any study indicate
that vitamin D requirements are any greater during lactation than during nonlactation

(Specker 1994, Ghannam et al. 1999).

The role of the vital hormone of lactation, prolactin, is likewise not well established (Lopez
et al. 1996, Sowers et al. 1996). As regards lactation, prolactin has suggested to have an
indirect role in calcium metabolism through its interaction with estrogen in suppressing the
hypothalamus-pituitary-axis (Zarate and Canales 1987). There is also some evidence that
PTHrP, possibly modulated by prolactin, may regulate maternal bone metabolism during
lactation, particularly during the early weeks after parturition (Dobnig et al. 1995, Sowers et

al. 1996).

The bone loss and recovery during lactation and postweaning periods is very likely
modulated, at least partially, by varying estrogen levels during these particular time periods
(Hillman et al. 1981, Turner et al. 1994, Honda et al. 1998). In fact, positive associations of
serum estradiol with BMD have been found in postpartum women (Krebs et al. 1997,
Sowers et al. 1996), but this relationship seems to be somewhat controversial (Caird et al.

1994, Lopez et al. 1996, Ritchie et al. 1998).
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3.5.4 Dietary calcium

The estimated milk production during the first 6 months of lactation average 700-750 g/day
(Butte et al. 1984, Sadurskis et al. 1988, van Raaij et al. 1991, Prentice 1994).
Approximately 200-300 mg calcium are secreted daily into breast-milk during full lactation
(Laskey et al. 1990). However, a breastfeeding mother produces breast-milk with a
characteristic concentration of calcium, and this concentration and the daily calcium output
in breast-milk vary widely between mothers (Laskey et al. 1990). There is no convincing
evidence that maternal calcium intake or use of calcium supplements (Prentice et al. 1995,

Prentice 1998) influences the calcium concentration in breast-milk.

There is also a growing body of evidence that the skeletal response to lactation is
independent of maternal calcium intake (Sowers et al. 1993, Kalkwarf and Specker 1995,
Cross et al. 1995b, Lopez et al. 1996, Kolthoff et al. 1998, Laskey et al. 1998). In addition,
some studies have indicated that calcium supplementation does not alter the pattern of bone
mineral change during lactation, even in women accustomed to a very low calcium intake
(Cross et al. 1995b, Prentice et al. 1995, Kalkwarf et al. 1997). On the other hand, the
recovery of bone mineral after weaning may be influenced by dietary calcium (Kalkwarf et

al. 1997).

Although, the current scientific data thus suggest that breastfeeding women need not
consume extra calcium (Prentice 1997, Allen 1998, Abrams 1998), recommendations for
calcium intakes during lactation differ around the world (i.e., 400 to 800 mg increase/ day)
(Prentice 1994). The recommended intake of calcium for lactating women in Finland is 1200
mg/ day (Finnish Paediatric Association and The Mannerheim League for Child Welfare
1997).
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3.5.5 Maternal weight

A link between lactation and weight loss has been proposed in view of the increased energy
and nutrient expenditure needed for milk synthesis and secretion, but such a relation has
been observed only in some studies (Brewer et al. 1989, Dewey et al. 1993, Kramer et al.
1993, Janney et al. 1997), and not consistently (Potter et al. 1991, Schauberger et al. 1992,
Thorsdottir and Birgisdottir 1998). Neither maternal body size nor body composition have
been reported to influence the quantity or quality of breast-milk (Butte et al. 1984,
Dusdieker et al. 1994), but those who are overweight or obese may have difficulties in
initiating or maintaining lactation (Rutishauser and Carlin 1992, Hilson et al. 1997). The
recommendations concerning additional energy needs for exclusively breastfeeding women
have been criticised as too high (Butte et al. 1984, Sadurskis et al. 1988, Brewer et al. 1989,
van Raaij et al. 1991, Todd and Parnell 1994). However, mothers with a lower body fat
content may have greater dietary energy requirements (Butte et al. 1984, Winkvist and
Rasmussen 1999). The current recommendation on energy needs for lactating women in
Finland is 500-1000 kcal (2.1-4.2 MJ)/day greater than those of nonlactating women
(Finnish Paediatric Association and The Mannerheim League for Child Welfare 1997).

Women worldwide generally lose weight during lactation (Winkvist and Rasmussen 1999),
and this seems to be mainly explained by body fat losses (Sadurskis et al. 1988, van Raaij et
al. 1991, Motil et al. 1998). The average weight loss during the first 6 months postpartum is
some 8 to 13 kg (Brewer et al. 1989, Schauberger et al. 1992, Kramer et al. 1993), although
very modest losses, 3-5 kg, have also been reported (Butte et al. 1984, Sadurskis et al. 1988,
van Raaij et al. 1991, Rutishauser and Carlin 1992, Dewey et al. 1993, Motil et al. 1998).
Lactation-associated bone loss cannot be explained by differences in body size (Sowers et al.
1993, Lopez et al. 1996, Laskey and Prentice 1999) or by weight changes (Kolthoff et al.
1998, Laskey et al. 1998).
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3.5.6 Other factors

The maternal age (Sowers et al. 1993, Kolthoff et al. 1998, Laskey and Prentice 1999) or
parity (Lopez et al. 1996, Laskey and Prentice 1999) has apparently no effect on BMD
changes. In only one study did parity predict net bone gains in lactating women (Hopkinson
et al. 2000). Nor can bone loss be explained by differences in physical activity (Sowers et al.
1993). The small amounts of gestagen in contraceptive pills may protect against bone loss
during lactation (Caird et al. 1994), but such a finding has not been consistent (Laskey et al.
1998, Ritchie et al. 1998).

4. Summary

Although osteoporosis and associated fracture risk concern primarily older persons, a
predisposition to osteoporosis may be generated in part during young adulthood. To reduce
future fracture risk, efforts should focus on maximising and maintaining peak bone mass
already in premenopausal women. There is some controversy as to the course of
premenopausal bone mass, but the apparent fact is that most of the bone mass in multiple
skeletal regions is accumulated by late adolescence, and that thereafter hardly any

substantial premenopausal bone loss occurs under normal conditions.

Estrogen deficiency and calcium metabolism clearly play major roles in the development of
osteoporosis. Pregnancy and lactation are phases in a woman’s reproductive life associated
with profound changes in calcium metabolism and hormone levels. The past decade has
greatly broadened our understanding of reproduction and bone. Compensatory mechanisms
probably come into play early in pregnancy, these comprising an increase in the circulating
concentration of 1,25(OH),D and intestinal calcium absorption. However, the precise impact
of pregnancy on BMD is currently controversial and less well studied. Besides

hypoestrogenemia the extra calcium requirements in lactation are far more pronounced than
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those during pregnancy. Some calcium conservation may be achieved through a reduction in
urinary calcium, but this mechanism is not sufficient to prevent bone loss. Bone turnover
during lactation is sharply accelerated as judged from biochemical markers, but the detailed
patterns remain to be established. According to published studies there is a consensus that
BMD is to some extent reduced during lactation, but also recovers rapidly to post-pregnancy
values after weaning. However, the long-term relations between osteoporosis and parity or

lactation are for the present unknown.

It is unclear whether the length of lactation, length of postpartum amenorrhea, or simply the
time elapsed since childbirth are important for loss and recovery in BMD. It is obvious,
again, that the lactation-related loss in BMD is independent of dietary calcium intake and
calcium supplementation, but that additional calcium may have a small beneficial effect on
the recovery in BMD after weaning. The effects of other underlying factors remain more
obscure. Alterations in calcium homeostasis during lactation are apparently not driven by
changes in levels of calciotropic hormones. Instead, these changes have been held to be
determined by the combined effects of low estrogen concentrations and a high concentration
of PTHrH from the breast possibly driven by prolactin; however, the current data are not
adequate to draw precise conclusions regarding the mechanisms underlying postpartum-

related BMD changes.
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AIMS OF THE STUDY

The aims of this study were:

1. to evaluate changes in BMD during reproduction with a novel physiology-related study

design (1),

2. to determine the proportion of women who do not show a loss or recovery in BMD

postpartum (II),

3. to explore whether mother’s genotype (VDR and ER polymorphisms) modulates the

anticipated changes in BMD postpartum, and if so, to what extent (III),

4. to determine factors accounting for the anticipated changes in BMD postpartum (IV),

and

5. to determine the factors which essentially modulate bone turnover after parturition and

subsequently contribute to incident changes in bone mineral (V).
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MATERIALS AND METHODS

1. Study subjects
Basic study group

All healthy adult women (n=119) registered at the mothers’ health care unit in Kangasala
Health Center, southern Finland, due to pregnancy during a one-year period from November
1992 to October 1993 were asked to participate in this study. Also, during a concurrent 6-
month period, healthy women who were definitely planning pregnancy in the very near
future were asked to participate in the study by the information distributed to mothers’
health care units, health center doctors and nurses in Kangasala Health Center, and by two

items in the local newspaper.

Initially 85 women volunteered, and 5 of them enrolled before pregnancy. Seven withdrew
from the study during the pregnancy. Study measurements were performed on 78 women
after delivery, on 61 women soon after the resumption of menses, and on 45 women one
year thereafter. Reasons for withdrawal after delivery due to study participants were a new
pregnancy (n=15), loss of interest (n=13), a disease (n=2), and a change in residence (n=3).
Moreover, two women were excluded from the data analysis due to concurrent thyroxin and
cortisone treatment during the study period. Thus, the study samples comprised 5 women
before pregnancy, 76 women after delivery, 59 women after the resumption of menstruation
and 43 women one year thereafter. It may however be noted that the baseline anthropometry
or BMD of all above mentioned dropouts did not differ from those in subjects followed till
the end of the study, but the dropouts were somewhat younger (29.2 years versus 31.3

years).
The baseline clinical data of the basic 76 mothers are presented in Table 2. Thirty-one

mothers were primiparas. Forty of the infants were males and 36 females. Consumption of

calcium and vitamin D supplementation was extremely rare, only one woman used calcium,
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two vitamin D and eleven multivitamin supplementation occasionally. Information on this
aspect was not obtained from five women. All mothers were ambulant with no history of
excessive exercise or caffeine or alcohol consumption, nor periods of immobilisation.
Smoking data were not obtained from 3 women, 44 women had never smoked, 20 had

stopped smoking, 4 smoked occasionally and 5 daily (mean 5 cigarettes/day).
The study protocol was approved by the Ethics Committee of Tampere University Hospital

and the UKK Institute in Tampere, and written informed consent was obtained from the

subjects.

TABLE 2. Baseline characteristics of study subjects (n=76) after delivery.

Mean SD Range
Age (years) 30.4 43 22.5-42.0
Weight (kg) 69.3 9.9 51.0-99.2
Height (cm) 166.0 59 154.5 - 182.0
BMI (kg/cm?) 25.1 34 19.6 -35.3
Parity 0.9 1.0 0-4
Duration of previous lactation (of multiparas; months)  10.5 7.1 0.5-33.0
Age at menarche (years) 12.8 1.5 10.0-17.0
Duration of pregnancy (weeks) 40.0 1.5 345-423
Child weight (g) 3600 530 2370 —-4720
Child height (cm) 51.1 2.3 45.0-56.0
Dietary calcium intake (mg/day) n=59 1220 510 400 — 3400
BMD in lumbar spine (g/cm?) 1.039 0.090 0.852 - 1.201
BMD in femoral neck (g/cm?) 0.914 0.097 0.684 —1.145
BMD in distal radius (g/cm?) 0.359 0.040 0.253 - 0.468
t-score of lumbar spine* +0.05 0.90 -1.82 —+1.67
t-score of femoral neck* -0.25 0.90 —2.38 —+1.89
t-score of distal radius™ +0.19 1.0 —2.45—-+2.93

*T-scores were calculated using the data of healthy 20 to 40 —year old females as reference
values, i.e., 1.034 (0.100) g/cm? for the lumbar spine; 0.941 (0.108) g/cm” for the femoral
neck; and 0.351 (0.040) g/cm” for the distal radius (adapted from the study by Haapasalo et
al. 1996).
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Selection criteria for the studies

Study I comprised the five volunteers who enrolled in the study before the pregnancy and
remained involved till the end of the follow-up. At the time of recruitment, the age of these
women was 27.0 (SD 2.6) years, weight 63.7 (10.5) kg and height 171.1 (4.0) cm. One
woman had previously had one two-year old child. At recruitment, BMD data were in line
with age-matched reference data (see footnote to Table 2), the mean t-scores being 0.7
(range —0.4 to 1.9) for the lumbar spine, 0.0 (1.3 to 1.8) for the femoral neck and 0.7 (-0.2
to 1.5) for the distal radius.

Study II assessed changes in BMD during PPA, including the mothers who continued in the
study until the resumption of menses (n=59), or until the end of the follow-up one year

thereafter (n=43).

Study III comprised genotyping data of those 43 mothers who completed the entire follow-

up period.

Study IV focused on a search for factors best explaining changes in BMD during postpartum
amenorrhea and the subsequent follow-up period after resumed menstruation. For this
reason, one woman was excluded due to missing data on menstruation, and one due to
violation of study protocol i.e., a grossly delayed BMD measurement. Thus, paper IV

described data on the 41 mothers who completed the entire follow-up period.

Study V was carried out specifically to assess the effect of PPA and resumption of
menstruation on serum female sex hormone levels and on a variety of serum markers of
bone turnover. One woman was excluded due to missing data on menstruation, and one due
to a grossly delayed BMD measurement, as mentioned above. Study V includes 32 mothers
whose entire biochemical laboratory data were obtained and who adhered to the study
protocol and completed the entire follow-up period. The subjects and purposes of studies I-

V are presented in Figure 1.
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BMD,,. n=5 I Study II

Purpose: to determine the
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59 mothers during PPA

> 43 mothers during follow-u
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changes in BMD during BMD bostoarty
different stages of postpartum
reproduction

41 postpartum mothers

5 mothers recruited
VY | before pregnancy

Study V

Study il Purpose: to assess the association
of PPA and resumption of
menstruation with serum female
sex hormone levels and markers of
bone turnover

Purpose: to study the association
of genetics with BMD changes

43 postpartum mothers

32 postpartum mothers

FIGURE 1. Scheme of the subjects in studies I-V. The BMD measurements were performed
before pregnancy (BMD,,.), after delivery (BMD,,,), after resumption of menses (BMD,,,)
and one year thereafter (BMD,3).
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2. Measurements
2.1 Bone densitometry

Areal BMD (g/cm?) was measured in the lumbar spine (L2 - L4), right femoral neck and
dominant distal radius by dual-energy X-ray absorptiometry (Norland XR-26, Norland Inc.,
Fort Atkinson, WI) according to our standard procedures (Sievédnen et al. 1992, 1996). All
scans were performed by the same experienced laboratory technician, whose reported in
vivo precision of the BMD measurements is 0.7% for lumbar spine, 0.5% for femoral neck,
and 0.8% for distal radius (Sievdnen et al. 1996). According to our quality assurance
protocol (Sievdnen et al. 1994) no significant machine drift was observed during the entire

48-month study period.

2.2 Anthropometry, dietary calcium intake, and questionnaire

Concomitant with the DXA measurements, height and weight were measured in normal
indoor clothing without shoes. The subjects also completed a questionnaire on health,
breastfeeding history and physical activity, and a one-week calcium intake diary (Uusi-Rasi
et al. 1994). Calcium intake were analysed with Micro-Nutrica software (Social Insurance

Institution, Helsinki, Finland).

2.3 Biochemical measurements

Serum total calcium (S-Ca), phosphorus (S-Pi), albumin (S-alb), 25 hydroxyvitamin D
(250HD) and intact plasma parathyroid hormone (PTH) were determined from venous
blood samples. Nonfasting samples were taken coincident with visits to the well-baby clinic
between 8 am and 14.30 pm. The samples were assayed in batches. S-Ca was analysed using
the endpoint colorimetric (arsenazo III) dry chemistry method with Kodak Ektachem 700
(Eastman Kodak Company, Rochester, NY, USA). The intra- and inter-assay variations for

S-Ca (at 1.87 mmol/l) were 0.88% and 1.14%, respectively. S-Pi was measured by
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colorimetric dry chemistry with Kodac Ektachem 700 applying the manufacturer’s method.
The intra- and inter-assay variations for S-Pi (at 1.08 mmol/l) were 1.06% and 0.96%,
respectively. S-alb was analysed based on color reaction (Hitachi 704, 705) using an in-
house method (Parviainen et al. 1985). The intra- and inter-assay variations for S-alb (at 40
g/l) were 2.20% and 1.82%, respectively. The samples for 250OHD analysis were purified by
the acetonitrile-C,g Sep-Pak method (Turnbull et al. 1982). Thereafter the metabolites were
separated by high-performance liquid chromatography (HPLC), and 250HD was measured
by a method based on binding to the competing protein (Parviainen et al. 1981). PTH was
determined by two-site immunoradiometric assay using reagents supplied by Nichols
Institute Diagnostics, San Juan Capistrano, CA, USA. The intra- and inter-assay variations

for PTH (at 1.27 pmol/l and 4.1 pmol/l) were 3.9% and 2.9%, respectively.

The normal reference ranges were 2.15-2.60 mmol/l for S-Ca, 0.80-1.40 mmol/l for S-P1i,
36-50 g/ for S-alb and 1.0 - 6.8 pmol/l for PTH. The reference range for 250HD was >17.7

nmol/l for winter time and 30 - 130 nmol/l for summer.

2.4 Biochemical markers of bone turnover

All samples from each subject for bone turnover markers were analysed within a single
batch to minimise analytical variation. Serum bone-specific alkaline phosphatase (BAP),
serum amino-terminal propeptide of type I procollagen (PINP), and serum osteocalcin (OC)
were used as markers of bone formation. BAP was analysed by enzyme immunoassay
(Alkphase-B, ELISA from Metra Biosystem, Icn,. Mountain View, CA, USA). The intra-
and inter-assay variations for BAP (at 15.7 U/l) were 3.3% and 3.0%, respectively. PINP
was analysed with commercial RIA (Procollagen Intact PINP by Orion Diagnostica,
Oulunsalo, Finland). The intra- and inter-assay variations for PINP (at 159 pg/l) were 3.2%
and 5.0%, respectively. OC was analysed by the immunoradiometric assay (IRMA), which

measures 1-49 human osteocalcin and human osteocalcin peptide 1-43 (ELSA-OSTEO, CIS
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Bio International, Gif-sur-Yvette, France). The intra- and inter-assay variations for OC (at

15 pg/l) were 1.7% and 7.2%, respectively.

Serum type I collagen carboxy-terminal telopeptide (CTx) was used as a marker of bone
resorption. CTx was analysed by enzyme immunoassay (EIA); reagents were supplied by
Incstar (Incstar Corp., Minnesota, USA). The intra- and inter-assay variations for CTx (at 20

Hg/l) were 9.5% and 14.2%, respectively.

2.5 Female reproductive hormones

Serum estradiol (E,), luteinising hormone (LH) and follicle-stimulating hormone (FSH)
were used to describe female hormonal status. Samples were assayed in batches. E, was
analysed by radioimmunoassay using unreactive hormone to strip estradiol from carrier
proteins using reagents from Sorin Biomedica, Saluggia, Italy. The intra- and inter-assay
variations (at 0.23 nmol/l and 0.26 nmol/l) were 2.9% and 4.0%, respectively. LH and FSH
were analysed by immunofluorometry with two monoclonal antibodies using the reagents
AutoDELFIA™ hLH Spec kit B031-101 and hFSH kit B107-101 from Wallac Ltd., Turku,
Finland. The intra- and inter-assay variations for LH (at 4.2 U/l) were 1.6% and 2.0% and
for FSH (at 7.9 U/l and at 7.4 U/l) 1.5% and 3.8%, respectively.

The normal ranges of hormone levels observed in these assays during the follicular phase of
the menstrual cycle are 0.10 to 0.45 nmol/l for E,, 1.6 to 9.3 U/l for LH and 3 to 11 U/l for
FSH.

2.6 Genotyping

VDR genotype was determined according to a method previously described (Morrison et al.
1994, Jarvinen et al. 1998). Briefly, DNA was extracted from peripheral leukocytes and a

900 base pair fragment including the polymorphic site in the untranslated region at the 3’-
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end of the VDR gene was amplified by polymerase chain reaction (PCR) using the primers
5’-CAACCAAGACTACAAGTACCGCGTCAGTGA-3’ and 5’-AACCAGCGGGAAGAG
GTCAAGGG-3’. Fifteen pl of PCR product was subsequently incubated with Bsml
restriction enzyme (New England Biolabs, MA, USA) and digested to fragments of 700 and
200 bp if the restriction site was present. The presence of a restriction site at the VDR gene

locus was specified as b, whereas the absence of this site was B.

ER genotype was determined using a previously described method (Kobayashi et al. 1996,
Yaich et al. 1992)]. Briefly, DNA was extracted from peripheral leukocytes and a 1.3 kb
fragment including a part of intron 1 and exon 2 of the ER gene was amplified by PCR using
the primers 5’-CTGCCACCCTATCTGTATCTTTTCCTATTCTCC-3’; 5S’TCTTTCTCT
GCCACCCTGGCGCGATTATCTGA-3’ (Morrison et al. 1994). Fifteen pl of PCR product
was subsequently incubated with Pvull restriction enzyme (New England Biolabs, MA,
USA). The presence of the Pvull restriction site at the ER gene locus was specified as p,

whereas the absence of this site was P.

3. Study design

Subsequent to prepregnancy DXA (BMD,,.) measurements, the five of six women became
pregnant within 27 - 121 days. The DXA measurement at partus (BMD,,;) for the basic
group of 76 mothers was made within mean 6 (SD 3, range 1-15) days after delivery. Given
the good indication of the first menstrual bleeding of recovered ovulatory ovarian function
(Howie et al. 1982, Diaz et al. 1992), and to ensure that menstruation had actually
commenced, the DXA measurement at resumption of menses (BMD,,) was to be done
during the second bleeding postpartum. In fact, this was done in 47 subjects, and during the
third bleeding in 10 subjects. One woman was measured during the fourth bleeding, and one
had data missing on menstruation; both were excluded from further analyses (studies IV, V).

The purpose of this schedule of DXA measurements was to ensure that the women were not
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pregnant at the time of BMD measurement. Thus, the DXA investigation was to be carried
out at BMD,,,, BMD,,, and BMD,,; within a week after commencement of menstrual
bleeding. The mean duration of the follow-up period was 12.5 (1.6) months after resumed

menstruation in women who completed the entire study.

Venous blood samples were taken mean 2.0 (SD 2.1) days after delivery, 3 months
postpartum concomitant with DXA measurement at resumption of menses and one year
thereafter. For genotyping, venous blood samples were collected at the end of the study. All

samples were frozen and stored at -70° C before assay.

The study design is presented schematically in Figure 2.
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6 3 2" 1
DAYS MONTHS MENSTRUAL YEAR
PREPREGNANCY BLEED
POST- POST- AFTER
PARTUM PARTUM MENSES
v v v v v
DXA (BMDpye) DXA (BMDyp1) DXA (BMDyyp2) DXA (BMDyyp3)
Height, weight Height, weight Height, weight Height, weight
Calcium intake Calcium intake Calcium intake Calcium intake
Questionnaire Questionnaire Questionnaire Questionnaire
()] (I-V) (I-V) (I-V)
Serum Ca, Serum Ca, Serum Ca, Serum Ca,
S-Pi, S-alb S-Pi, S-alb S-Pi, S-alb S-Pi, S-alb
(I, IID) (I, IID) (I, IID) (I, IID)
Bone Bone Bone Bone
turnover turnover turnover turnover
markers markers markers markers
V) V) V) V)
Serum E,, Serum E», LH, Serum E», LH,
LH, FSH FSH
FSH %) V)
V)
Serum PTH,
250HD
(I, IID)

FIGURE 2. According to study protocol, measurements were to be performed before
pregnancy, immediately after delivery (6 days postpartum), 3 months postpartum, one month
after resumption of menses (during the second bleeding postpartum), and one year
thereafter. The various studies are indicated by bold Roman numbers (I-V).
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4. Statistical analysis

The descriptive values of variables were expressed as means and standard deviations (SD),
95% confidence intervals (95% CI), range and proportional changes. Distributions of treated
variables were evaluated for normality, and because the distribution of female reproductive
hormonal data was not normal, logarithmic transformation was applied (study V).

Correlation was assessed using the Pearson correlation coefficient (r).

Changes in BMD greater than 2V2 times the short-term in vivo proportionate precision (i.e.,
2.0% for lumbar spine, 1.4% for femoral neck, and 2.3% for distal radius) were considered
as changes with sufficient significance at individual level. Although, whether an individual
subject has changed her BMD using these criteria is very unreliable, because the precision of
DXA measurements vary with the individual and by definition will be poorer for subjects
with low BMD, this change criterion was applied as an indicator of “real” change in study I
because of the small number of subjects. Moreover, to obtain a further perspective in this
study, the reproduction-related BMD changes were compared to the variability in BMD
changes in healthy premenopausal women (Heinonen et al. 1996), and to the variability in
BMD in a cross-sectional sample of healthy young women (Heinonen et al. 1995). In order
to eliminate false-positive changes in BMD, the “real” change criterion was also used in
study II, in which the proportions of women with actual bone changes were determined. The

95% CI was calculated to show significant differences in the proportions.

In general, statistical comparisons between groups were made using analysis of variance
(ANOVA) and Kruskal-Wallis analysis of variance, as appropriate. Friedman’s analysis of
variance was used to compare changes in categorical data during the study. Paired t-test was

used to compare changes in continuous variables during different phases of the study.
The significance of change in BMD at each skeletal site was determined by comparing the

BMD data at postpartum and after the resumption of menstruation by a paired t-test (study

IV). Differences in the rates of bone changes in postpartum women representing different
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genotypes (study III), and the association of time with bone turnover marker and hormone
levels (study V) were evaluated by analysis of covariance for repeated measurements

(ANCOVA).

The time of recovery (T ) to postpregnancy level (study IV) was estimated as follows:

Tr = Tppa + Tru(BMD,,; — BMD,,,,)/(BMD,,p3 — BMD,,p0),
where Tppa 1s the duration of PPA, and Tgy the duration of follow-up after the resumption of

menstruation till the end of the study. A change in BMD during Try was assumed to be
linear. Obviously this assumption is not an accurate description of recovery, but it provides a
reasonable approximation. If an individual BMD,, = BMD,,;,; (i.e., no immediate, apparent
bone loss took place postpartum), her Ty took on a value of 0. Be it noted that Ty was not
estimated if BMD,,; > BMD,,, = BMD,; (i.e., there was no trend to apparent recovery in
BMD). There was one such case for lumbar spine BMD and five for femoral neck BMD.
These 5 women whose Ty could not be estimated were not different from other mothers in
terms of age, anthropometry, duration of lactation and PPA and life style habits. The rate of
recovery after resumption of menses was also calculated as a change % divided by the

duration of follow-up (in months).

Given the relatively small size of the study sample and the multiple and high correlations
between independent variables, all possible subsets regression analysis based on Mallows’
C, criterion was used as our primary statistical method (Hocking 1972) to expose factors
possibly contributing to change in BMD during PPA, Ty (study IV), rate of recovery during
follow-up, or bone turnover immediately after parturition, 3 months postpartum, and after
PPA (study V). This multiple regression analysis seeks the best combination of independent

predictors out of all candidate variables served for the model.
When the absolute change in BMD during PPA was used as a dependent variable (study IV),

the independent variables in the regression analysis were the duration of PPA (in months),

duration of unsupplemented lactation (in months), status of present lactation at BMD,,,
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(lactating or not at the time of BMD,,, measurement), duration of previous lactation (in

months), relative weight change during PPA (in %), age (in years) and parity (in numbers).

When Tr was used as a dependent variable (study IV), duration of PPA (in months),
duration of unsupplemented lactation (in months), total duration of lactation (in months),
duration of previous lactation (in months), relative weight change during the study (in %),

age (years) and parity (in numbers) were used as independent variables.

To expose factors underlying the rate of recovery after resumption of menses, the duration
of PPA (in months), duration of unsupplemented lactation (in months), duration of total
lactation, duration of previous lactation (in months), relative weight change during the study

(in %), age (in years) and parity (in numbers) were used as independent variables.

When the relative marker level at a given time point in relation to baseline value (in %) was
used as a dependent variable (study V), the following variables were chosen as potential
independent variables at each time point. After parturition, age (in years), maternal weight
after parturition (in kg), duration of pregnancy (in weeks), infant birth weight (in g), time
postpartum (in days), parity (in number of children), previous lactation history (in months)
were used. At 3 months postpartum, age (in years), weight (in kg), parity (in number of
children), previous lactation history (in months), time postpartum (in days), menstrual status
at 3 months (menstruating = 0 / amenorrheic = 1), lactation status at 3 months (not lactating
= 0 / still lactating = 1), and natural logarithm of E, level were used. After PPA, age (in
years), weight (in kg), parity (in number of children), previous lactation history (in months),
duration of PPA, duration of exclusive lactation, lactation status at resumption of menses
(not lactating = 0 / still lactating = 1), time since cessation of breast-feeding and logarithm

of E, level were used.

All analyses were performed with Statistica/Win (StatSoft Inc., Tulsa, OK) on PC, and
BMDP Statistical Software (Version 1993; Los Angeles, CA) on a SUN/UNIX mainframe.
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RESULTS

1. Changes in clinical characteristics

The mean duration of PPA in the women who adhered to the study protocol until BMD,,,
(n=59) was 5.6 (SD 2.7; range 0.9 to 11.7) months. The durations of unsupplemented
lactation and total lactation were 3.0 (1.3; 0.1 to 7) months and 7.8 (4.2; 0.2 to 22) months,
respectively. The duration of amenorrhea correlated moderately with total and
unsupplemented lactation (r=0.45, both, p<0.001). Mother’s age did not correlate with these

variables.

While still lactating 37 women resumed menstruation, 6 of them during the period of
unsupplemented lactation. The remaining 22 resumed menstruation at a mean 1.1 (range 0.2
to 3.0) months after discontinuing lactation. A third of the mothers (21 out of 59) breastfed 9
or more months. At the time of BMD,,,, 37 (63%) women had weaned. At the time of

BMD;,,,, one mother (out of 43) had not yet weaned.

Body weight increased systematically during pregnancy (n=5) and was 7.4 (SD 1.9) kg
higher after delivery as compared to prepregnancy weight. During PPA, the mean decrease
in body weight in the same subjects was —6.3 (2.3) kg on average (study I), which was in
accordance with significant weight loss —4.4 (3.6, p<0.001) kg seen in the larger sample
(n=59). In those who completed the entire study (n=43), weight remained virtually
unchanged thereafter, being at BMD,,, 64.9 (11.1) kg and at BMD;,,, 64.8 (11.6) kg. Weight
changes were similar in all VDR and ER subgroups (study III).

Mean dietary intakes of calcium well met the moderate dietary allowance for the normal
healthy population (1000 mg calcium/day) during the entire study period. The intakes were
significantly higher immediately after delivery than at BMD,,,, i.e. 1150 (SD 550) mg/day,
n=51 due to missing data, and at BMDs,;, i.e. 1100 (410) mg/day, n=41. This pattern was

also seen in all genotypes.
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Seven women were using oral contraception at BMD,,,,, and ten at BMDs,,, (missing data on
6 and 2 women, respectively). As regards exercise, smoking, caffeine and alcohol
consumption habits during the study, no significant alterations in these habits occurred
according to Friedman’s ANOVA. None of the mothers was engaged in athletic sports or

extreme loading at any point in this study.

The mean levels of S-Ca, S-Pi and S-alb were within normal reference values during the
entire study period (Table 3). They were, however, at their lowest at parturition. In fact, at
that time point 21 (28%) women remained slightly below the normal reference limit for S-
Ca (range 1.55 to 2.45 mmol/l). At three months postpartum the mean levels of S-Ca, S-Pi
and S-alb were elevated as compared to parturition or to resumption of menses, but in line
with the normal range. Greater fluctuation in S-alb levels was detected in the genotype bb
group as compared to the other VDR groups (p=0.04), and in S-P1i levels in the genotype PP
group as compared to the other ER groups (p=0.04). Otherwise, the analysis of covariance
showed no significant interaction between genotypes for S-Ca, S-Pi, 250HD nor PTH (study
I11).

TABLE 3. The descriptive biochemical and hormonal data, mean (SD), during the study.

Partus 3 months Resumption of One year after
(n=76) postpartum menses resumption of
(n varies due (n=59) menses
missing data) (n=43)
S-Ca (mmol/l) 2.19 (0.12) 2.39* (0.07) 2.31 (0.10)  2.43° (0.19)
S-Pi (mmol/l) 1.21  (0.56) 1.31° (0.13) 1.24 (0.14) 1.22° (0.18)
S-alb g/l (mmol/l) 312 (4.3) 49.1° (4.5) 453 (3.3) 43.0° 3.7
PTH (mmol/l) 3.0° (1.6)
250HD (mmol/) 41.3° (13.1)
S-E, (U/) 0.09°  (0.02) 0.12 (0.13) 0.12*  (0.11)
S-LH (U/N) 6.5 (7.4) 44° 2.7) 4.3° (2.3)
S-FSH (U/l) 8.7° (13.1) 5.5° (2.1) 6.8" (4.3)

Number of subjects a=41, b=37, c=54 and d=42
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2. Bone mineral density

2.1 Bone mineral changes during pregnancy

Since all subjects studied before pregnancy became pregnant within four months after the
first DXA measurement, and the child of the only mother with a previous parturition was
already two-years old, the baseline BMD data apparently well describe their prepregnancy
skeletal status. During pregnancy there was a trend to bone loss in the lumbar spine and
distal radius, but less clearly in the femoral neck (study I). Thus, as regards BMD

postpartum, the skeletons of women after delivery are apparently in a fluid state (Figure 3).

2.2 Bone mineral changes during PPA

The PPA period seemed to result in systematic bone loss in the femoral neck, whereas the
lumbar spine and distal radius showed diffuse responses at the individual level (study I).
This was in line with the proportions of subjects with actual BMD changes in the large
sample (n=59). The prevalence of significant, individual bone losses during PPA was higher
at the femoral neck site [81% (95% CI 69% to 90%)] than the lumbar spine [49% (36% to
63%)] or distal radius [37% (25% to 51%)] (study II).

During PPA (n=59), the mean BMD loss was significant at all sites (Figure 3), the losses
being —1.9% (95% CI -3.0% to —0.9%, p<0.001) in lumbar spine, —3.4% (—4.1% to —2.7%,
p<0.0001) in femoral neck, and —1.3% (-2.2% to —0.4%, p<0.01) in distal radius. No
significant VDR or ER genotype-related differences were observed between the BMD loss
at any site (study III). When comparing the lactating women against those no longer
lactating at BMD,,,,, the bone loss was statistically greater in the lactating women in the
lumbar spine [-3.5% vs. —1.0%, p=0.02] and distal radius [-2.8% vs. —0.5%, p=0.01], but
not at the femoral neck site, where the losses were similar [-3.8% vs. —3.2%, p=0.6], even

after adjustment for weight.
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FIGURE 3. Mean absolute changes in BMD (+SEM) in lumbar spine, femoral neck and distal
radius during pregnancy, PPA and one-year follow-up (m n=5), during PPA (A n=59) and during
PPA and one-year follow-up (e n=43). The solid line denotes the mean BMD for healthy 20 to 40
—years old females (adapted from the study by Haapasalo et al. 1996).
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In study 1V, different lactational variables and the duration of PPA explained significantly
the site-specific changes in BMD during PPA (Table 4). Interestingly, a short PPA at the
lumbar spine site but a long PPA in the femoral neck were associated with a large bone loss
during PPA. A long duration of unsupplemented lactation at both sites was associated with a
large bone loss, whereas a long previous lactation history or higher parity tended to protect

against bone loss.

TABLE 4. Significant site-specific predictors of BMD loss during postpartum amenorrhea
(n=41).

Skeletal Adjusted  Variable Regression  Standard Contribution to
site R’ coefficient  error R’
Lumbar 0.21 PPA +0.006 0.002 0.14
spine Unsupplemented lactation —0.012 0.005 0.10
Parity +0.014 0.007 0.08
Age —0.003 0.002 0.07
Femoral  0.27 Previous lactation +0.002 0.0005 0.23
neck Unsupplemented lactation —0.005 0.003 0.06
PPA —0.002 0.001 0.05

A positive sign of the regression coefficient indicates a smaller bone loss with a greater
value of the given independent variable. A negative sign indicates a greater bone loss with a
greater value of the given independent variable.

2.3 Bone mineral changes after resumption of menstruation

After resumption of menses (n=43), a trend towards recovery in BMD was observed (Figure
3). Compared to postpregnancy levels an “overcorrection” in the lumbar spine [3.3% (95%
CI 2.1% to 4.5%, p<0.0001)] and the distal radius [1.1% (0.3% to 1.9%, p<0.01)] was seen
at the end of the study, in contrast to only a partial recovery in the femoral neck [-1.0%
(—1.8% to —0.3%, p<0.01)]. The predicted average recovery times (Tr) were 11.1 (8.6 to
13.7) months and 24.4 (14.6 to 34.2) months for lumbar spine and femoral neck,

respectively. The significant predictors of Tr remained in general rather weak (study IV).
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The duration of PPA was not associated with Ty, whereas the duration of unsupplemented
lactation (lumbar spine, R* 0.13) or the duration of total lactation (femoral neck, R? 0.02)
were weakly and positively associated with Tg. The rate of recovery after resumption of
menses was 0.5% (95% CI 0.3% to 0.6%)/ month in the lumbar spine, 0.2% (0.1% to 0.3%)/
month in the femoral neck and 0.2% (0.1% to 0.3%)/ month in the distal radius. The

predictors explaining these rates are presented in Table 5.

TABLE 5. Predictors explaining the rate of recovery after resumption of menstruation
(n=41).

Skeletal site Adjusted Variable Regression Standard Contribution to
R? coefficient error R’
Lumbar spine 0.24 PPA —0.055 0.020 0.14
Previous lactation —-0.014 0.007 0.07
Total lactation +0.027 0.015 0.06
Femoral neck 0.06 PPA +0.024 0.013 0.08
Distal radius 0.10 Previous lactation -0.007 0.007 0.03

Besides the divergence in recovery rates, also the recovery patterns were diffuse at the
individual level (studies I, II). At the end of the study (study II), in only 2 women was
lumbar BMD not fully recovered to postpregnancy level, while 25 [58% (95% CI 42% to
73%)] showed even higher lumbar BMD at the end than at postpartum. The mean bone gain
in these subjects was 6.0 (SD 0.6)% as compared to postpartum BMD. In contrast, at the
femoral neck, 18 [42% (27% to 58%)] did not reach the postpartum BMD, the mean bone
loss in these subjects being —3.2 (0.4)%. The results at the distal radius were less distinct.
Despite breastfeeding, all those 15 women who continued lactation after BMD,,,
measurement increased their BMD in the lumbar spine, 10 in the femoral neck, and 8 in the
distal radius during the subsequent follow-up, and only 3 lost further bone in the femoral
neck (study II). At the end of the study, BMD data on mothers who did not breastfeed during
the follow-up period compared to those who breastfed did not differ from each other (study
IV). No significant VDR or ER genotype-related differences were observed between BMD
recovery at any site (study III).
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3. Postpartum bone turnover

Bone turnover markers were in an elevated state immediately after parturition (study V). All
marker levels changed significantly (p=0.0036) postpartum and evinced different patterns
with time (p=0.0001). Indices of bone formation, PINP and OC increased up to 3 months
while BAP showed a decreasing trend (Figure 4). After 3 months, the markers of bone
formation started to decrease systematically. In contrast to bone formation markers, the bone
resorption marker CTx started to decrease after parturition. Of note was that, the bone
formation markers and the resorption marker did not correlate at resumption of

menstruation.
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FIGURE 4. Dynamic pattern of bone turnover markers from partus (ppl) to 3 months
postpartum (3 mo), after resumption of menses (pp2) and one year after resumption of
menses (pp3). The mean times between ppl and both pp2 and pp3 are 7.1 (range 2.7 to 12.8)
months and 19.3 (range 14.3 to 26.0) months, respectively. The values at the end of the
study were used as reference level.
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At 3 months after parturition (Table 6), the E, level was negatively associated with all bone
formation markers; the lower the E, level, the higher the formation marker levels. The
lactation status was weakly and positively associated with increased PINP levels. In fact,
lactation seemed to indicate in general a high bone turnover state. If the mother was
lactating and still amenorrheic at 3 months postpartum, her bone resorption marker level was
also likely to be higher than in mothers who were menstruating and not lactating. After the
resumption of menstruation (Table 7), the duration of unsupplemented lactation was
positively associated with high levels of bone formation markers, as was the duration of
postpartum amenorrhea; the longer the unsupplemented lactation and PPA, the more

increased the indices of bone formation.

In addition, at 3 months after parturition, high parity was associated with lower levels of
formation markers, whereas high age as such indicated increased formation. After the
resumption of menstruation, a history of previous lactation or parity indicated a low bone
turnover state in general, while age as such was positively associated with high bone
formation. It is significant that these same variables which were predictors of bone turnover

were also predictors of changes in BMD.
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TABLE 6. Significant predictors of bone turnover at 3 months postpartum (n=32).

Bone Adjusted R*  Variable Regression  Standard Contribution to R*

marker coefficient error

BAP NS - - - -

PINP 0.25 Parity —0.530 0.212 0.15
E, —0.549 0.239 0.13
Age +0.066 0.041 0.06
Lactation status  +0.817 0.544 0.05

OC 0.26 E, —-0.357 0.122 0.20
Age +0.055 0.021 0.16
Parity —-0.254 0.109 0.13

CTx 0.29 Menstrual status +0.484 0.184 0.16
Lactation status  +0.683 0.267 0.15
Weight +0.018 0.008 0.12

Note: A positive sign of the regression coefficient in independent variables lactation and
mentrual status denote continued lactation or amenorrhea with a higher level of the marker.
NS not so significant

TABLE 7. Significant predictors of bone turnover after resumption of menstruation (n=32).

Bone Adjusted R Variable Regression Standard Contribution to
marker coefficient error R’
BAP 0.22 Previous lactation —-0.038 0.015 0.16
E, -0.268 0.126 0.11
Exclusive lactation +0.184 0.091 0.10
Age +0.044 0.022 0.10
PPA +0.051 0.032 0.06
PINP 0.14 Parity -0.366 0.214 0.08
Exclusive lactation  +0.297 0.171 0.08
oC 0.20 Previous lactation -0.029 0.013 0.13
Exclusive lactation  +0.160 0.074 0.12
PPA +0.051 0.027 0.09
Age +0.034 0.019 0.09
CTx NS - - - -

Note: Previous lactation, exclusive lactation, and PPA denote the duration of the given
variable.
NS not so significant
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DISCUSSION

Changes in BMD during successive stages of reproduction (i.e., during pregnancy, PPA and
one-year follow-up) at functionally and compositionally different skeletal sites (lumbar
spine, femoral neck and distal radius) have not previously been reported. In contrast to fixed
measurement schedules in the literature, the second postpartum BMD measurements in the
present study were carried out on a physiological basis after the resumption of menstruation.
As postmenopausal bone loss is considered to be a consequence of hypoestrogenenemia
(Riggs et al. 1998, Slemenda et al. 1987) and fertile women are hypoestrogenic until the
resumption of menstruation (Howie et al. 1982, Diaz et al. 1992), we addressed this question
by measuring BMD soon after the resumption of menses, at the time when the skeletal
status was anticipated to represent the ”worst case” situation due to the combined effects of
amenorrhea and calcium loss into breast milk with unsupplemented lactation during the first
months postpartum. This approach introduces a new viewpoint to postpartum studies. Such
physiology-based scheduling of bone mass measurements may allow a more appropriate
analysis of the effects of resumed hormonal activity (as judged from resumed menstruation)
on bone than the conventional mode based on fixed time points. The strength of the present
study was the longitudinal follow-up of a cohort of postpartum women at the price,
however, of an obviously small number of subjects who completed the entire study protocol.
The lack of concurrent control data from nonlactating, healthy women should likewise be
noted. Also, the possibility cannot be ruled out that the changing body composition,
thickness and/or tissue distribution during different phases of this study affected DXA-
measured BMD values and confounded the results (Bolotin 1998, Bolotin et al. in press). As
regards the changes in the laboratory data, practical reasons dictated that the serum samples
were not drawn after overnight fasting and exactly at the same time of the day.
Consequently, the variation in the laboratory data may well have increased, but this situation

hardly had caused any systematic error in trends or magnitudes in given data.
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1. Pregnancy-related changes in bone mineral

The heterogeneity of individual BMD changes in response to pregnancy and lactation in the
study I are some of the most interesting questions still to be answered. However, during
pregnancy there was some tendency towards systematic bone loss in the lumbar spine (about
—3% on average), whereas particularly the femoral neck showed no such clear trend (study
I). Given the small sample size of five mothers, and the consequently limited statistical
power, this conclusion is suggestive only and should be interpreted with caution.
Nevertheless, this finding is in line with those presented in the literature (Drinkwater and
Chesnut 1991, Sowers et al. 1991, Black et al. 2000, Naylor et al. 2000), though not
consistently (Ritchie et al. 1998). Previous studies of urine bone resorption markers (Cross
et al. 1995a, Ritchie et al. 1998, Black et al. 2000, Naylor et al. 2000) and serum bone
formation markers (Black et al. 2000, Naylor et al. 2000) suggest that bone turnover
increases during pregnancy, showing a dissociation between bone resorption (i.e. increasing
trend) and formation (i.e. decreasing trend) during the first half of pregnancy (Black et al.
2000, Naylor et al. 2000). These observations also speak for skeletal changes observed
during pregnancy. The immediate postpartum levels of bone turnover in the present study,
indicating a high bone turnover state at the time of parturition, are in perfect congruence
with these studies, and as regards the BMD postpartum, this high turnover pinpoints the fact
that the skeletons of women are in a fluid state after delivery. It is also worth noting that
some individuals may well show large, systematic bone losses during pregnancy despite

substantial weight gain (study I).

2. Postpartum changes in bone mineral

In the present cohort of healthy postpartum women, a significant mean (depending on site
some 2% to 3%) bone loss took place in the weight-bearing skeleton during PPA, and even a
slight ”overcorrection” compared to postpregnancy levels was observed in the lumbar spine

in contrast to only a partial recovery in the femoral neck. These site-specific patterns of
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postpartum bone loss and recovery may arise from the different bone composition of the
given skeletal sites, of which the lumbar spine has a substantially higher trabecular to
cortical bone ratio and thus more efficient metabolism than the femoral neck (Baron 1993,
Einhorn 1996). Net gains in lumbar BMD after lactation relative to postpartum
measurements have also been documented in other studies (Lopez et al. 1996, Laskey et al.
1999, Polatti et al. 1999). Lower BMD at the femoral neck has been reported (Sowers et al.
1993, Kolthoff et al. 1998, Laskey et al. 1999), but not in all studies (Lopez et al. 1996).
Also, only partial recovery in femoral neck BMD involving about a half of postpartum
women indicates that the postpartum period may predispose the proximal femur to a risk of
permanent, although relatively small bone loss (study II). However, femoral neck may need
more time to recover, and in this respect, the duration of our study may have been too short.

Age-related mineral losses cannot be explored either, as no controls included in the study.

As regards the genetic impact, the bone changes were so similar in terms of both magnitude
and direction irrespective of the VDR or ER genotype that, despite the small sample size, it
is reasonable to conclude that the vitamin D receptor or the estrogen receptor
polymorphisms may not play a strong, if any, role in postpartum amenorrhea- or lactation-
related BMD changes in postpartum women (study III). Recently, also Laskey and
colleagues (1998) reported that decreases in BMD after 3 months lactation were not related

to VDR genotype.

In a normal hormonal milieu, the most important influence on bone mass comes evidently
from mechanical loading: i.e., due to the combined effects of muscle activity and weight-
bearing (Lanyon 1996). Thus, a substantial reduction in customary daily loading may result
in bone loss. However, neither the previous studies of postpartum women (Caird et al. 1994,
Kolthoff et al. 1998, Laskey et al. 1998, Hopkinson et al. 2000) nor the present study
suggest that particularly the mothers’ rapid weight loss after delivery and during PPA (some
4 kg) was associated with simultaneous or subsequent bone loss (studies II1, IV). Moreover,
during pregnancy when more than 10% gains in body weight occurred and the subjects

maintained their living habits virtually unchanged, there seemed to be no clear relation
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between changes in body weight and BMD. After the resumption of menstruation, recovery
in BMD in lumbar spine and femoral neck was not related to body weight changes: in fact,
the mean body weight was quite stable during the whole one-year follow-up period (i.e.,
64.9 kg at resumption of menses and 64.8 kg at the end of the study). It is possible that the
strong influence of coincident hormonal changes postpartum covered the potential effect of
weight reduction on bone, or simply the influence of weight change in conjunction with

virtually maintained physical activity level remained negligible as regards the bone loading.

3. Postpartum amenorrhea, lactation and bone turnover

The duration of lactational amenorrhea is known to be highly variable among different
communities (Howie et al. 1982, Caird et al. 1994, Kalkwarf and Specker 1995) and even
among mothers with comparable nursing practices (Diaz et al. 1991). Moreover, the duration
of breastfeeding or the suckling pattern only partially explain the duration of lactational
amenorrhea (Diaz 1989, McNeilly 1993, Vestermark et al. 1994). The correlation between
duration of lactation and PPA observed in our sample was relatively weak (r=0.45),
especially when compared to published information in which the correlation is usually
higher, r>0.60 (Rosner and Schuman 1990, Vestermark et al. 1994). Lactation for more than
9 months has been reported not to prolong the postpartum amenorrhea (Vestermark et al.
1994). In our sample a third of the mothers breastfed 9 or more months. So this fact may
have played some role behind the observed weak correlation. The correlation will be also
decreased both by women who resume menstruation very early while still in full lactation
and then continue to lactate for many months, and by women who lactate for several years
after resumption of menstruation. In our sample, six mothers resumed menstruation during
unsupplemented breastfeeding continuing lactation for some three to six months. Only one
of these early menstruating mothers continued breastfeeding at one year. Women who
resumed menses after cessation of lactation mostly resumed menses quite soon after
weaning, except four women who resumed menstruation some two or more months after

weaning. The weak correlation may also indicate some inherent feature in Finnish women.
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After the first few days after parturition, it was obvious that bone turnover becomes
increasingly more closely associated with menstrual and lactational factors (study V), which
were also related to changes in BMD (study IV). Surprisingly, a short PPA period was
associated with greater bone loss in the lumbar spine, whereas previous studies of
postpartum women have shown that lactating women whose menses resume earlier also
sustain smaller bone loss (Kalkwarf and Specker 1995, Sowers et al. 1996, Kolthoff et al.
1998). It is possible that in this study the actual nadir in lumbar BMD may have occurred
between the BMD,,; and BMD,,, measurements in many mothers with a long PPA, but
coincided with virtually the BMD,,,, measurement in women with a short PPA. If so, the
inverse correlation observed in this study can be explained. This point derives further
support from several studies (Sowers et al. 1993, Caird et al. 1994, Kalkwarf and Specker
1995, Kolthoff et al. 1998, Hopkinson et al. 2000), which have employed fixed
measurement intervals (3 or 6 months vs. the PPA-based interval employed in the present
study). In those studies the percentage change in lumbar BMD has been double compared to
the present findings. Moreover, the dissociation of bone resorption (i.e. decreasing trend)
and formation (i.e. increasing trend) after parturition observed here would indicate that the
bone loss most likely occurs within the very first few months postpartum. In some previous
studies the bone loss has indeed apparently taken place during the first 3 months postpartum

(Kalkwarf and Specker 1995, Kolthoff et al. 1998, Hopkinson et al. 2000).

The duration of unsupplemented lactation accounted significantly for bone loss during PPA.
This relationship is obvious considering the ample breastfeeding, which also effectively
suppresses the hypothalamus-pituitary-ovarian axis (Diaz et al. 1992). The actual effect of
lactation on BMD, however, is a complex issue to address since the precise total amounts
and composition of milk produced during the breastfeeding period are very labor-intensive
to collect (Laskey et al. 1998). Given the new approach to the study design (i.e., a
physiology-based schedule of BMD measurements), and two different phenomena studied
(i.e., bone loss and recovery), the interpretation of multifactorial and interrelated predictors
explaining the corresponding changes in BMD is extremely involved. While at 3 months

postpartum active lactation was related more to elevated bone resorption marker level than
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to formation marker levels, the relationship was the opposite after the resumption of
menstruation; mothers who had breastfed exclusively for a long period seemed to evince
more elevated levels of bone formation. Mothers who had a long PPA were inclined to have
more elevated levels of bone formation markers at resumption of menses. In other words, a
long PPA and a long duration of unsupplemented lactation were both associated similarly
but independently with elevated bone formation markers after PPA. As regards the BMD
recovery to postpregnancy level, the predictors for Ty (study IV) and the rate of recovery
(Table 5) indicate that bone recovery is modulated by lactation habits. However, as regards
the magnitude and time of recovery, it must be remembered that the BMD change was
assumed to be linear and the postpartum BMD may not necessarily represent the true
baseline level before pregnancy. In general, the present findings were consistent with the
observations of others. First, bone turnover is shown to be higher in breastfeeding than in
bottle-feeding mothers (Sowers et al. 1993, Lopez et al. 1996, Kent et al. 1990, Krebs et al.
1997, Affinito et al. 1996, Dobnig et al. 1995, Zinaman et al. 1990, Caird et al. 1994,
Yamaga et al. 1996). Second, the duration of lactation is a significant determinant of bone
turnover (Yamaga et al. 1996, Sowers et al. 1995). Third, a high rate of bone formation is
observed in women who have been lactating for a long period (Sowers et al. 1995). Fourth, a
high bone formation in late lactation and postweaning is also well established (Cross et al.
1995a, Ritchie et al. 1998, Lopez et al. 1996, Kent et al. 1990, Sowers et al. 1995). It is thus
obvious that this continued high bone formation contributes to the documented recovery in
BMD after weaning (Cross et al. 1995a, Ritchie et al. 1998, Kent et al. 1990, Sowers et al.
1995).

Parity and accompanying previous lactation history were associated with lower bone
turnover markers during the whole PPA period. In other words, previously nulliparous
women may thus show more accelerated bone turnover and subsequent bone loss during
PPA than parous women with a previous lactation history at the given age. The mechanism
behind the potentially protective role of these factors against bone loss during PPA in the
weight-bearing skeleton is intriguing but remains obscure. However the case may be, these

factors are associated with prevention of bone loss during PPA rather than with enhanced
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bone recovery. This points clearly to the apparent protective nature of previous lactation and
parity against the loss in BMD during PPA. The finding is concordant with a recent
prospective study (Hopkinson et al. 2000). In this respect, epidemiological data on previous
lactation history or parity also indicate positive associations of these factors with bone mass
(Feldblum et al. 1992, Berning et al. 1993). However, the epidemiological evidence is not
fully convincing in that no effect (Kritz-Silverstein et al. 1992, Melton et al. 1993,
Sinigaglia et al. 1996, Henderson et al. 2000) or even a detrimental effect (Lissner et al.

1991, Ghannam et al. 1999) has also been reported.

4. Hormones and postpartum bone mineral changes

Estrogen is considered the main hormonal regulator of bone metabolism in women (Turner
et al. 1994, Viidninen and Héarkdnen 1996). Bone loss due to menopause (Riggs et al. 1998)
or premenopausal amenorrhea of other causes (Schachter and Shoman 1994, Miller and
Klibanski 1999) is believed to be a direct consequence of estrogen deficiency. The
hypoestrogenic state in postpartum women, too, is postulated to lead to accelerated bone
turnover (Hillman et al. 1981, Zinaman et al. 1990, Scharla et al. 1990) and subsequent bone
loss (Sowers et al. 1996, Honda et al. 1998). The influence of estrogen on bone turnover is
obvious given its direct action on bone cells via the presence of ER in human osteoblasts
(Eriksen et al. 1988, Komm et al. 1988) and osteoclasts (Pensler et al. 1990). As the duration
and the severity of hypoestrogenemia are reported to vary greatly among postpartum women
(Shaaban et al. 1987), we anticipated that ER polymorphism might result in inter-individual
variation in bone homeostasis, but in fact encountered no such trend (study III). Previously,
ER polymorphism has been suggested to modulate bone metabolism (Mizunuma et al.
1997), but no significant inter-genotype differences in respect of the changes in BMD were

observed in the study in question.
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It i1s obvious that estrogen levels are suppressed in lactating women (Caird et al. 1994,
Dobnig et al. 1995, Sowers et al. 1996, Lopez et al. 1996, Krebs et al. 1997, Sowers et al.
1998) and that the ensuing hypoestrogenemia predominates at least during the first 3 months
postpartum (Shaaban et al. 1987, Burger et al. 1994, Dobnig et al. 1995), when this
condition starts declining and becomes negligible within 5 to 6 months of lactation (Shaaban
et al. 1987, Dobnig et al. 1995). In our study (study V), serum estradiol corresponded to a
low follicular phase level at 3 months postpartum, and at the same time the low estrogen
level was associated with less markedly increased levels of bone formation markers, while

the amenorrheic state in general indicated a higher bone resorption level.

Elevations in serum calcium have been reported to accompany increased bone resorption
during estrogen deficiency (Scharla et al. 1990). In agreement with observations elsewhere
(Greer et al. 1982, Cross et al. 1995a, Dobnig et al. 1995, Prentice et al. 1998) we found low
total calcium levels at partus which subsequently increased. Unchanged calcium
concentrations have also been reported (Kent et al. 1990, Cross et al. 1995b, Caird et al.
1994, Krebs et al. 1997, Specker et al. 1991).

Soon after parturition a rapid decline in the level of bone resorption marker was observed,
while bone formation markers continued increasing and eventually coincided with the
resorption level within the first few months postpartum. This dissociation between bone
resorption (i.e. decreasing trend) and formation (i.e. increasing trend) after parturition is
dissimilar to that observed after the menopause, which is characterised by pronounced
acceleration in both bone resorption and bone formation (Garnero et al. 1996).
Consequently, estrogen may have a specific influence on bone turnover during the first few
months postpartum, while thereafter its role as the predominant factor behind the postpartum
bone losses may vanish in late PPA. A possible explanation for the impact of estrogen at the
beginning of postpartum may pertain to the fact that the maternal skeleton is first
accustomed to continuously elevating estrogen levels during pregnancy, this being followed
by the intrinsic collapse in estrogen levels subsequent to delivery. This drastic change in

estrogen levels may then transiently disturb the skeletal homeostasis and lead to specific
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characteristics seen in bone turnover after parturition. Moreover, the subsequent period of
lactation may further potentiate the initially high resorption level present at parturition
(Black et al. 2000, Naylor et al. 2000), leading to a cumulative impact of estrogen deficiency

and milk production in lactating women.

If hypoestrogenemia disappears and bone turnover balance turns from resorption to
formation within a few months time from parturition, the demands of continued milk
production in lactating women on extracellular calcium homeostasis may lead to
substantially increased PTH secretion later in postpartum (Greer et al. 1982, Kent et al.
1990, Specker et al. 1991, Verhaeghe and Bouillon 1992, Cross et al. 1995 a,b, Affinito et
al. 1996, Lopez et al. 1996). However, the evidence on classical calciotropic hormones
suggests that they do not play any central role in bone metabolism accompanying human
lactation (Kent et al. 1990, Specker et al. 1991, Cross et al. 1995a, Sowers et al. 1995, Lopez
et al. 1996, Prentice et al. 1998, Sowers et al. 1998). Neither is the role of the vital hormone
of lactation, prolactin, well established (Lopez et al. 1996, Sowers et al. 1996). There is also
some evidence to suggest that parathyroid-related peptide (PTHrP) produced by the
mammary gland, and possibly modulated by prolactin, may regulate maternal calcium and
bone metabolism during lactation, particularly during the early weeks after parturition
(Dobnig et al. 1995, Sowers et al. 1996). We did not evaluate these potentially relevant
hormones, and its is thus possible that they may have accounted to some extent for the time-

specific models of bone turnover observed in this study.
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SUMMARY AND CONCLUSIONS

The purpose of these studies was to evaluate prospectively reproduction-related changes in
BMD and associated factors during PPA with a novel physiology-related study design. BMD
of the lumbar spine, femoral neck and distal radius, maternal weight and height, dietary
calcium intake, questionnaires on health, breastfeeding and living habits, polymorphism of
VDR and ER genes, several female sex hormones, bone turnover markers and other
biochemical measurements were assessed during PPA and in a one-year follow-up period
after resumption of menstruation in a cohort of healthy Finnish mothers. The baseline
measurements immediately after delivery were made in 76 postpartum women aged 30.4
(SD 4.3) years. Fifty-nine mothers adhered to the study protocol until the end of PPA. The
mean duration of PPA was 5.6 (2.7) months and 37% of mothers were still breastfeeding.
Forty-three women completed the entire study protocol. Of these women, five were also

studied before pregnancy.

The main limitation of this prospective cohort study was the relatively small sample size,
and thus the following conclusions should be considered suggestive. Also, some potential
predictors such as the influence of preceding pregnancy, calcium intake, use of oral
contraception and substantial changes in lifestyle were not included in the analyses.
Nevertheless, keeping in mind these limitations and the new approach to the study of

postpartum skeletal changes, we conclude that:

1. during pregnancy there is a tendency towards systematic bone loss especially in the
lumbar spine. At the time of parturition a high bone turnover state prevails. Thus, the

maternal skeleton is in a fluid state after delivery;

2. during PPA a systematic and significant (depending on site some 2% to 3%) mean bone
loss affects the weight-bearing skeleton, and after the resumption of menstruation bone
begins to recover even despite continued lactation. The patterns of postpartum bone loss and

recovery seem to be site-specific. From the clinical point of view, the magnitude of these
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changes is in general relatively small, but they are greater than seen in postmenopause

within such a short period and not normally observed in healthy premenopausal women;

3. some individuals may evince substantial systematic bone losses comparable to one SD in
magnitude during reproduction and make only a partial recovery after resumption of
menstruation. Keeping in mind the duration of the follow-up and lack of control group in
this study, it is still possible that reproduction can predispose especially the proximal femur
of some mothers to a risk of permanent bone loss. Recognition of these potential risk cases

is undoubtedly of clinical relevance;

4. the bone turnover is increased during PPA, all bone turnover marker levels still being
elevated after the resumption of menstruation. Subsequent to parturition, bone resorption
apparently overcomes bone formation, but after some months bone formation becomes the
predominant modality of bone turnover. This explains the well-documented bone loss during

early lactation and PPA and likewise the subsequent bone recovery;

5. the dynamic pattern of bone turnover markers related to postpartum amenorrhea is
dissimilar to that prevalent in menopause, which indicates multifactorial and complicated
mechanisms behind the changes in bone turnover and bone mineral after parturition.
Consequently, estrogen may have a specific influence on bone turnover during the first few
months postpartum, but later on, the hypoestrogenemia during PPA may not be the
predominant factor underlying postpartum bone losses. This would suggest that the bone

loss occurs largely during the very first few months postpartum,;

6. the bone turnover and BMD changes seem to be to some extent modulated by lactation
habits. Especially, prolonged unsupplemented lactation is associated with greater bone loss,
thus requiring more time to recover. Previous lactation history and parity, in turn, seem to

provide some protection against the loss in BMD and high bone turnover during PPA;
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7. vitamin D or estrogen receptor polymorphisms seem not to have a strong impact, if any,

on the postpartum amenorrhea- or lactation-related BMD changes in postpartum women.

In summary, this study confirmed the presence of systematic BMD changes during different
phases of reproduction. These changes appear to be site-specific and largely reversible.
However, some individuals may sustain considerable, systematic bone losses, which are not
completely recovered, this possibly increasing the fracture risk in these subjects in later life.
Reproduction-related skeletal adaptation is a complex, multifactorial phenomenon whose
time course is modulated by independent actions and interplay of several physiologic,
nutritional and environmental factors, the most important being reproduction-related

hormonal changes, intensity and duration of lactation and previous reproductive history.

76



ACKNOWLEDGEMENTS

The present study was carried out at the Department of General Practice, in the Medical
School of the University of Tampere, at the UKK Institute, Tampere, and in Tampere
University Hospital, Finland, from 1993 to 2000. This study would not have been possible
without the mothers who besides taking care of the infant sacrificed their time for many
appointments due to this study. I owe profoundest thanks to all of them.

I wish to extend my deepest gratitude to my enthusiastic and modest supervisor, Docent
Harri Sievdnen, D.Sc., Biomedical Engineer, UKK Institute. I had the great good fortune
and privilege to have you as my supervisor. Without your patient teaching, guidance, shrewd
and challenging criticism and motivating discussions during difficulties, this thesis would
not exist. Your exemplary skills as a researcher and your devotion to research and to this
project were crucial for its completion. For all of this, I am greatly indebted.

I warmly thank Professor Kari Mattila, M.D., Head of the Department of General Practice,
University of Tampere, for his support and sense of humour, and for providing me with ideal
facilities to perform the studies. My special gratitude is extended to Professor Emeritus
Mauri Isokoski, M.D., former Head of the Department of General Practice, for his support
and ability to find money when it seemed impossible, without which this project would
never have got off the start. I also wish to thank Professor Emeritus Jarmo Visakorpi, the
former Head of the Medical Faculty and Rector of the University of Tampere, for his
support and interest in this study.

I express my gratitude to the co-authors of my original studies. My deepest thanks belong to
Docent Risto Tuimala, M.D., Senior Physician, Department of Obstetrics and Gynecology,
Tampere University Hospital, for leading me into the fascinating world of bone research.
You gave me the topic of this study and you have been a jovial liaison person in the hospital.
I warmly thank Tero Jarvinen, M.D., Ph.D. and Teppo Jarvinen, M.D., Ph.D., for their
inspiring and sprightly support. Co-operation with you gave me an opportunity to enjoy
intelligence, youth, talent and creativeness. I am grateful to Professor Pekka Laippala, D.Sc.,
School of Public Health, University of Tampere, for teaching and helping me with the
statistics and to Docent Aila Leino, D.Sc., Research and Development Center, Social
Insurance Institution, Turku, and Department of Clinical Chemistry, University Hospital,
Turku, for her friendship and expertise and collaboration in the field of bone turnover
markers.

I warmly thank Ms Erja Koivula and Ms Péivi Isokoski in the maternal health care unit in
the Kangasala Health Center for their help in recruiting the mothers for this study project,
and their patience in motivating the mothers to stay in the study. I thank Professor Ilkka
Vuori, M.D., Director of the UKK Institute, and Docent Pekka Oja, Ph.D., Research
Director of the UKK Institute, for giving me an opportunity for research co-operation. My
warmest thanks to Ms Virpi Koskue for her expert DXA measurements. I will never forget
that you sacrificed days from your summer holiday to see to the measurements for this
project. I am deeply grateful to Kirsti Uusi-Rasi, Ph.D. from the UKK Institute, for

77



analysing the food records. I thank Ms Taru Malminen for scheduling the DXA
measurements. [ am grateful to the staff at delivery reception and delivery ward 4b at
Tampere University Hospital for co-operation. Warm thanks to Docent Timo Koivula, M.D,
Head of Center for Laboratory Medicine of Tampere University Hospital, and Pertti Morsky,
Ph.D., Center for Laboratory Medicine of Tampere University Hospital, for collaboration
and expert advice regarding clinical chemistry. I thank Arja Nenonen, MSc, from the
biochemical laboratory of the UKK Institute for arranging the blood sample collection, Ms
Aira Heine from the Tampere University Hospital and the staff in Kangasala Health Center
Laboratory for their technical assistance. I am also pleased to thank Heini Huhtala, B.Sc.,
Anna-Maija Koivisto, B.Sc., and Raili Salmelin, Ph.D., for much advice in statistics. The
technical assistance of Ms. Mirja Ikonen and Ms. Elina Selkél4 in determining the VDR and
ER genotypes is greatly appreciated.

I wish to express my gratitude to the official reviewers of this study, Ann Laskey, D.Ph.,
MRC Dunn Nutrition Research, Cambridge, United Kingdom, and Docent Jorma Heikkinen,
M.D., Oulu Deaconess Institute, Osteoporosis Clinic, for their careful review and
constructive comments to the manuscript, which helped me to improve the manuscript. The
language was revised by Robert MacGilleon, M.A., to whom I am grateful.

I owe special thanks to my dear present and former colleagues in the Department of General
Practice, especially to Professor Irma Virjo, M.D. for friendship, support and sharing the
moments of joy and sadness. I thank all of you for the stimulating working atmosphere and
countless fits of laughter in our ‘laboratory’. I am also grateful to have got to know many
great researchers and unique persons, to mention only a few; Outi Poutanen, M.D., Ph.D.,
Docent Erika Isolauri, M.D., Ph.D., Taina Arvola, M.D., Ph.D., Minna Kaila, M.D., Ph.D.,
Docent Kati Hakkarainen, M.D., Ph.D., Anna-Leena Kirkkola, M.D. and Ulla-Kaija Lammi,
M.D., Ph.D. Thank you for your example, forbearance and friendship. I am deeply grateful
to my mother, two sisters and all my dear and close friends in Kangasala, especially to
‘Perusporukka’ for unique and everlasting friendship and for keeping me in touch with other
perspectives of life.

Finally, my family has offered me love and a home where I experienced understanding,
relaxation and safety. Words cannot express my gratitude to my husband Tommi for
everything that has been and is to come. I thank you from all my heart for your love,
encouragement and never-ending realism during the course of this study. I am deeply
grateful to my children, Johannes, Helena and Johanna. You have been and you are the
greatest joy and happiness in my life.

This study was financially supported by the Medical Research Fund of Tampere University
Hospital, the Emil Aaltonen Foundation, the Yrj6 Jahnsson Foundation, and the City of

Tampere.

Tampere, Mars 2001

78



REFERENCES

Abrams SA (1998): Bone turnover during lactation- can calcium supplementation
make a difference? J Clin End Metab 83:1056-1058.

Affinito P, Tommaselli GA, di Carlo C, Guida F and Nappi C (1996): Changes in bone
mineral density and calcium metabolism in breastfeeding women: a one year follow-up
study. J Clin Endocrinol Metab 81:2314-2318.

Alderman BW, Weiss NS, Daling JR, Ure CL and Ballard JH (1986): Reproductive
history and postmenopausal risk of hip and forearm fracture. Am J Epidemiol 124:262-267.

Allen LH (1998): Women’s dietary calcium requirements are not increased by
pregnancy or lactation. Am J Clin Nutr 67:591-592.

Aloia JF, Vaswani AN, Yeh JK, Ross P, Ellis K and Cohn SH (1983): Determinants of
bone mass in postmenopausal women. Arch Intern Med 143:1700-1704.

Aloia JF, Cohn SH, Vaswani A, Yeh JK, Yuen K and Ellis K (1985): Risk factors for
postmenopausal osteoporosis. Am J Med 78:95-100.

Anasti JN, Kalantaridou SN, Kimzey LM, Defensor RA and Nelson LM (1998): Bone
loss in young women with kariotypically normal spontaneous premature ovarian failure.
Obstet Gynecol 91:12-15.

Andersen RE, Wadden TA and Herzog RJ (1997): Changes in bone mineral content in
obese dieting women. Metabolism 46:857-861.

Anderson JJB (1992): The role of nutrition in the functioning of skeletal tissue. Nutr
Rev 50:388-394.

Armamento-Villareal R, Villareal DT, Avioli LV and Civitelli R (1992): Estrogen
status and heredity are major determinants of premenopausal bone mass. J Clin Invest
90:2464-2471.

Atkinson PJ and West RR (1970): Loss of skeletal calcium in lactating women. J
Obstet Gynaecol 77:555-560.

Baran D (1994): Magnitude and determinants of premenopausal bone loss.
Osteoporosis Int 4 (Suppl 1):31-34.

Baran D, Sorensen A, Grimes J, Lew R, Karellas A, Johnson B and Roche J (1989):
Dietary modification with dairy products for preventing vertebral bone loss in

premenopausal women: a three-year prospective study. J Clin Endocrinol Metab 70:264-
270.

Barger-Lux MJ, Heaney RP, Hayes J, DeLuca HF, Johnson ML and Gong G (1995):
Vitamin D receptor gene polymorphism, bone mass, body size, and vitamin D receptor
density. Calcif Tissue Int 57:161-162.

Baron R (1993): Anatomy and ultrastructure of bone. In: Primer on the metabolic bone
diseases and disorders of mineral metabolism, pp 3-9. 2nd ed. Ed: Favus MJ, Raven Press,
New York.

79



Bauer DC, Browner WS, Cauley JA, Orwoll ES, Scott JC, Black DM, Tao JL and
Cummings SR (1993): Factors associated with appendicular bone mass in older women.
Ann Intern Med 118:657-665.

Bererhi H, Kolhoff N, Constable A and Nielsen SP (1996): Multiparity and bone mass.
Br J Obstet Gynaecol 103:818-821.

Berning B, van Kuijk C, Schiitte HE, Kuiper JW, Drogendijk AC and Fauser BCIM
(1993): Determinants of lumbar bone mineral density in normal weight, non-smoking
women soon after menopause. A study using clinical data and quantitative computed
tomography. Bone Miner 21:129-139.

Bikle DD (1993): Regulation of bone mineral homeostasis: An integrated view. In:
Primer on the metabolic bone diseases and disorders of mineral metabolism, pp 76-80. 2nd
ed. Ed: Favus MJ, Raven Press, New York.

Biller BMK, Coughlin JF, Saxe V, Schoenfeld D, Spratt DI and Klibanski A (1991):
Osteopenia in women with hypothalamic amenorrhea: a prospective study. Obstet Gynecol
78:996-1001.

Biller BMK, Baum HBA, Rosenthal DI, Saxe VC, Charpie PM and Klibanski A
(1992): Progressive trabecular osteopenia in women with hyperprolactinemic amenorrhea. J
Clin Endocrinol Metab 75:692-697.

Black AJ, Topping J, Durham B, Farquharson RG and Fraser WD (2000): A detailed
assessment of alterations in bone turnover, calcium homeostasis, and bone density in normal
pregnancy. J Bone Miner Res 15:557-563.

Bock SA and Sampson HA (1994): Food allergy in infancy. Pediatr Clin North Am
41:1047-1067.

Bolotin HH (1998): A new perspective on the causal influence of soft tissue
composition on DXA-measured in vivo bone mineral density. J Bone Miner Res 13:1739-
1746.

Bolotin HH, Sievdnen H, Grashuis JL, Kuiper JW and Jiarvinen TLN: Inaccuracies
inherent in patient-specific DXA bone mineral density measurements: comprehensive
phantom-based evaluation. J Bone Miner Res (in press).

Brewer MM, Bates MR and Vannoy LP (1989): Postpartum changes in maternal
weight and body fat depots in lactating vs nonlactating women. Am J Clin Nutr 49:259-265.

Brooks GG, Thomas BV and Wood MJ (1990): Hip pain in late pregnancy. J Reprod
Med 35:969-970.

Burger HG, Hee JPC, Mamers P, Bangah M, Zissimos M and McCloud PI (1994):
Serum inhibin during lactation: relation to the gonadotropins and gonadal steroids. Clin
Endocrinol 41:771-777.

Butte NF, Garza C, Stuff JE, Smith EO and Nichols BL (1984): Effect of maternal diet
and body composition on lactational performance. Am J Clin Nutr 39:296-306.

80



Caird LE, Reid-Thomas V, Hannan WJ, Gow S and Glasier AF (1994): Oral
progesteron-only contraception may protect against loss of bone mass in breast-feeding
women. Clin Endocrinol 41:739-745.

Campino C, Ampuero S, Diaz S and Serén-Ferré M (1994): Prolactin bioactivity and
the duration of lactational amenorrhea. J Clin Endocrinol Metab 79:970-974.

Canalis E (1993): Regulation of bone remodeling. In: Primer on the metabolic bone
diseases and disorders of mineral metabolism, pp 33-37. 2nd ed. Ed: Favus MJ, Raven Press,
New York.

Cann CE, Martin MC, Genant HK and Jaffe RB (1984): Decreased spinal mineral
content in amenorrheic women. JAMA 251:626-629.

Chan GM, McMurry M, Westover K, Engelbert-Fenton K and Thomas MR (1987):
Effects of increased dietary calcium intake upon the calcium and bone mineral status of
lactating adolescent and adult women. Am J Clin Nutr 46:319-323.

Chapurlat RD, Gamero P, Sornay-Rendu E, Arlot ME, Claustrat B and Delmas PD
(2000): Longitudinal study of bone loss in pre- and perimenopausal women: evidence for
bone loss in perimenopausal women. Osteoporosis Int 11:493-498.

Chilibeck PD, Sale DG and Webber CE (1995): Exercise and bone mineral density.
Sports Med 19:103-122.

Chiu KM, Ju J, Mayes D, Bacchetti P, Weitz S and Arnaud CD (1999): Changes in
bone resorption during the menstrual cycle. J Bone Miner Res 14:609-615.

Ciocca DR and Roig LMV (1995): Estrogen receptors in human nontarget tissues:
biological and clinical implications. Endocr Rev 16:35-62.

Citron JT, Ettinger B and Genant HK (1995): Spinal bone mineral loss in estrogen-
replete, calcium-replete premenopausal women. Osteoporosis Int 5:228-233.

Compston JE, Laskey MA, Croucher PI, Coxon A and Kreitzman S (1992): Effect of
diet-induced weight loss on total body bone mass. Clin Science 82:429-432.

Consensus Development Conference on Osteoporosis (1993): Hong Kong, April 1-2,
1993. Am J Med 95:1S-78S.

Cooper GS and Umbach DM (1996): Are vitamin D receptor polymorphisms
associated with bone mineral density? A meta-analysis. J Bone Miner Res 11:1841-1849.

Corson SL (1993): Oral contraceptives for the prevention of osteoporosis. J Reprod
Med 38 (Suppl):1015-1020.

Cox ML, Khan SA, Gau DW, Cox SAL and Hodkinson HM (1991): Determinants of
forearm bone density in premenopausal women: a study in one general practice. Br J
General Practice 41:194-196.

Cromer BA (1999): Effects of hormonal contraceptives on bone mineral density. Drug
Safety 20:213-222.

81



Cross NA, Hillman LS, Allen SH, Krause GF and Vieira NE (1995a): Calcium
homeostasis and bone metabolism during pregnancy, lactation, and postweaning: a
longitudinal study. Am J Clin Nutr 61:514-523.

Cross NA, Hillman LS, Allen SH and Krause GF (1995b): Changes in bone mineral
density and markers of bone remodeling during lactation and postweaning in women
consuming high amounts of calcium. J Bone Miner Res 10:1312-1320.

Cumming RG (1990): Calcium intake and bone mass: a quantitative review of the
evidence. Calcif Tissue Int 47:194-201.

Cumming RG and Klineberg RJ (1993): Breastfeeding and other reproductive factors
and the risk of hip fractures in elderly women. Int J Epidemiol 22:684-691.

Dada OA and Laditan AAO (1982): Circulating hormonal levels during prolonged
lactational amenorrhea. Clin Chim Acta 123:287-292.

Dahlman T, Sjoberg HE and Bucht E (1994): Calcium homeostasis in normal
pregnancy and puerperium. A longitudinal study. Acta Obstet Gynecol Scand 73:393-398.

Davies MC, Hall ML and Jacobs HS (1990): Bone mineral loss in young women with
amenorrhoea. BMJ 301:790-793.

DeCherney A (1996): Bone-sparing properties of oral contraceptives. Am J Obstet
Gynecol 174:15-20.

Dempster DW and Lindsay R (1993): Pathogenesis of osteoporosis. Lancet 341:797-
801.

Dewey KG, Heinig MJ and Nommsen LA (1993): Maternal weight-loss patterns
during prolonged lactation. Am J Clin Nutr 58:162-166.

Diaz S (1989): Determinants of lactational amenorrhea. Int J Gynecol Obstet Suppl
1:83-89.

Diaz S, Miranda P, Brandeis A, Cardenas H and Croxatto HB (1988): A study on the
feasibility of suppressing ovarian activity following the end of postpartum amenorrhoea by
increasing the frequency of suckling. Clin Endocrinol 28:525-535.

Diaz S, Seron-Ferré M, Cardenas H, Schiappacasse V, Brandeis A and Croxatto HB
(1989): Cicardian variation of basal plasma prolactin, prolactin response to suckling, and
length of amenorrhea in nursing women. J Clin Endocrinol Metab 68:946-955.

Diaz S, Cardenas H, Brandeis A, Miranda P, Schiappacasse V, Salvatierra AM,
Herreros C, Seron-Ferré M and Croxatto HB (1991): Early difference in the endocrine
profile of long and short lactational amenorrhea. J Clin Endocrinol Metab 72:196-201.

Diaz S, Cardenas H, Brandeis A, Miranda P, Salvatierra AM and Croxatto HB (1992):
Relative contributions of anovulation and luteal phase defect to the reduced pregnancy rate
of breastfeeding women. Fertil Steril 58:498-503.

Diaz S, Cardenas H, Zepeda A, Brandeis A, Schiappacasse V, Miranda P, Serén-Ferré
M and Croxatto HB (1995): Luteinizing hormone pulsatile release and the length of
lactational amenorrhoea. Hum Reprod 10:1957-1961.

82



Dobnig H, Kainer F, Stepan V, Winter R, Lipp R, Schaffer M, Kahr A, Nocnik S,
Patterer G and Leb G (1995): Elevated parathyroid hormone-related peptide levels after

human gestation: relationship to changes in bone and mineral metabolism. J Clin Endocrinol
Metab 80:3699-3707.

Drinkwater BL and Chesnut CH III (1991): Bone density changes during pregnancy
and lactation in active women: a longitudinal study. Bone Miner 14:153-160.

Drinkwater BL, Nilson K, Chesnut CH III, Bremner WJ, Shainholtz S and Southworth
MB (1984): Bone mineral content of amenorrheic and eumenorrheic athletes. N Engl J] Med
311:277-281.

Drinkwater BL, Nilson K, Ott S and Chesnut CH III (1986): Bone mineral density after
resumption of menses in amenorrheic athletes. JAMA 256:380-382.

Drinkwater BL, Bruemner B and Chesnut CH III (1990): Menstrual history as a
determinant of current bone density in young athletes. JAMA 263:545-548.

Dusdieker LB, Hemingway DL and Stumbo PJ (1994): Is milk production impaired by
dieting during lactation? Am J Clin Nutr 59:833-840.

Einhorn TA (1996): The bone organ system: form and function. In: Osteoprosis, pp 3-
22. Eds: Marcus R, Feldman D, Kelsy J. Academic Press, San Diego.

Eisman JA (1995): Vitamin D receptor gene alleles and osteoporosis: An affirmative
view. ] Bone Miner Res 10:1289-1293.

Eisman J (1998): Relevance of pregnancy and lactation to osteoporosis? Lancet
352:504.

Eisman JA, Kelly PJ, Morrison NA, Pocock NA, Yeoman R, Birmingham J and
Sambrook PN (1993): Peak bone mass and osteoporosis prevention. Osteoporosis Int 3
(Suppl 1):56-60.

Eriksen EF, Colvard DS, Berg NJ, Graham ML, Mann KG, Spelsberg TC and Riggs
BL (1988): Evidence of estrogen receptors in normal human osteoblast-like cells. Science
241:84-86.

Feldblum PJ, Zhang J, Rich LE, Fortney JA and Talmage RV (1992): Lactation history
and bone mineral density among perimenopausal women. Epidemiology 3:527-531.

Finnish Paediatric Association and The Mannerheim League for Child Welfare (1997):
Imetysajan ravitsemus.

Fleet JC, Harris SS, Wood RJ and Dawson-Hughes B (1995): The Bsml vitamin D
receptor restriction fragment length polymorphism (BB) predicts low bone density in
premenopausal black and white women. J Bone Miner Res 10:985-990.

Fogelholm M, Sievdnen H, Heinonen A, Virtanen M, Uusi-Rasi K, Pasanen M and
Vuori I (1997): Association between weight cycling history and bone mineral density in
premenopausal women. Osteoporosis Int 7:354-358.

83



Fogelholm GM, Sievidnen HT, Kukkonen-Harjula TK and Pasanen ME: Bone mineral
density during reduction, maintenance and regain of body weight in premenopausal, obese
women. Osteoporosis Int (in press).

Forwood MR and Burr DB (1993): Physical activity and bone mass: exercises in
futility? Bone Miner 21:89-112.

Fox KM, Magaziner J, Sherwin R, Scott JC, Plato CC, Nevitt M and Cummings S
(1993): Reproductive correlates of bone mass in elderly women. J Bone Miner Res 8:901-
908.

Frost HM (1993): Suggested fundamental concepts in skeletal physiology. Calcif
Tissue Int 52:1-4.

Funk JL, Shoback DM and Genant HK (1995): Transient osteoporosis of the hip in
pregnancy: natural history of changes in bone mineral density. Clin Endocrinol 43:373-382.

Gallacher SJ, Fraser WD, Owens OJ, Dryburgh FJ, Logue FC, Jenkins A, Kennedy J
and Boyle IT (1994): Changes in calciotrophic hormones and biochemical markers of bone
turnover in normal human pregnancy. Eur J Endocrinol 131:369-374.

Garnero P, Borel O, Sornay-Rendu E and Delmas PD (1995): Vitamin D receptor gene
polymorphisms do not predict bone turnover and bone mass in healthy premenopausal
women. J Bone Miner Res 10:1283-1288.

Garnero P, Sornay-Rendu E, Chapuy M-C and Delmas PD (1996): Increased bone
turnover in late postmenopausal women is a major determinant of osteoporosis. J Bone
Miner Res 11:337-349.

Genant HK (1998): Current state of bone densitometry for osteoporosis. Radiographics
18:913-918.

Ghannam NN, Hammami MM, Bakheet SM and Khan BA (1999): Bone mineral
density of the spine and femur in healthy Saudi females: relation to vitamin D status,
pregnancy, and lactation. Calcif Tissue Int 65:23-28.

Girasole G, Jilka RL, Passeri G, Boswell S, Boder G, Williams DC and Manolagas ST
(1992): 17B-estradiol inhibits interleukin-6 production by bone marrow-derived stromal

cells and osteoblasts in vitro: a potential mechanism for the antiosteoporotic effect of
estrogens. J Clin Invest 89:883-891.

Goldsmith NF and Johnston JO (1975): Bone mineral: effects of oral contraceptives,
pregnancy, and lactation. J] Bone Miner Surg 57:657-668.

Greer FR, Tsang RC, Searcy JE, Levin RS and Steichen JJ (1982): Mineral
homeostasis during lactation - relationship to serum 1,25-dihydroxyvitamin D, 25-
hydroxyvitamin D, parathyroid hormone, and calcitonin. Am J Clin Nutr 38:431-437.

Grinspoon S, Miller K, Coyle C, Krempin J, Armstrong C, Pitts S, Herzog D and
Klibanski A (1999): Severity of osteopenia in estrogen-deficient women with anorexia
nervosa and hypothalamic amenorrhea. J Clin Endocrinol Metab 84:2049-2055.

Gulekli B, Davies MC and Jacobs HS (1994): Effect of treatment on established
osteoporosis in young women with amenorrhoea. Clin Endocrinol 41:275-281.

84



Haapasalo H, Kannus P, Sievdnen H, Pasanen M, Uusi-Rasi K, Heinonen A, Oja P and
Vuori I (1996): Development of mass, density, and estimated mechanical characteristics of
bones in Caucasian females. J Bone Miner Res 11:1751-1760.

Haenggi W, Casez J-P, Birkhaeuser MH, Lippuner K and Jaeger P (1994): Bone
mineral density in young women with long-standing amenorrhea: limited effect of hormone
replacement therapy with ethinylestradiol and desogestrel. Osteoporosis Int 4:99-103.

Han K, Choi J, Moon I, Yoon H, Han I, Min H, Kim Y and Choi Y (1999): Non-
association of estrogen receptor genotypes with bone mineral density and bone turnover in
Korean pre-, peri-, and postmenopausal women. Osteoporosis Int 9:290-295.

Hansen MA, Hassager C, Jensen SB and Christiansen C (1992): Is heritability a risk
factor for postmenopausal osteoporosis? J Bone Miner Res 7:1037-1043.

Hayslip CC, Klein TA, Wray HL and Duncan WE (1989): The effects of lactation on
bone mineral content in healthy postpartum women. Obstet Gynecol 73:588-592.

Heaney RP (1992): Calcium in the prevention and treatment of osteoporosis. J Intern
Med 231:169-180.

Heaney RP (1996): Nutrition and risk for osteoporosis. In: Osteoprosis, pp 483-509.
Eds: Marcus R, Feldman D, Kelsy J. Academic Press, San Diego.

Heaney RP (2000): Vitamin D: How much do we need, and how much is too much?
Osteoporosis Int 7:553-555.

Heikkinen J, Kyllonen E, Kurttila-Matero E, Wilen-Rosenqvist G, Lankinen KS, Rita
H and Véénédnen K (1997): HRT and exercise: effects on bone density, muscle strenght and
lipid metabolism. A placebo controlled 2-year prospective trial on two estrogen-progestin
regimens in healthy postmenopausal women. Maturitas 26:139-149.

Heinig MJ, Nommsen-Rivers LA, Peerson JM and Dewey KG (1994): Factors related
to duration of postpartum amenorrhea among USA women with prolonged lactation. J
Biosoc Sci 26:517-527.

Heinonen A, Oja P, Kannus P, Sievdnen H, Haapasalo H, Ménttdri A and Vuori I
(1995): Bone mineral density in female athletes representing sports with different loading
characteristics of the skeleton. Bone 17:197-203.

Heinonen A, Kannus P, Sievdnen H, Oja P, Pasanen M, Rinne M, Uusi-Rasi K and
Vuori I (1996): Randomised controlled trial of effect of high-impact exercise on selected
risk factors for osteoporosic fractures. Lancet 348:1343-1347.

Hendel HW, Gotfredsen A, Andersen T, Hojgaard L and Hilsted J (1996): Body
composition during weight loss in obese patients estimated by dual energy X-ray
absorptiometry and by total body potassium. In J Obes Relat Metab Disord 20:1111-1119.

Henderson PH, Sowers M, Kutzko KE and Jannausch ML (2000): Bone mineral
density in grand multiparous women with extended lactation. Am J Obstet Gynecol
182:1371-1377.

Hillman L, Sateesha S, Haussler M, Wiest W, Slatopolsky E and Haddad J (1981):
Control of mineral homeostasis during lactation: Interrelationships of 25- hydroxyvitamin D,

85



24,25- dihydroxyvitamin D, 1,25- dihydroxyvitamin D, parathyroid hormone, calcitonin,
prolactin, and estradiol. Am J Obstet Gynecol 139:471-476.

Hilson JA, Rasmussen KM and Kjolhede CL (1997): Maternal obesity and breast-
feeding success in a rural population of white women. Am J Clin Nutr 66:1371-1378.

Hocking RR (1972): Criteria for selection of subset regression: which one should be
used. Technometrics 14:967-970.

Hoffman S, Grisso JA, Kelsey JL, Gammon MD and O’Brien LA (1993): Parity,
lactation and hip fracture. Osteoporosis Int 3:171-176.

Holbrook TL and Barrett-Connor E (1993): A prospective study of alcohol
consumption and bone mineral density. BMJ 306:1506-15009.

Holick MF (1994): McCollum Award Lecture, 1994: Vitamin D -new horizons for 21*
century. Am J Clin Nutr 60:619-630.

Holick MF (1996): Vitamin D and bone health. J Nutr 126 (Suppl):1159S-1164S.

Honda A, Kurabayashi T, Yahata T, Tomita M, Takakuwa K and Tanaka K (1998):
Lumbar bone mineral density changes during pregnancy and lactation. In J Gynecol Obstet
63:253-258.

Hopkinson JM, Butte NF, Ellis K and Smith O (2000): Lactation delays postpartum
bone mineral accretion and temporarily alters its regional distribution in women. J Nutr
130:777-783.

Howard G, Nguyen T, Morrison N, Watanabe T, Sambrook P, Eisman J and Kelly PJ
(1995): Genetic influences on bone density: physiological correlates of vitamin D receptor
gene alleles in premenopausal women. J Clin Endocrinol Metab 80:2800-2805.

Howie PW, McNeilly AS, Houston MJ, Cook A and Boyle H (1982): Fertility after
childbirth: postpartum ovulation and menstruation in bottle and breast feeding mothers. Clin
Endocrinol 17:323-332.

Howie PW, Forsyth JS, Ogston SA, Clark A and du V Florey C (1990): Protective
effect of breast feeding against infection. BMJ 300:11-16.

Hreshchyshyn MM, Hopkins A, Zylstra S and Anbar M (1988): Associations of parity,
breast-feeding, and birth control pills with lumbar spine and femoral neck bone densities.
Am J Obstet Gynecol 159:318-322.

Hui SL, Zhou L, Evans R, Slemenda CW, Peacock M, Weaver CM, McClintock C and
Johnston CC Jr (1999): Rates of growth and loss of bone mineral in the spine and femoral
neck in white females. Osteoporos Int 9:200-205.

Ito M, Yamada M, Hayashi K, Ohki M, Uetani M and Nakamura T (1995): Relation of
early menarche to high bone mineral density. Calcif Tissue Int 57:11-14.

Janney CA, Zhang D and Sowers M (1997): Lactation and weight retention. Am J Clin
Nutr 66:1116-1124.

Jensen LB, Quaade F and Serensen OH (1994): Bone loss accompanying voluntary
weight loss in obese humans. J Bone Miner Res 9:459-463.

86



Jilka RL (1998): Cytokines, bone remodeling, and estrogen deficiency: a 1998 update.
Bone 23:75-81.

Johnell O (1996): Advances in osteoporosis: better identification of risk factors can
reduce morbidity and mortality. J Intern Med 239:299-304.

Johnell O, Gullberg B, Kanis JA, Allander E, Elffors L, Dequeker J, Dilsen G, Gennari
C, Lopes VA, Lyritis G, Mazzuoli G, Miravet L, Passeri M, Cano RP, Rapado A and Robot
C (1995): Risk factors for hip fracture in European women: the MEDOS study. J Bone
Miner Res 10:1802-1815.

Johnston CC and Slemenda CW (1992): Changes in skeletal tissue during the aging
process. Nutr Rev 50:385-387.

Jones G and Scott FS (1999): A cross-sectional study of smoking and bone mineral
density in premenopausal parous women: effect of body mass index, breastfeeding, and
sports participation. J] Bone Miner Res 14:1628-1633.

Jarvinen M and Kannus P (1997): Injury of an extremity as a risk factor for the
development of osteoporosis. J Bone Joint Surg 79:263-276.

Jarvinen TLN, Jarvinen TAH, Sievdnen H, Heinonen A, Tanner M, Huang X-H,
Nenonen A, Isola JJ, Jarvinen M and Kannus P (1998): Vitamin D receptor alleles and
bone’s response to physical activity. Calcif Tissue Int 62:413-417.

Kalkwarf HJ and Specker BL (1995): Bone mineral loss during lactation and recovery
after weaning. Obstet Gynecol 86:26-32.

Kalkwarf HJ, Specker BL, Heubi JE, Vieira NE and Yergey AL (1996): Intestinal
calcium absorption of women during lactation and after weaning. Am J Clin Nutr 63:526-
531.

Kalkwarf HJ, Specker BL, Bianchi DC, Ranz J and Ho M (1997): The effect of
calcium supplementation on bone density during lactation and after weaning. N Engl J Med
337:523-528.

Kalkwarf HJ, Specker BL and Ho M (1999): Effects of calcium supplementation on
calcium homeostasis and bone turnover in lactating women. J Clin Endocrinol Metab
84:464-470.

Kannus P, Sievinen H and Vuori I (1996): Physical loading, exercise, and bone. Bone
18 (Suppl):1S-3S.

Katzman DK, Bachrach LK, Carter DR and Marcus R (1991): Clinical and
anthropometric correlates of bone mineral acquisition in healthy adolescent girls. J Clin
Endocrinol Metab 73:1332-1339.

Keen AD and Drinkwater BL (1997): Irreversible bone loss in former amenorrheic
athletes. Osteoporosis Int 7:311-315.

Kelly PJ, Hopper JL, Macaskill GT, Pocock NA, Sambrook PN and Eisman JA (1991):
Genetic factors in bone turnover. J Clin Endocrinol Metab 72:808-813.

87



Kelly PJ, Nguyen T, Hopper J, Pocock N, Sambrook P and Eisman J (1993): Changes
in axial bone density with age: a twin study. J Bone Miner Res 8:11-17.

Kelsey JL, Browner WS, Seeley DG, Nevitt MC and Cummings SR (1992): Risk
factors for fractures of the distal forearm and proximal humerus. Am J Epidemiol 135:477-
489.

Kennedy KI (1994): Effects of breastfeeding on women’s health. Int J Gynecol Obstet
47 (Suppl):S11-S21.

Kent GN, Price RI, Gutteridge DH, Smith M, Allen JR, Bhagat CI, Barnes MP,
Hickling CJ, Retallack RW, Wilson SG, Devlin RD, Davies C and St John A (1990): Human
lactation: forearm trabecular bone loss, increased bone turnover, and renal conservation of

calcium and inorganic phosphate with recovery of bone mass following weaning. J Bone
Miner Res 5:361-369.

Kent GN, Price RI, Gutteridge DH, Rosman KJ, Smith M, Allen JR, Hickling CJ and
Blakeman SL (1991a): The efficiency of intestinal calcium absorption is increased in late
pregnancy but not in established lactation. Calcif Tissue Int 48:293-295.

Kent GN, Price RI, Gutteridge DH, Allen JR, Blakeman SL, Bhagat CI, St. John A,
Barnes MP, Smith M and Evans DV (1991b): Acute effects of an oral calcium load in
pregnancy and lactation: findings on renal calcium conservation and biochemical indices of
bone turnover. Miner Electrolyte Metab 17:1-7.

Kent GN, Price RI, Gutteridge DH, Allen JR, Rosman KJ, Smith M, Bhagat CI,
Wilson SG and Retallack RW (1993): Effect of pregnancy and lactation on maternal bone
mass and calcium metabolism. Osteoporosis Int 3 (Suppl 1):44-47.

Khosla S, Atkinson EJ, Melton LJ III and Riggs BL (1997): Effects of age and
estrogen status on serum parathyroid hormone levels and biochemical markers of bone
turnover in women: a population- based study. J Clin Endocrinol Metab 82:1522-1527.

Khovidhunkit W and Epstein S (1996): Osteoporosis in pregnancy. Osteoporosis Int
6:345-354.

Klibanski A and Greenspan SL (1986): Increase in bone mass after treatment of
hyperprolactinemic amenorrhea. N Engl J Med 315:542-546.

Klibanski A, Neer RM, Beitins 1Z, Ringway EC, Zervas NT and McArthur JW (1980):
Decreased bone density in hyperprolactinemic women. N Engl J Med 303:1511-1514.

Klibanski A, Biller BMK, Rosenthal DI, Schoenfeld DA and Saxe V (1988): Effects of
prolactin and estrogen deficiency in amenorrheic bone loss. J Clin Endocrinol Metab
67:124-130.

Kobayashi S, Inoue S, Hosoi T, Ouchi Y, Shiraki M and Orimo H (1996): Association
of bone mineral density with polymorphism of the estrogen receptor gene. J Bone Miner Res
11:306-311.

Koetting CA and Wardlaw GM (1988): Wrist, spine, and hip bone density in women
with variable histories of lactation. Am J Clin Nutr 48:1479-148]1.

88



Kohrt WM, Snead DB, Slatopolsky E and Birge SJ Jr (1995): Additive effects of
weight-bearing exercise and estrogen on bone mineral density in older women. J Bone
Miner Res 10:1303-1311.

Kolthoff N, Eiken P, Kristensen B and Nielsen ST (1998): Bone mineral changes
during pregnancy and lactation: a longitudinal cohort study. Clin Science 94:405-412.

Komm BS, Terpening CM, Benz DJ, Graeme KA, Gallegos A, Korc M, Greene GL,
O’Malley BW and Haussler MR (1988): Estrogen binding, receptor mRNA, and biologic
response in osteoblast-like osteosarcoma cells. Science 241:81-83.

Kovacs CS and Kronenberg HM (1997): Maternal-fetal calcium and bone metabolism
during pregnancy, puerperium, and lactation. Endocr Rev 18:832-872.

Krall EA and Dawson-Hughes B (1993): Heritable and life-style determinants of bone
mineral density. J Bone Miner Res 8:1-9

Kramer FM, Stunkard AJ, Marshall KA, McKinney S and Liebschutz J (1993): Breast-
feeding reduces maternal lower-body fat. ] Am Diet Assoc 93:429-433.

Krebs NF, Reidinger CJ, Robetson AD and Brenner M (1997): Bone mineral density
changes during lactation: maternal, dietary, and biochemical correlates. Am J Clin Nutr
65:1738-1746.

Kreiger N, Kelsey JL, Holford TR and O’Connor T (1982): An epidemiologic study of
hip fracture in postmenopausal women. Am J Epidemiol 116:141-148.

Kremer JAM, van der Heijden PFM, Schellekens LA, Thomas CMG, Brownell J and
Rolland R (1990): Postpartum return of pituitary and ovarian activity during lactation

inhibition with the new dopamine agonist CV 205-502 and during normal lactation. Acta
Endocrinol 122:759-765.

Kremer JAM, Borm G, Schellekens LA, Thomas CMG and Rolland R (1991):
Pulsatile secretion of luteinizing hormone and prolactin in lactating and nonlactating women
and the response to naltrexone. J Clin Endocrinol Metab 72:294-300.

Kremer JAM, Schellekens LA, Segers MFG, Thomas CMG and Rolland R (1994):
Circulating inhibin levels in lactating and nonlactating women. Fertil Steril 62:1150-1156.

Kritz-Silverstein D, Barrett-Connor E and Hollenbach KA (1992): Pregnancy and
lactation as determinants of bone mineral density in postmenopausal women. Am J
Epidemiol 136:1052-1059.

Kruger MC and Horrobin DF (1997): Calcium metabolism, osteoporosis and essential
fatty acids: a review. Prog Lipid Res 36:131-151.

Kroger H, Kotaniemi A, Kroger L and Alhava E (1993): Development of bone mass
and bone density of the spine and femoral neck- a prospective study of 65 children and
adolescents. Bone Miner 23:171-182.

Kurz KM, Habicht J-P, Rasmussen KM and Schwager SJ (1993): Effects of maternal
nutritional status and maternal energy supplementation on length of postpartum amenorrhea
among Guatemalan women. Am J Clin Nutr 58:636-640.

89



Laitinen K and Vilimdki M (1993): Bone and the ‘comforts of life’. Ann Med 25:413-
425.

Lamke B, Brundin J and Moberg P (1977): Changes of bone mineral content during
pregnancy and lactation. Acta Obstet Gynecol Scand 56:217-219.

Lanyon LE (1996): Using functional loading to influence bone mass and architecture:
objectives, mechanisms, and relationship with estrogen of the mechanically adaptive process
in bone. Bone 18 (Suppl):37S-43S.

Laskey MA and Prentice A (1997): Effect of pregnancy on recovery of lactational bone
loss. Lancet 349:1518.

Laskey MA and Prentice A (1999): Bone mineral changes during and after lactation.
Obstet Gynecol 94:608-615.

Laskey MA, Prentice A, Shaw J, Zachou T, Ceesay SM, Vasquez-Velasquez L and
Fraser DR (1990): Breast-milk calcium concentrations during prolonged lactation in British
and rural Gambian mothers. Acta Paediatr Scand 79:507-512.

Laskey MA, Prentice A, Hanratty LA, Jarjou LMA, Dibba B, Beavan SR and Cole TJ
(1998): Bone changes after 3 mo of lactation: influence of calcium intake, breast-milk
output, and vitamin D-receptor genotype. Am J Clin Nutr 67:685-692.

Law MR, Wald NJ and Meade TW (1991): Strategies for prevention of osteoporosis
and hip fracture. BMJ 303:453-459.

Law MR and Hackshaw AK (1997): A meta-analysis of cigarette smoking, bone
mineral density and risk of hip fracture: recognition of a major effect. BMJ 315:841-846.

Lawrence PB (1994): Breast milk. Best source of nutrition for term and preterm
infants. Pediatr Clin North Am 41:925-941.

Lewis PR, Brown JB, Renfree MB and Short RV (1991): The resumption of ovulation
and menstruation in a well-nourished population of women breastfeeding for an extended
period of time. Fertil Steril 55:529-536.

Lindsay R, Cosman F, Herrington BS and Himmelstein S (1992): Bone mass and body
composition in normal women. J Bone Miner Res 7:55-63.

Lissner L, Bengtsson C and Hansson T (1991): Bone mineral content in relation to
lactation history in pre- and postmenopausal women. Calcif Tissue Int 48:319-325.

Lopez JM, Gonzalez G, Reyes V, Campino C and Diaz S (1996): Bone turnover and
density in healthy women during breastfeeding and after weaning. Osteoporosis Int 6:153-
159.

Lucas A, Morley R, Cole TJ, Lister G and Leeson-Payne C (1992): Breast milk and
subsequent intelligence quotient in children born preterm. Lancet 339:261-264.

Luckey MM, Wallenstein S, Lapinski R and Meier DE (1996): A prospective study of
bone loss in African-American and white women- a clinical research center study. J Clin
Endocrinol Metab 81:2948-2956.

%0



Lutz J and Tesar R (1990): Mother-daughter pairs: spinal and femoral bone densities
and dietary intakes. Am J Clin Nutr 52:872-877.

Matkovic V and Heaney RP (1992): Calcium balance during human growth: evidence
for threshold behaviour. Am J Clin Nutr 55:992-996.

Matsumoto I, Kosha S, Noguchi S, Kojima N, Oki T, Douchi T and Nagata Y (1995):
Changes of bone mineral density in pregnant and postpartum women. J Obstet Gynaecol
21:419-425.

Mazess RB and Barden HS (1989): Bone densitometry for diagnosis and monitoring
osteoporosis. Proc Soc Exp Biol Med 191:261-271.

Mazess RB and Barden HS (1991): Bone density in premenopausal women: effects of
age, dietary intake, physical activity, smoking, and birth-control pills. Am J Clin Nutr
53:132-142.

McNeilly AS (1993): Lactational amenorrhea. Endocrinol Metab Clin North Am
22:59-73.

McNeilly AS, Tay CCK and Glasier A (1994): Physiological mechanisms underlying
lactational amenorrhea. Ann NY Acad Sci 709:145-155.

Melton LJ III, Bryant SC, Wahner HW, O’Fallon WM, Malkasian GD, Judd HL and
Riggs BL (1993): Influence of breastfeeding and other reproductive factors on bone mass
later in life. Osteoporosis Int 3:76-83.

Melton LJ III, Atkinson EJ, O’Connor MK, O’Fallon WM and Riggs BL (2000):
Determinants of bone loss from the femoral neck in women of different ages. J Bone Miner
Res 15:24-31.

Metka M, Holzer G, Heytmanek G and Huber J (1992): Hypergonadotropic
hypogonadic amenorrhea (World Health Organization III) and osteoporosis. Fertil Steril
57:37-41.

Miller KK and Klibanski A (1999): Clinical review 106. Amenorrheic bone loss. J Clin
Endocrinol Metab 84:1775-1783.

Mizunuma H, Hosoi T, Okano H, Soda M, Tokizawa T, Kagami I, Miyamoto S, Ibuki
Y, Inoue S, Shiraki M and Ouchi Y (1997): Estrogen receptor gene polymorphism and bone
mineral density at the lumbar spine of pre- and postmenopausal women. Bone 21:379-383.

Moran C, Alcazar LS, Carranza-Lira S, Merino G and Bailon R (1994): Recovery of
ovarian function after childbirth, lactation and sexual activity with relation to age of women.
Contraception 50:401-407.

Morrison NA, Qi JC, Tokita A, Kelly PJ, Crofts L, Nguyen TV, Sambrook PN and
Eisman JA (1994): Prediction of bone density from vitamin D receptor alleles. Nature
367:284-287.

Motil KJ, Sheng H-P, Kertz BL, Montandon CM and Ellis KJ (1998): Lean body mass
of well-nourished women is preserved during lactation. Am J Clin Nutr 67:292-300.

91



Naylor KE, Igbal P, Fledelius C, Fraser RB and Eastell R (2000): The effect of
pregnancy on bone density and bone turnover. J] Bone Miner Res 15:129-137.

Nieves JW, Komar L, Cosman F and Lindsay R (1998): Calcium potentiates the effect
of estrogen and calcitonin on bone mass: review and analysis. Am J Clin Nutr 67:18-24.

Nordin BEC and Morris HA (1992): Osteoporosis and vitamin D. J Cellular Biochem
49:19-25.

Notelovitz M, Martin D, Tesar R, Khan FY, Probart C, Fields C and McKenzie L
(1991): Estrogen therapy and variable-resistance weight training increase bone mineral in
surgically menopausal women. J Bone Miner Res 6:583-590.

Nunley WC, Urban RJ, Evans WS and Veldhuis JD (1991): Preservation of pulsatile
luteinizing hormone release during postpartum lactational amenorrhea. J Clin Endocrinol
Metab 73:629-636.

Ongphiphadhanakul B, Rajatanavin R, Chanprasertyothin S, Piaseu N, Chailurkit L,
Sirisriro R and Komindr S (1998): Estrogen receptor gene polymorphism is associated with

bone mineral density in premenopausal women but not in postmenopausal women. J
Endocrinol Invest 21:487-493.

Oursler MJ, Osdoby P, Pyfferoen J, Riggs BL and Spelsberg TC (1991): Avian
osteoclasts as estrogen target cells. Proc Natl Acad Sci 88:6613-6617.

Packard PT and Recker RR (1996): Caffeine does not affect the rate of gain in spine
bone in young women. Osteoporosis Int 6:149-152.

Paganini-Hill A, Chao A, Ross RK and Henderson BE (1991): Exercise and other
factors in the prevention of hip fracture: The Leisure World Study. Epidemiology 2:16-25.

Park KH and Song CH (1995): Bone mineral density in premenopausal anovulatory
women. J Obstet Gynaecol 21:89-97.

Parviainen MT, Savolainen KE, Korhonen PH, Alhava EM and Visakorpi JK (1981):
An improved method for routine determination of vitamin D and its hydroxylated
metabolites in serum from children and adults. Clin Chim Acta 114:233-247.

Parviainen MT, Harmoinen A and Jokela H (1985): Serum albumin assay with
bromcresol purple dye. Scand J Clin Lab Inv 45:561-564.

Peacock M (1995): Vitamin D receptor gene alleles and osteoporosis: A contrasting
view. ] Bone Miner Res 10:1294-1297.

Pensler JM, Radosevich JA, Higbee R and Langman CB (1990): Osteoclasts isolated
from membranous bone in children exhibit nuclear estrogen and progesterone receptors. J
Bone Miner Res 5:797-802.

Pocock NA, Eisman JA, Hopper JL, Yeates MG, Sambrook PN and Eberl S (1987):
Genetic determinants of bone mass in adults. J Clin Invest 80:706-710.

Polatti F, Capuzzo E, Viazzo F, Colleoni R and Klersy C (1999): Bone mineral
changes during and after lactation. Obstet Gynecol 94:52-56.

92



Potter S, Hannum S, McFarlin B, Essex-Sorlie D, Campbell E and Trupin S (1991):
Does infant feeding method influence maternal postpartum weight loss? J Am Diet Assoc
91:441-44e.

Power ML, Heaney RP, Kalkwarf HJ, Pitkin RM, Repke JT, Tsang RC and Schulkin J
(1999): The role of calcium in health and disease. Am J Obstet Gynecol 181:1560-1569.

Prentice A (1991): Breast feeding and the older infant. Acta Paediatr Scand Suppl
374:78-88.

Prentice A (1994): Maternal calcium requirements during pregnancy and lactation. Am
J Clin Nutr 59 (Suppl):477S-483S.

Prentice A(1997): Calcium supplementation during breast-feeding. N Engl J Med
337:558-559.

Prentice A (1998): Calcium requirements of breast-feeding mothers. Nutr Rev 56:124-
127.

Prentice A (2000): Maternal calcium metabolism and bone mineral status. Am J Clin
Nutr 71 (Suppl):1312S-1316S.

Prentice A, Jarjou LMA, Cole TJ, Stirling DM, Dibba B and Fairweather-Tait S
(1995): Calcium requirements of lactating Gambian mothers: effects of a calcium
supplement on breast-milk calcium concentration, maternal bone mineral content, and
urinary calcium excretion. Am J Clin Nutr 62:58-67.

Prentice A, Jarjou LMA, Stirling DM, Buffenstein R and Fairweather-Tait S (1998):
Biochemical markers of calcium and bone metabolism during 18 months of lactation in
Gambian women accustomed to a low calcium intake and in those consuming a calcium
supplement. J Clin Endocrinol Metab 83:1059-1066.

Prince RL (1994): Counterpoint: Estrogen effects on calcitropic hormones and calcium
homeostasis. Endocr Rev 15:301-3009.

Prior JC, Vigna YM, Schechter MT and Burgess AE (1990): Spinal bone loss and
ovulatory disturbances. New Eng J Med 323:1221-1227.

Prior JC, Vigna YM, Barr SI, Kennedy S, Schulzer M and Li DK (1996): Ovulatory
premenopausal women lose cancellous spinal bone: a five year prospective study. Bone
18:261-267.

Ramsdale SJ and Bassey EJ (1994): Changes in bone mineral density associated with
dietary-induced loss of body mass in young women. Clin Science 87:343-348.

Recker RR, Davies, KM, Hinders SM, Heaney RP, Stegman MR and Kimmel DB
(1992): Bone gain in young adult women. JAMA 268:2403-2408.

Reid IR, Plank LD and Evans MC (1992): Fat mass is an important determinant of
whole body bone density in premenopausal women but not in men. J Clin Endocrinol Metab
75:779-782.

Riggs BL and Melton LJ III (1992): The prevention and treatment of osteoporosis. N
Engl J Med 327:620-627.

93



Riggs BL and Melton LJ III (1995): The worldwide problem of osteoporosis: insights
afforded by epidemiology. Bone 17 (Suppl):505S-511S.

Riggs BL, Wahner HW, Melton LJ III, Richelson LS, Judd HL and O’Fallon WM
(1987): Dietary calcium intake and rates of bone loss in women. J Clin Invest 80:979-982.

Riggs BL, Khosla S and Melton LJ IIT (1998): A unitary model for involutional
osteoporosis: estrogen deficiency causes both type I and type II osteoporosis in

postmenopausal women and contributes to bone loss in aging men. J Bone Miner Res
13:763-773.

Rigotti NA, Neer RM, Skates SJ, Herzog DB and Nussbaum SR (1991): The clinical
course of osteoporosis in anorexia nervosa. JAMA 265:1133-1138.

Ritchie LD, Fung EB, Halloran BP, Turnlund JR, van Loan MD, Cann CE and King
JC (1998): A longitudinal study of calcium homeostasis during human pregnancy and
lactation and after resumption of menses. Am J Clin Nutr 67:693-701.

Rodin A, Duncan A, Quartero HWP, Pistofidis G, Mashiter G, Whitaker K, Crook D,
Stevenson JC, Chapman MG and Fogelman I (1989): Serum concentrations of alkaline

phosphatase isoenzymes and osteocalcin in normal pregnancy. J Clin Endocrinol Metab
68:1123-1127.

Rogan WJ and Gladen BC (1993): Breast-feeding and cognitive development. Early
Human Dev 31:181-193.

Rosner AE and Schulman SK (1990): Birth interval among breast-feeding women not
using contraceptives. Pediatrics 86:747-752.

Rutishauser THE and Carlin JB (1992): Body mass index and duration of breast
feeding: a survival analysis during the first six months of life. J Epidemiol Comm Health
46:559-565.

Sadurskis A, Kabir N, Wager J and Forsum E (1988): Energy metabolism, body
composition, and milk production in healthy Swedish women during lactation. Am J Clin
Nutr 48:44-49.

Saggese G, Baroncelli GI, Bertelloni S and Cipolloni C (1991): Intact parathyroid
hormone levels during pregnancy, in healthy term neonates and in hypocalcemic preterm
infants. Acta Paediatr Scand 80:36-41.

Salamone LM, Ferrell R, Black DM, Palermo L, Epstein RS, Petro N, Steadman N,
Kuller LH and Cauley JA (1996a): The association between vitamin D receptor gene
polymorphisms and bone mineral density at the spine, hip and whole-body in premenopausal
women. Osteoporosis Int 6:63-68.

Salamone LM, Glynn NW, Black DM, Ferrell RE, Palermo L, Epstein RS, Kuller LH
and Cauley JA (1996b): Determinants of premenopausal bone mineral density: the interplay
of genetic and lifestyle factors. ] Bone Miner Res 11:1557-1565.

Salamone LM, Cauley JA, Black DM, Simkin-Silverman L, Lang W, Gregg E,
Palermo L, Epstein RS, Kuller LH and Wing R (1999): Effect of a lifestyle intervention on

94



bone mineral density in premenopausal women: a randomized trial. Am J Clin Nutr 70:97-
103.

Salle BL, Delvin EE, Lapillonne A, Bishop NJ and Glorieux FH (2000): Perinatal
metabolism of vitamin D. Am J Clin Nutr 71 (Suppl):1317S-1324S.

Schachter M and Shoham Z (1994): Amenorrhea during the reproductive years- is it
safe? Fertil Steril 62:1-16.

Scharla SH, Minne HW, Waibel-Treber S, Schaible A, Lempert UG, Wiister C,
Leyendecker G and Ziegler R (1990): Bone mass reduction after estrogen deprivation by
long-acting gonadotropin-releasing hormone agonists and its relation to pretreatment serum
concentrations of 1,25-dihydroxyvitamin Dj;. J Clin Endocrinol Metab 70:1055-1061.

Schauberger CW, Rooney BL and Brimer LM (1992): Factors that influence weight
loss in the puerperium. Obstet Gynecol 79:424-429.

Schlechte J, Sherman B and Martin R (1983): Bone density in amenorrheic women
with and without hyperprolactinemia. J Clin Endocrinol Metab 56:1120-1123.

Schlechte J, El-Khoury G, Kathol M and Walkner L (1987): Forearm and vertebral
bone mineral in treated and untreated hyperprolactinemic amenorrhea. J Clin Endocrinol
Metab 64:1021-1026.

Schlechte J, Walkner L and Kathol M (1992): A longitudinal analysis of
premenopausal bone loss in healthy women and women with hyperprolactinemia. J Clin
Endocrinol Metab 75:698-703.

Schoutens A, Laurent E and Poortmans JR (1989): Effects of inactivity and exercise on
bone. Sports Med 7:71-81.

Seely EW, Brown EM, DeMaggio DM, Weldon DK and Graves SW (1997): A
prospective study of calciotropic hormones in pregnancy and post partum: reciprocal

changes in serum intact parathyroid hormone and 1,25-dihydroxyvitamin D. Am J Obstet
Gynecol 176:214-217.

Seeman E, Hopper JL, Bach LA, Cooper ME, Parkinson E, McKay J and Jerums G
(1989): Reduced bone mass in daughters of women with osteoporosis. N Engl J Med
320:554-558.

Seeman E, Tsalamandris C, Formica C, Hopper JL and McKay J (1994): Reduced
femoral neck bone density in the daughters of women with hip fractures: The role of low
peak bone density in the pathogenesis of osteoporosis. J Bone Miner Res 9:739-743.

Shaaban MM, Sayed GH and Ghaneimah SA (1987): The recovery of ovarian function
during breast-feeding. Steroid Biochem 27:1043-1052.

Sievdnen H (2000): A physical model for dual-energy X-ray absorptiometry-derived
bone mineral density. Invest Radiol 35:325-330.

Sievinen H, Oja P and Vuori I (1992): Precision of dual-energy X-ray absorptiometry
in determining bone mineral density and content of various skeletal sites. J Nucl Med
33:1137-1142.

95



Sievinen H, Oja P and Vuori I (1994): Scanner-induced variability and quality
assurance in longitudinal dual-energy X-ray absorptiometry measurements. Med Phys
21:1795-1805.

Sievinen H, Kannus P, Nieminen V, Heinonen A, Oja P and Vuori I (1996):
Estimation of various mechanical characteristics of human bones using dual energy X-ray
absorptiometry: methodology and precision. Bone 18 (Suppl):17S-27S.

Sinaki M, Wahner HW, Bergstralh EJ, Hodgson SF, Offord KP, Squires RW, Swee
RG and Kao PC (1996): Three-year controlled, randomized trial of the effect of dose-
specified loading and strengthening exercises on bone mineral density of spine and femur in
nonathletic, physically active women. Bone 19:233-244.

Sinigaglia L, Varenna M, Binelli L, Gallazzi M, Calori G and Ranza R (1996): Effect
of lactation on postmenopausal bone mineral density of the lumbar spine. J Reprod Med
41:439-443.

Slemenda C, Hui SL, Longcope C and Johnston CC (1987): Sex steroids and bone
mass. J Clin Invest. 80:1261-1269.

Slemenda CW, Christian JC, Williams CJ, Norton JA and Johnston CC Jr (1991):
Genetic determinants of bone mass in adult women: a reevaluation of the twin model and the
potential importance of gene interaction on heritability estimates. ] Bone Miner Res 6:561-
567.

Slemenda C, Longcope C, Peacock M, Hui S and Johnston CC (1996): Sex steroids,
bone mass, and bone loss. A prospective study of pre-, peri-, and postmenopausal women. J
Clin Invest 97:14-21.

Slosman DO, Rizzoli R, Pichard C, Donath A and Bonjour J-P (1994): Longitudinal
measurement of regional and whole body bone mass in young healthy adults. Osteoporosis
Int 4:185-190.

Smith EL, Gilligan C, Smith PE and Sempos CT (1989): Calcium supplementation and
bone loss in middle-aged women. Am J Clin Nutr 50:833-842.

Snow CM and Shaw JM (1996): Physical activity and risk for osteoprosis. In:
Osteoprosis, pp 511-528. Eds: Marcus R, Feldman D, Kelsy J. Academic Press, San Diego.

Sowers M (1996a): Pregnancy and lactation as risk factors for subsequent bone loss
and osteoporosis. J Bone Miner Res 11:1052-1060.

Sowers M (1996b): Premenopausal reproductive and hormonal characteristics and the
risk for osteoporosis. In: In: Osteoprosis, pp 529-549. Eds: Marcus R, Feldman D, Kelsy J.
Academic Press, San Diego.

Sowers M and Galuska DA (1993): Epidemiology of bone mass in premenopausal
women. Epidemiol Rev 15:374-398.

Sowers M, Wallace RB and Lemke JH (1985): Correlates of forearm bone mass among
women during maximal bone mineralization. Prev Med 14:585-596.

96



Sowers M. Shapiro B, Gilbraith MA and Jannausch M (1990): Health and hormonal
characteristics of premenopausal women with lower bone mass. Calcif Tissue Int 47:130-
135.

Sowers M, Kshirsagar A, Crutchfield M and Updike S (1991a): Body composition, age
and femoral bone mass of young adult women. Ann Epidemiol 1:245-254.

Sowers M, Crutchfield M, Jannausch M, Updike S and Corton G (1991b): A
prospective evaluation of bone mineral change in pregnancy. Obstet Gynecol 77:841-845.

Sowers M, Boehnke M, Jannausch ML, Crutchfield M, Corton G and Burns TL
(1992a): Familiality and partitioning the variability of femoral bone mineral density in
women of child-bearing age. Calcif Tissue Int 50:110-114.

Sowers M, Clark MK, Hollis B, Wallace RB and Jannausch M (1992b): Radial bone
mineral density in pre- and perimenopausal women: a prospective study of rates and risk
factors for loss. J Bone Miner Res 7:647-657.

Sowers M, Corton G, Shapiro B, Jannausch ML, Crutchfield M, Smith ML, Randolph
JF and Hollis B (1993): Changes in bone density with lactation. JAMA 269:3130-3135.

Sowers M, Eyre D, Hollis BW, Randolph JF, Shapiro B, Jannausch ML and
Crutchfield M (1995a): Biochemical markers of bone turnover in lactating and nonlactating
postpartum women. J Clin Endocrinol Metab 80:2210-2216.

Sowers M, Randolph J, Shapiro B and Jannausch M (1995b): A prospective study of
bone density and pregnancy after an extended period of lactation with bone loss. Obstet
Gynecol 85:285-289.

Sowers M, Hollis BW, Shapiro B, Randolph J, Janney CA, Zhang D, Schork MA,
Crutchfield M, Stanczyk F and Russell-Aulet M (1996): Elevated parathyroid hormone-
related peptide associated with lactation and bone density loss. JAMA 276:549-554.

Sowers M, Crutchfield M, Bandekar R, Randolph JF, Shapiro B, Schork MA and
Jannausch M (1998a): Bone mineral density and its change in pre- and perimenopausal
white women: The Michigan bone health study. J] Bone Miner Res 13:1134-1140.

Sowers M, Randolph JF Jr, Crutchfield M, Jannausch ML, Shapiro B, Zhang B and La
Pietra M (1998b): Urinary ovarian and gonadotropin hormone levels in premenopausal
women with low bone mass. J Bone Miner Res 13:1191-1202.

Sowers M, Zhang D, Hollis BW, Shapiro B, Janney CA, Crutchfield M, Schork MA,
Stanczyk F and Randolph J (1998c): Role of calciotrophic hormones in calcium mobilization
of lactation. Am J Clin Nutr 67:284-291.

Specker BL (1994): Do North American women need supplemental vitamin D during
pregnancy or lactation? Am J Clin Nutr 59 (Suppl):484S-4918S.

Specker BL (1996): Evidence for an interaction between calcium intake and physical
activity on changes in bone mineral density. J Bone Miner Res 11:1539-1544.

Specker BL, Tsang RC and Ho ML (1991): Changes in calcium homeostasis over the
first year postpartum: effect of lactation and weaning. Obstet Gynecol 78:56-62.

97



Specker BL, Vieira NE, O’Brien KO, Ho ML, Heubi JE, Abrams SA and Yergey AL
(1994): Calcium kinetics in lactating women with low and high calcium intakes. Am J Clin
Nutr 59:593-599.

Steinberg KK, Freni-Titulaer LW, DePuey EG, Miller DT, Sgoutas DS, Coralli CH,
Phillips DL, Rogers TN and Clark RV (1989): Sex steroids and bone density in
premenopausal and perimenopausal women. J Clin Endocrinol Metab 69:533-539.

Theintz G, Buchs B, Rizzoli R, Slosman D, Clavien H, Sizonenko PC and Bonjour J-
PH (1992): Longitudinal monitoring of bone mass accumulation in healthy adolescents:
evidence for a marked reduction after 16 years of age at the levels of lumbar spine and
femoral neck in female subjects. J Clin Endocrinol Metab 75:1060-1065.

Thorsdottir I and Birgisdottir BE (1998): Different weight gain in women of normal
weight before pregnancy: postpartum weight and birth weight. Obstet Gynecol 92:377-383.

Todd JM and Parnell WR (1994): Nutrient intakes of women who are breastfeeding.
Eur J Clin Nutr 48:567-574.

Tokita A, Matsumoto H, Morrison NA, Tawa T, Miura Y, Fukamauchi K, Mitsuhashi
N, Irimoto M, Yamamori S, Miura M, Watanabe T, Kuwabara Y, Yabuta K and Eisman JA
(1996): Vitamin D receptor alleles, bone mineral density and turnover in premenopausal
Japanese women. J Bone Miner Res 11:1003-1009.

Torgerson DJ, Campbell MK, Thomas RE and Reid DM (1996): Prediction of
perimenopausal fractures by bone mineral density and other risk factors. J] Bone Miner Res
11:293-297.

Tudor-Locke C and McColl RS (2000): Factors related to variation in premenopausal
bone mineral status: a health promotion approach. Osteoporos Int 11:1-24.

Tuppurainen M, Honkanen R, Kroger H, Saarikoski S and Alhava E (1993):
Osteoporosis risk factors, gynaecological history and fractures in perimenopausal women-
the results of the baseline postal enquiry of the Kuopio Osteoporosis Risk Factor and
Prevention Study. Maturitas 17:89-100.

Turnbull H, Trafford DJH and Makin HLJ (1982): A rapid and simple method for the
measurement of plasma 25-hydroxyvitamin D, and 25-hydroxyvitamin D; using Sep-Pak Cig
cartridges and a single high performance liquid chromatographic step. Clin Chim Acta
120:65-76.

Turner RT, Riggs BL and Spelsberg TC (1994): Skeletal effects of estrogen. Endocr
Rev 15:275-300.

Ulrich U, Pfeifer T, Buck G and Lauritzen C (1995): Osteopenia in primary and
secondary amenorrhea. Horm Metab Res 27:432-435.

Uusi-Rasi K, Salmi H-M and Fogelholm M (1994): Estimation of calcium and
riboflavin intake by a short diary. Scand J Nutr 38:122-124.

Wallace BA and Cumming RG (2000): Systematic review of randomized trials of the
effect of exercise on bone mass in pre- and postmenopausal women. Calcif Tissue Int 67:10-
18.

98



Wolff I, van Croonenborg JJ, Kemper HCG, Kostense PJ and Twisk JWR (1999): The
effect of exercise training programs on bone mass: a meta-analysis of published controlled
trials in pre- and postmenopausal women. Osteoporosis Int 9:1-12.

Van Loan MD, Johnson HL and Barbieri TF (1998): Effect of weight loss on bone
mineral content and bone mineral density in obese women. Am J Clin Nutr 67:734-738.

Van Raaij JMA, Schonk CM, Vermaat-Miedema SH, Peek MEM and Hautvast JGAJ
(1991): Energy cost of lactation, and energy balances of well-nourished Dutch lactating

women: reappraisal of the extra energy requirements of lactation. Am J Clin Nutr 53:612-
619.

Wardlaw GM and Pike AM (1986): The effect of lactation on peak adult shaft and
ultra-distal forearm bone mass in women. Am J Clin Nutr 44:283-286.

Wasnich R, Yano K and Vogel J (1983): Postmenopausal bone loss at multiple skeletal
sites: relationship to estrogen use. J Chron Dis 36:781-790.

Welten DC, Kemper HCG, Post GB and van Staveren WA (1995): A meta-analysis of
the effect of calcium intake on bone mass in young and middle aged females and males. J
Nutr 125:2802-2813.

Verhaeghe J and Bouillon R (1992): Calciotropic hormones during reproduction. J
Steroid Biochem Mol Biol 41:469-477.

Vestermark V, Hogdall CK, Plenov G and Birch M (1994): Postpartum amenorrhoea
and breast-feeding in a Danish sample. J Biosoc Sci 26:1-7.

Viitanen A-M, Kirkkdinen M, Laitinen K, Lamberg-Allardt C, Kainulainen K,
Résdnen L, Viikari J, Vilimdki MJ and Kontula K (1996): Common polymorphism of the

vitamin D receptor gene is associated with variation of peak bone mass in young Finns.
Calcif Tissue Int 59:231-234.

Willing M, Sowers M, Aron D, Clark MK, Burns T, Bunten C, Crutchfield M,
D’Agostino D and Jannausch M (1998): Bone mineral density and its change in white

women: estrogen and vitamin D receptor genotypes and their interaction. J Bone Miner Res
13:695-705.

Wilson SG, Retallack RW, Kent JC, Worth GK and Gutteridge DH (1990): Serum free
1,25-dihydroxyvitamin D and the free 1,25-dihydroxyvitamin D index during a longitudinal
study of human pregnancy and lactation. Clin Endocrinol 32:613-622.

Winkvist A and Rasmussen KM (1999): Impact of lactation on maternal body weight
and body composition. ] Mammary Gland Biol Neoplasia 4:309-318.

Wyshak G (1981): Hip fracture in elderly women and reproductive history. J Gerontol
36:424-427.

Véédndnen HK and Hérkonen PL (1996): Estrogen and bone metabolism. Maturitas 23
(Suppl):S65-S69.

Yaich L, Dupont WD, Cavener DR and Parl FF (1992): Analysis of the Pvull
restriction fragment-length polymorphism and exon structure of the estrogen receptor gene
in breast cancer and peripheral blood. Cancer Res 52:77-83.

99



Yamaga A, Taga M, Minaguchi H and Sato K (1996): Changes in bone mass as
determined by ultrasound and biochemical markers of bone turnover during pregnancy and
puerperium: a longitudinal study. J Clin Endocrinol Metab 81:752-756.

Yamagata Z, Miyamura T, Iijima S, Asaka A, Sasaki M, Kato J and Koizumi K (1994):
Vitamin D receptor gene polymorphism and bone mineral density in healthy Japanese
women. Lancet 344:1027.

Yang CS and Landau JM (2000): Effects of tea consumption on nutrition and health. J
Nutr 130:2409-2412.

Zéarate A and Canales ES (1987): Endocrine aspects of lactation and postpartum
infertility. J Steroid Biochem 27:1023-1028.

Zinaman MJ, Hickey M, Tomai TP, Albertson BD and Simon JA (1990): Calcium
metabolism in postpartum lactation: the effect of estrogen status. Fertil Steril 54:465-469.

Zinaman MJ, Cartledge T, Tomai T, Tippett P and Merriam GR (1995): Pulsatile
GnRH stimulates normal cyclic ovarian function in amenorrheic lactating postpartum
women. J Clin Endocrinol Metab 80:2088-2093.

100



ORIGINAL ARTICLES

101



