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Chapter 1: Literature Review 

1.1 Introduction 

Osteoporosis and related fractures are a major public health problem; in 2005, an 

estimate of the direct medical costs of osteoporosis ranged between 13.7 and 20.3 billion 

dollars [1].  With an expected increase in annual fractures, by 2025, associated costs are 

projected to rise by almost 50% [1].  While the disease affects both men and women, 

bone loss is accelerated in females at menopause when estrogen production falls; further, 

estrogen appears to play a role in the differential bone accrual patterns observed in males 

and females [2] and to be positively associated with bone mineral density [3].  Recently, 

research has focused on understanding how to optimize bone mineral density (BMD) and 

bone strength, particularly in females, to minimize bone loss and reduce fracture risk.  It 

is clear that mechanical loading is beneficial for both BMD and bone strength [4, 5]; 

public health officials recommend exercise to optimize bone health [6].  With more 

information about determinants of bone mass and strength, most notably mechanical 

loading and reproductive hormones, recommendations can be made to help promote bone 

health, thereby reducing the risk of osteoporosis and related fractures. 

While osteoporosis primarily affects the aging population, young females also can 

have bone loss and can develop osteoporosis.  Athletic females may exhibit bone mass 

losses earlier than expected in the presence of the Female Athlete Triad, which is defined 

by disordered eating behavior, amenorrhea (less than 3 cycles per year), and osteoporosis 

[7].  Many athletes present disordered eating behavior and amenorrhea or oligomenorrhea 

(4-9 cycles per year) without osteoporosis; onset of osteoporosis may not be immediate 

but this population may be predisposed to osteopenia [8].  Even if all arms of the triad are 
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not present, athletes may still be at risk for health consequences [9].  With early bone 

loss, females may have an elevated risk of fracture, inadequate mineralization, and failure 

to achieve peak bone mass [10].  Stress fractures are more common in those with low 

BMD accompanied by menstrual irregularities and a nutritional deficiency [7].  The 

complex interaction between nutritional deficiencies and hormonal deficiencies can affect 

bone physiology—consequences of low energy and hypoestrogenism are of particular 

concern in the athletic population.  Since athletes involved in weight-bearing activity 

display 5-15% higher BMD than non-athletes, those with bone density scores lower than 

non-athletes warrant attention [7]. 

  Treatment of the female athlete triad can be difficult for health practitioners.  

Some physicians will recommend reducing physical activity as a component of treatment 

[11].  In light of research supporting the positive effects of physical activity for bones, 

reducing physical activity may be negative for bone mass and strength.  To counteract 

negative effects of menstrual disturbances, including bone loss, many physicians choose 

hormone replacement therapy as a means of treatment of athletic amenorrhea; yet, 

evidence is inconclusive with regard to the advantages and disadvantages associated with 

this treatment, particularly for bones [12-15].  Physicians have expressed a need for more 

information on the topic—79% of physicians reported insufficient guidelines for 

evaluation of athletic amenorrhea, 75% expressed the need for guidelines for prescription 

of estrogen therapy, and 75% expressed the need for guidelines for treatment modalities 

other than estrogen [11].  Low energy availability appears to be the factor that impairs 

reproductive and skeletal health in athletes.  Under nutrition has been shown to disrupt 

hormonal levels and a chronic energy deficit may result in suppression of reproductive 
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function [10].  Restoring energy balance through increased caloric intake is important in 

treatment of both amenorrhea and bone loss [15-17]. 

With the high incidence of osteopenia [8, 18], menstrual disturbances [19], and 

disordered eating in athletes [12], understanding how to optimize bone health is clinically 

relevant as it may lead to a reduction in fracture in this population as well as in healthy 

athletic and non-athletic populations.  To date, an emphasis has been placed on the 

consequences of low bone density for amenorrheic female athletes.  The amount of bone 

cannot fully indicate the strength of the bone; rather, the bone structure determines its 

mechanical competence [20], which may have greater clinical relevance as a predictor of 

fracture.  

     

1.2 Mechanostat Theory and Functional Bone Adaptation 

Form meets function—anatomical structures complement their specific 

physiology.  The individual bones of the skeleton have individual functions including 

weight bearing and organ protection.  As a whole, the skeleton provides structural 

support and functions in locomotion, mineral homeostasis and hematopoiesis, the 

creation of blood cells [21].  Both genetics, or genotype, and the environment affect an 

organism’s phenotype or expression of genotype—this holds true for bone tissue.  

Genetics determine many components of the bone in utero but environmental demands 

can alter the structures in vivo.  According to the Utah Paradigm of Skeletal Physiology, 

genes predetermine optimal postnatal “mass,” BMD, trabecular thickness and/or 

connectivity, outside bone diameter, trabecular number, cortical thickness, bone’s 

histology and structure, strength, and fragility [22].  According to mechanostat theory, 



J. Kelly 

 4 

mechanical loading is the stimulus that drives healthy, load bearing bone adaptation so 

the bone can function relative to its usage and can satisfy environmental demands. The 

bones must be as light as possible and be rigid levers to promote efficient locomotion, 

while maintaining adequate strength to resist injury [23]. 

The widely accepted mechanostat theory asserts that mechanical loading controls 

bone strength using a negative feedback mechanism.  Harold Frost compares the 

mechanostat to a thermostat with separate controls for the cooling and heating systems—

the bone adapts to under-loading and overloading, mediated by two separate thresholds, 

each regulated by strain [24].  As a reaction to stress or force placed on a bone, the bone 

undergoes a proportional change in length, known as strain [25].  Stress and strain both 

affect bone material and its properties.  Strain placed on bones plays a more direct role in 

determining how bone adapts to loads.  When the osteocytes experience this change in 

length due to loading there is an increase in fluid flow in the canaliculae that connect 

adjacent bone cells and an associated release of cellular secondary messengers that likely 

lead to activity in osteocytes [26].  In the negative feedback loop, loading will lead to 

bone modeling until the strength demands of the loads incurred are met—this leads to 

functional bone adaptation. 

Healthy, load-bearing bones have independently controlled modeling thresholds 

and disuse-remodeling thresholds, also referred to as formation and resorption drifts, 

which are defined by minimally effective strains.  Bones subjected to increased loading 

and higher strains undergo modeling and will form new bone to accommodate the 

increases in force associated with use.  On the contrary, bones that are not loaded will 

incur smaller strains and therefore will undergo remodeling and will experience bone 
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resorption due to disuse [24].  Adaptation to forces from loading is not limited to bone 

formation and mass accrual.  Structural changes occur in the presence of a loading 

stimulus; the bone bends and incurs compressive and tensile forces on opposite sides, 

which lead to functional bone adaptations.  The surfaces that experience the greatest 

strain show the greatest bone formation [27]. 

 

1.2.1 Modeling, Remodeling, and Turnover 

Bone turnover occurs constantly in healthy bones and takes place in basic multi-

cellular units (BMUs); the process begins with resorption and is coupled with formation 

so bone cells are neither lost nor gained, simply replaced [28].  Bones have four skeletal 

envelopes in which this turnover occurs: periosteal, Haversian, endocortical, and 

trabecular [24].  The periosteal envelopes are located on the outer surface of the bone.  

The Haversian envelopes are located within the compact bone, in the osteons or 

functional bone cell units.  The endocortical envelopes are located on the inner surface of 

the cortical bone, in the shaft of long bones near the bone marrow.  The trabecular 

envelopes are located within the trabecular bone, at the distal portions of long bones and 

in the innermost part of the long bone shaft.  Bone turnover can occur in some or all of 

these envelopes and can be site specific with certain stimuli. 

  The location of remodeling and modeling depends on mechanical and non-

mechanical stimuli, including strain and hormones and nutrition.  With inadequate 

loading, bones undergo remodeling and bone resorption occurs.  Strains below the 100 

microstrain range, equivalent to a stretching of the bone by 0.01%, lead to this BMU-

based remodeling, which removes existing endocortical and trabecular bone, the bone 
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closest to the bone marrow [22].  On the contrary, when sufficiently overloaded, but not 

to the point of fracture, bone modeling occurs.  Bone strains in or above the 1,500 

microstrain range cause this bone modeling to increase cortical mass, laying down bone 

in the periosteal and Haversian envelopes, which leads to radial expansion of cortical 

bone in the shaft of the long bones.  Even with the higher forces placed on the bone the 

expansion leads to decreased bone strain because of geometric changes.  After sufficient 

bone adaptation, modeling plateaus.  With normal loading and typical daily activities, 

normal bone turnover occurs without dramatic changes in the structure or mass of the 

bone.  In this situation, with forces between 100 and 1500 microstrain, modeling drifts 

are dormant and there is not a change in cortical bone mass.  When forces exceed 3,000 

microstrain, the yield point of bone, micro-damage can occur, the accumulation of which 

can lead to fracture [22].  Fracture occurs around 25,000 microstrain [22, 24, 29] and 

achieving this level of force is rare under normal loading conditions.  

Both muscle pull and ground reaction forces are important loading stimuli [30]; 

which is more important in promoting skeletal adaptations remains unclear.  Muscle 

strength is a more important determinant of bone adaptation than body weight so forces 

applied to the bone by muscle are of interest [22].   Forces from impact may play a more 

significant role in promoting structural adaptations [31] than forces from muscle pull 

alone.  Regardless of the force stimulus, the magnitude and duration of the force and the 

amount of rest between bouts affect how bone responds to loading [27].   

Bone formation and bone resorption appear to occur on different surfaces of the 

bone.  Muscle forces produce an accumulation of bone mass in the periosteal envelope.  

Alternatively, osteoporosis-associated bone loss occurs near marrow in the trabecular and 
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endocortical envelopes.  Even with these losses, bone quality may be maintained, 

especially in the presence of periosteal expansion due to loading and functional 

modeling.  In the functionally-based mechanostat view, load bearing bones that provide 

mechanical bone competence can be healthy regardless of clinical measurements 

indicative of low BMD [22]. 

  

1.2.2 Non-Mechanical Regulators of the Mechanostat 

Nutrition and hormones are important non-mechanical factors that play a role in 

the mechanostat.  Without adequate calcium, bone cannot be mineralized so even in the 

presence of loading, cortical expansion may be insufficient to bear increased loads 

regularly—modeling cannot be executed properly.  With caloric deprivation or chronic 

energy drain, bone formation is suppressed [32].  Hormones, particularly estrogen, play 

important roles in bone metabolism in both genders, the effects of which may be 

regulated by the hormone concentrations and the presence of estrogen receptors alpha and 

beta [33]. 

  While nutritional deficiencies inhibit bone formation [34], hormonal deficiencies 

stimulate bone resorption; hormone levels mediate conservation or removal of bone [29].  

Hormonal deficiencies in males and in females are associated with increased bone 

remodeling, increased bone resorption, and a relative decrease in bone formation.  When 

estrogen replete, bone formation may occur more readily. In the presence of estrogen and 

androgens, the lifespan of the osteoblast—the bone formation cell—may be prolonged 

through inhibition of osteoblast apoptosis [33].  Similarly, in the presence of estrogen, 

osteoblastogenesis and osteoclastogenesis, which are related to bone turnover, are 



J. Kelly 

 8 

limited, thus restraining remodeling [33].  More specifically, estrogen reduces the number 

of pro-resorptive cytokines that remove bone and has been shown to limit the activity and 

lifespan of osteoclasts, the bone resorption cell [33], a means of controlling bone 

remodeling.   

 

1.3 Bone Growth and Development in Females 

Reproductive demands have influenced the structure and function of bone.  In 

females, estrogen level increases during puberty and decreases during menopause.  Bone 

is deposited on the endocortical surface with an increase in estrogen.  Estrogen lowers the 

remodeling threshold, allowing excess bone to accumulate, thereby laying down excess 

bone in the female skeleton so that adequate calcium will be present during the 

reproductive years [29].  Calcium for pregnancy and lactation comes from the mother’s 

diet and from the stored calcium in the mother’s bones.  When this function is 

reproductively unnecessary and no longer needed, the excess bone accumulated during 

puberty is removed. 

  When females enter puberty, the remodeling threshold shifts, resulting in a 

reduction in remodeling-dependent bone losses.  As a result, bone mass increases more in 

girls than in boys with similar muscle strength during this stage of development.  Even 

with this shift in the remodeling threshold, the modeling threshold does not change and in 

the presence of adequate nutrition and a loading stimulus that exceeds the minimally 

effective strain, bone formation can continue and bone strength can increase.  This should 

plateau when muscle strength stops increasing or when bone strength matches the 

increased strain—modeling turns off but remodeling keeps conserving bone.  With 
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menopause onset, the woman no longer needs to reproduce so storage of bone mineral is 

not necessary and bone removal occurs [29].  Decreased estrogen secretion, as during 

menopause or a menstrual disturbance, raises the remodeling threshold so extra bone can 

be removed.  If bone strain exceeds the displaced remodeling threshold, bone removal 

will not occur—in the presence of an estrogen deficiency, mechanical loading can 

prevent bone loss [29].   

  During growth and development, longitudinal bone growth and modeling occur to 

enhance bone size.  Before puberty, periosteal apposition exceeds endocortical resorption 

and the bone enlarges.  At puberty, androgens promote this process in boys while 

estrogen inhibits periosteal bone formation in girls.  Hence, in females, estrogen limits 

bone remodeling, sparing bone loss, but also hinders bone widening, promoting net bone 

formation on the endocortical surface [35].  In the presence of an estrogen deficiency 

bone loss can occur on the endocortical surface if the removal rate exceeds the 

replacement rate on the inner surface of the bone.  At the same time, the estrogen 

deficiency allows for bone apposition on the periosteal surface [35], making the bones 

more like those of males.  Thus, with an estrogen deficiency, mechanical loading can lead 

to bone widening and increased bone strength in females.  Sex-specific changes in bones, 

mediated by hormones, may limit or aid the accrual of bone mass and lead to 

restructuring of the bone [35].  Understanding geometry and the associated changes under 

certain conditions in humans, particularly females, is important moving forward as an 

enhanced understanding can help maximize bone strength and prevent fracture, which is 

of clinical relevance. 
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1.4 Bone Strength 

“Bone strength is conventionally defined as the amount of loading force required 

to cause the material to fail under a certain loading condition” [36].  Strength of a bone 

depends on the bone properties and on the stress applied to the bone.  Recent research has 

focused on the architecture and structural components of bone along with density to 

determine its strength; previously, emphasis has focused solely on areal BMD (aBMD) as 

measured by Dual X-Ray Absorptiometry (DXA).  In the face of mechanical demands, a 

bone may undergo periosteal diameter expansion, thus increasing bone volume.  With 

this change, aBMD will be reduced, since it is a ratio of mass to volume, but the bending 

strength of the bone may not change.  Less material would be necessary to maintain the 

stiffness of the bone in the presence of a diameter expansion [36].  Even with 

endocortical resorption, periosteal apposition can help to reduce the stress and strain 

loads place on bones by partially maintaining the bone’s cross-sectional area, which 

preserves bending strength; theoretically, mechanical loading induced periosteal changes 

can maintain bone strength even in the presence of an estrogen deficiency. 

  In a laboratory setting, animals are sacrificed and their bones are loaded to the 

point of fracture in order to determine their mechanical strength.  Fatigue indices and 

material properties can also be assessed in animal studies.  These values are not as easily 

obtained in humans and must be indirectly determined.  Strength and rigidity of the 

whole bone is attributable to interaction of material properties, amount of material, 

morphological, organizational, and other quality issues of the bone tissue.  Structural 

properties bear more weight than material properties; bulk cannot be indicative of actual 

bone structure or strength despite the correlation between bone mineral content (BMC) 
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and strength.  Even though new research technologies are better, it is impossible to 

measure actual bone strength from these modalities.  Ex vivo testing is the only way to 

assess true strength.  In vivo, assessments of structure are more important in predicting 

strength than those of BMC [2]. 

  Prevention of fracture is an important clinical outcome but the reason for failure 

of the bone is unclear.  The makeup of bone and the specific conditions preceding 

fracture may both play roles.  Bone material properties include stiffness, static strength, 

toughness, and fatigue and under different loading and physiologic conditions, these 

properties can change.  Compact (i.e. cortical) bone and cancellous (i.e. trabecular) bone 

have different architectural properties and as a result react differently when loaded [25].  

Bones adapt to be able to tolerate strain and to function under normal loading conditions.  

Greater strain occurs with the lengthening of bones, increases in muscle mass, and 

increases in physical activity and to maintain strength, a compensatory increase in 

periosteal diameter or cross-sectional dimensions would be necessary [36].  Fracture may 

result when the bone is not able to accommodate the magnitude of a load or the direction 

in which the load is applied.  A stress fracture may result when the bone is not able to 

tolerate an accumulation of loads over time.  The cause of fractures is still disputed—it 

could be related to loading in bending, fatigue, impact, or the material or architectural 

properties of the bone [25]. 

 

1.5 Measurement of Bone Strength 

  Bone mineral density does not equate to bone strength, especially in children, so 

the use of Dual X-Ray Absorptiometry (DXA), a tool to determine tissue composition in 
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two dimensions, is limited [37].  Use of a hip structure analysis (HSA) in DXA provides 

more meaningful measurements like bending strength by using measurements that 

approximate the geometry of the bone.  Even better is Peripheral Quantitative Computed 

Tomography (pQCT), a tool that uses cross-sections of bones to assess the volumetric 

bone mineral density (vBMD), geometry, and bending strength of bones [36].  Force 

required to break the bone and bending strength measured using pQCT are highly 

correlated (r=0.94) in animal and cadaver studies [37].  Currently, there is a push to 

measure geometric and material properties to determine bone strength in living human 

subjects.  Using pQCT, a measure of density and multiple measures of geometry and 

strength can be obtained.   Total density at the imaging site is measured as vBMD.  

Cortical density can also be assessed.  Geometric outcomes of primary interest include 

total bone cross-sectional area, cortical cross-sectional area, periosteal and endosteal 

circumferences, cortical thickness, and muscle cross-sectional area.  Peripheral 

Quantitative Computed Tomography may be the best technology currently available to 

assess geometric and material properties of bones and to determine “strength.”  

Compressive strength can be estimated at the highly trabecular distal portions of bones 

taking into account the total density and total area of the bone.  At the cortical sites of 

bones, bending strength can be estimated in many planes as the stress-strain index and as 

section modulus.  Cross-sectional area is inversely related to strength in compression and 

section modulus is inversely related to maximum stress in bending.  Since bones undergo 

compression and bending forces, these parameters are useful measures for bones that are 

loaded axially or loaded in a lever-like fashion [36].     
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Even with this information, bone geometry itself cannot completely explain bone 

strength and resistance to fracture.  How the bone is loaded relates to fracture.  

Depending on the architectural and structural properties of a bone, it may respond 

differently to various types of loading, such as static or impact loading.  Bones are not 

strong in all directions—they adapt based on their typical loading conditions so a force 

incurred from a fall or impact may not be tolerable.  Understanding physiologic loads 

placed on bones from muscle-bone interactions will also be important in understanding 

bone strength.  The architecture and structure of the whole bone, not just portions of the 

bone, is important: considering the loading of the whole bone or system is important in 

determining whole bone strength and fracture risk [25]. 

  

1.6 Physical Activity and Bone Strength 

A wide range of research has examined the effect mechanical loading has on 

bones.  While numerous studies, both observational and experimental, have observed an 

increase in bone density, maintenance of bone density, or cessation of bone density loss 

with a loading stimulus like increased body weight or weight-bearing exercise [4, 5], 

fewer studies have addressed how bone geometry and bone strength respond to 

mechanical loading.  More recently, observational studies, both cross-sectional and 

longitudinal, and randomized controlled trials have lent support to the mechanostat 

hypothesis in showing associations between changes in bone geometry and strength and 

muscle-force induced modeling in humans.   

  While muscle pull appears to be more important in bone adaptation, greater body 

weight will regularly load bones to a greater degree.  Body weight can influence bone 
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strength and mass.  Females with higher body mass index (BMI) showed higher cross 

sectional area, BMD, and section modulus (or bending strength) in the femur than those 

with lower BMI, as assessed through a DXA hip structure analysis [38].    These 

differences were proportional to lean body mass, not to total body mass or fat mass, so 

the quality of the femur in this population, while related to body size, also had a close 

relationship with muscle mass. 

  In addition to body weight, weight-bearing exercise in the form of strength 

training or plyometrics can overload bones and lead to adaptations.  Vainionpaa and 

colleagues [39] evaluated the contribution of jumping exercises to changes in bone 

geometry.  Eighty females were randomly assigned to the exercise or control condition.  

After 12-months, those in the high-impact exercise group had a significant 0.2% higher 

gain in bone circumference at the mid-femur than the controls.  Intensity of impact also 

affected bones—impacts greater than 1.1g positively correlated with cross sectional 

moment of inertia and those greater than 3.9g positively correlated with cortical thickness 

and bone circumference.  The number and intensity of impacts were associated with 

changes in bone geometry and bone mineral redistribution, which were site-specific in 

this population [39].  These data support the notion that impact loading is more important 

for structural changes in bone [31]. 

   Weight-bearing exercise loads bones through the application of compressive 

forces and the torsion forces induced from muscle activity.  Because it is well accepted 

that exercise is advantageous for bone health, much recent research has used athletes or 

exercising individuals as subjects in order to identify and better understand predictors of 

bone health.  Both the amount and type of loading affect bone density, geometry, and 
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strength in female athletes.  Gymnasts showed higher BMD at all sites, spine, hip, and 

total body, for pre-season and competition-season than cross-country runners.  There 

were not significant changes between pre-season and competition season for either group.  

Impact exercise associated with gymnastics may be associated with higher BMD than 

repetitive, lower impact exercises like running [40].  Creighton and colleagues [41] found 

that BMD was higher for females involved in weight-bearing sports than for those 

involved in non-weight-bearing sports. 

Bone strength also appears to be related to the type of loading.  Female athletes 

involved in weight bearing sports including hurdling and soccer, showed higher section 

modulus at the distal and proximal tibia compared to swimmers, as measured using 

pQCT [42].  Differences in strength and geometry were not observed at the radius.  The 

results suggest that after statistically controlling for age, height, and weight, the type of 

exercise-induced loading explains some variability in bone geometry and strength [42].  

Runners have greater bone strength than sedentary controls, associated with increased 

bone size [43, 44].  While strength is higher in race walkers, middle distance runners, 

distance runners, and sprinters relative to sedentary controls, the greatest bone size and 

strength was observed in the sprinters, regardless of gender [44].  Differences in bone 

structure, relative to inactive controls, often are not significant for non-impact athletes in 

observational studies, as observed by Nikander and colleagues.  Non-weight bearing 

exercise, such as swimming or cycling, still may result in bone adaptations because of the 

forces the muscles apply to the bones through repetitive contraction and relaxation.  

Cyclists show greater bone mass and strength than sedentary controls [45]. 
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The effect of running on bone mass and bone strength is of particular interest.  

Results of relevant research are summarized in Table 1.6.1. 

 

Table 1.6-1 Studies exploring bone health in pre-menopausal female runners.   
Author Year Design Sample Mode Results 

Duncan, C. 

[46] 

2002 Cross 

sectional 

Runners, cyclists, 

swimmers, triathletes 

(n=15 each), controls 

(n=15) 

DXA !TB, LS, FN, leg aBMD in runners 

vs. controls; ! TB, FN, and leg 

aBMD in runners vs. swimmers; ! 

leg aBMD in runners vs. cyclists 

Nichols, J. 

[47] 

2007 Cross-

sectional 

Runners/swimmers 

(n=68), High-impact 

athletes (n=93) 

DXA ! TH and FT aBMD in high impact 

athletes vs. runners/swimmers 

Creighton, 

D. [41] 

2001 Cross-

sectional 

Athletes in 

volley/basketball (n=14), 

soccer/track (n=13), 

swimming (n=7), and 

controls (n=7) 

DXA ! FN, FT aBMD in all vs. controls 

excluding swimming; TB aBMD 

greater in volley/basketball vs. all 

other athletes; TB aBMD greater in 

soccer/track vs. swimming and 

controls 

Taaffe, D. 

[48] 

1997 Longitudi

nal 

Gymnasts (n=26), 

runners (n=36), controls 

(n=14) 

DXA ! LS, FN aBMD in gymnasts and 

controls vs. runners at baseline.  

Gymnasts had greater increases in LS 

and FN aBMD compared to runners 

and FN aBMD compared to controls 

after 8 months. 

Kirk, S. 

[49] 

1989 Cross-

sectional 

Runners (n=10) and 

controls (n=10) 

Single 

photon 

absorptio

metry 

Trend towards greater vertebral 

aBMD in runners vs. controls (p= 

0.0778). 

Bemben, 

D. [40] 

2004 Longitudi

nal 

Gymnasts (n=15) and 

runners (n=11) 

DXA !aBMD in gymnasts at LS, TH, FN, 

FT, TB, WT vs. runners 

Nikander, 

R. [42] 

2006 Cross-

sectional 

Athletes (n=113) 

including soccer players 

(n=18), hurdlers (n=24), 

and swimmers (n=27) 

and controls (n=30) 

pQCT ! BMC, Z, ToA, CoTh in soccer and 

hurdle athletes vs. swimmers and 

controls; ! BMC, TrD, Z in soccer 

and hurdlers vs. swimmers and 

controls 

Wilks, D. 

[44] 

2009 Cross-

sectional 

Sprinters (n=106), 

middle distance runners 

(n=52), long distance 

runners (n=93), race 

walkers (n=49), and 

controls (n=75) 

pQCT ! vBMC, CoA, CSMR in all 

exercising groups vs. controls at 

tibial shaft 

Smock, A. 

[43] 

2009 Cross-

sectional 

Runners (n=38) and 

controls (n=32) 

pQCT !ToA, BSI in runners at distal tibia, 

!ToA, CoA, CoTh, SSI, Z in 

runners at proximal tibia, "vBMD in 

runners at proximal tibia, !ToA at 

distal and proximal radius in runners, 

!Z at proximal radius in runners 

(DXA=Dual Energy X-Ray Absorptiometry, aBMD=areal bone mineral density, TB=total body, 

LS=lumbar spine, FN=femoral neck, TH=total hip, FT=femoral trochanter, WT=Ward’s triangle, 

BMC=bone mineral content, Z=section modulus, ToA=total bone area, CoTh=cortical thickness, 

TrD=trabecular density, CoA=cortical area, vBMC=volumetric BMC, CSMR=cross sectional moment of 

resistance, SSI=strength strain index) 
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 1.7 Menstrual Disturbances and Bone Strength 

As exemplified by puberty and menopause, different levels of estrogen affect 

bones.  Mechanical loading may affect bones differently with varying levels of estrogen 

[50], and isolating the independent effect that estrogen has on bones is vital.  Most 

research to date has focused on aBMD as the primary outcome in analysis, and has 

neglected to take into account any structural changes associated with estrogen levels.  

Because measuring hormone levels can be invasive and can raise research costs, use of 

self-reported menstrual status as a surrogate for hormone levels is common.  Functional 

hypothalamic amenorrhea is common in exercising women and in the presence of energy 

drain [51].  Amenorrhea can result from a disruption of the hypothalamic-pituitary-

ovarian axis and suppression of gonadotropin-releasing hormone secretion from the 

hypothalamus.  Lower levels of gonadotropin-releasing hormone can limit the secretion 

of luteinizing hormone and follicle stimulating hormone, which then halts ovulation and 

lowers estradiol levels, resulting in menstrual disturbances like oligomenorrhea or 

amenorrhea [10].  Exercising females with menstrual disturbances show low estrogen and 

progesterone levels compared to those that are menstruating normally [19].  Clinical risks 

of hormonal insufficiencies include infertility and lower bone density.  Exercising 

females, particularly dancers and runners, have a higher prevalence of menstrual 

irregularities than females in the general population [10].  Those with a negative energy 

balance and subsequent hypoestrogenism may have limited bone formation, bone loss, 

and losses in muscle mass—all negatively affect bones [52]. 

  In a study of adolescent females participating in volleyball and basketball, 

Punpilai et al. [53] observed that menstrual status was significantly inversely correlated 
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with lumbar spine aBMD but not with femoral neck aBMD [53].  Similarly, Snead et al. 

[54] observed significantly higher lumbar spine aBMD in eumenorrheic (10-12 cycles per 

year) runners than in oligomenorrheic and amenorrheic runner groups.  No aBMD 

differences were observed among the groups at the proximal femur [54].  Estrogen 

deficient athletes displayed lower lumbar spine and total body aBMD than estrogen 

replete athletes, in a study by Christo et al. [55].  At the loaded hip, however, estrogen 

deficient and estrogen replete athletes showed similar aBMD values [55].  Athletes may 

experience site-specific aBMD deficiencies with an estrogen deficiency; physically active 

females may have compromised bone density in some locations and not in others, 

according to these results.  Measurement of serum hormone levels was a strength of the 

work of both Punpilai et al. and Snead et al., but the focus on aBMD as the primary 

outcome and use of exercising females as subjects leaves much unexplained. 

  De Souza et al. [32] explored bone turnover in amenorrheic and eumenorrheic 

athletes.  In this design, the effects of energy deficiency and estrogen deficiency were 

considered.  The energy deficient and estrogen deficient group displayed evidence, in the 

form of biological markers, of energy conservation.  Energy deficient women had 

significantly lower lumbar spine aBMD.  In the presence of adequate energy status there 

was not a disruption in bone metabolism, regardless of estrogen level.  With inadequate 

energy status, low estrogen was associated with bone loss as well as with lack of bone 

formation and increased bone resorption [32].  Bone turnover markers reflect whole body 

bone metabolism and do not indicate where bone loss or gain occurs; therefore, with a net 

bone loss, some bone accrual may still occur at loaded sites while increased bone 
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resorption occurs at non-loaded sites.  This research reinforces the importance of 

adequate energy status to avoid any bone-related consequences of hypoestrogenism. 

  In the non-athletic population, the relationship between menstrual function and 

bone parameters may be different but still is of interest.  Munoz et al. [56] sought to 

assess the effect of prolonged anorexia nervosa on lumbar spine aBMD and to determine 

the effects of estrogen supplementation.  Amenorrheic females with anorexia nervosa 

displayed significantly lower aBMD than normal.  Even with partial recovery of weight, 

treatment with estrogen for one year did not lead to any significant changes in lumbar 

spine aBMD.  Further, no change in lumbar spine aBMD was observed after one year of 

follow-up.  Treatment with estrogen did not lead to improvements in aBMD [56].  Energy 

availability may have limited aBMD improvements, as suggested by other research [52].  

Estrogen supplementation may not have changed aBMD in this population, but may have 

affected bone turnover and structural changes that were not measured in this study. 

  A large cohort of female endurance athletes between the ages of 15 and 50 and 

classified by different hormonal status—amenorrheic, eumenorrheic, or estrogen users—

were randomly assigned to a placebo or Vitamin K group and followed prospectively for 

two years.  No effect was observed for Vitamin K supplementation.  Bone mineral 

density at the femoral neck was significantly lower for all groups after 2 years, with the 

amenorrheic athletes displaying significantly greater decreases in aBMD compared to the 

eumenorrheic athletes [57].  Bone mineral density losses may be exacerbated in 

amenorrheic athletes and estrogen use did not protect against bone loss. 

  Changes in bone density and structure may have lasting effects.  Lloyd et al. [58] 

explored the aBMD and hormone levels of collegiate female athletes classified as 
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eumenorrheic, moderately oligomenorrheic, defined as missing less than 40 menses since 

menarche, or severely oligomenorrheic, missing more than 40 menses since menarche.  

There were significant differences in aBMD, estradiol, luteinizing hormone, and follicle 

stimulating hormone between these groups.  Average lumbar spine aBMD of the 

moderately oligomenorrheic athletes was 88% that of eumenorrheic athletes; average 

lumbar spine aBMD of the severely oligomenorrheic athletes was 69% that of 

eumenorrheic athletes [58].  Women with a history of secondary amenorrhea displayed 

lower lumbar spine and pelvis aBMD than those with a history of oligomenorrhea and 

both groups had lower aBMD values at theses sites than expected based on population 

norms [59].  Menstrual history may be an important determinant of BMD and also of 

bone geometry, as estrogen levels affect bone turnover at the endosteal surface. 

  More recent research has focused on bone geometric parameters as outcome 

variables.  A study of female military cadets assessed differences in bone density and 

geometry with varying menstrual status and oral contraceptive use.  Women with 

amenorrhea or oligomenorrhea over the last year had significantly lower spine and hip 

aBMD, lower calcaneal aBMD, smaller cortical thickness in the tibia, larger endosteal 

circumference in the tibia, and lower tibial BMC than those with eumenorrhea.  Those 

that had never used oral contraceptives showed significantly higher aBMD in the spine, 

higher calcaneal aBMD, higher tibial BMC, and higher tibial periosteal circumference 

than current oral contraceptive users.  Differences in hormonal status, either from 

hypogonadism or oral contraceptive use, are associated with differences in bone density 

and bone geometry in physically active women.  Menstrual disturbance and oral 

contraceptive use both were associated with lower aBMD and bone size [14].  The 
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researchers did use pQCT as an instrument but did not report values for tibial cross 

sectional area or section modulus, which may have given some information about the 

strength of the bones under these different hormonal conditions.  Future research should 

expand on this. 

  Examining menstrual status and bone parameters in less active females is 

important in identifying any effects estrogen has on bone parameters independent of 

mechanical loading.  DiVasta and colleagues [60] assessed differences in BMD and bone 

geometry using a HSA in anorexics with amenorrhea and sedentary controls.  Femoral 

neck and shaft aBMD, bone cross-sectional area and bending strength were lower in the 

anorexics than in the controls.  Anorexic females had lower indices of whole bone 

strength and relative bone strength.  These results suggest that sedentary females with 

menstrual disturbances display lower aBMD and bone strength than their normally 

menstruating counterparts.  These observations may be mediated by dietary or hormonal 

factors, especially in the presence of an eating disorder. 

  Oral contraceptives alter the endogenous production of estrogen and progesterone 

[61].  In the presence of hypoestrogenism, this could act as a replacement.  With normal 

estrogen levels, however, hormonal supplementation could act to suppress the normal 

production of estrogen, leading to lower serum estrogen levels.  Little is known about the 

skeletal effects of oral contraceptives in premenopausal women.  Hartard and colleagues 

[60] used pQCT and DXA to assess bone geometry and density in 248 women and found 

that aside from differences between users and non-users, the age of onset of oral 

contraceptive use as well as the duration of oral contraceptive use were related to bone 

parameters.  Women that had ever used oral contraceptives had lower bone mass at the 



J. Kelly 

 22 

femoral neck and tibial shaft, along with reduced total cross sectional area, lower total 

BMC, and increased cortical vBMD at the tibia—bone strength may not have been 

optimal in this group.  Women that initiated oral contraceptive use early and continued 

use for a long duration had a significant 10% lower femoral neck aBMD than never-users 

and lower total BMC at the tibial shaft than never-users.  Late start long time users had 

significantly lower total cross sectional area at the tibia than never-users [13].  This 

observational study, while limited in its design and statistical analysis, suggests that oral 

contraceptive use may not be advantageous for bone health, the effects of which warrant 

further exploration. 

  

1.8 Physical Activity, Menstrual Disturbances and Bone Strength 

Although numerous studies have addressed the independent effect of loading on 

bones and the independent effect of estrogen level or menstrual status, a limited amount 

of research has addressed an interaction effect.  According to the theory, estrogen 

mediates the relationship between mechanical loading and bone density and geometry; 

high amounts of estrogen limit periosteal expansion and promote endosteal bone 

formation while low amounts of estrogen do the opposite [35].  Recent research has 

challenged this—high levels of estrogen may stimulate greater periosteal bone formation 

compared to low levels of estrogen in the presence of mechanical loading [62].  In the 

presence of an interaction, the effect of mechanical loading on bone density and bone 

strength would be different for different hormonal conditions. 

Early DXA studies note lower spinal aBMD in amenorrheic and oligomenorrheic 

athletes compared to eumenorrheic athletes [12, 54, 63-68].  Ovulatory disturbances 
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without symptoms of amenorrhea have also been associated with low spinal aBMD [69].  

Resumption of menses is associated with increases in aBMD [17], but aBMD levels may 

still be lower than that seen in eumenorrheic runners [70].  A history of amenorrhea is 

associated with lower pelvis and spinal BMD compared to those with a history of 

oligomenorrhea [59, 71], suggesting that effects of menstrual disturbances may persist 

after recovery and that the severity of the menstrual disturbance may be associated with 

bone density.  While much of this research does not tease apart the determinants of low 

BMD, identification of differences in bone associated with menstrual disturbances paved 

the way for much future research, including research that evaluates bone strength in these 

populations. 

  Dancers and endurance athletes commonly present menstrual disturbances and 

participate in regular jumping and weight-bearing exercise, making them the subjects of 

most research in field.  Pearce et al. [72] assessed aBMD differences between 

oligomenorrheic ballet dancers and sedentary controls using a cross-sectional 

observational design.  Length of oligomenorrhea and aBMD were negatively correlated at 

both weight bearing and non-weight bearing sites.  Those with oligomenorrhea lasting 

less than 40 months had aBMD at weight bearing sites that was higher than the age-

predicted mean; no such differences were observed for non-weight bearing sites.  In this 

group, femoral neck aBMD was significantly higher than controls.  For those with 

oligomenorrhea lasting longer than 40 months, aBMD was not different from the age-

predicted mean at weight bearing sites but was lower than the age-predicted mean at non-

weight bearing sites.  This group had significantly lower aBMD at the non-weight 

bearing head, arms, and ribs than the controls.  In this dancing population, the effects of 
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oligomenorrhea may be site-specific, with different effects for weight bearing and non-

weight bearing bones [72].  This may be evidence for an interaction effect between 

estrogen and mechanical loading but without inclusion of eumenorrheic dancers and 

amenorrheic controls, this sort of conclusion is not attainable. 

  In a study with collegiate dancers and non-exercising controls, To et al. assessed 

the impact of weight-bearing exercise and menstrual status on aBMD.  Twenty percent of 

the dancers had menstrual disturbances, either oligomenorrhea or amenorrhea, and were 

grouped together for analysis as oligo/amenorrheics.  Areal bone mineral density 

measured by DXA at the lumbar spine and hip were significantly higher in eumenorrheic 

dancers than in controls but when comparing oligo/amenorrheic dancers with controls, 

there were not differences in aBMD at these sites.   The same pattern was observed for 

distal tibial trabecular BMD measured by pQCT.  Bone strength indices at the distal tibia 

and distal radius were higher for eumenorrheic dancers than for sedentary controls but 

these differences were not observed when comparing oligo/amenorrheic dancers to 

sedentary controls.  Despite all of these differences, the eumenorrheic and 

oligo/amenorrheic dancers did not have significantly different BMD values at any site 

when compared to each other.  The authors attribute this to the small sample size and 

limited statistical power [73]. 

  Christo and colleagues [55] examined aBMD, levels of bone formation, and bone-

resorption markers in adolescent eumenorrheic athletes, amenorrheic athletes, and 

sedentary controls.  The amenorrheic athletes had lower aBMD z-scores at the spine and 

whole body compared to the eumenorrheic athletes and the controls and lower hip aBMD 

z-scores than the eumenorrheic athletes.  Insulin-like Growth Factor-I (IGF-I), a marker 
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of bone formation, and other bone turnover markers were lower in the amenorrheic 

athletes than in the controls.  Eumenorrheic athletes had higher aBMD values than 

control subjects overall but these differences did not reach statistical significance.  In this 

population, aBMD in the presence of low estrogen levels and loading is lower than for 

those with normal estrogen levels regardless of loading status [55].  Any interaction 

between estrogen and mechanical loading is difficult to discern from these results.   

  Different types and intensities of exercise have been shown to affect bone 

parameters differently; as mentioned previously, sports classified as high-impact or odd-

impact sports have been associated with higher aBMD and bone strength indices than 

repetitive, low-impact sports or non-impact sports [40-42].  Taking into account 

menstrual status, in high/odd impact and repetitive/non-impact adolescent athletes, 

significantly greater total spine and trochanter aBMD was observed in the regularly 

menstruating high/odd impact group compared to the repetitive/non-impact group with 

menstrual disturbances.  For eumenorrheic athletes, those classified as high/odd impact 

had significantly greater hip and trochanter aBMD than the repetitive/odd impact [47].  

This evidence suggests that aBMD gains from lower-impact exercise may be 

compromised by menstrual disturbances relative to gains observed with normal 

menstruation in the presence of high-impact loading. 

 Devlin and colleagues explored the independent and interactive effects estrogen 

level and physical activity level have on bone strength using a DXA hip structure 

analysis.  Participants were young women followed for 3 years post-menarche.  Both 

physical activity and estrogen level were independently positively associated with bone 

strength.  The most active women had a 10 -11% higher strength index than less active 
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girls.  In the first year after menarche, those with the highest estrogen levels had 5-14% 

higher bone strength than girls with lower estrogen levels.  While the trends observed for 

the interaction between these factors were not significant, these results are important as 

they indicate that estrogen levels in young women may moderate the effects of loading 

from physical activity.  When compared with moderately active women with the highest 

estrogen levels the most active women with the highest estrogen levels had 12% greater 

bone strength at the hip.  In women with the lowest estrogen levels, the most active 

women only displayed 3% higher bone strength than the moderately active women [50]. 

  Most studies of menstrual status, mechanical loading, and bones are cross-

sectional in design.  An exception is the work of Petit and colleagues [74], which 

evaluated longitudinal data including menstrual status, aBMD, and bone geometry from 

HSA that were obtained in the Penn State Woman’s Health Study.  The study considered 

many predictors of bone strength and mass.  It was noted that estradiol and testosterone 

levels explained a small amount of variance in the bending strength of bone.  Higher 

estrogen and testosterone were related to narrower sub-periosteal diameter and more bone 

on the endosteal surface of the bone.  Estrogen level was positively associated with 

cortical thickness.  The role sex steroids play in bones can both directly affect the bone or 

it can affect the bone’s ability to adapt to mechanical stimuli [74]. 

 Hormone levels and physical activity levels are modifiable.  With resumption of 

menses, estrogen level returns to normal levels; with changes in activity, the loading 

stimulus can increase or decrease.  Ducher et al. evaluated bone geometry and strength in 

female retired gymnasts with and without a history of amenorrhea [75].  Controlling for 

height, there were no differences between gymnasts with a history of amenorrhea and 



J. Kelly 

 27 

sedentary controls in aBMD at the lumbar spine.  Gymnasts without a history of 

amenorrhea had higher aBMD than controls at the lumbar spine.  In gymnasts with a 

normal cycle history, trabecular density and compressive strength were significantly 

greater compared to controls; gymnasts with a history of amenorrhea had greater total 

bone area than controls.  At the proximal tibia (66%), gymnasts, regardless of menstrual 

history, had greater BMC, total area, cortical area, and cortical thickness than controls 

and greater bone strength compared to controls.  When comparing the gymnasts with 

different menstrual histories, previously amenorrheic women had lower trabecular 

density and compressive strength at the distal radius, lower bone mineral apparent density 

at the lumbar spine, and a trend towards lower strength at the proximal tibia (p<0.09).  

Those with a history of amenorrhea had greater total bone area at the distal radius.  

Cortical thickness at the proximal radius was greater in gymnasts without a history of 

amenorrhea (p<0.09) but bone area did not differ, suggesting that the bone endocortical 

surface may differ with varying menstrual history.  Gymnasts without past menstrual 

disturbances had greater bone size and stronger bones at all sites compared to controls.  

Density was also higher in that group at all sites except the proximal tibia.  In contrast, 

gymnasts with a history of amenorrhea did not differ significantly from controls in bone 

density at the lumbar spine, distal radius, and distal tibia.  Despite greater bone size than 

controls at all sites, gymnasts with a history of amenorrhea had strength values that were 

not significantly different from controls at the distal radius and tibia [75]. 

 

1.9 Loading, Estrogen and Bone Strength in Animal Studies  
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Small sample sizes, inadequate participant groups, and failure to obtain bone 

geometry outcomes are just a few limitations in previous research in humans; more 

importantly, the observation studies presented are not true experiments so cause and 

effect cannot be inferred and the results cannot be generalized.  Only those involving 

animals can control hormone level and mechanical loading and measure all relevant bone 

outcomes in vivo and ex vivo.  Jarvinen and colleagues [76] performed a series of trials; 

in the third experiment, researchers randomly assigned 60 rats to be ovariectomized or 

sham operated, after which they were randomized again to either exercise or control 

groups.  After the 16-week intervention, pQCT and mechanical testing were performed 

on the limbs of the exercised and non-exercised rats.  Bone mineral content and density 

were about 20% lower in the estrogen deplete rats than in the controls.  With exercise 

training, estrogen deplete rats had a 9.1% increase in cross-sectional area of the femoral 

neck, a 12% increase in BMC, a 9.6% increase in BMD, and a 16% increase in fracture 

load of the femoral neck.  The increases in BMC and fracture load were significantly 

different than the changes in the control group over 16 weeks.  On the contrary, treadmill 

training did not affect the rats with normal estrogen levels—no differences between the 

exercise and control rats were observed.  Although lack of estrogen caused lower BMD 

in the rats, estrogen deplete rats derived more load-related gains, suggesting that 

structural modeling may be more viable with lower estrogen [76]. 

In a randomized controlled intervention, in the presence of high levels of 

estrogen, the cortical bone growth at the femur in response to loading in sheep was 27% 

greater, on average, than in sheep with low estrogen levels.  At the tibia, the results were 

less dramatic—bone growth was 6% higher in the physically active high estrogen versus 
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low estrogen sheep.  Similar relationships were observed at the metatarsal.  Exercised 

animals with high estrogen and normal estrogen added significantly more bone than 

sedentary animals with high estrogen or low estrogen [62], suggesting that the loading 

effect remains an important determinant of cortical bone apposition.   

  In a similar experimental design, Pajamaki et al. [77] randomly assigned 30 rats to 

ovariectomy or a sham operation, immobilized one leg, and exercised the rats.  Groups 

mimic estrogen deplete and estrogen replete active and inactive females.  Main effects for 

loading and estrogen on BMC were significant but the loading effect was more 

pronounced.  There was a significant interaction between the factors for femoral neck 

BMC.  Main effects for both predictors were also observed for femoral neck strength.  

Again, the loading effect was much larger than the estrogen effect.  An interaction effect 

was not a significant predictor of bone strength, however.  Loading affected the periosteal 

surface of the bone: increases in femoral neck and femoral mid-shaft CSA, BMC, and 

femoral neck strength.  It had a highly significant effect on the endosteal and periosteal 

diameters of bones, regardless of estrogen level, while estrogen showed no effect on 

these diameters, regardless of loading level.  Estrogen did not affect periosteal apposition; 

its effects were limited to accrual of bone mass.  In trabecular bone, loading resulted in an 

increase in trabecular thickness while the presence of estrogen led to a decrease in 

trabecular spacing.  The interaction between estrogen and mechanical loading is 

predictive of BMC but when considering structural strength, the interaction effect is no 

longer significant so the significant main effect of loading becomes more important—

loading leads to periosteal apposition and can enhance bone strength.  Estrogen and 
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mechanical loading affect the endosteal and periosteal surfaces, respectively, and have 

structurally distinct effects in bone. 

 The effect of a short period of exercise training followed by a period of detraining 

on the life-long changes in bones in rats was also recently studied.  In this controlled 

experiment one limb of each rat was exercised 3 days a week for 7 weeks followed by 92 

weeks of detraining and structural, architectural, and material properties of the bones 

were assessed, in vivo after training and both in vivo and ex vivo after detraining.  After 

training, exercised and non-exercised limbs displayed differences in bone quantity and 

structure.  Exercised limbs had enhanced areal BMD and BMC, cortical area, and 

maximum second moment of area.  After detraining, exercised limbs retained significant 

structural changes derived from exercise, particularly at the distal ends of the bones, but 

changes in bone quantity, areal BMD and BMC, were not retained.  Exercised limbs had 

23.7% greater ultimate force and 10 times greater fatigue resistance than non-exercised 

limbs, even after detraining, which are direct measures of bone strength.  In addition to 

increased bone strength, the exercised limbs also had increased brittleness, due to 

increased mineralization.  Despite detraining, exercise-induced structural effects persist 

over time while mass effects may not.  Bones that received a loading stimulus showed 

more bone strength both immediately after training and after an extensive period of 

detraining, suggesting that mechanical loading has long-term effects on bone strength in 

rats [78]. 

Research conducted to date suggests that mechanical loading can maintain or 

even increase bone density and that small increases in bone density occurring on surfaces 

affected by strain can lead to significant increases in bone strength [27].  These effects 
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may be transient, disappearing when the loading stimulus ceases [78].  Changes in bone 

structure also can result from mechanical loading and may be retained for a longer period 

of time.  In light of this animal research, the independent effect of mechanical loading on 

bone strength and the interaction effect of loading and different hormonal variables on 

bone strength in humans need more exploration. 

  

1.10 Confounding Factors 

 While estrogen and loading appear to be major players in the regulation of the 

mechanostat in females, additional factors have been linked to bone mass and strength 

and menstrual disturbances and cannot be ignored.  As previously mentioned, energy 

drain can stunt bone formation [32], potentially reducing the ability for bones to adapt to 

the loading environment.  Energy deficiency can be a cause of amenorrhea [51]; when 

limited bone formation is observed in conjunction with endocortical bone resorption due 

to low estrogen levels, bone strength may suffer.  Dietary deficiencies can accompany a 

negative energy balance; micronutrient deficiencies of calcium and vitamin D limit bone 

accrual [79].  Female athletes may not display a clinical eating disorder but may exhibit 

disordered eating or chronic energy drain.  Nutrition may be an important predictor of 

bone strength, particularly in this population.   

Leptin, a hormone stored in adipocytes, may be a hormonal mediator of energy 

deficiency.  Leptin level is positively associated with body fat mass and drops in response 

to acute starvation or chronic calorie deprivation [15, 80].  The surface of bone contains 

leptin receptors, making it a hormone of interest.  Just as estrogen receptors alpha and 

beta may mediate bone’s response to mechanical loading [81], leptin receptors may 
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behave similarly [82].  Low leptin levels have also been associated with amenorrhea [80, 

83] and while either could independently be related to bone loss, leptin may be the more 

important factor as administration of recombinant-human leptin has led to resumption of 

menses and increases in bone formation markers [83].  Leptin level may play an 

important role in skeletal health, although whether it stimulates or suppresses osteoblast 

activity remains unknown [84]. 

 Mood disorders and stress may also affect bone mass and strength.  Anorexic 

women with depression display lower areal BMD at the lumbar spine than anorexic 

women without depression [85].  Elevated cortisol levels are related to bone loss [80, 86].  

Depression, anxiety, and stress are associated with high cortisol levels—cortisol is 

positively correlated with HAM-A and HAM-D scores [60, 87].  Cortisol is also 

negatively associated with BMD [60, 87] and may mediate the relationship between 

mood disorders and bone loss.  Stress can also be a cause of menstrual disturbances such 

as amenorrhea [51], which can further affect BMD.  Future research should include 

psychological assessments to further consider the role of stress and mood disorders in 

determining bone mass and strength. 

 

1.11 Future Directions 

 Research suggests that female athletes with menstrual disturbances may 

experience diminished effects of mechanical loading as BMD is often lower than that of 

normally menstruating athletes.  Very little research has explored bone strength in female 

athletes with menstrual disturbances or estrogen deficiencies.  In animals, estrogen and 

loading have independent and interactive effects on bone.  Of primary interest is the 
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potential moderating effect estrogen may have on mechanical loading and the resulting 

functional bone adaptation.  The literature has a somewhat limited scope—bone strength 

in amenorrheic runners and runners with a history of amenorrhea should be explored as 

these menstrual patterns may present themselves clinically.  With a better understanding 

of bone strength in runners with varying menstrual patterns, physicians may be better 

able to design treatments that prevent fracture and do not compromise bone strength.  
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Chapter 2: Purpose and Hypotheses 

2.1 Purpose 

The purpose of this study is to explore bone geometry and strength via pQCT in 

runners with varying menstrual status and in normally menstruating inactive controls.  

The primary question is concerned with bone strength in premenopausal female runners.  

Specifically, do premenopausal female runners and non-runners have differences in bone 

strength, bone geometry, and bone density associated with differences in mechanical 

loading and menstrual status, after controlling for differences in body size and 

reproductive history?  Further, are there differences in bone structure or strength amongst 

the runners with varying menstrual statuses?   

  

2.2 Hypotheses 

We hypothesize that bone strength will be different for those with different 

activity levels and different menstrual statuses and that these predictors will be associated 

with bone strength and bone geometry.  Similar to the results observed in animal studies 

[77], we hypothesize that bone strength, as measured by compressive strength, bending 

strength, and section modulus via pQCT, will be higher in runners than in non-runners, 

regardless of menstrual status.  We expect bone density to be lower in runners with 

amenorrhea or a history of amenorrhea compared to eumenorrheic runners.  We 

hypothesize that any differences due to menstrual status in the running groups will be 

apparent at highly trabecular sites.  We expect amenorrheic runners will have less bone 

density at distal sites and thinner cortices at proximal sites relative to eumenorrheic 

runners and healthy controls. 
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Chapter 3: Manuscript 

3.1 Introduction 

  A number of both animal and human studies have shown physical activity is 

positively associated with increased bone mass and strength [4-6, 88]. In vitro data show 

that bone cells respond to an increase in stress (likely through increased fluid flow) by 

adding new bone to surfaces that have the highest strains to increase bone strength [26].  

Higher impact sports (e.g. ballet, gymnastics, or those involving jumping) are generally 

associated with higher bone mineral density (BMD) than lower impact sports (e.g. 

running, cycling, or swimming) [40-42, 47].  Still, sports such as running and cycling 

have a positive effect on bone strength [43, 44]. 

It is generally accepted that physical activity can promote bone health.  Yet, 

despite high levels of mechanical loading, athletes with athletic amenorrhea and low 

estrogen levels have lower areal BMD (measured by DXA) compared to their 

eumenorrheic counterparts [7, 12, 53, 54, 66, 68, 72].  Some amenorrheic athletes are 

classified as osteopenic or osteoporotic in their young adult years [8, 47]. However, 

recent evidence from animal studies suggest that although aBMD may be low in an 

estrogen deplete state, bone geometric properties (i.e. total bone area) can be optimized to 

maintain high bone strength if mechanical loading is present [76, 77].  

Previous studies in amenorrheic athletes have primarily used DXA to assess areal 

BMD. However, an increase in total bone area with no change in the mineral content 

would show up as a lower aBMD measured by DXA when bending strength is actually 

maintained or increased [36, 89]. Other technology such as peripheral quantitative 
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computed tomography (pQCT) can now be used to assess bone geometry and mechanical 

strength in human studies.  

From a clinical perspective, it is important to further explore bone health in active 

women with amenorrhea or a history of amenorrhea. Because estrogen levels are 

typically lower in women with amenorrhea than in those with eumenorrhea [51], the 

varying menstrual statuses of these active women should provide some insight into the 

interactive effects of hormones and mechanical loading.  Therefore, the purpose of this 

study is to assess bone strength, bone geometry, and bone volumetric density (vBMD) 

using pQCT in runners and non-runners with differences in menstrual status.  Based on 

results observed in animal studies [77] we hypothesize that bone strength, as measured by 

compressive strength, bending strength, and section modulus via pQCT, will be higher in 

runners than in non-runners, regardless of menstrual status. Our secondary hypothesis is 

that amenorrheic runners will have lower bone strength due to lower vBMD at trabecular 

sites and thinner cortices at proximal sites relative to eumenorrheic runners; yet, strength 

will still be higher than that of sedentary controls.   

 

3.2 Methods 

Participants 

Female runners, ages 18 to 36, with varying menstrual statuses and age matched 

normally menstruating sedentary controls were recruited to participate in this study. All 

female runners trained and competed in middle or long distance running or triathlons 

during the past 3 years and currently were running greater than 25 miles per week.  

Runners were classified as eumenorrheic, oligomenorrheic, or amenorrheic based on self-
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reported number of yearly menstrual cycles.  Eumenorrhea was defined as 10 to 12 cycles 

per year, oligomenorrhea was defined as 4 to 9 cycles per year, and amenorrhea was 

defined as 3 or fewer cycles per year or greater than 90 days between cycles.  Those who 

were currently eumenorrheic were subdivided into two groups based on whether or not 

they had a history of amenorrhea.  Female runners were recruited from local collegiate 

cross country and track and field teams and triathlon teams.  Former collegiate runners 

and others in the local running community were also recruited.  The remainder of the 

sample of runners was drawn from a cross-sectional data set comprised of collegiate 

female runners—recruitment details can be found elsewhere [43].  Runners were only 

included if they met mileage and cycle criteria.  Non-active eumenorrheic females were 

drawn from baseline data for the Women In Steady Exercise Research (WISER) study.  

Participants were excluded if they were pregnant, oligomenorrheic, were currently using 

oral contraceptives, had a clinical eating disorder, or had any disease known to affect 

bone metabolism. 

Participants received details about the procedures and the study objectives before 

testing and provided written informed consent agreeing to the terms of the study before 

data collection began.  Those that chose to participate in the study came to the Laboratory 

of Musculoskeletal Health at the University of Minnesota for a 1.25 hour appointment to 

complete questionnaires and undergo anthropometric testing and bone scans.  The 

Institutional Review Board of the University of Minnesota approved the study. 

 

Questionnaires 
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Participants completed a screening form to determine eligibility based on current 

and previous menstrual patterns and weekly running mileage.  Additionally, participants 

completed a full health history questionnaire, which assessed physical activity patterns, 

lifestyle choices, reproductive history, menstrual cycle patterns, and pertinent medical 

history.  For those with a history of menstrual disturbances, duration of the disturbance 

was reported.  In order to consider the potential contribution of disordered eating to 

amenorrhea and bone, participants completed the previously validated Eating Attitudes 

Test (EAT-26). 

 

Anthropometry 

Height was measured to the nearest 0.1 cm using a wall-mounted stadiometer 

(Model 242; Seca, Hanover, MD).  Three measurements were taken and the closest two 

were averaged.  For participants tested from 2006-2008, an electronic scale (Model 840; 

Seca) was used to measure body weight to the nearest 0.1 kg.  For participants tested in 

2010, an electronic scale (BodPod Gold Standard; Life Measurement, Inc., Concord, CA) 

was used to measure body weight to the nearest 0.1 kg.  Body mass index (BMI) was 

computed using these values (weight, kg/height, m
2
).  Tibia length was measured to the 

nearest 1 millimeter from the medial malleolus to the tibial plateau using an 

anthropometric tape measure.  Forearm length was also measured to the nearest 1 

millimeter using the same instrument.  Measurements were made from the olecranon 

process to the styloid process of the ulna.  Three measurements were taken and the two 

closest measurements were averaged to determine limb length. 
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Bone measurements 

Peripheral quantitative computed tomography (pQCT - XCT-3000; Orthometrix, 

Inc., White Plains, NY) scans were acquired using a 2.3-mm slice at the distal (4%), 

midshaft (50%), and proximal (66%) sites of the left tibia and at the distal (4%) and 

midshaft (50%) sites of the non-dominant radius.  Quality control testing was executed 

daily before testing using the manufacturer-provided anthropometric phantom.  

Beginning with a 30-mm planar scout view scan, the endplate was located and set as the 

reference line.  Using previously measured limb length, the scanner automatically located 

the distal, midshaft, and proximal sites for measurement.  Scan speed was set at 25 mm*s
-

1
 and voxel size was set at 0.4 mm.  All scans were completed in less than 30 minutes.  

Two operators (A.S. and J.K.) performed testing for participants, with one operator per 

participant.  Precision with repositioning for this instrument varied from 0.28 for total 

vBMD to 1.20 for trabecular area at the distal tibia and from 0.31 for cortical vBMD to 

0.41 for total area at the tibial shaft [90].  

Analysis at the distal site was performed using Contour mode 3 (200 mg*cm
-3

), 

Peel mode 5 (automatic), and Cort mode 3 (200 mg*cm
-3

).  At the midshaft and proximal 

sites, analysis was performed using Contour mode 1 (710 mg*cm
-3

), Peel mode 2 (540 

mg*cm
-3

), and Cort mode 1 (710 and 480 mg*cm
-3

 for polar strength strain index (SSIp)). 

 Total bone volumetric density (ToD, mg*mm
-3

), bone geometry (total area (ToA), 

mm
2
), and bone strength index (BSI, mg*mm

-4
, = ToA*ToD

2
/100,000), an estimate of 

bone compressive strength were measured at the distal sites in both the tibia and the 

radius.  At the midshaft and proximal sites in the tibia and at the midshaft site in the 

radius, measurements of cortical bone volumetric density (CoD, mg*mm
-3

), bone 
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geometry (ToA, cortical area (CoA, mm
2
), and cortical thickness (CoTh, mm)), and 

estimates of bone bending strength (polar strength strain index (SSIp, mm
3
) and section 

modulus (Zp, mm
3
)) were obtained.  Muscle cross sectional area was also evaluated at the 

midshaft and proximal sites in the tibia and at the midshaft site in the radius.  Validity 

testing suggests that bending strength by pQCT is highly correlated with the breaking 

force of bone, as measured in animal and cadaver studies (r=0.94, p<0.001) [37]. 

 

Statistical Analysis 

All statistical analysis was performed using SPSS Statistics Grad Pack 17.0 for 

Macintosh (SPSS Inc., Chicago, Illinois USA, 2008).  Group means and standard errors 

of measurement are reported for each variable.  Data was analyzed to ensure 

homogeneity of variance for variables of interest using Levene’s test.  Participant 

characteristics and bone outcomes were compared between the four groups using one-

way Analysis of Variance (ANOVA).  Additionally, bone outcomes were analyzed using 

ANCOVA including covariates in the models as appropriate.  Any significant group 

effect was further explored using post-hoc analysis (LSD).  For any bone outcome in 

which a group effect was a significant after adjusting for covariates, post-hoc analyses 

(LSD) were performed.  Level of significance was set at !=0.05. 

 

3.3 Results 

Descriptive Statistics 

Data were pooled from a previous study of bone health in runners and sedentary controls 

[43] and from new participants recruited for this study (n=68).  All control participants 
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(C, n=21) were eumenorrheic (>10 cycles per year) and confirmed ovulatory as 

previously described [43]. Runners classified as either eumenorrheic (ER, n = 16), 

amenorrheic (AR, n = 12), or eumenorrheic with a history of amenorrhea (HR, n = 8) 

were included in the final analysis.  Participants were excluded if they were classified as 

oligomenorrheic (n = 7), had primary amenorrhea (n = 2), were pregnant, or were both 

amenorrheic and sedentary (n=2).   

 

Descriptive characteristics are shown in Table 1. Eumenorrheic runners and 

runners with a history of amenorrhea were significantly taller (+5-6 cm, p < 0.05) than 

sedentary controls, however there were no significant differences in height among the 3 

groups of runners. Eumenorrheic and amenorrheic runners were significantly lighter (-7.5 

and -13.6 kg, respectively, p<0.05 and p<0.001) than sedentary controls.  BMI was 

significantly lower in all runner groups compared to controls by 4-5 kg*m
-2

 (p<0.01 for 

all). However, body weight and BMI were not significantly different among the 3 groups 

of runners.  Age at menarche was 1.5 years later on average in eumenorrheic runners with 

a history of amenorrhea relative to non-running controls (p<0.05), but there were no 

significant differences in age of menarche among other groups.  

 

Miles run per week ranged from 25 to 80 in the runners with no significant 

differences in the average mileage for the runners with varying menstrual statuses. 

Twenty-five to fifty percent of runners reported a history of fracture, with no difference 

in the incidence of fractures among the groups of runners. Although slightly higher in the 
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amenorrheic group, eating attitude scores were not significantly different among running 

groups and well below the cut-off of 20 that suggests a clinical eating disorder [91, 92].  

 

Table 3.3-1 Descriptive characteristics for female runners with varying menstrual status 

and inactive normally menstruating controls. 

 

Bone Outcomes   

 Tibia. Unadjusted bone outcomes at the tibia and those adjusted for age, limb 

length, and either weight or muscle cross-sectional area were assessed.  Since body 

weight was significantly different between groups, bone outcomes at all tibia sites were 

evaluated after adjusting for age, tibia length, and body weight. Adjusted tibia bone 

outcomes for each group are shown in Table 2 and percent differences highlighted in 

Figures 1-A, 1-B, and 1-C. 

At the trabecular distal site (4%), there was no difference in estimated bone 

compressive strength (BSI) between groups despite a greater total area in ER (p<0.01) 

and HR (p<0.001) groups relative to inactive controls and no differences in density 
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between groups (Figure 1-A).  Estimated strength tended to be higher in runners 

compared to non-runners (+12.3-23.0%) but did not reach statistical significance (p = 

0.052). 

 

Table 3.3-2 Tibia pQCT outcomes adjusted for age, tibia length, and weight. 

 

 

 

At the cortical sites (50% and 66%) estimates of bone bending strength (SSIp and 

Zp) were higher (SSIp, +8.2-21.8%; Zp, +17.1-36.2%) in runners compared to controls. 

Differences in SSIp and Zp were significantly higher in all runner groups compared to 

controls with the exception of SSIp at the 50% site, which was not different between AR 

and controls (p = 0.145).  The magnitude of the difference was higher in ER and HR 

compared to inactive controls, and slightly less for AR vs. controls (Figures 1-B and 1-
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C). However, there were no differences in bone strength among running groups at either 

of the cortical sites. Differences in bone strength could be attributed to a greater bone size 

in runners compared to controls (p<0.05 for all groups except AR at 50%, p=0.057). 

Runners also had a greater cortical bone area compared to controls at both sites (p<0.05 

for all). 

 

 
Figure 3.3-1A Differences (%) in bone outcomes for runners classified as eumenorrheic 

(ER), eumenorrheic with a history of amenorrhea (HR) and amenorrheic (AR) compared 

to controls (baseline) at the highly trabecular 4% site of the tibia.  Strength differences 

were not significant, total area was greater in eumenorrheic runners.  Groups significantly 

different than controls are indicated (!). 
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Figure 3.3-1B Differences (%) in bone outcomes for runners classified as eumenorrheic 

(ER), eumenorrheic with a history of amenorrhea (HR) and amenorrheic (AR) compared 

to controls (baseline) at the highly cortical 50% site of the tibia.  Runners had 

significantly higher total area and bone strength compared to controls although the 

magnitude differed for those with different menstrual histories.  Groups that are 

significantly different than controls are indicated (!). 

 

 
Figure 3.3-1C Differences (%) in bone outcomes for runners classified as eumenorrheic 

(ER), eumenorrheic with a history of amenorrhea (HR) and amenorrheic (AR) compared 

to controls (baseline) at the highly cortical 66% site of the tibia.  Runners had 

significantly higher total area and bone strength compared to controls although the 

magnitude differed for those with different menstrual histories.  Groups that are 

significantly different than controls are indicated (!). 
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Radius.  Unadjusted bone outcomes at the radius and those with adjustments for 

weight and with adjustments for muscle cross sectional area were assessed.  Radius bone 

outcomes are shown in Table 3.  There were no differences between groups in any bone 

outcome either before or after adjusting for weight or muscle cross-sectional area.  While 

group means for bone strength outcomes (SSIp and Zp) were lowest in controls, the 

differences were not statistically significant. 

 

Table 3.3-3 Radius pQCT adjusted for age, ulna length, and weight. 

  

3.4 Discussion 

 In this study, we found that female runners, regardless of their menstrual status, 

had higher bone strength at the tibia compared to sedentary controls. However, the 

magnitude of the difference and the geometric adaptations were associated with 

menstrual cycle characteristics.  Interestingly, we found no differences in bone strength 

or geometry at the radius between runners and non-runners regardless of menstrual status. 

We discuss each of these findings below. 
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Greater bone strength in runners, regardless of menstrual cycle history 

Early DXA studies suggested that runners with a history of amenorrhea had 

significantly lower (-5.0% to -20.0%) areal BMD at the spine compared with sedentary 

controls [12, 54, 66, 70, 71] along with lower total body and hip aBMD [12].  In contrast, 

we found that bone strength was significantly higher (+8.3% to +36.3%) at the tibia in all 

runners even those that were currently amenorrheic or had a history of amenorrhea.  

These findings were consistent with our hypothesis and are supported by the literature.  

In a recent study assessing gymnasts with and without a history of amenorrhea (primary 

and secondary), bone strength in the athletes was also higher than that of controls, 

regardless of menstrual history [75].  In both cases, bone strength was higher in athletes 

due to a greater total bone area—consistent with the bone loading response observed in 

animal studies [93] and the loading response observed in the dominant arm of tennis 

players [94].  A greater total bone area would show up as a lower BMD when measured 

by DXA and could explain the difference in our findings compared to previous DXA 

studies.  It is also possible that amenorrheic runners have lower spine aBMD, but that 

bone strength is maintained at the loaded tibia.  

 

Menstrual cycle status is associated with modest differences in bone strength and 

geometry 

Previous studies in humans and animals suggest that estrogen may moderate the 

effects of loading on bone – that is, in the presence of estrogen, the osteogenic effects of 

mechanical loading on the periosteal surface may be suppressed [21, 35, 76, 81].  The 
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presence of estrogen has also been linked to bone apposition.  High and low estrogen 

levels were associated with differences in cortical bone growth in sheep in response to 

exercise—sheep with high estrogen levels experienced significantly greater cortical bone 

growth compared to the sheep with low estrogen levels and to the sedentary sheep [62].  

Similarly, in humans with lower estrogen levels, highly active women had only 3% 

higher bone strength than their less active counterparts; this difference reached 12% in 

those with the highest estrogen levels.  The relationship between physical activity and 

bone strength appears to differ with high and low levels of estrogen, although the 

interaction was not significant in this study [50].  It is possible that the skeletal response 

to loading may be different with varying estrogen levels.  Functional bone adaptation to 

mechanical loading could differ in amenorrheic runners and eumenorrheic runners due to 

differences in estrogen exposure.  If periosteal apposition differs with estrogen exposure, 

there could be observable differences in bone size and bone strength. 

In our study, despite the lack of significant differences in tibia bone strength in 

the running groups, amenorrheic runners had slightly lower strength (-5.0% to -10.8%) 

than the other runners at the cortical sites.  We hypothesized that vBMD would be lower 

in amenorrheic runners than eumenorrheic runners at the trabecular site of the tibia but 

that trend was not observed.  Compared to amenorrheic runners, eumenorrheic runners 

had significantly lower vBMD, on average, a finding that may have been compensated 

for by a greater (n.s.) total bone area.  In contrast, runners with a history of amenorrhea 

had bone geometry and strength values at the tibia that were similar to the eumenorrheic 

runners.  Runners with a history of amenorrhea had the highest total bone area at all sites 

of the tibia, and had the highest bone strength at the cortical sites, although these trends 
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were not significant.  With resumption of normal menstruation, estrogen levels should 

return to normal, which may lead to changes in vBMD, geometry, and strength.  

Resumption of menses has been tied to increases in aBMD [17] and coupled with the 

lasting structural and strength adaptations to loading [78], further increases in strength 

may be possible in this subgroup.  

 

There were no differences in bone strength at the radius 

At the non-weight bearing radius, there were no differences in bone strength, bone 

geometry, or vBMD between groups.  Studies using DXA have found higher aBMD at 

non-weight bearing sites in eumenorrheic athletes relative to controls.  In these studies, 

oligomenorrheic and amenorrheic athletes show no differences in aBMD compared to 

sedentary controls [72, 73].  At non-loaded sites, the independent effect of estrogen on 

bone may be more apparent.  Lumber spine BMD is often lower in amenorrheic athletes 

compared to eumenorrheic athletes, as previously reported.  While we expected to see 

similar outcomes, amenorrheic runners did not have compromised bone strength or 

vBMD at any of the radius sites relative to eumenorrheic runners.  Lower aBMD 

associated with amenorrhea may be more likely to occur at sites other than the radius in 

runners.  Previous research has observed similar aBMD at the radius for amenorrheic and 

eumenorrheic runners but lower lumbar spine aBMD in the amenorrheic group [68].  It is 

possible that this sample of runners and the inactive controls experienced similar degrees 

of loading at the radius.  If a loading stimulus (i.e. weight training) was present in runners 

and not controls, the type and magnitude of the forces may have been insufficient for 

functional bone adaptation.  If low estrogen without loading does lower bone strength in 
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amenorrheic women, loading may be sufficient for strength increases in this group such 

that bone strength is not compromised—this could be related to increased sensitivity to 

loading in the absence of estrogen [76].  Future research should seek to better understand 

how menstrual disturbances affect bone geometry and strength at non-loaded sites. The 

lack of between-group differences at this non-weight bearing site further supports loading 

as an important factor in functional bone adaptation, regardless of menstrual status. 

  

Limitations 

This study was cross-sectional in design, which limits the conclusions one can 

draw from the results.  We did not measure hormonal levels of estrogen or progesterone 

directly and can only infer from self-reported menstrual cycle status.  We were also 

unable to assess energy balance, which may have differed between participants.  While 

the EAT-26 questionnaire excludes those with eating disorders, those with sub-clinical 

disordered eating may have been included, which could have been a confounding factor 

as energy restriction can affect bone. With caloric deprivation or chronic energy drain, 

bone formation is suppressed [32]. Other factors that were not evaluated that may be 

associated with bone health include leptin levels [15, 80], cortisol levels [85, 87], and 

depression [60, 85]—all are also known to be related to menstrual patterns.  

 

3.5 Conclusions 

Our data support previous studies that suggest mechanical loading is the primary 

factor to which bone adapts its strength. In our population – bone strength was higher in 

runners than controls despite some having amenorrhea or a history of amenorrhea.  The 
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effects of loading appear to be site-specific in that differences were apparent only at the 

tibia and not at the radius.  In our population, there were no negative effects of 

amenorrhea on bone strength at either the tibia or the radius.  These findings, in 

conjunction with the negative association between oral contraceptives and bone strength 

[13], may be clinically relevant.  Physical activity appears to be an important stimulus for 

bone strength, regardless of menstrual status. 
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AMENORRHEA STUDY SCREENING FORM 

 
Date:__________________ 

 
Last Name           First Name      

 

Telephone (Home)      (Other)       
 

E-mail_________________________________ 
 

Preferred method of contact:_____________________ 

 
Age:______________                 Date of Birth: Day ______ Month    Year    

 
Have you ever smoked? _________ Yes   _______No 

 
Approximately how many periods did you have in the last 12 months?___________________ 

  

 When was your last period?_________________________ 
 

Have you ever used birth control pills or oral contraceptives?   Yes  No 
 

 If Yes:  For approximately how long did/do you use birth control pills?     years     months 

 
       Are you currently using birth control pills or oral contraceptives?  _______Yes   ______No 

 
Have you ever had any problems with your bones such as fracture?   Yes  No 

 

If Yes,  how many fractures have you had?     
   

Type/location of fracture   ~Date or age 
          

          

          
 

Are you currently taking any medications?    Yes   No 
 

 If Yes, what medication(s) are you taking?       
               

               

 What are these medication(s) for?           
               

               
 

Are you a member of an athletic team or sports team?________  

  
 If Yes, what sport?____________________ 

 
How many miles do you run per week?_________ 

 

!
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University of Minnesota Bone Health Study 

Health History Questionnaire 
2009-2010 

 
The questions in this survey are directed towards those events in childhood, adolescence and your adult life 

which may have some influence on your bone mineral density. Read the questions carefully and mark the 

appropriate response. Mark those questions which are not relevant or to which you are unable to respond 
with N/A. All information received remains strictly confidential. Thank you for participating in the Minnesota 

Bone Health Study. 
 

1. Identification 

 
1.1  Last Name           First Name      

 
1.2 Address             

 
1.3 City or Town        Zip Code      

 

1.4 Telephone (Home)      (Other)       
 

1.5 Date of Birth: Day   Month    Year    
 

1.6 Sex (circle one):   Female  Male 

 
 

2. Sociodemographic Data 
 

2.1 In what country were you born?        

 
2.2 How many years have you lived in Minnesota?      

 
2.3 At what age did you finish schooling?     Years of age 

 

2.4 How many years of education did you complete (including elementary school)?    Years 
 

 
3. Lifestyle Data 

 
3.1  Have you ever smoked (circle one)?       Yes  No  (if no, go to question 3.4) 

 

3.2 Do you still smoke (check one)?     Yes, daily 
 Yes, occasionally 

 No, not at all 
 

3.3 When you are/were smoking, how many cigarettes do/did you usually smoke per day? 

   
  About     cigarettes per day 
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3.4 How often do you drink some kind of alcoholic beverage (check one)? 
 

   Daily or almost every day 
    3 or 4 times a week 

    Once or twice a week 

    Once or twice a month 
    Less than once a month 

    NEVER 
    Don’t know 

 

 
3.5 How many cups of coffee do you/did you usually have during the time periods indicated? 

 
    Childhood          Young Adulthood 

 
Never          

Sometimes         

1 to 2 cups per day        

3 cups or more per day       

 

3.6 How many cups of tea do you/did you usually have during the time periods indicated? 

    Childhood          Young Adulthood 
 

Never          

Sometimes         

1 to 2 cups per day        

3 cups or more per day       

 
 

3.7 How many cans/bottles of cola do you/did you usually have during the time periods indicated? 
 

    Childhood          Young Adulthood 
 

Never          

Sometimes         

1 to 2 cups per day        

3 cups or more per day       

 
3.8  Do you eat a special diet?      Yes   No 

 
 If Yes, please circle one  vegetarian no dairy (lactose intolerant)  

      low sodium low cholesterol   
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      other (please specify):     

 

3.9  Do you take a calcium supplement?  Yes  No 

  If Yes,  How many times a day do you take it?    times/day 

   What is the name of the supplement?      

 

3.10  Do you take a multivitamin supplement?  Yes  No 

  If Yes,  How many times a day do you take it?    times/day 

   What is the name of the supplement?      

 

4. Lifestyle Data – Physical Activity 
 

4.1 Rate your overall level of physical activity as a child and youth? (circle one) 

 
      1          2      3          4      5 

 seldom   sometimes active  moderately    very 
  active    active        active    active 

 

 
4.2 How would you describe the games you played most often as a child? (circle one) 

   
1 2 3 

games such as board games, 

drawing, puzzles, etc. 

games requiring some 

running, jumping, 
climbing, throwing, etc. 

mostly running, jumping, 

climbing, throwing games 

 
 

4.3 During which years were you physically active? (circle all that apply) 

 
     1      2      3   

age:  5-10  10-15  15-20   
 

 
4.4 During which years were you the MOST physically active? (circle one) 

 

     1      2      3   
age:  5-10  10-15  15-20  

 
4.7  Rate your overall level of physical activity CURRENLTY? (circle one) 

 

      1          2      3          4      5 
 seldom   sometimes active  moderately    very 

  active    active        active    active 
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4.8a.  What types of physical activity do you participate in regularly currently and how many hours/week do 

you do each activity? 
 

ACTIVITY    HOURS/WEEL 
            

            

            

            

 

 
 4.8b.  If you run, how many miles per week do you run?_________ 

 
 

4.5  Did you participate in organized sport as a child or youth (to 18 years)?    Yes 
 No 

 

 If Yes, list the sports you participated in and the approximate years of your participation: 
  

 Example: soccer    5 years 
   gymnastics   1 year 

 

   ACTIVITY  NUMBER OF YEARS 
            

            

            

            

 

4.6 Approximately how many hours of television do you watch each day? 

      Hours on weekdays 

      Hours on Saturday and Sunday 

 

5.0 Reproductive History (females) 
 

5.1 Have you ever used birth control pills or oral contraceptives?   Yes  No 

 
 If Yes,  At what age did you start (approximately)?    years of age 

 
   For approximately how long did you use birth control pills?     years     months 

 

5.2 How many times have you been pregnant?    
 

5.3 How many of these pregnancies resulted in at least one live birth (count twins and triplets as 1)?   
  How old were you at the birth of your first child    years old 

 

5.4 Did you breast feed any of your children?   Yes  No 
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5.5  How old were you when you had your first menstrual period?    years old 
 

5.6  Did you have regular periods once they began?   Yes  No  
 

 5.6a. If no, how many years did you have irregular and/or an absence of menstrual cycles? _________ 

 
5.7  Are you currently having menstrual cycles?   Yes  No 

 
 5.7a. If no, how many years have you had irregular and/or an absence of menstrual cycles? ________ 

 

5.8  How many menstrual cycles have you had in the past year? 
   _______3 or less 

   _______4 – 10 
   _______10or more 

 
5.9 On average, how often do you have menstrual periods? (check one) 

    20 days or less 

    21-25 days 
    26-30 days 

    31-36 days 
    37 days or more 

    do not know 

 

 

6.0 Have you ever been treated for any of the following conditions?  

 
 YES  NO 

Allergies 
   

Scoliosis 
   

Diabetes 
   

Asthma 
   

Anemia 
   

Eating disorder 
   

Other conditions (please 
list):

 

   

    

 

6.1 Have you ever had any problems with your bones such as fracture?    Yes 
 No 

 
If Yes,  how many fractures have you had?     

  Please list the type/location of fracture and the date of occurrence: 
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Type/location of fracture   ~Date or age 

          
          

          
6.2  Is there a history of wrist, hip or spine fractures in your family?   Yes  No 

 

If Yes, indicated who was affected    mother 
        Maternal grandmother 

        Maternal grandfather 
        Father 

        Paternal grandmother 

        Paternal grandfather 
 

 
6.3  Is there a history of osteoporosis in your family?   Yes  No 

 
If Yes, indicated who was affected    mother 

        Maternal grandmother 

        Maternal grandfather 
        Father 

        Paternal grandmother 
        Paternal grandfather 

 

 
7.0 Medication 

 
7.1  Are you currently taking any medications?    Yes   No 

 

 If Yes, what medication(s) are you taking?       
               

               
 

 What are these medication(s) for?           

               
               

 
 

7.2  Have you ever taken any medication for more than 3 months?   Yes  No 
 

 If Yes, what medication(s) did you take?          

               
               

 
 What are these medication(s) for?           

               

               
 

 
 

 

THANK YOU!! 
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Eating Attitudes Test (EAT 26) 

 
The following screening questionnaire is designed to help determine if your eating 

behaviors and attitudes warrant further evaluation. The questionnaire is not intended to provide a 
diagnosis. Rather, it identifies the presence of symptoms that are consistent with either a possible 
eating disorder or disordered eating and warrant a complete evaluation.  Answer the questions as 
honestly as you can, and then score the questions using the instructions at the end. 

 
Please check a response for each of the following 
statements: 

Always Usually Often Sometimes Rarely Never 

1. Am terrified about being overweight.       

2. Avoid eating when I am hungry.       

3. Find myself preoccupied with food.       

4. Have gone on eating binges where I feel that I may 
not be able to stop. 

      

5. Cut my food into small pieces.       

6. Aware of the calorie content of foods that I eat.       

7. Particularly avoid food with a high carbohydrate 
content 
(i.e. bread, rice, potatoes, etc.) 

      

8. Feel that others would prefer if I ate more.       

9. Vomit after I have eaten.       

10. Feel extremely guilty after eating.       

11. Am preoccupied with a desire to be thinner.       

12. Think about burning up calories when I exercise.       

13. Other people think that I am too thin.       

14. Am preoccupied with the thought of having fat on my 
body. 

      

15. Take longer than others to eat my meals.       

16. Avoid foods with sugar in them.       

17. Eat diet foods.       

18. Feel that food controls my life.       

19. Display self-control around food.       

20. Feel that others pressure me to eat.       

21. Give too much time and thought to food.       

22. Feel uncomfortable after eating sweets.       

23. Engage in dieting behavior.       

24. Like my stomach to be empty.       

25. Have the impulse to vomit after meals.       

26. Enjoy trying new rich foods.             

 

 

 



J. Kelly 

 71 

 
1) Have you gone on eating binges where you feel that you may not be able 

to stop?   
 (Eating much more than most people would eat under the same 
circumstances) 

 ____ No ____ Yes   How many times in the last 6 months? ______ 
  
 

2) Have you ever made yourself sick (vomited) to control you weight or 
shape? 

 ____ No ____ Yes   How many times in the last 6 months? ______ 
 
 

3) Have you ever used laxatives, diet pills or diuretics (water pills) to control 
you weigh or shape? 

 ____ No ____ Yes   How many times in the last 6 months? ______ 
 
 

4) Have you ever been treated for an eating disorder? 
 ____ No ____ Yes    When? ______ 
 
 

EAT© David M. Garner & Paul E. Garfinkel (1979), David M. Garner et al., (1982) 

Note: This questionnaire is made available with permission of the authors. 

 

SCORING THE EATING ATTITUDES TEST 

For all items except #26, each of the responses receives the following value:  

Always = 3 
Usually = 2 

Often = 1 

Sometimes = 0 
Rarely = 0 

Never = 0 

For item #26, the responses receive these values:  

Always = 0 
Usually = 0 

Often = 0 

Sometimes = 1 
Rarely = 2 

Never = 3 

After scoring each item, add the scores for a total. If your score is over 20, we 

recommend that you discuss your responses with a counselor.  
 

 

 
 
This web page is brought to you through a collaborative effort of the University of Missouri-Columbia’s; 
Counseling Center, Recreation Services, Residential Life, Student Health Center, Wellness Resource 

Center and Women’s Center. 
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Table 3.3-1 Descriptive characteristics for female runners with varying menstrual status and inactive controls. 
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Table 3.3-2 Tibia pQCT outcomes adjusted for age, tibia length, and weight. 
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Table 3.3-3 Radius pQCT outcomes adjusted for age, ulna length, and weight. 
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Figure 3.3-1A Differences (%) in bone outcomes for runners classified as eumenorrheic (ER), eumenorrheic with a history of 

amenorrhea (HR) and amenorrheic (AR) compared to controls (baseline) at the highly trabecular 4% site of the tibia.  Strength 

differences were not significant, total area was greater in eumenorrheic runners.  Groups significantly different than controls are 

indicated (!).
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Figure 3.3-1B Differences (%) in bone outcomes for runners classified as eumenorrheic (ER), eumenorrheic with a history of 

amenorrhea (HR) and amenorrheic (AR) compared to controls (baseline) at the highly cortical 50% site of the tibia.  Runners had 

significantly higher total area and bone strength compared to controls although the magnitude differed for those with different 

menstrual histories.  Groups that are significantly different than controls are indicated (!). 
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Figure 3.3-1C Differences (%) in bone outcomes for runners classified as eumenorrheic (ER), eumenorrheic with a history of 

amenorrhea (HR) and amenorrheic (AR) compared to controls (baseline) at the highly cortical 66% site of the tibia.  Runners had 

significantly higher total area and bone strength compared to controls although the magnitude differed for those with different 

menstrual histories.  Groups that are significantly different than controls are indicated (!). 


