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(ABSTRACT)

The purpose of this randomized controlled trid was to investigaie tempord skeletd
reponses to short-teem high intengty physcd activity.  Twenty-eght norma  active
femdes [age 20.7 +/- 2.1 yr (mean +/- SD)] were randomized into exercise (EX, n = 15)
or control (CN, n = 13) groups. The exercise group trained 6 daysiwk for 6 wk, which
condsed of maximd isokinetic knee flexion/extenson 3 daysiwk, combined with 3
days'wk running. The purpose was to expose the tibiae to a period of abruptly increased
loading forces. Tibid bending diffress (Elwrta), and serum concentrations of
biochemicd markers of bone formation [osteocdcin (OC)], and bone resorption [r+
telopeptide of type | collagen (NTx)] were measured a basdine, 2 wks, 4 wks, and 6
wks. Isokinetic concentric knee extenson/flexion pesk torque, as well as totd hody and
gte-specific bone minerd densty (BMD) were measured a basdine and 6 wk. After
traning, the exercise group dggnificantly increased (p < 0.05) isokinetic concentric pesk
torque for the dominant (13.6%) and non-dominant (5.7%) quadriceps, as wel as
dominant (7.7%) and non-dominant (9.5%) hamstrings, compared to the controls. No
differences for totd body or dte-specific BMD were noted. A two-way multivariae
repested measures ANOVA reveded no timesgroup interactions for composte tibid
bending diffness [(ElmrTa); P = 0.57] or the biochemica markers of bone turnover [(OC
and NTXx); p = 0.15] across the four sampling periods. While there were no main effects
for group, a trend for time (p = 0.051) for composite Elyrta Was observed. The exercise
group demonstrated a 20% increase in Elyrra from basdine (74.8 +/- 22.3 Nnf) to 6 wk
(89.8 +/- 24 Nn¥), compared to controls who demonstrated a 4% increase (Baseline 86.5
+- 23.8 Nnf; 6 wk 90 +/- 23.7 Nnf). Significant group differences (p = 0.05) were
noted for OC, but not NTx. Differences (p < 0.05) for OC were observed a basdine
[13.2 +/- 2.4 ng/ml (CN), 15.6 +/- 2.7 ng/ml (EX)], and follow-up ANCOVA reveded no
differences for subsequent sampling periods. Main effects for time were found for OC
and NTx (p < 0.001). Main effects for time in OC were atributable to changes in the
exercise group (p < 0.01) and NTx (p < 0.01), but not the control group.
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Chapter |

INTRODUCTION

Exercise is generdly considered to impart postive benefits on the skeleton (6,
16, 27, 104), which include increased bone minerd dengty (BMD) (10, 98) and bone
minerad content (BMC) (10, 54, 56) decreased risk for osteoporotic fractures (88), and
increased bone strength  (60). The notion that exercise promotes skeletd hedth finds
support in the consequences of immobilization, the increased bone minerd dengty of
ahletes, and the results of exercise intervention trids (75). For these reasons, exercise
has been prescribed to counteract the detrimenta effects of exposure to the microgravity
environment on skeetd integrity (31) as well as a moddity for dowing bone loss
associated with disuse osteoporosis (11, 101) and post-menopausal osteoporosis (15, 91,
116). In addition, exercise is consdered essentid in developing peak bone mass (PBM)
during adolescence (5, 16, 71). There remans little debate that physicd activity is
important for the development and maintenance of a hedthy skeleton throughout the
lifepan.

Bone tissue is remodded subsequent to an activating event caused by systemic
hormond or locd load bearing demands (105). Physcd exercise has been implicated as
a load bearing demand resulting in bone remodding, however, the mechanisms by which
exercise leads to such changes in bone metabolism are not fully understood (117).
Posshle exercise mediated odeogenic processes include activation of a

mechanotransduction mechanism resulting from increased mechanical loading associated



with weight bearing exercise (46) or escdated release and uptake of growth potentiating
factors associated with the exercise stimulus (19).

Various modes and intensities of exercise have been shown to dter the normd
bone remodeling process, (52, 70, 89), however the exercise mode and dose most likely
to enhance skeletd development and maintenance is not known. In addition, it appears
that maes and femdes a different life-stages respond to an exercise gimulus differently
(6, 17, 99). Thus there is little doubt that the optima exercise simulus will differ for
vaious populations  However, it is clear tha mechanica loading is important for
positive skeletal adaptations (74).

Benndl e d, (10) suggested that the most effective form of exercise for
promoting osteogenesis is dynamic weight-bearing activity such as aerobics, or running.
On the other hand, it has been suggested that exercise, which results in high impact forces
such as gymnadtics, as opposed to running, may impart the greatest (75). Although
disagreement exists on the optimal mode of exercise simulus, it appears that sdected
modes are dose dependent, and Ste-specific (74). That is, extended duration and/or very
high intendty exercise may be derimentd to skded integrity. Supporting this postion
is (57) who reported that dite runners had sgnificantly less bone minera content in the
lumbar spine than nonrrunning controls.  Additiondly, high incidences of dress fractures
(43, 62, 93), and decreased indices of bone formation (41) have been reported in military
recruits soon dfter initising a demanding physca activity regimen (50) and during high
volume physca traning periods. Thereby suggedting that too grest of an exercise dose
may be maadaptive, and lead to a Sae of compromised skeletal integity, especidly in

the lower extremitiess Compromised skdeta integrity could thus result in an increased



vulnerability for tissue falure, especidly if exposure to the exercise dimulus is sustained.
Yet, it gppears that the vulnerable window for skeletd falure is trandent (25) and
withdrawa or diminution of the potentidly injurious exercise dose during this period
dlowsfor congtructive bone remodeling and subsequent increased bone strength.

Compromised skeletd integrity is dso agpparent following exposure to the
microgravity environment, and gppears to be dte specific. Following sx months of
gpace flight, a marked decrease in tibia trabecular and corticd bone was observed,
however no changes in the radius was detected (30). Vico et d, (114) suggests that bone
deficits experienced in microgravity gppear to be a consequence of the support function
of each bone a normd gravity. The bones of the legs, which serve a much grester
support function in norma gravity than those of the arms, experience much greater bone
loss in the microgravity environment. Space flight results in bone loss, which could be a
limiting fector for long duration missons such as, a Mars expedition or extended
occupation of a space station (67). The effects of the microgravity environment could put
adironauts at increased risk for fractures when they return to earth (58).

Traditiondly researchers have employed dud x-ray absorptiometry (DXA) and/or
the biochemicad markers of bone turnover to assess bone adgptations to exercise or
microgravity mediated short-term dte-specific bone drength changes.  Although these
tools are useful, they provide an incomplete picture of skeletd dynamics. Dud-energy x
ray absorptiometry is useful in quantifying changes in BMD and BMC, dthough useful in
this context, BMD as assessed by DXA is but a surrogate measure for bone strength (71).
Bone strength, and subsequent fracture resstance, is dependent on the quantity, as well as

the qudity and macrogeometry of the bone (39). Dud-energy xray absorptiometry only



provides measures of bone quantity, therefore, two important determinants of bone
strength, microarchitecture and macrogeometry, remain unclear when DXA isused done.

The biochemicd markers of bone turnover provide useful information related to
osteoblagtic and osteocladtic cdlular activity, and indicate bone formation and resorption
dynamics, thereby dlowing inference a the tissue level. That is, increased markers of
bone formation accompanied by decreased or constant markers of bone resorption would
lead to an inference of a net gain in bone tissue.  Still, biochemica indicators of increased
bone formation do not equate to incressed bone srength, nor does increased bone
resorption equate to decreased bone drength.  Although these markers are useful in
understanding ogteoblastic and odeoclagtic cdlular  activity, and may contribute to
identifying a window of trandent vulnerability, they are not accurate measures of bone
srength.

Mechanica response tissue andyss (MRTA) is a measure, that was developed by
the Stanford Universty Mechanicd Engineering School (107), in collaboration with the
National Aeronautic and Space Adminigration (NASA). It is desgned to assess, in Vivo,
the mechanica properties of long bones in humans. These mechanica properties include
the cross-sectiond bending giffness (E), cross-sectiond moment of inertia (I), and an
index of bone “sufficiency” (i.e, a ratio of axid load cgpability to body weght). The
Elmrta (E X 1) yields a measure of long bone gructurd integrity, which is related to the
composition, geometry, and internd achitecture of the bone (76, 87, 97, 107). Although
limited to measurements of long bones with limited overlying soft tissue, i.e. tibia and

ulna; MRTA isvauable in assessing the true strength of these bones.



The induson of mechanica response tissue andyss (MRTA) with DXA and the
biochemicd markers of bone turnover may identify the time-course by which adverse
skeletal changes develop prior to the subsequent adaptive response, thereby ducidating
the window of trandent vulnerability. Additiondly, an underganding of the cdlular and
systemic changes that occur during this window of trandent vulnerability will contribute
to the devdopment of exercise countermeasures that may maintain or promote skeleta
integrity during exposure to adverse simuli such as, microgravity or postmenopausa and

disuse osteopoross.

Statement of the Problem

The odeogenic effect of weight-bearing exercise is undisputed, however,
it gppears that there exids a trandent vulnerability during the bone remodding cycle,
where bone (specifically of the lower legs) is a a greater risk for fracture. Numerous
dudies invedtigating skeletd injury in military recruits have demondraed the detrimenta
effects of a high-intendty exercise regimen on skeletd integrity (43, 93), leading to loss
of training time, and dgnificant medicd cods. In addition, the magnitude and rapidity of
bone loss during space flight is darming, it is recognized that an unloading of the
skeleton in zero gravity leads on average to a 1%-2% reduction in bone minera dengdty at
sdlected skeletd Stes per month (58). Wronski et ad, (119) reported a 4% decrease in
cacaneous bone minerd dengty (BMD) of Skylab crewmembers after 84 days of orbital
flight. Bone loss occurs in weight bearing bones fird and later in less weight-bearing
bones (115), with the grestest losses occurring in the lumbar vertebrae, pevis, and legs

(51, 92). Coincidentdly, the dStes of grestet bone loss are weight bearing dtes,



suggesting the absence of mechanica loading on specific Sites leads to bone degradation,
thus, implicating a mechanosensory mechanism in microgravity osteopoross.  Although
microgravity bone loss is likely related to the mechanosensory mechanism, dterndive
possihbilities must be explored. However, currently there is no method by which skeletd
integrity can be ascertained quickly, and inexpensively.

Assessment of the biochemica markers of bone metabolisn can provide
information on the rate of cdlular bone turnover; however, they do not provide a measure
of actud bone drength. Bone mined dendty (BMD) measurements have previoudy
been used as a means of edimating bone srength, however, BMD does not provide a
complete assessment of fracture risk.

Therefore, the aim of the present study was to quantify the short-term time course
skeletal changes that may occur with a high-intensity exercise regimen, and identify a
trandent vulnerable sate, if in fact such adate exists. The variables of interest in the
current study include tibid stiffness as assessed with mechanica response tissue andys's
(MRTA), bone turnover as assessed with serum biochemical markers of bone formation
(osteocalcin) and resorption (n-telopeptide of type | collagen breakdown products), and

bone density mineral density as assessed by duad-energy x-ray absorptiometry.

Specific Resear ch Objectives

To messure the effects of high-intengty physcad ectivity on skdetd remodeing
responses by measuring:

1. sid changes in blood variabdles including osteocacin, and n-telopeptide type |

collagen breakdown products;



2. bone minera densty (BMD), and bone minera content (BMC) for the totd body, as
well as ste-gpecific BMD and BMC of thetotd hip, lumbar spine, and forearm;

3. bone diffness of thetibiag,

4. changes in drength of the musdles in the dominant and nondominant legs that act

upon thetibia

Delimitations

The following ddimitations were imposed

1. Thesample size was limited to 30 college-age femde volunteers.

2. Responsesto Sx weeks of isokinetic resstance training, coupled with six weeks of
run training was evauated

3. Subjects completing at least 80% of the exercise sessons were included in the
datigtical andlyss

4. Only femdesthat reported no involvement in a structured exercise program within
the past 12-months, reported no fracturesin the past 12-months, reported no

cardiovascular, pulmonary, or metabolic disease, were included as subjects.

Limitations

1. Subjectswere selected in anonrandom fashion. All subjects were volunteers

2. Resultsfrom this study can only be gpplied to femaes possessing the physiologica
characterigtics of the subjects evaduated in this study.

3. Resaultsfrom this study cannot be applied to exercise modalities other than those

employed in this Sudy.



Definitions Terms and Symbols

Bone Minerd Content, (BMC): The concentration of bone minerd deposition into the

organic collagen matrix, expressed as g.

Bone Minerd Dendty, (BMD): The concentration of bone mineral deposition into the

organic collagen matrix, which is an ared-density expression in g/cn?

Bone Stiffness, (EI): A dructura property of bone, which is the product of Young's

Modulus of Eladticity (E), and the cross-sectiond moment of inertia, and is expressed in
N . Normal vauesfor El are dependent on the parameter model chosen for andlysis.
The nine or twelve parameter mode will be used for the andysisin this sSudy. Bending
diffness vaues usng the nine and twelve parameter model will be reported for the first

time in this paper.

|sokinetic Resistance Training: Accommodating resistance training, in which maximd

force can be exerted, throughout the entire range of motion, with either a concentric or

eccentric contraction.

Peak Torgue: The greatest amount of force produced, at any angle, throughout the range

of motion, using an isokinetic dynamometer. Peak torqueis expressed in ft. Ibs.



Mechanical Response Tissue Andyds (MRTA): A noninvasve method for determination

of the mechanica properties of long bonesin vivo. The MRTA measurement variableis
El, which is the product of Young' s Modulus of dadticity (E), and the cross-sectiond

moment of inertia(1).

N-telopeptide (NTX): N-telopeptide of collagen cross-links, which are a collagen

breakdown product, and are a biochemical marker for bone resorption, and are expressed
in nanomoles Bone Collagen Equivaents per liter ("M BCE). The reference range for

NTx in hedthy adult femalesis 6.2-19 nM BCE

Osteocdcin, (OC): Single chain polypeptide biochemical marker for bone formetion,

which accounts for 25% of non-collagenous protein, and 1-2% of total bone protein.
Smdl quantities of asteocacin is reeased into the serum during bone formation
Ogteocdcin levels are expressed in ug/ml. The norma range for OC in premenopausa

femdesis 3-13 ug/ml.



10

Chapter 11
REVIEW OF LITERATURE

The literature pertinent to this invedtigation is presented in two mgor sections.
The fird section provides genera aspects of bone physiology most rdevant to this
research problem. The second section addresses skeletal adaptations to exercise, with an
emphass on literature that characterizes a period of trandent vulnerability in bone
folowing periods of marked increases in weight bearing physica activity. In addition,
the second section reviews literature about Skeletal adaptations that occur in the
microgravity environment, with the premise that MRTA may be used to ascertain bone
drength changes and assess true fracture risk on return to norma gravity following

extended space travel.

Bone Organization
Bone is a «Hf-renewing tissue, and a the cdlular levd, is comprised of three

primary cell types, osteoclasts, osteoblasts, and teocytes. In the norma skeleton, these
cdl types function in concet with one another to baance bone formation and
degradation, and maintain skeletal homeostasis throughout the lifespan.

Ogteoclasts are multi-nucleated bone-resorbing cells, which are derived from
hemopoietic (macrophages, monocytes) stem cells in the marrow. Osteocladtic activity is
primarily influenced sygemicdly by paahyroid hormone 1,25-dihydroxyvitamin D,
and cdcitonin.  Locd factors that may play a role in osteoclagtic activity are the
interleukins, and growth factors. The primary role of osteoclasts is to resorb bone tissue,
however these cdls are only capable of resorption when in direct contact with bone

tissue. In the inactive state, lining cedlls surround osteoclasts, which prevent direct contact
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with the underlying bone matrix. A series of events leading to retraction of the lining
cdls ae essentid for the dimulation of odeoclast activity, and subsequent bone
resorption.

Ogeoblasts are derived from the mesenchymd cdl line and are bone forming
cdls Ogeoblasts may be classfied as ether active or inactive, and change shape
dependent on activity datus. Active ogdteoblagsts are large sngle-nucleated “plump” cdlls,
which syntheszes the bone matrix, structurd proteins, non-collagenous proteins, and
regulatory factors. An osteoblast is defined as a cdl that produces type | collagen, is
responsve to parathyroid hormone, and produces osteocalcin when simulated by 1,25
hydroxyvitamin D. An inactive ogleoblast is a flat quiescent cdl, which may be involved
in producing enzymes that assist with matrix degradation, and osteoblast/osteoclast
coupling.

Osteocytes are the most abundant of the three cdl types, and are essentidly
mature osteoblasts imbedded deep within the bone matrix. Osteocytes are far removed
form the bone surface, and are not directly involved in degrading or forming bone tissue.
However, osteocytes appear to communicate with adjacent osteocytes and osteoblasts
through numerous cdl processes that extend through the candiculi. This intercelular
communication between ogteocytes and osteoblasts may be important for relaying
dressdran dgnds throughout bone tissue, which play a role in regulating bone
modeling and remodding.

Mineral Homeogasis
In addition to a support function, the skeleton dso serves as a minera reservoir

for cdcium, phosphorous, and magnesum ions, and helps to regulate the concentration of
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these ions in the extracdlular fluid.  Undoubtedly, cacium is e most abundant, as well
as physologicdly vitd of these ions.  Approximady 50% of the cacium concentration
in the extracdlular fluid is of the ionized form, which is in equilibrium with the dorage
form of cacium in bone. During bone degradation and formation, cacium is ether being
liberated into the extracellular fluid, or stored back into bone.

Normd  extracdlular  cadcium  concentration is  accomplished  through
gadrointestinad  absorption, rend excretion, and cacium exchange with bone.  Primary
endocrine regulators of the cacium bdance are parathyroid hormone (PTH), vitamin D,
and cdcitonin.

Parathyroid hormone is secreted by the parathyroid gland during periods of
hypocadcemia.  Parathyroid hormone, serves to increase extracdlular concentrations of
cdcium through a number of processes. Primarily, these processes ae rend
conservation, vitamin D mediated increased gastrointestinal  absorption, and  increased
bone degradation. The actions of PTH on renal conservation, and bone degradation
respond rapidly, whereas, the actions on vitamin D associated intestinal absorption occur
much dower. These processes are reversed when normocalcemiais achieved.

Vitamin D plays a poweful role in regulding exrtracdlular cadum
concentrations.  Vitamin D is obtaned from dietary sources, as wel as from the skin
when exposed to ultraviolet light. Increased gastrointestind absorption is the primary
function of vitamin D in regulating extracdlular cacium concentration.  In  addition,
vitamin D can dso promote differentiation of stem cdls into mature osteoclasts, thereby

increasing bone resorption and subsequent exrtracellular calcium concentration.
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Cdcitonin is secreted by the C-cdls of the thyroid gland in response to eevated
extracdlular cacium concentrations.  The primary function of cacitonin is to decrease
bone deminerdization by inhibiting odeoclagtic activity. This action decreases
mobilization of cacdum from bone tissue to the extrecdlular fluid, and thus lowers
extracellular calcium concentration.

The Gonadd Hormones dso play a role in regulaing minerd homeodtass.
Adeguate levels of edtrogen are essentid for optimizing pesk bone mass (PBM) in young
adult femdes. In addition, hormone replacement thergpy (exogenous estrogen) is widdy
prescribed as a therapeutic moddity to delay or prevent the onset of osteoporosis in post-

menopausal women.

Bone Remodeling
Bone remodding is a surface event that is initisted when active osteoblasts

(stimulated by PTH) retract, or inactive osteoblasts secrete proteolytic enzymes, which
disupts the ogteoid layer. The role of mechanicd loading in initiating this process may
be attributed to three potentidl mechanisms, streaming potentids, fluid shear dress, and
mechanical drain (11). Regardless of the initiating mechaniam, disruption of the osteoid
layer leads to activation of the osteoclasts and subsequent bone degradation as described
above. Following bone degradation, osteoblasts, which ae closdy coupled to the
osteocladts, initiates bone formation on the resorped Ste. Osteoblasts synthesizes type |
collagen fibrils which eventudly become the depostion stes of cadcium hydroxyapatite,
leading to minerdized bone.

The odteoclasts become activated only after enzymes secreted by the inactive

osteoblasts disrupt the osteoid layer, or the active osteoblasts retract in response to
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parathyroid hormone or 1,25 hydroxyvitamin D. The clear zone and ruffled border of the
osteoclasts are responsible for the resorbing activity. Once the osteoid layer is disrupted,
the clear zone of the ogeoclasts ataches to the underlying bone through an integrin
receptor, and sedls of an area caled the sub-osteoclastic space. Once the sub-osteoclastic
pace is seded off, excess hydrogen ions are produced within the osteoclasts cell, and are
released across the cell membrane by an ATPase pump. The excess hydrogen ions lead
to decreased pH within the sub-osteoclagtic space leading to heightened solubility of the
bone matrix. Hydrolytic enzymes are then released across the ruffled border and matrix
degradation ensues. Bone morphogenic proteins (BMP) are released during matrix
degradation, and may modulate cdlular events in different aress of the tissue.

Osteoclasts and osteoblasts baance bone loss in a coupled homeodtatic process of
remodeing that renews approximately 25% of trabecular bone annudly (59). A
remodeling imbaance may occur with enhanced osteoclast activity and increased
collagen breakdown or decreased ogteoblast activity and collagen synthesis, resulting in a
remodeling imbalance, which leads to bone loss  However, when bone formation
exceeds bone resorption, an increase in skeletd tissue occurs, as is the case when bone is
exposed to mechanicd loading (38, 46, 60, 113).

Stress forces presented to bone during exercise are in the form of compressive,
tensle, and torsond forces. In addition, combinations of these forces can be presented
to bone. Each of these forces may initiste mechanical skeletal responses, however the
most common is compressve.  Ogeoblasts are only cgpable of forming new bone a a
resorption Ste; therefore the mechanical sgnd will initidly result in bone resorption

followed by the subsequent osteoblastic mediated bone formation. Initid bone srength
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and biochemica marker assessments may indicate increased resorption and decreased
drength due to the coupling of initid resorption (osteoclasts) followed by formation
(osteoblasts).

It has been demondrated that stress applied to bone resulting in deformation can
initiate eectrica potentids termed sress generated potentids (SGP).  These potentids
can be of two types piezodectricity and dreaming potentids. The piezodectric
potentials are produced as a consequence of drain to the organic materials of the matrix;
collagen and proteoglycans. A second form of dectricd sgnds, which may mediae
bone turnover and drength, are streaming potentiads. These ae dectric potentids
generated by the flow of dectrolytes produced by bone materid drain. It is currently
unclear how these potentias may influence bone remodeling.

The precise mechanism by which mechanicd loading leads to bone formation is
not known, however, a feasble hypothess has been offered by Frost (46). Mechanicd
loading on bone may result in cdlular and/or tissue responses, which results in increased
bone strength, resistance to fracture, and possible delayed onset of age related bone loss.
At the cdlular leve, mechanicd loading adove the minimd effective sran (MES) (46)
results in a deformation of the osteoblast and osteocyte cdl membrane, resulting in a
cascade of intra and intercdlular events, leading to increased ogteoblagtic activity, and

subsequent bone formation.

Skeletal Dynamics
More than a century ago, Julius Wolff hypothesized that the form and function of

bone is determined by the demands placed upon it. In the years since, it has become

widely accepted that bone responds favorably to mechanical stimuli. Thus, bone exhibits
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functiona adagptation, and develops enhanced physicd and mechanica properties
following periods of increased dress (26), whereas periods of decreased use results in
compromised mechanica properties (11). However, the skeleton's adaptive processes
resulting from externa mechanica stimuli are not clearly understood.

A recent indructiond lecture by Turner and Pavako (113) attempted to daify the
process by which the skeleton responds favorably to mechanicd loading. The adaptive
process has been termed mechanotransduction, suggesting that mechanica forces are
transformed into Sgnds, which result in osteogeness. However, it should be noted that
this process is not independent of nutritional and/or endocrine factors (63, 65). It is
postulated that the mechanotransduction mechanism detects physicd sressors, and
tranforms the dressors into sgnds, which ae trangmitted locdly, as wel as
systemicdly throughout the tissue. These sgnds, which may be dectricd, hormond, or
mechanicd, play a role in regulaiing bone formation and resorption. Turner and Pavako
(113) suggest tha four mutudly exclusve stages comprise the mechanotransduction
mechanism. These dages incdude mechanocoupling, biochemicd coupling, sgnd
tranamisson, and cel response. Each of these stages will be briefly explained in the
following paragraphs.

Mechanocoupling refers to the process of transforming an externd mechanical
load into a signa, which is detected by a sensor cell. The mechanosensory cells most
likely responsble for mechanocoupling ae the odeocytes (1, 22, 38), which ae
mechanicaly deformed to the extent of the bone tissue (113). That is, bone tissue is
deformed when mechanicd loading forces are aufficient enough.  The deformeation

exhibited by bone while exposed to dresses may mechanicaly dter the shape or
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configuration of the ogteocytes within the matrix. This dtered spatia configuration may
propagate a dgnd from the odteocytes to the odteoblasts which in-turn initiates the
functiondly adaptive remodding  process. Ogeocytes may dso  generate
mechanocoupling dgnds due to intercdlular fluid flow (32) and eectricd changes in the
surrounding milieu (100).

Biochemicad coupling refers to the transduction of the mechanicd dgnd into a
biochemicd sgnd within the ogteocyte  Although the mechanism is not fully
understood, mechanicd dran may open dretch aectivated ion channds in the cdlular
membrane (38), and permit an influx of cadcium ions, leading to a series of events, which
increase gene expresson or protein activation. An additional pathway for biochemica
coupling may be the mechanicd deformation of the cytoskdetonrintegrin complex,
which is linked directly to the DNA. Mechanicd loads may directly deform the
cytoskeleton-integrin complex which in-turn directly activates gene expresson within the
nucdear marix (1). The end result is heightened odeocyte activity, culminating in
increased  intercdllular  communication  with  the  effector  cdls  Intercdlular
communication via the candiculi is mog likdy the source for reaying the biochemica
ggnas generated by the exercise simulus from the osteocytes to the osteoblasts and/or
odeoclasts effectors (36). The mechanosensory osteocytes and bone lining cells detect
mechanicad dgnds, and mediate these Sgnds to the bone surface through nitric oxide
(NO) and prostaglandins (38), which inturn dimulates ogteoblagtic activity.  This

functional adgptation of bone may lead to incressed BMD, and/or enhanced structura

properties.
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Bone Mingra Dengty
Bone minerd densty (BMD) is an aed measurement of the minerd content in

bone, and is expressed in gcm?. Bone minerd density is important for bone strength,
and resstance to fracture (79), with gpproximately 70% of bone's strength attributable to
its minerd dendty. Pesk bone minerd dengty (PBMD) is the potentid upper limit of
BMD, and is regulated by genetic and environmental factors. It is widdy acknowledged
that the development of osteoporosis later in life is related to pesk bone mass. The
prepubertd and puberta years are particularly important for acquiring bone mass (13).
Hereditary factors contribute approximately 60-80% of bone mass, with environmentd
factors such as diet, and physcd activity accounting for the remainder. Recently, Fujita
et d, (49) invedtigated various factors that contribute to pesk bone densty in women.
Subjects (N = 157) completed a DXA scan to determine totd body, lumbar spine, and
femord neck BMD. Environmenta factors contributing to PBM that were investigated
included; onset of menarche age, presence of mendruad dysfunction, history of exercise,
anoking, and dcohol intake. The dngle genetic factor investigated, was the vitamin D
receptor genotype. Results of the invedtigation demondrated that significant differences
in BMD were observed between groups dependent on the VDR genotype.  Additiondly,
subjects with no sdlf-reported menstrua cycle abnormadlities (100 + 0.09 g/ent)
exhibited sgnificantly greater (p = 0.0001) lumbar BMD, than did subjects with sdf-
reported menstrual  abnormdities (0.87 + 0.05 gm/cnt). Sdf-reported exercise history
was used to group subjects into one of four exercise categories, 1. non-exercisers (NN)
2. podtive exercise higory beyond 18 years of age (NS) 3. Podtive exercise higtory
between the ages of 12-18 (SN) 4. positive exercise history continuoudy from age 12 to

present (SS). The SS group demondrated sgnificantly greater lumbar, femord neck, and
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total body BMD than did the NN group. There were no differences in BMD observed
between any of the other groups. Smoking and acohol intake were quantified and
corrdlated with gSte-gpecific and totad body BMD, of which no dgnificant reationships
were obsarved.  Multiple regresson andyss indicated that exercise history, mensrud
dysfunction, and VDR genotype were al independently related to tota body, lumbar
gine, and femora neck BMD. Therefore, it is goparent that genetic and environmenta
factors influence the deveopment of PBM, with the VDR genotype and mendrua history
identified as genetic determinants, and physicd activity as an environmenta determinant.

A dinicd invedigation by McKay et d (77) explored lifestyle determinants of
bone minerd in Asan (n = 58; 30 boys and 28 girls) and Caucasan (n = 110; 56 boys
and 54 girls) boys and girls with a mean age of 8.9 years. The purpose of the study was
to identify lifestyle determinants of bone minerd densty, and to ducidate ethnic
differences in bone minerd acquidition. Subjects completed DXA measurements for the
proxima femur, lumbar spine, and tota body. In addition, subjects completed dietary
inteke and physica activity questionnaires with the assstance of a parent. All vaiables
were anadyzed for ethnicity and ethnicity by gender. There were no differences in
physcd dature, or soft tissue mass between the ethnic groups. Results of the
guestionnaires indicated that the Adan children were Sgnificantly less active (p < 0.001)
and had dggnificantly less digtary cdcium intake (p < 0.001) than ther Caucasan
counterparts.  The Asian boys and girls consumed 41% and 29% less dietary calcium
than the Caucasian boys and girls respectively. As a group, the Asian children were 15%
less active than the Caucasian children. However, the differences were much more

pronounced for the ethnicity by gender interaction, where 14% of the Asan boys reported
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involvement in sports outside of school, and 73% of the Caucasian boys participated in
goorts outsde of school. The BMD differences for the ethnic groups indicated that the
Adans had sgnificantly less (p < 0.05) BMD and BMC of the femord neck than the
Caucasans. No other differences were observed between the groups. There were no
differences observed for any of the BMD measures between the Asan and Caucasan
femaes. The differences observed between the Asan and Caucasan maes mirrored the
differences obsarved between the ehnic groups, with the Asan maes having
ggnificantly less (p < 0.05) BMD and BMC of the femord neck. This difference was
6.5%, which contributed to the differences observed between the ethnic groups. No other
differences were observed for the lumbar spine or tota body. Therefore, the differences
noted between the Asan and Caucasian groups can be attributed solely to the differences
between the males only, as there were no differences between the femaes observed. The
only body compostion and lifestyle differences noted between the groups and genders
were the physcd activity scores, and cadcium intake which were sgnificantly less in the
Asan maes (p < 0.001), compared to the Caucasan maes. Therefore, it can be
speculated that the physcd activity higory and cacium inteke higtory were determinants
of the dgnificant differences noted in BMD between the Adan and Caucasan maes.
Hence, in prepuberta children, environmentd determinants may be more influentid for
acquisition of bone minerd dengty than genetic determinants.

Bone mingrd dendty is the gold standard for assessng skeletd hedth. The
World Hedth Organization (WHO) defines osteopoross in terms of BMD, which in itsdf
goesks for the importance of this skeletd parameter. Presently, dud-energy x-ray

absorptiometry derived BMD is the predominant method for determining bone strength,
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which is gpparent in its widespread application in diagnosng osteoporosis.  However,
BMD is a datic measure of bone datus related to the minerad content, which is only a
gngle component of bone drength.  Additiona factors must be consdered when
evauating skeletd hedth, or skeletd changes due to pharmacological or exercise
interventions.  One such factor of centra importance is bone diffness, which is a measure
of the micro, and macro-architecture of bone, where the micro architecture is related to
the thickness and connectivity of the trabeculae, and the macro architecture is related to
the structurd geometry of the bone. Bones that may have amilar BMD, but different
gructura properties will have different strengths (8). In addition, aging bones that lose
mingd dendty may mantan drength by increesng ther section modulus (39) and

therefore should be included when assessing experimenta interventions.

Bone Structural Properties
Approximately 10%-40% of bone drength variability is related to factors other

than BMD (14) and atributable to such factors as micro and macro-architecture of the
composte materid. A bon€s ability to resst a given load is determined by materid
property and the dructurd geometry. For long bones (ie. tibia and ulngd), the most
important geometric properties are the cross sectiona area, and the cross sectiona
moment of inatia (7). Ealy work by (82) indicated that the cross sectiond moment of
inertia is the best predictor of dress fracturess While DXA quantifies materid dengty
and totd content of bone this information only partialy accounts for mechanica
dtributes, therefore, dternative measurement indruments have been developed to
provide information related to the micro, and macro-architecture of bone. Sede (107), at

Stanford Universty developed mechanicd response tissue andyss (MRTA) in
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collaboration with the Naiond Aeronautic and Space Adminigration (NASA).
Mechanicad response tissue anadyss measures the impedance of a long bone to low-
frequency vibration and assesses dtructural properties of long bones in vivo. These
properties include Young's Modulus of Eladticity (E), and the cross-sectiond moment of
inetia (I). Young's Modulus of Eladticity is a materid property tha quantifies the
dresgdran curve for a given maeid. A maerid with a higher Young's Modulus will
demondrate greater resstance to drain for a given dress, and greater resistance to
fracture. Young's modulus is quantified by the angle of a stress/'strain curve (Figure 1).
The cross-sectiond moment of inertia (1) is a geometric property that is related to the
digribution of materia around its centra axis The further away the bone maerid is
digributed around its centrd axis, the grester is the resstance to bending and subsequent
fracture (Figure 2). The Elyrra (E X 1) yidds a measure of long bone sructurd integrity,
which is rdated to the compostion, geometry, and interna architecture of the bone (76,
87, 97, 107).

Ealy work with MRTA investigaed the rdationship of bone mineral content
(BMC) and Elygra (76) in pre and post-menopausa hedthy women. Forty-eight women
digtributed into two groups (21-30 years, n = 23; 58-80 years, n = 25), completed sngle-
photon absorptiometry (SPA) measurements to assess BMC and bone width of the ulng,
as wdl as ulnar bone diffness measurements with MRTA.  The SPA and MRTA
measurements were completed for the dominant and nondominant arms. In the
dominant ulna of the young women, Elyrta Was dgnificantly corrdated with BMC (r =
0.59), and bone width (r = .067). However, when BMC, ulnar width, and body weight

were entered into a stepwise multiple regresson, bone width was the only independent
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predictor of Elyrra (° = 0.45). In the non-dominant am, Elyrra Was sgnificantly
corrdlated with BMC (r = 0.52) and bone width (r = 0.78). In addition, stepwise multiple
regresson reveded that bone width was the only independent predictor of non-dominant
unar Elurta. Messures of the dominant ulna in the older women revedled that Elygrra
was ggnificantly corrdated with BMC (r = 0.72), but not with bone width. These
corrdations dso were computed for the nonrdominant am, where Elyrta Was
ggnificantly corrdated with BMC (r = 0.60), but not bone width. In addition, BMC
remained the only independent predictor of Elyrra in the dominant and non-dominant
ulna of the older group. Thus, the results of the study indicate a decrease in bending
diffness with age, dong with clear differences in the predictors of bone giffness between
the age groups. Therefore, it is evident thaa MRTA provides additiona information
regarding skeletal datus, beyond that which is available with messures of bone minerd
content, and bone minera density done.

A follon~up invedtigation with MRTA assessed forearm bone mass, and ulnar
bending diffness in hedthy men (87). Ninety hedthy men (aged 19-89 years) completed
SPA measurements to determine BMC and bone width of both ulnae, and radii, as well as
MRTA measurements to determine bone diffness.  In addition, grip strength was
measured for each am. For datistica andyses, the results were anadyzed as continuous
vaiables and examined for age-rdated effects, in addition the results were analyzed with
the subjects divided into four age subgroups (19-30 years n = 15; 31-40 n = 28; 41-51 n =
21; >60 n = 25). There were no sgnificant changes in BMC for the radius and ulna when
the results were andyzed continuoudy across the age subgroups. Ulnar width increased

sgnificantly with age (r = 0.27), however no changes were observed for the radius. The
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ratio of BMC with bone width (BMC/BW) decreased sgnificantly with age.  When the
subjects were divided into age groups, he BMC/BW was sgnificantly lower in the oldest
group compared with the three younger groups. However, there were no differences in
Elmrta When andyzed across age, or between groups. Stepwise multiple regression
reveded that ulnar width was the best independent predictor of Elmrrta When andyzed
across age. Stepwise group analysis indicated that BMC was the only predictor of
ElmrTta in the youngest group, with ulnar width the best predictor in the three older
groups. The study demondtrated no age-related decline in ulnar Elpyrta for men, as has
previoudy been reported for women (76). The maintenance of ulnar Elygrta for the men
in this sudy is the result of no decrease in BMC with age, accompanied by an increase in
ulnar bone width, thereby indicating the importance of bone geometry. Skeed integrity
of the long bones can be maintained through re-didribution of the bone materid leading
to increased cross-sectiond moment of inertiay of which can be assessed in vivo by
MRTA.

The fird study to invedigate the reaionships between activity Satus, muscular
drength and the dructurd properties of the ulna was conducted by Myburgh and
colleegues (86). This sudy invedigated the influence of recredtiond activity and muscle
drength on ulnar bending iffness in men.  Subjects (N = 51; aged 28-61 years)
completed SPA measurements to determine ulnar BMC and ulnar width, and MRTA
measurements to determine Elyrta.  Maximum grip srength was determined with a
handheld dynamometer, and isotonic biceps drength was determined with a one-
repetition maximum using Universd® resgance traning equipment.  All  measurements

were completed on the non-dominant arm. Subjects were then didtributed into three
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groups based on sdf-reported participation in recreationd activities and physical exercise
during the previous year (sedentary, n = 13; moderately active, n = 18; highly active, n =
20). The sedentay (S subjects did not participate in any regular exercise during the
previous year, moderately active subjects (M) participated in 1-4 weekly sessons of
exercise, and the highly active subjects (H) participated in > 5 exercise sessons weekly.
Statidtica andyses indicated that the highly active subjects demongrated grester BMC (p
< 0.05) than either the sedentary or the moderately active subjects. Across al groups,
grip strength was sgnificantly corrdlated with BMC (r = 0.43) and ulnar width (r = 0.36),
whereas biceps strength corrdlated with BMC (r = 0.41) only. The highly active group
demondrated ggnificantly grester ulnar Elyrta than dther the moderady active or
sedentary group (p < 0.01). Across al groups, Elyrta corrdated sgnificantly with BMC
(r = 0.69), ulnar width (r = 0.76), body weight (r = 0.31), grip strength (r = 0.40), and
biceps grength (r = 0.52). Stepwise multiple regresson revealed that ulnar width, and
biceps srength were the only independent predictors of Elyrra. The results of this study
provide evidence for the usefulness of MRTA in detecting ket differences that may
be rdated to muscular Satus, but not activity history.

Mechanical response tissue andyss has aso been used to assess the dtatus of the
human tibia (4). Hedthy maes (N = 48) aged 26-51 years of aye completed MRTA and
bone dendty measures for each ulna and tibia  The Elyrrta tibid vaues differed
ggnificantly (p < 0.05), which were 1588 + 53 (mean + SD), and 174 + 55, for the right
and Ieft tibia respectively.  In addition, the Elyrra ulnar vaues differed sgnificantly (p <
0.01), which were 47.9 + 11, and 41.9 + 9 Nn? for the right and left ulna respectively.

Bone minerd dendty did not differ for either the right and left tibia or ulna Ulna ElygrTa
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comparisons were dso made between nine Idft-handed and nine right-handed subjects
who were maiched for age, height, weight, ulnar length, and BMI. The right-handed
subjects demongrated sgnificantly (p < 0.05) greater Elyrra vaues for the right ulng
than the left. This was the fird study D report Elyrra tibid measures in humans, and it
should be noted that the authors reported an intratest (multiple measures without re-
postioning of the limb) and intetet (measures with re-pogtioning of the limb)
coefficient of variation (CV) of 3.2% and 5-12% respectively.

A sudy by Stuss and colleagues (108), investigated the effects of 15 weeks of
military recruit training on tibid bending diffness in 559 mae Swiss amy recruits.  An
dternative method for determination of bending giffness, the SWING method was used
in this study. Although the SWING ingrument differs from MRTA, the concept of a
bone's response to a vibratory wave is smilar in both insruments. The SWING method
employs two acceerometers that are fixed to the facies medidis of the tibia, and an
electromechanicd hammer that drikes the tibia a mid-digphyss and introduces a
vibratory wave. Disperson andyss is then used to determine wave digperson from the
hammer drike to the accderometers, of which bending iffness is cadculated. Rdiability
of this method was demongrated by comparing in vivo SWING measurements of bending
diffress in 21 human cadaver tibiae with ex-vivo 3-point bending diffness which
yidded a corrdation of r = 0.96. In the military recruits, 15 weeks of standard Swiss
Army training resulted in a 25% increase in tibid bending giffness, accompanied by only
a 1.8% increase in bone minerd content. The reationship of tibid bending diffness with
BMC at basdine, and pod-recruit training yielded nonsignificant correlations of r ~ 0.1 ,

respectively. The reaults of the study demondrate that dramatic increases in bending
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diffness can be obtained with only minimd increases in BMC. Therefore micro and/or
macro-architectural changes may be the underlying cause for the dramétic increase in
bending tiffness over the relatively short intervention period.

Recently, MRTA measurement was refined by Roberts and colleagues (97) with a
nor-human primate tibia modd. Previous investigations with the MRTA had been based
on a 7-paameter mathematicd mode of the skin, soft tissue, musculature, and bone
(107). A refined 6-parameter modd that condsts of bending diffness, damping, and
mass of both the soft tissue and bone, was developed and vaidated usng monkey tibias.
Twelve rhesus monkeys undewent MRTA messurement of both tibias in  vivo.
Measurements were andyzed with the sx and seven parameter mathematicad modd. The
monkeys were scheduled for necropsy due to illness, following the MRTA measurements
the monkeys were euthanized and both tibiae excised. The tibias were then tested to
falure in three-point laterd bending Hiffness, which was converted to cross sectiond
bending diffness.  Cross-sectional bending diffness obtained from the three-point
bending diffness tes was then corrdated with Elygrra. The gx-parameter model
demonstrated a much sronger rdationship with three-point bending diffness (R =
0.947) than the sevenparameter modd (R® = 0.645). Thus, it is evident that the six-
parameter mathematicad model possesses improved representation of the behavior of the
skin, soft tissue, and musculature.  Following this published study, Stede further refined
(106) the mathemdicd modding to incdude nine-parameter and twelve-parameter
dgorithms.  Presently there are no published invedigations that have used these

improved mathematical models.
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A recent experimenta trid by Adami e d, (2) invedtigated the effects of six
months of srength training on BMD, bone dructure, and bone geometry of the ultradistal
radius in postmenopausad women. Subjects (N=250) were agpparently hedthy
postmenopausal (>5 years) femaes, aged 52-72 years old, and were randomized to either
6-months of exercise traning (n=125), or control (n=125). Control subjects were
encouraged to maintain ther normd lifetyle The exercise program was designed to
specificaly dress the radius, and included upper body presses, wist curls, and valleybdl,
2 days per week in a group setting. In addition, subjects were encouraged to repeat the
exercises for a least 30 minutes daily a home. Bone minerd densty was assessed by
DXA for the lumbar spine, femora neck, ward's triagle, trochanter, and ultradistal
radius. Bone geometry of the ultradigtd radius and proxima radius was assessed with
periphera quantitative computed tomography (pQCT). Geometric variables assessed
included cross-sectiond aea, volumetric bone dendty, and bone minegrd mass.  All
measurements were completed a basdine, and again following the 6-months of exercise
traning. No changes in BMD were observed for ether group from basdine to 6 months
a any of the observed dtes. In addition, no geometric or structural changes were noted
for the proxima radius for either group. However, corticd bone cross-sectiond area
sgnificantly increased, which was accompanied by decreased trabecular bone area in the
ultra digd radius for the exercise group. In addition, corticad bone minera content
ggnificantly increased, and trabecular bone minera content sgnificantly decreased in the
exercise group as well. No such changes were noted for the control group. These results

indicate that BMD did not change as a result of the exercise intervention, however
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sggnificant sructurd and geometric changes occurred.  Consequently, the observed
changes suggest that bone strength increased due to the increased cortical area, and BMC.

In a prospective study, Beck et d, (7) investigated DXA derived dructurd
geometry of the femur, tibia, and fibula as a means of predicting sress fractures in mde
U.S. Marine recruits.  Subjects (N=625) underwent DXA scans of the femur, tibia, and
fibula, as wdl as a saries of anthropometric measures, which included femur length, tibia
length, bi-iliac breadth, femur bicondylar breedth, neck girth, waist girth, thigh girth, and
cdf girth. The cross-sectiond area, cross-sectiond moments of inertia, and bone width,
as wdl as BMD were deived from the DXA scans for the femur, tibia, and fibula
Recruits were then followed throughout their 12-week initid entry basc combat training
for the development of dress fractures. Twenty-three recruits developed stress fractures
during the 12-week training period, with the most common fracture dte being the tibia
Due to the low number of diagnosed diress fractures, al fractures were pooled for the
datigicad andyss. Based on the anthropometric measurements, subjects that developed
dress fractures weighed less, were shorter, and had a smdler neck, wag, thigh, and calf
girth, as wdl as shorter tibid length. The DXA derived dructura properties reveded that
recruits who developed dress fractures had sgnificantly smaler cross-sectiond moment
of inetia section modulus, bone width, as well as BMD for the femur and tibia as
compared to the nondress fracture recruitss.  However, when body weight was
controlled, there were no differences in BMD between fracture and non-fracture recruits.
The only sgnificant differences observed when body weight was controlled are the cross-

sectiond area, section modulus, and bone width for the tibia Thereby indicating that
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factors other than BMD, which are related to true bone strength may be more important

for predicting fracture resistance.

Biochemica Markers
Biochemicd makes of remodding (turnover) provide a minimdly invasve

measure, which reflects the cdlular events in bone, and dlow for repeated measures
within a sngle subject. One of the principd advantages of the biomarkers is, they can
readily detect acute changes in skdetd metabolism (111). The rate of formation or
degradetion of the bone matrix can be assessed ether by measuring a prominent
enzymdiic activity of the bone forming or resorbing cells, such as the activity of dkdine
and acid phosphatase, or by measuring bone matrix components released into the
circulation during formation or resorption (34). A high rate of bone turnover is thought
to contribute to the micro-architectura deterioration of bone tissue (84), and is therefore
useful in assessing the effects of exercise and physicd activity on skeletd adaptations.
Ogeocdcin (OC), and bone specific dkdine phosphatase (BAP) ae two
biochemica markers of bone formation that are currently of centra interest. Osteocalcin
was used to assess bone formation in this study, and will be discussed in the following
paragraphs. Osteocdcin (OC) is dso referred to as bone gla-protein, and is the most
abundant non-collagenous protein found in bone.  Ogeocdcin is syntheszed by the
osteoblasts, and incorporated into the bone matrix during bone formation. However,
some osteocalcin is Eeased into the circulation where it can be assayed as an indicator of
osteoblastic activity, and is related to the rate of bone turnover. Osteocdcin (OC) is a
relaively amdl (49 amino acid) noncollagenous vitamin K dependent protein, which is

gynthesized during various sages of osteoblagtic proliferation and differentiation.  During
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bone formeation, the mgority of osteocdcin is incorporated into the extracdlular bone
matrix (69), with the balance being released into circulaion where it can be assessed with
radioimmunoassay, thus providing an indication of bone formation Osteocalcin has been
extengvely evauaed to assess exercise mediated (18, 40, 117, 120), and microgravity
mediated (24, 30, 68, 85) changesin bone metabolism.

The biochemicd markers of bone resorption, which are routindy assessed,
include hydroxyproline,  pyridinoline (Pyd), deoxypyridinoline (Dpd), and the
telopeptides of type | collagen (CTx and NTx), which are commonly referred to as the
collagen crosdinks. The N-telopeptide of type | collagen was used in this study to assess
bone resorption, and will be discussed in the following paragrephs. The assay used for
NTx concentrations in this study was developed by Osteomark® (Sedttle, WA), and is
the only commercidly avalable assay for serum concentrations of the amino termina of
the type | collagen breakdown products (NTx). During type | collagen degradation, the
amino termind cross-linked telopeptide of type | collagen is released into serum, where it
can be meassured with enzyme-linked immunoasssy (ELISA). A number of
pharmacological clinicad dudies have assessed bone resorption  with the NTx
Osteomark® serum assay kit, however, no exercise studies have been conducted to date.
Serum substances that may be influenced by exercise, have been shown to have no effect
on the performance of this assay (Osteomark® NTx Kit Insert, Seettle, WA).

When assessng the biochemicd markers, seasond  variations (37), circadian
vaiaions (34), and mendgruad influences must be conddered. Recently, Chiu e d (28)
invesigated the changes in bone turnover during the mengrud cyde in 20

premenopausal apparently hedthy femdes aged 34 + 4.6 years (mean + SD). The
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investigators assessed serum concentrations of the bone formation markers, BAP and OC,
as well as serum and urinary concentration of the bone resorption marker DPYR, thrice
weekly during a sngle mengrud cycde In addition, serum edradiol (E2), and serum
progesterone was assessed to identify characterigtic cydlic fluctuations.  All  blood
samples were collected between 7am-10am to avoid circadian fluctuations, on Monday,
Wednesday, and Friday throughout a single mengtrud cycle. The first blood sample was
obtained within 4-days of the onset of menses, and the last sample was obtained at the
onset of the next menses. Urine samples collected were the firs morning void, and were
collected on the same days as the blood samples. Reaults of the serum and urine assays
demongrated no Sgnificant variaions between the luted phase and follicular phase for
serum concentrations of BAP and OC, as wel as urinary concentrations of Dpyr.
However, serum Dypr demondrated a sgnificantly higher (p < 0.05) concentration in the
follicular phase (268.04 pM) compared to the luted phase (259.59 pM). The results of
this sudy suggest that markers of bone formation (BAP and OC) do not sgnificantly
vay during the mendrua cycle  However, serum concentrations of Dypr varied
dgnificantly between the two magor phases of the mengruad cyce by approximatey
5.6%. Therefore, when assessng biochemicd markers of bone turnover, variability
reated to the menstrud cycle must be consdered br a least one of the markers of bone
resorption.

Serum OC undergoes a circadian rhythm within a narrow range, with a difference
of 15% between peek leves (4 am.), and minimd levels (5 p.m.) (35). Subjects were
goarently hedthy adult maes (n = 6) and femdes (n = 2) aged 25-35 years. Blood

samples were obtained every three hours during a 27-hour period. Oseocdcin leves
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were assessed, and compared to the 24-hour mean leved. A ggnificant diurnd variation
was observed (p < 0.001). More recently tent sampling time periods are essentid when

using OC to estimate bone formation rates.

Skeletal Adaptationsto Exercise
Bone adapts to added tensle and compressive loads over time by becoming

sronger, agpparently due to increased minerd content and dendty (BMD), modified
hydroxyapatite crysta and collagen fiber compostion, and reorganization of its micro-
and macro-architecture, .  When these mechanicd loads are diminished over time, as in
micro-gravity exposure, these effects, including those for bone BMD (102) would ssem
to be reversed, leading to a weaker bone In the hedthy skeleton, there is a baanced
coupling between activities of ogteoclasts and osteoblasts resulting in a homeodtatic
maintenance of bone tissue. However, this coupled balance can be dtered by an exercise
gimulus, which produces a mechanica dran a the cdlular and/or tissue levd. Turner
(112) discussed three rules for bone adaptation to mechanicd stimuli; 1. Bone adaptation
is driven by dynamic, rather than datic loading. 2. Only a short duration of mechanica
loading is necessary to initiate an adaptive response.  Extending the loading duration has
a diminishing effect on further adaptation. 3. Bone cdls accommodate to a customary
mechanical loading environment, making them less responsve to routine loading sgnds.
It gppears that physcd exercise and gsports participation would present mechanical
dimuli that satisfy the above rules for podtive bone adaptation. In fact, it is generdly
accepted that various forms of physcd activity and sport paticipation are pogtive
adaptive stimuli for bone formation; therefore exercise has been promoted as a means to

preserve and promote skeletal hedlth (15, 42).
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Published studies related to the effects of exercise on skeletd hedth are generdly
cross-sectiond  dudies, or randomized controlled trids (RCT). The cross sectiond
investigations provide indght into the differences in skeletd Status among various levels
of exercisrs and non-exercisrs, as well as differences in skeletld datus among
participants in a range of sports endeavors.  In addition, within-subject studies provides
evidence that participants in sport activities such as tennis, may possess greater BMD of
the dominant playing extremity versus the nondominant extremity activity. The
following paragraphs will review a number of cross-sectiona investigations that provide
evidence for differences in skeletd datus that may be due to the inherent loading in a
paticular sport or activity. In addition, a recent within-subject study will adso be
reviewed. Although these dudies are useful in identifying skeletd differences among
participants, and differences among dominant and non-dominant extremities, they do not
permit concrete inferences on the crcumdances leading to these differences.
Randomized controlled trids are essentid in understanding the effects of exercise on
skeletd datus.  Consequently, a number of RCT's will be reviewed following the cross

sectiond review.

Cross-Sectiond Invedigations
Regular physicd activity, in the long-term, leads to decreased bone resorption,

and increased bone formation (117), consequently resulting in net bone gan. A number
of cross-sectiond sudies have reveded differences in skeletd status among participants
in various sports. A cross-sectiond sudy by Taeffe et al, (110) demondrated that femade
gymnasts increased regional and total iody BMD more so than runners and controls in an

8-month cohort, and swvimmears and controls in a 12-month cohort. The 8 month cohort



35

reveded that gymnadsts increased lumbar BMD by 2.8%, and femora neck BMD by
1.6%, which was ggnificantly greater than runners who demondtrated a 0.2% decrease in
lumbar BMD, and a 1.2% decrease in femord neck BMD. In addition, the gymnasts in
the 12-month cohort displayed a 2.3% increase in lumbar BMD, as well as a 5% increase
in femora neck BMD. In contragt, the swimmers experienced a decrease of .3% and .6%
in BMD of the lumbar spine and femord neck respectivdy. Gymnadtic activity results in
ground reaction forces (GRF) that are greater than 10 times the body weight (78),
compared to runners who experience consgderably less (33), and swimmers who
experience no GRF. Thus, the results of this invedtigation are in accordance with the
evidence which supports activities involving high impact forces have a subgantidly
greater osteotropic effect, than lower-impact, or non-impact exercise.

In addition to high loads, Lanyon et al (65) suggested that loading should be
imposed in unusud paterns, if the osteogenic simulus is to be optima. Therefore,
exercise that has a rhythmic repeating pattern (i.e. running, rope skipping), may not be as
effective in dimulating skeletd responses as an exercise tha involves varied loading
patterns (i.e., basketbal, soccer). Recently Pettersson et al (94) investigated the effect of
high impact activity on bone mass and Sze in adolescent femdes [(mean + SD) 17.6
years + 0.8], with dissmilar loading patterns. The purpose of the cross-sectiond sudy
was to compare the influence of rope-skipping (routine loading) and soccer participation
(varied loading) on muscle srength, BMD, BMC, and bone area in late adolescent
femaes. The control cohort (n = 25) paticipated in vigorous physica activity for
approximately one hour per week, whereas the soccer cohort (n = 15) and rope-skipping

cohort (n = 10) participated in ther activities for five and six hours per week respectively.
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Totd body and ste-specific (lumbar spine, femorad neck, grester trochanter, femur,
femur digohyss, digd femur, proximd tibig, tibia digphysis, humerus, and radius) bone
mineral dendgty was assessed with DXA.  Isokinetic srength of the quadriceps and
hamdrings was assessed with a BiodexO dynamometer, a an angular velocity of
90°/second.  Resaults of the datisticd andlyses indicated that he subjects did not differ in
age, height, weight, and BMI. However, the control subjects had significantly (p < 0.05)
more fat mass than the soccer players (21.2 kg vs. 16.9 kg). The DXA measures revealed
that the rope-skipping group hed dgnificantly greater (p < 0.05) BMD for total body,
humerus, lumbar spine, grester trochanter, femur digphyss tibia digphyss, and ultra
digd radius than the controls. The soccer players demongrated significantly greater (p <
0.05) BMD for the femora neck, greater trochanter, tota femur, femur digphyss, and
tibia digohyss than the controls. No differences for any of the BMD measures were
observed between the rope skippers and soccer players. Sport-dependent skeletd loading
differs consderably for the rope skippers compared to the soccer players, yet, no
difference in totd body or dte-specific BMD was observed between these groups.
However, the soccer players began participating in their sport approximately 2.5 years
prior to the rope-skippers, and had sgnificantly grester lean mass that the rope-skippers.
When datigicd adjusments were made for these variables, the rope-skippers
demondtrated sgnificantly greater tota body, lumbar spine, and humerus BMD than the
soccer players.  In the absence of datidicad adjusments, the rope-skippers had
ggnificantly grester totd body and tibia BMC, than the soccer players. In addition, the
rope-skippers had dgnificantly greater bone area (BA) in the lower legs than the soccer

players. The researchers speculated that this difference was most likely due to the higher
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mechanica forces incurred during rope skipping compared to soccer participation. Thus,
the increased bone aea in the tibid digphyss of the rope-skippers is a functiond
adaptation resulting from the exposure of high mechanicd loads (47). Although the rope-
kippers paticipated in a routine loading exercise regimen, compared to the varied
loading exercise regimen of the soccer players, the rope-skippers demonstrated a greater
functionaly adaptive response than that of the soccer players. Therefore, these findings
would appear to support Turner's three key rules (112), high loads may be more
important than varied loading if bone is to favorably adapt in response to mechanicd
loading.

Benndl & d, (9) invesigated bone mass and bone turnover in power athletes,
endurance athletes, and controls in a 12-month longitudina cohort sudy. The cohort was
comprised of 41 (20 femae, 21 mae) power athletes, 54 (26 femae, 28 mae) endurance
athletes, and 45 (24 femde, 21 mae) non-athlete controls, aged 17 to 26 years old. The
power athletes and endurance ahletes were members of club, state, or naiond level track
and fidd teams in Audrdia The athletes trained a least 3 days per week in their
respective sport, whereas the nontahlete controls engaged in physcd activity less than 3
hours weekly. Bone minerd dendty of the upper limb, lumbar spine, femur, lower leg,
and foot, as wdl as tota body BMC was assessed at basdine, and again following 12-
months of training and competition. Osteocacin was assessed for bone formation, with
pyridinoline and deoxypyridinoline assessed for bone resorption a basdine only. Results
of the DXA measurements reveded no significant differences in totd body BMC for any
of the three femae groups at basdine, however the mae power athletes (2829g, p < 0.01)

and endurance athletes (2533 g, p < 0.05) were sgnificantly greater in total body BMC
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than the cortrols (2538 @), when datistica adjustments for height and weight were made.
In addition, upper limb BMD was sgnificantly grester in the mde and femde power
ahletes (.938 g/len?, p < 0.01 and .814 g/cn?, p < 0.05 respectively) compared to the
mde and femae controls a basdine (.884 glent and .766 g/ent respectively). Although
upper limb BMD was gregter in the mde and female power ahletes compared to the
endurance athletes (.881 g/en? and .775 glen? respectively), the difference did not reach
datisica sgnificance. Lumbar spine BMD of the made and female power athletes (1.244
glen? and 1.167 glent respectively) was significantly greater than that of the mae and
female endurance athletes (1.095 g/en?, p < 0.01 and 1.036 g/cn?, p < 0.01 respectively)
and controls (1.051 g/en?, p < 0.01 and 1.020 g/en?, p < 0.01 respectively) at basdine.
Femur BMD was significantly grester in the male power (1.389 g/cn?, p < 0.01) and
male endurance (1.333 g/en?, p < 0.01) athletes compared to controls (1.243 g/cn?), as
well as the femae power athletes (1.220 g/en?, p < 0.01) compared to controls (1.123
glen?).  Lower leg (tibiafibula) BMD was sgnificantly gredter in the mde and femae
power athletes (1.282 g/en?, p < 0.01 and 1.143 g/en?, p < 0.01 respectively) and the
mae and femae endurance athletes (1.205 g/en?, p < 0.01 and 1.094 g/en?, p < 0.01
respectively) compared to the mae and femae controls (1.109 g/en? and 1.014 g/en?
respectively).  The only differences noted for any of the biochemicd markers of bone
turnover were dgnificant grester concentrations of pyridinoline and deoxypyridinoline
for the female power ahletes [(90.7 nmol:mmol CR (creatinine), p < 0.05 and 15.14
nmol:mmol CR, p < 0.05 respectively)] compared to the femae endurance athletes (71.31
nmol:mmol CR and 11.66 nmol:mmol respectivdly). Following 12-months of training

and comptition, dl groups for both genders demondrated a sgnificant increase (p <
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0.01) in tota body BMC, no between group differences were observed. Female controls
demondrated a sgnificantly greater increase 