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Editorial 

Does the Mechanical Usage (MU) Inhibit Bone "Remodeling"? 

"It is a merit of  a theory to be proved false." 
- -Noam Chomsky 

This seemingly esoteric question concerns the fun- 
damenta l  p rob lem of skeletal  b iomechanics ,  
namely, how the skeleton maintains its mechanical 
competence (MCSk), that is, its capacity to support 
and to endure. By the same token it concerns how 
various alterations in bone structure and/or mate- 
rials properties might account for skeleton's me- 
chanical failure, especially in adults. 

In that context "remodeling" could denote the 
mechanism by which bones in adults adapt to ac- 
tual mechanical demands and remain mechanically 
competent. At issue therefore are not the observed 
effects of mechanical usage (MU) on bone structure 
or its materials properties, but the underlying cel- 
lular mechanisms. As the question mark in the title 
implies, that issue discussed recently by Frost [1, 2] 
is not settled. In fact, the term "remodeling" itself 
needs to be defined. 

The nature and the scope of the argument require 
that its background be reviewed along with a few 
relevant basic concepts of bone physiology as seen 
from this perspective. Consequently, the text is di- 
vided into four parts: Background, Mechanical 
Usage, Effect of MU on basic multicellular unit of 
lamellar bone turnover (BMU)-based lamellar bone 
turnover (LBT), and Concluding Inferences and 
Remarks. 

Background 

Three Processes that Make Bone 

At any given time the structure of bones sums up 
three separate processes, of which only the last di- 
rectly concerns the argument at hand. As for the 
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first, the basic species-specific morphology, in- 
cluding bone architecture, evolved during phy- 
logeny. The instructions for realizing the basic 
blueprint for bones during ontogenesis is encoded 
in the genome. Thus, bones'  structure is grossly 
pre-adapted to pat terns of  mechanical  loading 
which the anatomic relations within the locomotor 
system (i.e., muscle and tendon insertions, joints 
with their l igaments,  and bone marrow within 
bones) impose on bones once weight bearing, and 
muscular exertion is assumed early during the post- 
natal growth. 

The second process is associated with ontogeny. 
In embryo, the basic bone architecture (i.e. the ge- 
notype), unfolds along with the locomotor system 
(LMS) and it is then maintained while all anatomic 
elements increase rapidly in size. In the final anal- 
ysis the basic architecture of bones, especially their 
trabecular pattern, is maintained by the intense 
bone turnover. Thus, while osteoblasts provide the 
structural material from which bones are finally 
made (i.e., lamellar bone), osteoclasts, by resorbing 
it in selective areas, contribute further to the emer- 
gence and maintenance of structural bone geno- 
type. 

The third process conx~erts the genotype into 
phenotype by adjusting bone structural and mate- 
rials properties. It begins to take place when the 
skeleton becomes subjected to its actual mechan- 
ical usage in the earth gravity environment [3] 
during both postnatal growth and in adults. This is 
because, in a nutshell, the same kinds of cell popu- 
lations, (i.e., the osteoblasts and osteoclasts that 
elaborate the genotype) have the further ability to 
respond to signals or stimuli generated by strains 
when bones are subjected to mechanical loads that 
are significant from the point of view of MCSk. It is 
implied that without such adjustments in bone 
structure and its materials properties, the MCSk 
(i.e., the skeleton's capacity to support and endure 
its MU) would become impaired because excessive 
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stresses and strains would cause microdamage to 
accumulate and lead to bone fragility, and eventu- 
ally to fractures [1, 2]. 

Components o f  Skeleton's Mechanical 
Competence (MCSk) 

The sequential and piecemeal character of bones 
assembly and of their subsequent turnover by local, 
self-renewing, transient osteoblast and osteoclast 
populations account for the three orders of bone 
structure as well as for its materials properties, 
each potentially contributing to MCSk. 

Gross bone architecture, size, and mass (i.e., its 
gross global aspects) constitute the first order 
structure; the structural units of lamellar bone or 
BSUs [4], the outcome of local sites of bone turn- 
over such as haversian systems, constitute the 
second order structure; and the arrangement of la- 
mellae with vertically versus horizontally aligned 
collagen fibrils bundles, the third order structure [5, 
6]. But bone growth and the rate of LBT also deter- 
mine the mean bone age and related certain mate- 
rials properties of bone tissue. Thus, recent and 
less fully mineralized tissue, by being more com- 
pliant or less stiff, develop less microdamage than 
older fully mineralized lamellar bone which is more 
likely to undergo irreversible plastic deformation 
when overstrained [7]. 

Therefore, the piecemeal manner of bones as- 
sembly and turnover has important consequences. 
Any change in the first order structure implies the 
change in second and third order structures as well 
as the materials properties related to the mean 
tissue age. On the other hand, the piecemeal LBT 
does not need to affect the first order structure 
(i.e., bones'  gross architecture and/or mass). This 
type of LBT, which characterizes mainly the ma- 
ture skeleton, is referred to as "remodeling" [8]. 
Clearly, how any form of LBT affects bone struc- 
ture depends on the responses of the underlying 
cellular mechanisms to genetic (intrinsic) as well as 
environmental (extrinsic, including biomechanical) 
factors. These mechanisms, referred to as the Ef- 
fector Organ of Lamellar Bone Turnover System 
(EO LBTS) [9], account for most of Frost's inter- 
mediate organization (IO) of bone [8]. 

Bone Envelopes 

In this discussion bone envelopes occupy a pivotal 
situation. First, the genetically determined gross 
shape and architecture of bones are defined (mod- 

eled) by the envelopes '  spatial relationships.  
Second, the adjustment of bone mass, which is an 
important component of MCSk, involves changes 
in the spatial relationship between the periosteal 
and cortical endosteal and trabecular envelopes and 
the LBT-determined bone balance on each. And 
third, the components of the LMS may specifically 
affect the envelopes in contact with them (Enve- 
lopes Specific Behavior) [10]. 

The spongy parts of the skeleton (i.e., short 
bones as well as the epi- and metaphyses of long 
bones) are encased between two envelopes: the ex- 
ternal which apart from the articular surface cov- 
ered by the cartilage consists of the periosteum (or 
perichondrium), and the internal (i.e., the endosteal 
cortical and trabecular envelope). 

As to the diaphysis of long bones, because during 
growth bones' outer circumferences enlarge faster 
than the bone marrow cavity, diaphyseal cortices 
increase in thickness. This is associated in large, 
long-living animals, under normal circumstances, 
with the "colonization" of the external bone pe- 
riphery by haversian systems, while, due to the 
erosion of the endosteal surface, the bone marrow 
invades the adjacent haversian systems, and the 
juxtamedullary cortices undergo trabeculation [11]. 
Thus, the network of Volkmann's and haversian 
canals carrying blood vessels communicating with 
the circulatory system on both the periosteal sur- 
face and within the bone marrow, could be said to 
form in the diaphyseal, and compacta an additional 
or third envelope. 

Importantly, though the endosteal envelope is in 
direct contact with the bone marrow, the periosteal 
one is the site of muscles and tendons insertions. It 
is thus subjected to pulls when contracting muscles 
overcome the bone weight (inertia) in earth gravity 
environment [3]. 

Mature Skeleton 

With the cessation of growth, while bone size and 
architecture (under normal circumstances) remain 
unchanged, the skeleton undergoes three other im- 
portant changes, in part under the influence of its 
MU. First, the LBT form, which during growth 
maintained the shape and architecture (first order 
structure) of bones as they increase in size (i.e., 
primary bone formation and resorption drifts occur- 
ring in separate locations on periosteal and cortical 
endosteal envelopes) is replaced by turnover sites 
in which bone formation follows bone resorption. 

Second, while the marrow cavity and periosteal 
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envelopes continue to enlarge, albeit at a slower 
rate, the marrow cavity now expands faster. The 
accompanying thinning and loss of trabeculae in the 
center of spongy parts, and trabeculation and thin- 
ning of the cortex from within account for the uni- 
versal age-related bone loss [12]. 

Third, the bone tissue mean age progressively in- 
creases too, and with it, at least in areas of low 
LBT, bone tissue becomes less compliant and more 
susceptible to microdamage when exposed to un- 
usually intense MU [1]. 

Modeling and "Remodeling" 

Modeling would mean, therefore, the acquisition, 
during the embryonic stage and then the mainte- 
nance during growth, of the species-specific bone 
shape and architecture, the result of several dif- 
ferent processes and LBT forms [9]. On the other 
hand, "remodeling" refers to the form of LBT that 
the skeleton undergoes mainly after growth stops, 
which is done by BMUs [10]. (Historically, the 
term "remodeling" was applied first to all pro- 
cesses that shape bones and establish their archi- 
tecture [13]. In the early 1960s, Frost aptly referred 
to this process as "modeling" [14] and reserved the 
term "remodeling" for the haversian form of bone 
turnover which he subsequently extended to cover 
all sites in which bone formation follows local re- 
sorption, i.e., to such sites on the periosteal and 
cortical endosteal envelope after the cessation of 
growth [10, 14]. As in the first instance, however, 
it was not a fortunate choice because first, this term 
can signify a global reshaping of bones [15], and 
second, although the realignment of  haversian 
systems particularly may be viewed as a sort of in- 
ternal remodeling [16], this type of LBT as men- 
tioned, may affect also the envelope balance or 
whole bone volume, and the mean bone age too. 
Hence, it affects not only bone's structural but also 
its materials properties. The t e rm "BMU-based  
LBT," being descriptive and neutral, therefore ap- 
pears the safest to use.) In such skeletal sites, os- 
teoclasts recruited from progenitor cells appear 
first (the event referred to as activation [10]), as- 
semble into a discrete self-renewing transient popu- 
lation forming the resorption front [9], and, sup- 
ported by a capillary loop, resorb parallel to the 
bone surface a cavity a few cubic millimeters large; 
then a monolayer of osteoblasts also recruited from 
the local dividing progenitor cells, an event termed 
coupling [17, 18], subsequently refills the cavity 
perpendicularly to its bone surface. A packet of la- 
mellae aligned parallel to that bone surface (i.e., a 

structural unit of lamellar bone) (BSU) [4] consti- 
tutes the outcome of a BMU moving across the 
bone space or surface, of which haversian systems 
or osteons are familiar examples. 

While the evolution and form of  BMUs,  and 
hence their outcome (i.e., BSUs on various bone 
envelopes), may vary in their configuration, size, 
and balance, they all share two essential features 
already referred to: activation and coupling. 

Activation 

Activation, a bone surface phenomenon, consti- 
tutes the basic determinant of LBT in general, and 
BMU-based LBT in particular [19]. On the one 
hand, it implies the existence of intrinsic and ex- 
trinsic signals or stimuli, the latter distributed 
throughout bone, and on the other, the existence of 
corresponding genetically determined cell sensi- 
tivity and responsiveness which includes the ca- 
pacity of progenitor cells to divide and differentiate 
into functional cells. Thus, these cells appear to 
possess ,  in addition to receptors to hormones,  
growth factors, cytokines, etc. [20], some sort of 
"mechano"-receptors .  Otherwise the space-ori- 
ented and structure-producing activities of these 
osteoclast and osteoblast populations could not be 
integrated and regulated [9, 19]. 

The number of such activation events per unit 
time and bone surface and volume (i.e. the activa- 
tion frequency [10]) implies that the stimuli gener- 
ated by significant strains, those capable of  af- 
fecting the effector  cells of  LBT (EO LBTS),  
should be more or less widely distributed and in a 
more or less permanent fashion in bone and on its 
surfaces. 

Coupling 

In this context, coupling means that the appearance 
of osteoblasts in sites of LBT is linked to osteo- 
clasts by some related coupling factor [17, 18, 20]. 
In contradistinction to LBT in modeling, only sec- 
ondary lamellar bone apposition takes place in 
BMU-based LBT, meaning in sites of prior bone 
resorption. This implies that in a mature skeleton in 
particular, the osteoclast progenitors are more re- 
sponsive to biomechanical factors, and in general to 
a wider range of stimuli, then the osteoblast pro- 
genitors which would depend on some osteoclast- 
derived coupling factor for activation [20]. But once 
activated, the osteoclast and osteoblast populations 
exposed to prevailing biomechanical and/or other 
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factors should respond accordingly. Thus, while the 
activation of osteoclast populations is a sine qua 
non for BMU-based LBT, the subsequent rate and 
duration of functional osteoclasts and osteoblast 
recruitment from their respective progenitors, 
along with the life-span and the fate of the differen- 
tiated cells, will determine the individual BMU 
evolution, form, and outcome in terms of size, 
shape, and bone balance of  the resulting BSUs 
[9, 19]. 

BMU-Based LBT and Envelope-Specific 
Behavior (ESB) 

Local factors related to the anatomic relations of 
the envelopes may influence the BMU activation 
frequency and the subsequent evolution and out- 
come of BMUs, to account for the so-called enve- 
lope-specific behavior (ESB) [10]. 

Thus, the bone balance is positive within BMUs 
on the periosteal envelope, linking bones to the rest 
of the LMS, and negative on the juxtamedullary 
haversian and endosteal envelopes in contact with 
the bone marrow. The prevailing negative bone bal- 
ance on the latter results basically from the mean 
depth of erosion (MDE) exceeding, on the whole, 
the mean wall thickness of lamellar bone (MWT) 
deposited within BMUs; on the periosteal enve- 
lope, which is subjected to biomechanical factors 
such as muscle pull and bending, the reverse seems 
to be true [10]. 

On the other hand, the realignment of the haver- 
sian systems, especially in the external two-thirds 
of the diaphyseal cortex where they are in balance 
(MDE = MWT), may be affected by the require- 
ments of blood flow in compact bone [21, 22]. In its 
lacunar-canalicular system, the resident osteocytes 
depend for oxygen and nutrient supply on diffusion 
from the closest capillary within haversian canal 
[23]. 

Johnson  repor ted  the absence  of  haversian 
systems in bones of the congenitally paralyzed limb 
[24], which could imply that mechanical loads acti- 
vate the haversian LBT. But since in such instances 
the diaphyseal cortices remain thin, this may be an 
indirect effect of  MU, which primarily by pro- 
moting transverse bone expansion would secon- 
darily cause the haversian systems to evolve [21, 
221. 

The haversian envelope also appears to be partic- 
ularly sensitive to neurocirculatory factors (see 
RAP) and hormones, especially those implicated in 
calcium ion homeostasis in the body fluids. Thus, 

when it is challenged, as during a growth spurt in 
boys [25] or during rapid antler growth [26], or in 
general during acute negative calcium balance, the 
number and size of haversian cavities may increase 
dramatically [27]. 

Mechanical Usage (MU) 

Effect of  MU on Bone Mass 

The structural adaptations to mechanical demands 
during growth would consist mainly of the accumu- 
lation of bone mass over what would be determined 
by the genotype. Thus, the mechanical regulation 
of bone mass should be grafted on the transverse 
bone growth mechanisms, that is, it affects the spa- 
tial relations between the periosteal and endosteal 
bone envelopes. Growth and physical activity, that 
is, weight bearing and muscular exertion (muscle 
pulls through muscle and tendon insertions) subject 
bones to a variety of strains and that seems to en- 
hance bone apposition on the periosteal envelope 
and to mitigate the negative balance on the endos- 
teal one [1, 2]. The importance of the bone mass 
accumulated during growth (phenotype vs. geno- 
type) lies in the fact that after maturity under ordi- 
nary circumstances it can be maintained (i.e., the 
age-related bone loss can be kept in check) [28] but 
not greatly increased or reversed as in prepuber- 
tary girls [12]. The BMU-based LBT seem unable 
to generate any large global positive bone balances 
perhaps because  of  intrinsically limited MWT 
within BMUs [29]. However, in conjunction with 
realignment of second and third order structures as 
well as with continuing bone renewal, the LBT is 
able to maintain the MCSk in adults. 

Thus, bone, and also muscle mass, are usually 
greater in those whose occupations, regular partici- 
pation in sports, or general life-style imply a more 
intense use of the locomotor system [30-32]. 

Steady States and Shifts (Transients) 

It is important to distinguish between steady states 
when bones are structurally fitted to a given level of 
typical physical activity (which may range from 
very low as in a sedentary life to very intense), and 
the shifts from one such level to another, which can 
occur rapidly or slowly. Probably because of un- 
avoidable alternation between nocturnal rest and 
diurnal activities, when most significant MU takes 
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place as well because of sporadic variations in cus- 
tomary activities (and later in life because of the 
age-related bone loss), bones may never become 
fully adapted to their MU, and the BMU-based 
LBT may reflect that, provided the same regions of 
the skeleton are compared [33]. Nevertheless, the 
L B T  in the same areas  of  bones  s t ruc tura l ly  
adapted to a given level of mechanical usage should 
be comparable and less active than during rapidly 
occurring adaptations. 

Intensity Vs. Pattern o f  Mechanical Loading 

So far, only the changes in bone mass in response 
to the intensity of MU within the pattern of loading 
(i.e., customary loads application and strains distri- 
bution) were considered, which are determined by 
the normal anatomic relations between the compo- 
nents  of  the growing or adult  LMS.  But the 
changing species customary LMS anatomic rela- 
tions, especially in growing individuals, can alter 
the species normal bone architecture. Thus, a 
global remodeling may take place, involving the 
first, second, and third order structures, justifying 
the use of the term in this instance [15]. 

The Skeleto-Muscular Tandem 

The adaptation of bone to mechanical demands ob- 
viously does not take place in isolation from the 
rest of the locomotor system, and particularly from 
muscles function. Thus, muscle contractions, apart 
from their mechanical effects on bones, also affect 
blood flow within bones and bone marrow [21, 22]. 
Fur thermore ,  the muscle bulk and bone mass 
change is parallel [34, 35]. Aside from the adaptive 
mechanisms in bone which muscle action may 
trigger, muscles as well as the ligaments brace and 
stabilize joints in action as well as parts of the skel- 
eton not in motion at a given moment (i.e., walking, 
running, jumping, lifting, etc.). Whereas under 
normal circumstances loads application results in 
strain distr ibution to which bones are already 
adapted, with weak muscles and ligaments unable 
to properly stabilize the joints, altered loading and 
strain patterns may increase microdamage and 
cause, before the repair mechanisms take over, 
bone fragility. In Bone Fragility Syndrome of Aging 
[19], therefore, the increased incidence of fractures 
may be due in part to the excessive microdamage 
production resulting from the lack of coordination 
within the skeleto-muscular tandem. 

Effect  of  M U  on the B M U - B a s e d  LBT in Adults  

Acute Disuse Osteoporosis 

Discussion of the effect of MU on the BMU-based 
LBT can now be approached from the perspective 
of what has been reviewed so far. Frost, focusing 
on the effect of MU on bone mass and extrapolating 
from acute disuse osteoporosis, inferred that MU 
inhibits "remodeling" (i.e., it would depress BMU 
activation) while at the same time mitigating the 
customary age-related negative bone balance [1, 2]. 
Indeed, a sudden complete withdrawal of mechan- 
ical loads (i.e., acute immobilization) does result in 
a rap!d bone loss which continues until the reduced 
bone mass and new limited mechanical demands 
equilibrate [36]. 

However, the sequence of events studied in dogs 
deserves closer scrutiny [36]. At first one observes 
a burst of new resorption cavities on all envelopes 
(i.e. activation of new osteoclast populations, pos- 
sibly due to Regional Acceleratory Phenomenon 
(RAP) [37] which tend to revert into bone-forming 
centers as the immobilization continues, except on 
the specific envelope where the protracted bone 
loss takes place [36]. That loss in spongy bone oc- 
curred on the endosteal envelope, but on the peri- 
osteal envelope in diaphyses in young adult dogs, 
and on the cortical-endosteal envelope in old dogs 
[36]. This loss was not due to the accentuation of 
negative bone balance within BMUs, but rather to 
the appearance of resorption drift, due to a contin- 
uous recruitment of osteoclasts in activated sites 
that led to extension and fusion of cavities (i.e., a 
marked extension of resorption surface), as well as 
to a failure of osteoblasts to appear in the transi- 
tional zone [38], which could be called "uncou- 
pling." This uncoupling could represent a contin- 
uous recruitment of osteoclasts leaving no space 
for osteoblasts, or more likely an inhibition of the 
"coupling factor." The onset of a new steady state 
under such circumstances (i.e., the arrest of further 
bone loss with a permanently reduced bone mass 
on the other hand) begins with a fall in further os- 
teoclast recruitment and a conversion of active re- 
sorption surfaces into inactive ones [36]. 

But even if the initial burst of BMU activation 
and the subsequent disuse-specific bone loss could 
be viewed as a release from inhibition exerted by 
MU, the inference that MU only depresses the 
BMU activation and inhibits "remodeling" does 
not necessarily follow. As Frost himself suggested, 
significant strains, those exceeding the threshold of 
the EO LBTS responsiveness or Minimum Effec- 
tive Strains (MES) [39], could also result in BMU 
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activation. The strains below that level or "trival" 
ones characterizing the structurally adapted bones 
may, however,  still keep in check factors that 
trigger the disuse reaction upon a complete with- 
drawal of mechanical loads. Such factors could 
differ from those generated by strains. Thus, the 
changes in LBT during acute disuse osteoporosis 
should be treated apart from changes taking place 
during upward or downward shifts in the vigor of 
normal physical activity, that is, when the adapta- 
tion is taking place under more or less physiological 
conditions. On the other hand, one can compare 
and contrast the LBT activity responses to a down- 
ward shift in physical activity, excluding the reac- 
tion to acute disuse and to upward shift. 

What direct evidence would bear on how MU in- 
fluences cellular mechanisms that achieve the bone 
mass effects in adults? 

Remobilization Experiments 

The few such reported experiments [40] show that a 
considerable recovery of bone loss can take place 
when loads are reimposed (remobilization) during 
the active phase of disuse osteoporosis. Such ex- 
periments reveal the cellular mechanisms of the 
bone mass recovery and the new steady state to- 
wards the end of the acute disuse reaction [36]. 

The recovery of bone during remobilization re- 
suits from a decline in osteoclast recruitment and 
from the resumption of osteoblast recruitment and 
function. That rapidly converts markedly extended 
resorption surfaces into sites of intense bone for- 
mation [40]. Such data would suggest that the im- 
position of MU inhibits BMU activation and subse- 
quent osteoclast recruitment when those are al- 
ready greatly increased. But they also show that 
MU reestablishes coupling and enhances the re- 
cruitment and function of osteoblasts, thus allowing 
bone formation to "catch up,"  as it were, with the 
prior excessive resorption. One could conjecture 
from such evidence that during postnatal growth 
MU could similarly mitigate bone resorption and 
enhance bone formation in sites where they respec- 
tively take place, that is, add mass to the basic ar- 
chitecture as defined by the genotype. 

Acute Overload Experiments 

Few such experiments, bearing on the effect of me- 
chanical overload on LBT in bones adapted to a 
customary MU level, were reported and the results 
are ambiguous [41-43]. Application of impact loads 

to the sole of a rabbit's hindleg paw produced a def- 
inite increase in LBT, hence BMUs activation fre- 
quency in the lumbar vertebrae (i.e., vertebrae in 
line of the transmitted impacts) but none in the long 
bones of the hindleg [41]. It was postulated that in 
areas of increased BMU activation frequency, the 
latter represents a repair reaction triggered by the 
microdamage produced under such circumstances 
[44]. However, the increase in BMU activation and 
in microdamage production could occur indepen- 
dently; in BMU activation because of  MU en- 
hancing BMU activation, the macrodamage pro- 
duction because of the effect of the overload on the 
unadapted bones, the final result, occurrence or ab- 
sence of stress fractures, depending on whether or 
not the LBT would "catch up" with the rate of mi- 
crodamage production,  the eventual adaptation 
eliminating it effectively [45]. 

The question then arises as to what extent acute 
disuse and acute overload effects do reveal how the 
BMU-based LBT contributes to long-term progres- 
sive adaptations to mechanical demands? Experi- 
ments bearing on it are difficult to devise, but na- 
ture provides us with a model, the so-called remod- 
eling map [46] which may offer some clues. 

"Remodeling" Map 

Differences in BMU-based LBT in the spongiosa 
and the compacta and between various parts of the 
skeleton were noted quite early [47], but Amprino 
and Marotti [48] were the first to systematically 
study the LBT topography in the dog and to estab- 
lish the "remodeling map" [46], which Kimmel and 
Jee [49], in so far as the spongy bone is concerned, 
further elaborated. 

LBT was found highest in the spongiosa of the 
axial skeleton, whereas in the appendicular skel- 
eton higher in metaphyses than epiphyses and in 
proximal metaphyses than distal ones. The highest 
values were  recorded in the vertebral  bodies ,  
pelvis ,  proximal  humerus ,  and proximal  and 
perhaps distal femur [48, 49]. 

During growth,  the intensity of  LBT in the 
spongy parts, metaphyses particularly, may reflect 
the mechanism maintaining the trabecular pattern 
of bones rapidly increasing in size [9, 48]; but its 
persistence after the cessation of growth cannot be 
so explained. The greater specific surface (i.e., the 
bone surface to volume ratio of the spongiosa) 
could account  for it, since any systemic factor 
would affect  predominant ly  spongy bone.  But 
spongy and compact parts of the skeleton as well 
show marked regional differences in LBT charac- 
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teristic for the dog regardless of sex [48, 49] and age 
[48], although the LBT rate within these patterns 
during growth is faster than in the adult skeleton 
[48]. 

Although a rough correlation with the red versus 
yellow bone marrow content could be established 
(bones containing red marrow showing higher LBT 
[50, 51]), this would not explain the differences in 
LBT rate in the diaphyses of various long bones - -  
low in the mid-diaphysis of the humerus and femur, 
highest in the tibia, ribs, radius, and metatarsals 
[46]. 

It is tempting, therefore, to suggest that the "re- 
modeling map" in the dog, at least in part, is deter- 
mined by biomechanical factors, and that the re- 
gions of the skeleton particularly challenged me- 
chanically show the fastest LBT; that would imply 
a stimulating effect of MU on BMU activation. 

While it may be so, the question arises as to why 
the high BMU activation persists in such areas as if 
the transient situation were perpetuated? That 
could be explained by two types of adaptation im- 
posed by the skeleton's genotype. The first would 
be structural, achieved mainly by bone mass ad- 
justments, and the second would be an ongoing dy- 
namic achieved by adjusting bone's materials prop- 
erties. Thus, during phylogeny, natural selection 
would favor in some parts of the skeleton, mainly 
spongy para-articular, less mass and weight than in 
the diaphyses [52]. In the former, the process of 
creating primary and secondary spongiosa with its 
associated bone marrow proliferation would limit 
the amount of bone produced per unit volume in 
contrast to the diaphysis, which may grow trans- 
versally by apposition of bone on the periosteal 
surface. Thus, in diaphyseal compacta, structural 
adaptations to MU predominate via the adjust- 
ments of bone mass. Once adaptation is completed, 
the LBT activity there is low since the stimuli that 
even peak strains generate [53] would be in general, 
in structurally adapted bone, below the threshold of 
genetically set sensitivity of "mechano"-receptors 
(i.e., below MES) [39]. In the spongy parts and dia- 
physes of smaller weight-bearing bones where the 
adjustment by the increase in bone mass is limited, 
the high LBT would be perpetuated because strains 
cont inue  to genera te  stimuli that  exceed  the 
threshold of "mechano"-receptors sensitivity (i.e., 
MES) [39]. The MCSk is maintained there instead 
by high quality materials properties, that is, re- 
duced mean bone age and greater compliance as 
well as associated adjustments in the second and 
third order structures are the result of increased 
BMU activation frequency and high LBT. 

If the mechanical factors such as weight bearing 

and muscular exertion indeed accounted for the 
"remodeling map" in a quadruped such as the dog, 
in a biped, such a map should show differences 
corresponding to the expected mechanical loads 
pattern. Unfortunately in man, such a map has not 
yet been completed. All that can be said is that if 
the effect of MU were to depress the BMU activa- 
tion, such dynamic adaptations along with the ad- 
justment in second and third order structures could 
not occur, with adverse consequences for MCSk. 
In fact, the regions of the skeleton with the high 
LBT activity also appear most vulnerable to inter- 
ference with its operation. This may explain the oc- 
currence of  fractures often due to a minimal 
trauma, so-called " J "  fractures [54] seen in various 
metabolic bone diseases in such "strategic" loca- 
tions as ribs, vertebrae, upper femur and humerus, 
distal radius, pelvic rami, etc. [19, 54, 55]. 

One could claim that while reflecting the distri- 
bution and intensity of loading, the "remodeling 
map" would represent not the direct effects of MU 
on EO LBTS but rather an appropriate response to 
microdamage, with the same end result for MCSk 
[44, 45]. However, persistence of this LBT pattern 
or map throughout growth, when the mean bone 
age is low and its compliance is high, suggests that 
MU may affect the BMU-based LBT directly. 

Concluding Inferences and Remarks 

The BMU-based LBT may be viewed as an instru- 
ment that adapts bones to their MU, whereby the 
MCSk established during growth continues to be 
maintained. Apart from mediating adjustments of 
bone mass to mechanical demands on the periosteal 
and endosteal  envelopes (preservation of bone 
mass in adults), the BMU-based LBT may con- 
tribute to the MCSk by realigning second and third 
order structures as well as maintenance of mate- 
rials properties of bone. Each of these features may 
acquire a special importance on a given envelope or 
bone region ("remodeling map"). 

Although skeletons may never become perfectly 
adapted to their MU, one should distinguish the 
BMU-based LBT activity in a given region of the 
skeleton that is adapted to a particular level of MU, 
from what happens during shifts from one level to 
another when new adjustments of bone structure 
and its material properties are actually taking place. 

At least in the dog, even in steady-state situa- 
tions, the BMU activation frequency differs on 
various envelopes and regions of the skeleton so it 
displays a "remodeling map" which may in part re- 
flect how the skeleton's genotype influences the 
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type of the prevailing adaptation. Consequently, in 
parts of the skeleton where structural adaptation by 
increasing bone mass is difficult, MU continues to 
maintain a high level of BMU activation which 
maintains MCSk because of good materials proper- 
ties attributable to reduced mean bone age and 
greater compliance as well as to adjustments in the 
second and third order structures. 

It would appear that both the increase of MU and 
its complete withdrawal may activate BMUs, pos- 
sibly in each instance by different means. Thus, an 
upward shift of MU, in addition to enhancing BMU 
activation, would mitigate bone resorption by re- 
ducing recruitment and/or function of osteoclasts 
after activation. At the same time it would enhance 
bone formation by increasing recruitment and func- 
tion of osteoblasts within BMUs, thereby making 
the balance on the periosteal envelope (where 
MDE < MWT) more positive and the endosteal 
balance (where MDE > MWT) less negative, 
causing overall bone balance to be less negative. 
Under such circumstances, increased BMU activa- 
tion would help to maintain MCSk by realigning the 
second and third order structures, and by bone re- 
newal it would improve the materials properties of 
bone tissue as well. The rapidity of any upward 
shift in MU and the difference between its initial 
and new level could determine how the BMU-me- 
diated structural and/or materials adaptation in- 
fluenced the production and accumulation of mi- 
crodamage. 

Thus, if MU had to inhibit BMUs activation, it 
would prevent all the adjustments in bone structure 
and its material properties. This would be against 
the overall design and function of the BMU-based 
LBT which in large part consist of maintaining the 
MCSk by such means. 

A downward shift in MU (but short of complete 
withdrawal) would increase recruitment and/or 
function of osteoclasts within BMUs, and thereby 
increase the bone resorption. By also decreasing 
osteoblast recruitment and/or function, and thereby 
bone formation, a downward shift would render the 
bone balance on the periosteal envelope (where 
MDE < MWT) less positive and the endosteal bal- 
ance (where MDE > MWT) more negative, to 
cause an overall more negative bone balance. The 
rapidity of the downward shift and the difference 
between the initial and new level of physical ac- 
tivity would determine the degree and rapidity of 
bone loss. 

Sudden complete withdrawal of mechanical  
loading, on the other hand, would trigger a bone 
loss on a specific envelope mediated not by BMUs 
(MDE vs MWT) but by resorption drifts due to in- 

creased activation of osteoclast populations and a 
suppression of osteoblast recruitment (uncoupling). 

A distinction should be made in this regard be- 
tween strains sufficiently strong to affect the "me- 
chano"-receptors of EO LBTS or MES of Frost 
[37] and strains below that level which, however, 
would be sufficient in structurally adapted bones to 
prevent the disuse reaction, that is, to inhibit the 
factors to which EO LBTS responds when MU is 
totally withdrawn.  Thus, the strain-generated 
stimuli and factors affecting the EO LBTS when 
MU is withdrawn may be different in kind, under- 
scoring the observation that the osteoclast popula- 
tions may be activated by more than one factor or 
agent. 

Because osteoclast populations may also be acti- 
vated directly by nonbiomechanical factors (hor- 
mones, growth factors, cytokines, etc.) with varied 
effects on the BMUs evolution and their collective 
outcome, such factors may modulate the effects of 
MU or vice versa, as shown by Lanyon and Rubin 
[15, 56]. When in excess or deficient, nonbiome- 
chanical factors may interfere with the presumed 
primary function of BMU-based  LBT (i.e., re- 
sponses to its MU) and produce various structural 
alterations that can cause bone fragility and predis- 
pose to fracture in strategic locations. 

These inferences and conclusions, though tenta- 
tive, may nevertheless offer a framework on which 
to integrate the wealth of data derived from clinical 
observations and studies as well as from research 
on the cellular and molecular levels that pertain to 
the locomotor system's physiology and pathology. 

Z.F.G. Jaworski, M.D., ER.C.P.(C)F.A.C.P. 
Department of Medicine 
Faculty of Health Sciences 
University of Ottawa 
Canada 

References 

1. Frost HM (1986) Pathogenetic mechanisms of the osteo- 
porosis. In: Uhthoff HK (ed) Current concepts of bone fra- 
gility. Springer-Verlag, Berlin, Heidelberg, New York, 
Tokyo, p 329 

2. Frost HM (in press) Vital biomechanics. Proposed general 
concepts for skeletal adaptations to mechanical usage. 
Calcif Tissue Int 3. Page N (1977) Weightlessness: a matter 
of gravity. New Engl J Med 297:32-37 

4. Jaworski ZFG (1976) Three-dimensional view of the gross 
and microscopic structure of adult human bone. In: Ja- 
worski ZFG, Klosevych S, Cameron E (eds) Bone mor- 
phometry. Ottawa University Press, p 3 

5. Portigliatti Barbos M, Bianco P, Ascenzi A, Boyde A (1984) 
Collagen orientation in compact bone. II. Distribution of la- 



Z.EG. Jaworski: Bone Adaptation to Mechanical Usage 247 

mellae in the whole of the human femoral shaft with refer- 
ence to its mechanical properties. Metab Bone Dis Rel Res 
5:309-315 

6. Katz JL,  Yoon HS, Lipson S, Maharidge, Meunier A, 
Christel P (1984) The effects of remodeling on the elastic 
properties of bone. Calcif Tissue Int 36:$31-$36 

7. Currey JD (1969) The relationship between the stiffness and 
the mineral content of bone. J Biomech 2:477-480 

8. Frost HM (1983) The skeletal intermediary organization: a 
review. Metab Bone Dis Rel Res 4:281-290 

9. Jaworski ZFG (1984) Lamellar bone turnover system and its 
effector organ. Calcif Tissue Int 36:$46-$55 

10. Frost HM (1966) Bone dynamics in osteoporosis and osteo- 
malacia. CC Thomas, Springfield, Illinois 

11. Arnold JS (1970) Focal excessive endosteai resorption in 
aging and in senile osteoporosis. In: Barzel US (ed) Osteo- 
porosis. Grune and Stratton, New York, p 50 

12. Garn SW, Rohmann CG, Wagner B (1967) Bone loss as a 
general phenomenon in man. Fed Proc 26:1729-1738 

13. Enlow DH (1963) Principles of bone remodeling. CC 
Thomas, Springfield, Illinois 

14. Frost  HM (1963) Principles of bone remodeling. CC 
Thomas, Springfield, Illinois 

15. Lanyon LE (1986) Biomechanical factors in adaptation of 
bone structure. In: Uhthoff HK (ed) Incurrent concepts of 
bone fragility. Springer-Verlag, Berlin, Heidelberg, p 17 

16. Lacroix P (1971) The internal remodeling of bones. In: 
Bourne GH (ed) The biochemistry and physiology of bones. 
Vol 1II. Academic Press, New York, London, p 119 

17. Parfitt AM (1982) The coupling of bone formation to bone 
resorption: a critical analysis of the concept and of its rele- 
vance to the pathogenesis of osteoporosis. Metab Bone Dis 
Rel Res 4:1-6 

18. Jaworski ZFG (1984) Coupling of bone formation to bone 
resorption: a broader view (editorial). Calcif Tissue Int 
36:531-535 

19. Jaworski ZFG (1986) Cellular mechanisms underlying the 
skeleton's supportive function. In: Uhthoff HK (ed) Current 
concepts of bone fragility. Springer-Veflag, Berlin-Heidel- 
berg, p 35 

20. Mohan S, Linkhart T, Farley J, Baylink D (1984) Bone-de- 
rived factors act ive on bone cells. Calcif  Tissue Int 
36:S139-S145 

21. Hert J, Liskova M (1966) Blood circulation in the compact 
Haversian bone of long bones. Folia Morphologica 14:151- 
159 

22. Valderrama J, Trueta J (1965) The effect of muscle action on 
intraosseous circulation. J Pathol Bacteriol 89:1879-1986 

23. Ham AW (1952) Some histophysiological problems peculiar 
to tissues. J Bone Joint Surg 34-A:702-728 

24. Johnson LC (1964) Morphologic analysis in pathology. In: 
Frost HM (ed) Bone biodynamics. Little, Brown and Com- 
pany, Boston, pp 543-654 

25. Parfitt AM (1986) Cortical porosity in postmenopausal and 
adolescent wrist fractures. In: Uhthoff HK (ed) Current 
concepts of bone fragility. Springer-Verlag, Berlin, Heidel- 
berg, pp 167-172 

26. Hillman JR, Davis RW, Abdelbaki YZ (1973) Cyclic bone 
remodeling in deer. Calcif Tissue Res 12:323-330 

27. Duncan H (1967) Bone dynamics in rheumatoid arthritis 
treated with adrenal cort icosteroid.  Arthrit is Rheum 
10:216-227 

28. Smith EL, Smith PE, Ensign CJ, Shea MM (1984) Bone in 

volution decrease in exercising middle-aged women. Calcif 
Tissue Int 36:S129-S139 

29. Jaworski ZFG, Wieczorek E (1985) Constants in lamellar 
bone formation determined by osteoblasts kinetics. Bone 
6:361-363 

30. Prives M (1960) Influence of labor and sports upon skeleton 
structure in man. Anat Rec 136:261 

31. Nilsson B, Westin N (1972) Bone density in athletes. Clin 
Orthop 77:179-183 

32. Woo SL-Y, Kuei SC, Amiel D, Gomez MA, Hayes WC, 
White FC, Akeson WH (1981) The effect of prolonged phys- 
ical training on the properties of long bone: a study of 
Wolff's Law. J Bone Joint Surg 63A:780-786 

33. Frost HM (1969) Tetracycline-based histologic analysis of 
bone remodeling. Calcif Tissue Res 3:211-237 

34. Doyle F, Brown J, Lachance C (1970) Relation between 
bone mass and muscle weight. Lancet 1:391-393 

35. Pogrund H, Bloom RA, Weinberg H (1986) Relation ofpsoas 
width to osteoporosis. Acta Orthop Scand 57:208-210 

36. Jaworski ZFG, Uhthoff HK (1986) Disuse osteoporosis: 
current status and problems. In: Uhthoff HK (ed) Current 
concepts of bone fragility. Springer-Verlag, Berlin, Heidel- 
berg, p 182 

37. Frost HM (1983) The regional acceleratory phenomenon. A 
review. Henry Ford Hosp Med J 31:3-9 

38. Baron R, Vignery A, Tran Van P (1980) The significance of 
lacunar erosion without osteoclasts: studies on the reversal 
phase of the remodeling sequence. Metab Bone Dis Rel Res 
25:35-40 

39. Frost HM (1983) Mechanical determinants of bone architec- 
ture. The minimum effective strain. Clin Orthop 175:286- 
292 

40. Jaworski ZFG, Uhthoff HK (1986) Reversibility of nontrau- 
matic disuse osteoporosis during its active phase. Bone 
7:431-439 

41. Burr DB, Martin RB, Lefever S, Franklin N, Thompson G 
(1986) Repetitive loading to prevent osteoporosis in the ver- 
tebral column. In: Uhthoff HK (ed) Current concepts of 
bone fragility. Springer-Verlag, Berlin, Heidelberg, p 415 

42. Meade JB, Cowin SC, Klawitter JJ, Van Buskirk WC, 
Skinner HB (1984) Bone remodeling due to continuously ap- 
plied loads. Calcif Tissue Int 36:$25-$30 

43. Carter D (1982) The relationship between in vivo strains and 
cortical bone remodeling. CRC Crit Rev Biochem Eng 
8:1-28 

44. Martin RB, Burr DB (1982) A hypothetical mechanism for 
the stimulation of osteonal remodeling by fatigue damage. J 
Biochem 15:137-139 

45. Frost HM (1986) Bone microdamage: factors that impair its 
repair. In: Uhthoff HK (ed) Current concepts of bone fra- 
gility. Springer-Verlag, Berlin-Heidelberg, p 123 

46. Marotti G (1976) Map of bone formation rate values re- 
corded throughout the skeleton of the dog. In: Jaworski 
ZFG (ed) Bone morphometry. University of Ottawa Press, 
Ottawa, p 202 

47. Dhem A (1967) Le remaniement de l 'os adulte. Thesis, Uni- 
versity of Louvain, SA Maloine, Paris 

48. Amprino R, Marotti G (1964) A topographic quantitative 
study of bone formation and reconstruction. In: Blackwood 
JJ (ed) Bone and tooth symposium~ MacMillan Co, New 
York, pp 21-23 

49. Kimmel DB, Jee WSS (1982) A quantitative histologic study 



248 Z.EG. Jaworski: Bone Adaptation to Mechanical Usage 

of bone turnover in young adult beagles. Anat Rec 203:31- 
45 

50. Meunier P, Aaron J, Edouard C, Vignon G (1971) Osteo- 
porosis and the replacement of cell populations of the bone 
marrow by adipose tissue: a quantitative study of 84 iliac 
bone biopsies. Clin Orthop 80:147-154 

51. Raisz LG (1981) What marrow does to bone. N Engl J Med 
304:1485-1486 

52. Currey JD (1984) What should bones be designed to do? 
Calcif Tisue Int 36:$7-S10 

53. Simon SR, Paul IL, Mansour J, Munro M, Abernethy PJ, 
Radin EL (1981) Peak dynamic force in human gait. J Bio- 
chem 14:817-822 

54. Melton LJ III, Riggs BL (1986) Impaired bone strength and 
fracture patterns at different skeletal sites. In: Uhthoff HK 
(ed) Current concepts of bone fragility. Springer-Verlag, 
Berlin-Heidelberg, p 149 

55. Melton LJ III, Riggs BL (1986) Hip fracture: a disease and 
an accident. In: Uhthoff HK (ed) Current concepts of bone 
fragility. Springer-Verlag, Berlin-Heidelberg, p 385 

56. Lanyon LE, Rubin CT (1984) Static versus dynamic loads as 
an influence of bone remodeling. J Biomech 17:897-905 

Received April 20, 1987. 


