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Abstract

The pathogenesis of osteogenesis imperfecta (OI) baffled physiologists and physicians for over a century. Most past efforts
to explain it depended heavily on cell and molecular biology and on changes in the material properties of affected bones (an
old idea that OI patients could not make enough bone erred). To such views the still-evolving Utah paradigm of skeletal phys-
iology can add a model for bone and bones that depends on errors in three genetically-determined features. The errors
include, 1,2) elevated “set points” of the strain-dependent thresholds that help to control how lamellar bone modeling and
remodeling adapt bone strength, architecture and “mass” to the voluntary loads on load-bearing bones; 3) and a reduced
modeling-rate limit for the appositional rate of the lamellar bone formation drifts that can increase bone strength, outside
bone diameters, cortical and trabecular thickness, and bone “mass”. If only abnormalities #1,#2 occurred, that should limit
the eventual strength, architecture and “mass” of load-bearing bones, while if only #3 occurred that should prolong or delay
how long it took to achieve the above limits, but without changing them. Equally, in driving from New York to Boston, stop-
ping at New Haven would prevent reaching Boston no matter how rapidly one drove (a limited trip). But by not stopping one
could reach Boston by driving very slowly (a prolonged but not a limited trip). This model concerns general features of bone
and bones in OI that would need study and explanation at the tissue, cellular and molecular-biologic levels. Other places and
people must discuss any devils in the details, as well as collagenous tissue, auditory, dental and other problems in OI, and the
effects of treatment on the above features.
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Introduction II: Selected clinical-pathologic facts of OI

This article would share with readers supplemental ideas
about the pathogenesis of many bone features of OI (osteo-
genesis imperfecta). The ideas depend on insights into the
Utah paradigm of skeletal physiology'”. That requires listing

Below, a double asterisk (**) signifies a feature the Utah
paradigm can explain plausibly (agreed, “plausibly” need not
mean correct t0o).

1) OI has a genetic origin and is often but not always

in Part II some bone features of OI that the Utah paradigm
can explain plausibly, summarizing in Part III some perti-
nent features of that paradigm, and in Part IV presenting the
paradigm’s explanations for the bone features in Part IL
Table 1 defines abbreviations used below, and a short
Glossary defines some terms.
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inherited*'". A) Abnormal Type I collagens occur in most
cases, B) but in some cases no abnormal collagens were
found**. C) Different clinical Types of OI occur'*"**,

2) Spontaneous fractures occur in OI and can affect both
the spine and extremity bones™**. “Spontaneous” means nor-
mal physical activities cause them, not any kind of trauma.

3) Ol can occur in varied severities**. A) The more severe
the disease, the younger the age at which spontaneous frac-
tures appear®*. B) In its severest forms fractures occur in
utero and during vaginal deliveries**. Such infants seldom
survive to adolescence and they make and/or keep little
lamellar bone**, but they can produce abundant woven bone
in fracture callus”’. C) In some mild forms of OI sponta-
neous fractures only begin to occur in association with the
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adolescent growth spurt™*.

4) A) Spontaneous fractures usually decrease or stop in
Ol patients who reach skeletal maturity (around 16-20 years
of age)**. B) In rare cases many bone features of Ol may
become apparent only in adult life**. Such a patient provid-
ed the first case of OI ever studied by dynamic histomor-
phometric analysis of tetracycline-labelled bone®.

5) A) In OI, fractures of long bones like the tibia and
femur can heal with angulations. B) X-rays of such angulat-
ed bones show evidence of the kinds of modeling drifts that
could correct the angulations, but the drifts work too slowly
to correct the angulations completely'***. Yet similar kinds
of drifts can achieve complete or nearly complete correc-
tions in normal children.

6) In OI patients who had reduced outside bone diame-
ters in childhood, in adult life those diameters can finally
approach if not reach normal values for otherwise compara-
ble healthy people!***.

7) A) Increased volume-referent' cortical and trabecular
bone turnover and BMU-based remodeling occur in
OI'“1%** B) Thus on OI increased BMU-based remodeling
accompanies reduced bone modeling in the same bones at
the same time™**.

8) A) In children with OI, affected bones reveal an
osteopenia characterized by less bone and weaker bones
than normal, with reduced amounts of epiphyseal and meta-
physeal spongiosa, and often with reduced outside bone
diameter'” and thinned cortices'***. The reduced outside
bone diameter would usually stem from reduced modeling-
dependent expansion, not from periosteal bone losses™*. B)
In adults with OI, affected bones reveal an osteopenia with
enlarged marrow cavities, thinned cortices, reduced amounts
of spongiosa, and outside bone diameters that can approach
if not reach normal**. C) The osteopenias in OI*'* can
reduce bone “mass” to 80%-40% of age-, bone- and sex-
comparable norms'** (“mass” in quotes has its meaning in
absorptiometry, not in physics).

9) Fractures heal well in OI, sometimes with excessive
amounts of fracture callus'.

10) A) In many OI cases spontaneous fractures tend to
affect the large bones in the lower but not the upper extrem-
ities **. B) Spontaneous fractures seldom affect finger and
toe bones'**. C) Some children (and some adults) seem
prone to frequent fractures without manifesting other recog-
nized features of OI**. Many clinicians wondered if such
patients had a very mild form of OI.

I1I: Pertinent features of the Utah paradigm

This summary concerns the physiology of healthy load-
bearing mammalian bone and bones.

1) Modeling by formation and resorption drifts (not
osteoblasts alone) increases whole-bone strength, in part by
increasing bone “mass”, outside bone diameter and cortical
and trabecular thickness*'. “Whole-bone strength” distin-
guishes intact bones from bone as a material. Mechanically-

controlled modeling normally turns on where bone strains
exceed a modeling threshold range (MESm)®; otherwise it
turns off.

The appositional rate of lamellar bone formation drifts
(the thickness they can add to a bone surface in a day, month
or year) has a “saturation limit”*. In the diaphyses of many
mammals this modeling-rate limit (M-RL) lies in the region
of 60 to 200 micrometers/month**, When something tries to
make a formation drift exceed that limit, woven bone forma-
tion usually replaces lamellar bone formation. Woven bone
drifts can add bone at well over 500 micrometers/month'.
Reducing that M-RL should make modeling take longer to
adapt bones to larger loads and strains by increasing bone
strength and outside diameter (see Sections #7, #8 in Part
III below).

2) BMU-based remodeling turns bone over in small pack-
ets but in two modes”. In its “conservation mode” BMUs
turn bone over without appreciable net losses or gains. In
remodeling’s “disuse mode” BMUs make less bone than
they resorb so permanent bone losses occur, but only of
endocortical and trabecular bone, and thus of bone next to
or close to marrow”. This mode should cause all adult-
acquired disuse-pattern osteopenias, which are character-
ized by losses of spongiosa and endocortical bone, and by
marrow cavity expansion, cortical thinning and reduced
whole-bone strength, but not by periosteal bone losses.
When strains stay below a lower strain threshold range (the
MESr) disuse-mode remodeling turns on**'. As strains
exceed that threshold mechanically-controlled remodeling
begins to switch to its conservation mode. The centers of the
MESm and MESr ranges can define their “set points”.

3) A) The modeling and remodeling thresholds make the
largest bone loads control how bone modeling and remodel-
ing affect whole-bone strength. Trauma excepted, muscle
forces instead of body weight cause the largest bone loads
(and strains)"®, so muscle strength strongly influences whole-
bone strength, especially during growth®?*., B) Sooner or
later, lowering both thresholds should make bones stronger,
since smaller loads and strains than before could turn mod-
eling and conservation-mode remodeling on®. C) Sooner or
later, raising both thresholds should cause a disuse-pattern
osteopenia and weaker bones, since it would take larger
loads and strains than before to make modeling increase
bone strength and “mass”, and to make conservation-mode
remodeling keep bone next to marrow®.

4) A) The modeling threshold (MESm) lies well below
bone’s ultimate strength (Fx)’. By making healthy load-bear-
ing bones stronger than needed for the voluntary loads on
them, that arrangement would give such bones a strength-
safety factor. Expressed as corresponding stresses (or unit
loads), Fx approximately equals MESm could provide that
factor’s value. Values cited in the Glossary suggest it approxi-
mately equals six in healthy young adult mammals*. B) Mildly
raising only the MESm (so the M-RL is normal) should
reduce a bone’s safety factor and make the bone proportion-
ally weaker than normal relative to the peak voluntary loads
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DEFINITIONS OF ABBREVIATIONS AND ACRONYMS

BMU: the basic multicellular unit of bone remodeling.
CIMI: cell-intercellular matrix interaction.
Fx: Dbone’s ultimate strength.

ICSE: intra- and/or intercellular signalling event.

M-RL: the modeling-rate limit for lamellar bone modeling formation drifts.

MDx: microdamage (microscopic fatigue damage) in bone.

MESr: the remodeling threshold strain range that helps to control the switching between disuse- and conservation-

mode remodeling.

MESm: bone’s modeling threshold strain range, above which mechanically-controlled modeling turns on.

MESp: bone’s operational microdamage threshold.

OI: osteogenesis imperfecta.

M: approximately equals; lies in the neighborhood of.

Table 1.

on it. This could increase fractures from low-energy trauma
such as falls, and it might help to cause stress fractures not due
to intensive physical activity or metabolic bone disease’. A
higher MESm should also limit the final correction of angu-
lated malunions by modeling drifts. C) Making only the M-RL
smaller (so the MESm and MESr are normal) should prolong
how long it takes to increase whole-bone strength without lim-
iting that strength. This phenomenon would retard modeling-
dependent corrections of angulated fracture malunions. D)
Equally, a small furnace would take longer than a large one to
raise a room’s temperature to a higher thermostat setting, and
that would take longer for large than for small rooms. Yet in
each case the furnace would keep working until the thermo-
stat indicated it had succeeded (see #9 in Part IV, and #1 in
Part V). In that analogy the thermostat setting would be like
the MESm set point, the furnace’s heating capacity would be
like the M-RL, and the heat in small and large rooms
(expressed in kilogram-calories) would be like the strength of
small and large bones respectively.

5) Woven bone formation can depend on different kinds
and/or intensities of stimuli than lamellar bone formation.
Normally, woven bone is slowly removed if it does not carry
significant mechanical loads; if it does carry them (as in heal-
ing fractures) lesser amounts of lamellar bone usually
replace it"*.

6) Repeated bone loads and strains cause microscopic
fatigue damage (microdamage, MDx) that increases bone
fragility. Large strains cause far more MDx than small ones'.
Normally remodeling BMUS can repair limited amounts of
MDx", but bone seems to have an operational MDx thresh-
old (the MESp) such that strains above it can cause enough
MDx to escape repair and begin to accumulate®. Such accu-
mulations can cause spontaneous fractures, stress fractures
in athletes and special forces trainees, and pseudofractures
in osteomalacia'. Because the MESm normally lies below the
MESp, modeling would normally make bones strong enough

to limit MDx to amounts that remodeling BMUs can repair,
which would tend to prevent spontaneous fractures™’. Most
spontaneous fractures (including stress fractures) stem from
accumulated MDX, so they are not really “spontaneous™.
They usually affect lower more than upper extremity bones'.

In principle six things could make MDx accumulate': (i)
reduced MDx detection and/or repair, (ii) reduced whole-
bone strength due to inadequate modeling, so normal loads
make strains exceed the MESp, (iii) reduced whole-bone
strength due to excessive bone loss from disuse-mode
remodeling, (iv) bone loads and strains that increase in size
faster than the resulting MDx can be repaired, (v) a lowered
MESp set point, (vi) or different combinations of (i-v).

7) During and shortly after the human adolescent growth
spurt fractures from injuries tend to increase, but they
decrease markedly near or after skeletal maturity’. This
could stem from an increased adaptational lag in whole-
bone strength as it adapts to growth-spurt-accelerated load-
ing increases on bones from growing muscle forces and
increasing body weight, presumably aided by the larger dia-
physeal bending moments caused by the more rapidly
increasing length of bones™?.

8) A) The signalling mechanisms and cells that help to
control all the above features now form separate fields of
study"****. B) The above physiology helps to explain how
bone’s biologic machinery normally adapts a load-bearing
bone’s strength to its peak voluntary loads, and why strong
muscles would normally make strong bones and persistently
weak muscles would usually make weaker bones. C) The
above physiology also forms a subdivision of classical
biomechanics that one might call “IO-biomechanics”, where
“IO” signifies the skeleton’s Intermediary Organization, the
realm of its tissue-level features and the current main focus
of the Utah paradigm®. D) Collectively the above features
would form a mechanically-dedicated negative feedback sys-
tem called the “mechanostat™”'”. E) The relative roles in
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the above things of genetics, humoral agents, muscle
strength, aging, shear strains, strain-dependent signals and
other features are under study.

IV: Synthesis

1) Three genetically-determined kinds of bone-physiolog-
ic errors in OI could combine to help to explain the facts list-
ed in Part II above. 1,2): Elevated MESm and MESr set
points would limit final whole-bone strength, architecture
(outside bone diameter, cortical and trabecular thickness,
correction of angulated malunions), and bone “mass””. 3):
A reduced M-RL for lamellar bone formation drifts would
retard but not prevent achieving those modeling-dependent
and remodeling-dependent final limits (Part III, Section
#4C).

If those three abnormalities differed in severity in OI, that
could help to explain its mild and severe forms (Part I, #3).
If they could vary independently of each other that could
help to explain some of the different Types of OI (Part II,
#1C). How age and medications might affect those
abnormalities needs study.

2) Abnormal collagens associate strongly with some
genetically-determined skeletal diseases in which abnormal
modeling of bone, collagenous tissue and/or cartilage occur.
Besides OI, examples include Marfan’s syndrome, Ehlers-
Danlos syndrome and some chondrodystrophies®. That sug-
gested skeletal modeling and remodeling responses to
mechanical influences might depend on some kind of cell-
intercellular matrix interaction*?. If so, disorders in that
interaction in bone could help to raise the MESm and MESr
set points and/or decrease the normal M-RL in OI. Those
things would have predictable clinical, anatomical and radi-
ographic effects described in some of the following sections.
In principle an elevated MESm alone would tend to reduce
outside bone diameter in affected children; an elevated
MESr alone would let outside bone diameter increase in
such children (because that is a modeling-dependent func-
tion) but it would cause severe cortical thinning due to loss-
es of endocortical bone from disuse-mode remodeling.

3) In children with OI, an increased set point for the
MESm and a reduced M-RL would reduce and delay
increases in outside bone diameter, cortical thickness,
whole-bone strength and bone “mass” (Part II, Section
#8A).

4) The greater the MESm, and/or the smaller the M-RL,
the younger the age at which their bone effects should
become apparent (Part II, #3A). In the fetus a large set point
increase and/or a very small M-RL could each sufficiently
limit and/or retard increases in whole-bone strength to let
developing fetal muscle forces cause intrauterine fractures,
and to let vaginal deliveries cause fractures (Part II, #3B).
Retarded bone strength increases would usually accompany
retarded bone “mass” increases too (Part 11, #8C).

5) A reduced M-RL and/or an elevated MESm could suf-
ficiently retard and/or limit the correction of angulated

malunions to let them persist throughout a child’s growth
(Part I, #5B). In adults with OI, a reduced M-RL could let
sluggish formation drifts keep increasing outside bone diam-
eters after skeletal maturity, so the adult’s outside bone
diameters could finally approach normal adult values (Part
I, #6; also see Section #9C,D below).

6) An elevated MESr for turning conservation-mode
remodeling on would let disuse-mode remodeling remove
too much epiphyseal and metaphyseal spongiosa and too
much endocortical bone. That would enlarge the marrow
cavity and help to thin diaphyseal cortices. These phenome-
na, when combined with those in Section #5 above, should
cause typical disuse-pattern osteopenias and increased bone
fragility (Part II, #8A,B,C).

7) Reduced outside bone diameter and cortical thickness
in long bones, and reduced amounts of spongiosa in verte-
bral bodies, would make normal muscle and other loads
cause larger bone strains and more MDx. That would help to
cause spontaneous fractures of such bones (Part II, #2).

8) That increased MDx should also increase the remodel-
ing that tries to repair it in both cortical and trabecular bone
(Part I, #7A).

9) A) A reduced M-RL could help to explain why some OI
patients could develop spontaneous fractures in the larger
bones of the lower but not of the upper extremities (Part II,
#10A), and seldom in the small finger and toe bones (Part II,
#10B). Why? To adapt properly to growing muscle and other
loads assume the diaphysis of a child’s radius needed to
increase in outside diameter by 0.5 mm/year, but the femur’s
larger loads would require its diaphyseal diameter to increase
by 1.0 mm/year. If the M-RL only allowed 0.7 mm/year to
occur, the radius’s strength could keep up with growing
mechanical demands, but the femur’s strength could not.

B) Ergo, a reduced M-RL could help to cause greater
strength deficits and more spontaneous fractures in the
femur and tibia than in the more slowly growing, smaller and
less heavily loaded radius and ulna. Such strength deficits
would exist relative to the size of the voluntary loads on a
bone, and muscles cause the largest such loads’. A reduced
M-RL could also make spontaneous fractures occur much
less often in the slowly growing and smaller finger and toe
bones in OI (Part II, #10B)’.

C) The smaller the M-RL, the earlier in life it should help
to make spontaneous fractures occur (Part II, #3A). D) A
mildly reduced M-RL plus the adaptational lag it would
cause could help to make spontaneous fractures begin dur-
ing or after the adolescent growth spurt instead of earlier,
and then stop after skeletal maturity when muscle and body-
weight loads on bones usually plateau (Part II, #3C, #4A).
In young adults, continuing slow increases in a bone’s out-
side diameter and strength could finally approach the needs
of the plateaued mechanical loads (Part II, #6). E) The
MESm set point and the M-RL might change independently
of each other in different cases of OI. If so, in some OI Types
the set point changes could be the major problem, in other
Types the reduced M-RL could be the major problem, and



in still other Types each abnormality might contribute near-
ly equally to the cause of the bone features. Hence another
basis for different OI Types (Part II, #1C), and perhaps a
reason to reexamine their present classification.

10) The Utah paradigm can predict that some cases of OI
could occur in the presence of normal kinds of collagen (Part
II, #1B). How? Assume some cell-intercellular matrix inter-
action (CIMI) between bone matrix and its collagens on the
one hand, with on the other hand some skeletal cells (osteo-
cytes? bone lining cells?*?), helps to control bone’s model-
ing and remodeling responses to load-dependent strains®. If
so, cybernetic considerations’* suggest that monitoring
strains of the intercellular bone matrix by some cell or cells
should evoke several intra- and intercellular signalling
events (ICSE) that eventually caused an appropriate bone
modeling or remodeling response®. Or:

CIMI - ICSE; — ICSE;.. .. ICSE,, - Response

That idea has three interesting implications. (i) A genetic
error in some “ICSE” event could have the same bone-archi-
tectural effects as a “CIMI” response to an abnormal bone
matrix or collagen. If so, some bony features of OI could
occur in the presence of normal bone collagens (Part II,
#1B). (ii) Disorders in those “CIMI - ICSE” steps that
developed in adults could explain why some OI features can
appear in adults who seemed to have healthy bones in earli-
er life (Part II, #4B). (iii) Parenthetically, a similar phenom-
enon could explain some features of “idiopathic juvenile
osteoporosis”'®,

11) Mild MESm set point elevations or/and M-RL
decreases could reduce whole-bone strength (and a bone’s
strength-safety factor) so little that no clinically-apparent
problems occurred until the adolescent growth spurt, when
the lag of bone strength relative to the accelerated increases
in bone loads and flexural moments would fall farther
behind mechanical needs than before®. That decreased safe-
ty factor could increase fractures from low-energy trauma
like falls, and make spontaneous fractures more likely too"’
(Part II, #3C).

V: Comments, Conclusion

1) Why postulate a third defect as well as the MESm and
MEST set point elevations suggested for OI in 1987%'? A) In
principle and given a normal M-RL, elevated MESm and
MESr set points should limit whole-bone strength similarly
for all load-bearing bones relative to the size of the voluntary
loads on them. That should tend to cause as many sponta-
neous fractures of upper extremity bones as of lower extrem-
ity bones, and of finger and toe bones too (yet those things
are not always true). After skeletal maturity it should also
make spontaneous fractures tend to continue at reduced
rates but not stop (yet that is seldom true). B) An unusually
small M-RL for lamellar bone formation drifts that accom-
panied elevated MESm and MESr set points could help to
explain such “exceptions” (Part II, #10A,B).
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2) Given a normal M-RL, a mildly elevated MESm might
decrease bone’s strength-safety factor from say six, down to
perhaps three. Such children (and adults) could have
increased fractures from low-energy trauma without neces-
sarily developing spontaneous fractures or other clinical fea-
tures of OI (Part II, #10C).

3) To other proposed explanations for the bone features
of OI that could each have merit*''"**%, this article adds
another that could also have merit. How aging, humoral
agents, medications and other things might affect the
MESm, MESr and MESp set points, MDx accumulations,
and the M-RL are still unknown.

4) Some past explanations of OI proposed causative dis-
orders in osteoblasts and/or osteoclasts, perhaps assuming
that one did not need bone’s I0-biomechanics to explain
those features. Nevertheless, in the same bone at the same
time the osteoblasts and osteoclasts in modeling drifts and in
remodeling BMUs can even respond oppositely to the same
mechanical or endocrine influence®*. That occurs in OI
too, where retarded modeling usually accompanies
increased remodeling (Part II, #7B). Yet modeling and
remodeling seem to use the same kinds of osteoblasts and
osteoclasts in their work'*. It would seem difficult to
explain the OI features in Part II without the I0-biome-
chanics in Part III. That excessive fracture callus can form in
OI shows the old idea that osteoblasts in OI could not make
enough bone erred (Part 11, #9).

5) In conclusion: More than one hypothesis can explain
most collections of facts, and in logic no hypothesis can
invalidate another; only facts can do that. The above model
and other ideas about the pathogenesis of OI are hypothe-
ses, so more facts and help from others must determine their
individual and relative merits.

Glossary

BMU: the Basic Multicellular Unit of bone remodeling
that turns bone over in small activation-resorption-forma-
tion packets. In about 4 months a completed BMU turns
over approximately 0.05 mm® of bone. When it makes less
bone than it resorbs, this tends to remove bone permanent-
ly, usually where bone touches or lies close to marrow.
Healthy adult humans may create and complete about 3 mil-
lion new BMUs annually, but in disease and some other cir-
cumstances that number can change over 5X.

bone “mass”: here, the amount of bone tissue in a bone
or skeleton, preferably viewed as a volume minus the volume
of the soft tissues in the marrow cavity. In absorptiometry it
does not mean mass as used in physics. It is often estimated
as total body bone mineral content (TBBMC) by dual ener-
gy X-ray absorptiometry (DEXA), and sometimes by periph-
eral quantitative computed tomography (pQCT).

MDx: microscopic fatigue damage, known as microdam-
age when it occurs in bone, cartilage and collagenous tissue.

megapascal: a force of one million Newtons applied to an
area of one square meter. It would correspond to a unit load
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of M 0.1 kg/mm?.

MESm: the genetically-determined Minimum Effective
Strain range (or corresponding Stimulus or Signal) that can
turn mechanically-controlled bone modeling on. Below it
that modeling turns off. Its set point seems to center near
1000 (or 1500?) microstrain in healthy young adults. The
1000 microstrain value would correspond to a compression
or tension stress of about 20 megapascals (or a unit load of
about 2 kg/mm?).

MESp: the operational microdamage threshold. Above it
more MDx can occur than its repair can cope with so it can
begin to accumulate. It is a range, and its set point in lamel-
lar bone seems to center near 3000 microstrain. That would
correspond to a compression or tension stress of = 60 mega-
pascals (or a unit load of = 6 kg/mm?). At that point woven
bone formation usually also begins to replace lamellar bone
formation®.

MESr: the genetically-determined Minimum Effective
Strain range (or corresponding Stimulus or Signal) that
would control the switching between disuse-mode and con-
servation-mode remodeling. When strains stay below the
MESr, disuse-mode remodeling would occur. Its set point
may center near 50-100 microstrain in healthy young adults*.
That would correspond to a compression or tension stress of
=1 to = 2 megapascals (or a unit load of = 0.1-0.2 kg/mm?).

modeling: here, the activity produced by formation and
resorption drifts. It determines the longitudinal and cross
sectional shapes and sizes, and thus helps to determine the
upper limit of the strength, of load-bearing bones and tra-
beculae. Other modeling mechanisms help to determine the
strength and architecture of joints, ligaments, tendons and
fascia. An important modeling function constitutes increas-
ing but not decreasing the strength of whole bones and of
trabeculae.

muscle strength: a muscle’s maximum momentary con-
tractile force can be expressed in Newtons, or in Newton-
meters of torque. It differs from endurance, which concerns
how often submaximal muscle forces can be exerted, as in
marathon running. It differs from mechanical work or ener-
gy, which can be expressed in Newton-meters, Joules or kilo-
watt-hours. It differs from power, which concerns how rap-
idly muscles perform mechanical work and is usually
expressed in Newton-meters/sec, Joules/sec or watts.

osteopenia: here, less bone “mass” and/or less whole-
bone strength than normal, or than before in the same indi-
vidual.

remodeling: here, bone turnover by BMUs. Earlier litera-
ture lumped modeling and remodeling together as “remod-
eling”. Two remodeling functions include removing mechan-
ically unneeded bone next to marrow, and repairing bone
microdamage.

strain: any small or large deformation of a bone, includ-
ing shortening, stretching, twisting (torsion) or bending, and
in any combination. It causes corresponding resisting stress-
es. In microstrain units shortening a bone in compression by
1000 microstrain = a 0.1% shortening, by 10,000 microstrain

= a 1.0% shortening, and by 100,000 microstrain = a 10%
shortening (which would fracture a bone). In healthy young
adults bone’s fracture strength (Fx) expressed as a strain
about 25,000 microstrain®®, which would correspond to a
compression or tension stress of about 120 megapascals (or
a unit load of about 12 kg/mm? of bone).

unit load: the load on a unit cross section area of a bone.
The unit area could = mm? or cm? the load could =
Newtons or kilograms of force.

References

1. Burr DB, Milgrom C. Musculoskeletal fatigue and stress frac-
tures. CRC Press, Boca Raton, FL; 2000.

2. Frost HM. On rho, a marrow mediator and estrogen: Their
roles in bone strength and “mass” in human females, osteope-
nias and osteoporoses (insights from a new paradigm). J Bone
Miner Metab 1998; 16:113-123.

3. Frost HM. Does bone design intend to minimize fatigue fail-
ures? A case for the affirmative. J Bone Miner Metab 2000;
18:278-262.

4. Frost HM. From Wolff’s Law to the Utah paradigm: Insights
about bone physiology and its clinical applications. Anat Rec
2001; 262:398-419.

5. Jee WSS, Yao W. Animal models of bone diseases. J
Musculoskel Neuronal Interact 2001; 1:183-184.

6. Martin RB, Burr DB, Sharkey NA. Skeletal Tissue
Mechanics. Springer-Verlag, New York; 1998.

7. Takahashi HE. Spinal disorders in growth and aging.
Springer-Verlag, Tokyo; 1995.

8. Dietz FR, Mathews KD. Update on the genetic bases of dis-
orders with orthopaedic manifestations. J Bone Joint Surg
Am 1996; 78A:1583-1598.

9.  Roebuck JD, Finger DR, Irvin TL. Evaluation of suspected
stress fractures. Orthopedics 2001; 24:771-773.

10. Sillence DO. Osteogenesis imperfecta: an expanding panora-
ma of variants. Clin Orthop Rel Res 1981; 159:11-25.

11. Rauch F, Travers R, Parfitt AM, Glorieux FH. Static and
dynamic bone histomorphometry in children with osteogene-
sis imperfecta. Bone 2000; 26:581-589.

12. Banta JV, Schreiber RR, Kulik WI. Hyperplastic callus for-
mation in osteogenesis imperfecta simulating osteosarcoma. J
Bone Jt Surg 1971; 53A:115-122.

13. Ramser JR, Frost HM. The study of a rib biopsy from a
patient with osteogenesis imperfecta. Acta Arthop Scand
1996; 37:229-240.

14. A clinical and/or anatomical-pathologic observation by the
author that proved consistent in the context cited, and which
others probably recognized as such too so it need not be an
original observation by the author. But in the past it was sel-
dom thought important enough to deserve systematic study
and a formal report.

15. Jaworski ZFG. Bone Morphometry. University of Ottawa
Press, Ottawa; 1976.

16. Villanueva AR, Frost HM. Bone formation in human osteo-
genesis imperfecta measured by tetracycline bone labeling.
Acta Orthop Scand 1970; 41:531-538.

17. Patterson CR. Metacarpal morphometry in adults with osteo-
genesis imperfecta. BMJ 1978; 1:213-214.

18. Marcus R, Feldman D, Kelsey J. Osteoporosis. Academic



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

Press, Orlando, FL; 1996.

Jee WSS. Integrated bone tissue physiology: anatomy and
physiology. In: Cowin SC (ed) Bone mechanics handbook (2™
ed). CRC Press, Boca Raton; 2000:1-68.

Frost HM. Structural adaptations to mechanical usage
(SATMU):1. Redefining Wolff’s Law: The bone modeling
problem. Anat Rec 1990; 226:403-413.

Frost HM. Cybernetic Aspects of Bone Modeling and
Remodeling, with special reference to osteoporosis and
whole-bone strength. J Hum Biol 2000; 13:235-248.

Rauch F, Schoenau E. The developing bone: Slave or master
of its cells and molecules? Pediatric Research 2001; 50:309-
314.

Rittweger J, Beller G, Ehrig J, Jung C, Koch U, Ramolla J,
Schimdt F, Newitt D, Majumdar S, Schiessl H, Felsenberg D.
Bone-muscle strength indices of the human lower leg. Bone
2000; 27:319-326.

Lanyon L, Skerry T. Postmenopausal osteoporosis as a failure
of bone’s adaptation to functional loading: A hypothesis. J
Bone Miner Res 2001; 16:1937-1947.

Martin RB. Towards a unifying theory of bone remodeling.
Bone 2000; 26:1-6.

Frost HM. Perspectives: On increased fractures during the
human adolescent growth spurt. Summary of a new vital-bio-
mechanical explanation. J Bone Miner Metab 1997; 15:115-
121.

Frost HM. Osteogenesis imperfecta. The setpoint proposal.
Clin Orthop Rel Res 1987; 216:280-297.

Shimizu T, Sasano Y, Nakajo S, Kagayama M, Shimauchi H.
Osteoblastic differentiation of periosteum-derived cells is
promoted by the physical contact with the bone matrix in vivo.
Anat Rec 2001; 264:72-81.

Marotti G. The structure of bone tissues and the cellular con-
trol of their deposition. Ital J Anat Embryol 1996; 101:25-79.
Wiener N. Cybernetics. MIT Press, Cambridge; 1994.

Dimar JR, Campbell M, Glassman SD, Puno RM, Johnson
JR. Idiopathic juvenile osteoporosis. Am J Orthop 1995;
24:865-869.

Camacho MP, Hou L, Toledano T, Ild WA, Brayton CF,
Raggio CL, Root L, Boskey AL. The material basis for
reduced mechanical properties in oim mice bones. J Bone
Miner Res 1999; 14:264-272.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44,

H.M. Frost: Pathogenesis of osteogenesis imperfecta

Campbell BC, Wootton JAM, Macleod JN, Minor RR.
Canine COL1A2 mutation resulting in C-Terminal truncation
of Pro-alpha2(I) and severe osteogenesis imperfecta. J Bone
Miner Res 2001; 16:1147-1153.

Jones SJ, Glorieux FH, Travers R, Boyde A. The microscopic
structure of bone in normal children and in patients with
osteogenesis imperfecta: A survey using backscattered elec-
tron imaging. Calcif Tissue Int 1999; 64:18-190.

Misof K, Landis WJ, Klaushofer K, Fratzl P. Collagen from
the osteogenesis imperfecta mouse model (oim) shows
reduced resistance against tensile stress. J Clin Invest 1997;
100:40-45.

Shapiro JR, Primorac D, Rowe DW. Osteogenesis imperfec-
ta: Current concepts. In: Bilezikian JP, Raisz LG, Rodan GA
(Eds) Principles of Bone Biology. Academic Press, New York;
1996:889-902.

Uhthoff H. Current concepts of bone fragility. Springer-
Verlag, Berlin; 1986.

Chen M-M, Yeh JK, Aloia JF. Skeletal alterations in hy-
pophysectomized rats: II. A histomorphometric study on tib-
ial cortical bone. Anat Rec 1995; 241: 513-518.

Jee WSS, Li XJ. Adaptation of cancellous bone to overload-
ing in the adult rat: A single photon absorptiometry and his-
tomorphometry study. Anat Rec 1990; 227:418-426.

Jee WSS, Li XJ, Schaffler MB. Adaptation of diaphyseal
structure with aging and increased mechanical usage in the
adult rat. A histomorphometrical and biomechanical study.
Anat Rec 1991; 230:332-338.

Li XJ, Jee WSS, Chow S-Y, Woodbury DM. Adaptation of
cancellous bone to aging and immobilization in the rat. A sin-
gle photon absorptiometry and histomorphometry study.
Anat Rec 1990; 227:12-24.

Li XJ, Jee WSS. Adaptation of diaphyseal structure to aging
and decreased mechanical loading in the adult rat. A
densitometric and histomorphometric study. Anat Rec 1991;
229:291-297.

Yeh JK, Chen MM, Aloia JF. Skeletal alterations in hypophy-
sectomized rats: I. A histomorphometric study in tibial can-
cellous bone. Anat Rec 1995; 241:505-512.

Jee WSS. The skeletal tissues. In: Weiss L (ed) Cell and tissue
biology. A textbook of histology. Urban and Schwartzenberg,
Baltimore; 1989:211-259.



