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Polytechnique, Palaiseau, France; 3Laboratoire d’informatique, Ecole Polytechnique, Palaiseau, France; 4Biomécanique, Compiègne 60205, France

INTRODUCTION

The growth and maturation of the hand is a highly pre-
dictable phenomena (1). During embryogenesis, bones of
the diaphysis are formed on an initial cartilaginous
model. Cartilage is later replaced by bone; this process is
called enchondral ossification (2). The long bones of the
hand end near the joint in a separate epiphysis, which is
ossified during childhood. The epiphysis becomes fused
with the shaft of the bone (diaphysis) at puberty when
growth comes to an end (2). The epiphyses undergo a

characteristic series of events: central calcification, ab-
sorption of cartilage and enchondral ossification (2). At
birth, there is no limited detectable bone on X-ray of the
epiphysis of the hand. Bone development assessed by a
simple radiological picture of the right hand has been
used to confirm the age of the infant (1), assess its nu-
tritional status if there is a delay in ossification because of
an underlying disease (3) or even estimate the age of the
cadaver of an immature child (4).

COORDINATE DEVELOPMENT OF THE HAND

The proper development of the musculoskeletal system
requires the coordinated development of cartilage, bone,
muscle, tendon and cartilage (5). In the embryo, ossifi-
cation of the cartilaginous anlagen of the metatarsus
starts in parallel with active movement of the feet by
muscle contraction (6). Mechanical stress resulting from
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Piti�ee-Salp�eetri�eere, 47 Boulevard de l’Hôopital, Paris Cedex 13 75651, France.;
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Summary Currently, the predominant hypothesis explains cellular differentiation as an essentially genetic intracellular 
process. The goal of this paper is to suggest that cell growth and differentiation may be, simply, the result of physical and 
chemical constraints. Bone growth occurs at the level of cartilage conjunction (growth plate) in a zone of lesser constrain. It 
appears that this growth also induces muscle, tendon, nerve and skin elongation. This cartilage growth by itself seems to 
explain the elongation of the hand. Growth stops at puberty likely because of feed-back from an increasing muscle load. The 
ossification (that is differentiation of cartilage into bone) appears to result from the shear stress induced. The study of bone 
age, obtained by X-ray picture of the hand, shows that ossification of epiphyses is very precise both in time and space. 
Computer modelization suggests that this ossification occurs where shear stress is greatest. The cartilage which does not 
ossify (joint, nose, larynx, ear, bronchus, etc.) is not exposed to high shear. Shear stress induces the secretion of extracellular 
matrix and a change of the biochemical environment of the cell. Precipitation of calcium phosphate, as in ossification, 
seems related to the alkalosis induced by shear stress. To speak in more general terms, loss of cellular differentiation, as 
occurs with cancer, can result from a change in the physical–chemical environments.
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muscle contraction seems to guide enchondral ossifica-
tion patterns (6–8).

Comparison of muscle and tendon reveals that much
of their morphogenesis is temporally and spatially clo-
sely associated (5). Reciprocal muscle–tendon interac-
tions are necessary for correct muscle–tendon patterning
and morphogenesis. Tendon development was exam-
ined in muscleless limbs produced by coelomic grafting
of early limb buds and muscle development was ana-
lyzed in limbs where tendon had been surgically altered
(5). Subdivision of muscle masses and segregation of
tendon primordia into individual tendons do require
reciprocal interactions between muscle and tendon (5).

CARTILAGE DEFECTS IS RESPONSIBLE OF

MULTIPLE MALFORMATIONS

Achondroplasia is a rare genetic disease. The cartilage
shows morphological and biochemical abnormalities
caused frequently by the substitution of arginine for
glycine of the fibroblast growth factor receptor (9–12).
This anomaly of the cartilage is responsible for a skeletal
dysplasia. At birth, short stature and squared pelvis are
not prominent (12). The deformity increases with age
(12) and is not limited to the cartilage but also to the
bone, the muscles and the peripheral nerves. To speak in
more general terms, when there is bone malformation,
muscles and tendons do not develop normally; their
development is linked to that of the bones, probably due
to changes of constraint on muscles and tendons.

By contrast, muscular dystrophies appear mostly
limited to the muscle, neurodegenerative disease to the
nerves (13).

GROWTH PLATE ARREST STOPS THE GROWTH

OF THE HAND

The use of rigid fixation for fracture of the extremity is
common place (14). Epiphyses plated for a year show
increased bone differentiation, premature closure and
growth arrest (14). They also have shortened muscles,
tendons and nerves. In young cancer patients, growth
plate injury often results from surgery or radiation
therapy. This translates into marked deformity, sclerotic
metaphysal bands, muscular atrophy and growth arrest
(15). Here again, the muscles, tendons and nerves are
shortened. Similar treatments delivered sparing the
growth plate have markedly fewer side effects (15).

It is at puberty that growth plates are fused and
growth stops. This may be due to a direct hormonal ef-
fect. But the normal growth plates are under increased
pressure; the largest load comes from muscle (16). The
muscle load increases around puberty. The most intense
force development occurs between 12 and 15 years of

age in boys, and earlier in girls (17). Girls stop growing
earlier than boys do. Treatment with testosterone of
young boys prior to puberty increases muscle mass, in-
duces puberty and induces growth cessation (18). Simi-
larly, heavily trained gymnasts (19) or swimmers (20)
experience attenuated growth during their years of
training followed by catch-up growth during reduced
training schedule or the months following retirement.

GROWTH PLATE GROWTH MAY BE ENOUGH

TO EXPLAIN THE EXPANSION OF THE HAND

Growth of long bones occurs at the growth plate, a car-
tilage structure that contains three main layers: the
resting, proliferative and hypertrophied zones. Growth
of long bones occurs at the growth plate, a layer of car-
tilage that separates the epiphysis from the metaphysis.
Growth plates exhibit spatial polarity. Proliferative
chondrocytes undergo terminal differentiation when
they approach the metaphyseal, but not the epiphyseal,
border of the growth plate (21). By contrast, the elon-
gation of the muscles, the tendons, the skin or the
nerves appears secondary to bone growth.

Muscle is highly responsive to changes in functional
demands. Overload leads to hypertrophy, while de-
creased load force generation and immobilization with
themuscle in the shortenedposition leads to atrophy (22).

Human tendon is elongated by the application of load
at its extremity (23). Mechanical tension increases the
number of fibroblasts (24).

Possessing viscous and elastic rheological properties,
skin is viscoelastic. Mechanical creep, defined as the
elongation of skin with a constant load over time beyond
intrinsic extensibility, has been described as the vehicle
harnessed for wound closure with intraoperative tissue
expansion (25). Prior to a difficult surgery, because of
limited skin for wound closure, a skin-stretching device
(an inflattable ballon) is inserted under the skin. After
incremental traction the skin is elongated, the wound
can be closed. The generation of new results from
chronic stretching force confirms that biological creep
plays a role in skin growth. Similarly, elongation of pe-
ripheral nerves increases the length of the nerves (26).

MECHANICAL REGULATION OF CELL

PROLIFERATION

The development of an organ is constrained by internal
and external limitations (27). The effect of shear stress
on the endothelial cell is the best-studied example. Shear
stress is responsible for vascular network formation, the
fractal organization of the arterial and venous trees, as
well as the unavoidable tropism of arteries towards
capillaries and then veins (28). At the cellular level, shear
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stress induces cell proliferation. The endothelium,
however, is not unique in responding to external forces;
virtually all cells are affected by the mechanical envi-
ronment (27). For example, mechanical deformation of
fetal rat lung cells simulating fetal respiratory move-
ments increases cellular replication (29). Rhythmic
deformation also increases intestinal epithelial cell pro-
liferation in a frequency dependent manner (30).

Proliferation is the acknowledged ‘default state’ of
prokaryotes, unicellular eucaryotes or plant cells. The
same is found in normal human cells (31). Both, in vivo
and in vitro, normal cells stop proliferating because of
contact inhibition caused, in part, by mechanical force
(32). It is possible that cell proliferation is limited to the
cartilage because of lesser physical constraints compared
to the bone.

OSSIFICATION APPEARS TO RESULT FROM

GROWTH PLATE GROWTH

In 1911, Gebhardt (33,34) suggested that the ossification
of the chondroepiphysis started at a point where the
accumulation of stress was the greatest. The ossification
center of the epiphysis is formed by hypertrophied
chondrocytes. In a short period of time, calcium phos-
phate is deposited in the matrix around these cells (34).
In vitro, mouse metatarsal are exposed to external load
(34). Intermittent ambient hydrostatic pressure increases
the calcification (33).There is accelerated osteogenesis in
the area of intermittent high shear (33,35).

Recently, Maitournam et al. (36) has reviewed a data
bank of X-ray pictures of the hand of children of various
ages. Using a finite-element analysis he has shown that
the localization and the pattern of growth of ossification
takes place in areas of high hydrostatic pressure and
shear stress.

The fact that the combination of shear stress and
pressure is correlated to mineralization appears to be a
general phenomenon. The ossification of the vertebral
body starts at its center, where the shear stress is maxi-
mum. The early ossification of the diaphysis of the fe-
mur takes place at a time when the joints are flatter
(36,37) again in an area of high shear. The cartilage
which does not ossify (joint, nose, larynx, ear, bronchus,
etc.) is not exposed to high shear stress.

MECHANICAL STRESS AND CELLULAR

DIFFERENTIATION

Mesenchymal stem cells are multipotent cells that can
be induced to differentiate into a variety of mesenchy-
mal tissues, including bone, cartilage, tendon, fat, bone
marrow stroma and muscle (4). Several mesenchymal
cells (mechanocytes) e.g. osteoblasts and fibroblasts as

well as muscle cells are activated by mechanical strain
(38). In the past two decades, it has been well established
that many cells are sensitive to mechanical forces and
can change their phenotype and surrounding extracel-
lular matrix (ECM) in response to mechanical environ-
ment (39). Traction appears to generate condensation
and maturation of chondrocytes or feather, scale and
hair formation (28–30,40–43).

Chondrocytes are known to sense and respond to the
mechanical stimuli by multiple regulatory pathways:
upstream signaling transcription, translation, posttrans-
lational modifications and vesicular transport (44). Fluid
induced shear causes chondrocytes to elongate and
align (45). Chondrocytes respond to shear stress by an
increased secretion of extra cellular matrix namely col-
lagen and proteoglycan (44), as well as the modification
of metabolism (45). But primary adult bone cells do not
appear to respond to fluid-flow induced shear stress in
these physiological ranges (46).

External load also plays a critical role in determining
muscle mass and its phenotype in myocytes (47). Myo-
cytes have the ability to sense mechanical stretch and
convert it into intracellular growth signals, which lead to
hypertrophy. Stretch is, by itself, an important me-
chanical signal for the production of more actin and
myosin filaments and the addition of new sarcomeres.
This is preceded by upregulation of transcription of the
appropriate genes, some of which, such as the myosin
isoforms, markedly change muscle phenotype. Indeed,
the switch in the expression induced by mechanical ac-
tivity of myosin heavy chain genes, which encode dif-
ferent molecular motors, is a means via which the tissue
adapts to a given type of physical activity (25). Me-
chanical stretch of myocytes in vitro causes activation of
multiple second messenger systems that are very similar
to growth factor-induced cell signaling systems.

Similarly, traction induces the secretion of extracel-
lular matrix by fibroblasts, distorts collagen gels and
creat patterns similar to tendon (48). This morphoge-
netic rearrangement of extracellular matrix is the pri-
mary function of fibroblast traction and explains its
excessive strength (48).

Stem cells may be expanded in culture and subse-
quently permitted to differentiate into the desired line-
age. This directed differentiation might be reached by
the application of bioactive molecules, growth factors
and signaling molecules (38). It is known that physical
stress induces the secretion of these growth factors and
signaling molecules (28). The question is whether me-
chanics alone during normal development are sufficient
to explain the growth and differentiation of the tissues. If
this hypothesis is proven correct, the next question is
whether the effects of mechanical forces are being
mediated or mimicked through the release of chemicals.
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Adult pathology can suggest the biological action
mechanism of shear stress.

PATHOLOGIC CALCIFICATION AND

OSSIFICATION CAN BE INDUCED BY HYPOXIA

AND ALKALOSIS

Circumstantial evidence suggests that hypoxia and/or
alkalosis also play a key role in pathologic calcification
and ossification.

Cardiac ligature, subcutaneous implantation of glass
diaphragms or exposure of a transplanted tendon to
anoxia result in a transient chondrogenesis followed by
enchondral ossification (49).

Similarly, Busher et al. (50) report the case of a patient
who underwent gastric tube reconstruction. Following
cardiac arrhythmia, he developed hypoxia and ischae-
mic necrosis over 5 cm of the proximal gastric tube.
Three weeks later that area was ossified; trabecular bone
was present along the entire length of the constricted
gastric tube.

Ectopic ossification has been associated with several
conditions in both neoplastic and not neoplastic tissue
(50–53). Paraplegic patients frequently develop ectopic
ossification (50,54). But there is no significant difference
of ectopic bone formation between paraplegic rabbits
and non-paraplegic rabbits under the same immobiliza-
tion and passive movement of the posterior legs. For
Izumi (54), the reason may simply be poor oxygenation
because of blood stasis.

Calcium mineral deposition in the atherosclerotic
plaque results, also, from hypoxia. The vascular cell,
when exposed to hydrogen peroxide, differentiates into
an osteoblastic cell (55) this effect was counteracted by
anti oxydants. Oxidative stress modulates the differen-
tiation of bone and vascular cells oppositely (55).

Metabolic acidosis increases calcium efflux from bone
and hypercalciuria (56). Metabolic acidosis increases
osteoposis and osteomalacia, and propensity to develop
kidney stones (57).By contrast, alkalosis neutralize en-
dogenous acid production and improve bone mineral
accretion (56,58).

Calciphylaxis is a rapidly developing fatal process of
vascular calcium deposition with prominent cutaneous
manifestation. Metastatic pulmonary deposition is a
complication of renal failure. The pathologic deposition
of calcium is favored by alcalosis (59,60).

SHEAR STRESS AND PRESSURE MODIFY THE

EXTRACELLULAR MATRIX AND CHANGE THE

AVAILABILITY OF NUTRIENTS AND OXYGEN

How shear stress and pressure may induce cell differ-
entiation is a matter of speculation. It may be a direct

effect, the release of a differentiation factor (61) or de-
creased availability of oxygen because of limited diffu-
sion due to increased extracellular matrix.

Collagen is a vital component of the extracellular
matrix of both muscles and tendons (62). It acts as a
scaffold to maintain muscle shape and permit an even
distribution of force, and plays a crucial role in the me-
chanical properties of the tendons. Under normal cir-
cumstances, collagen is continually being synthesized
and degraded throughout life. Increased mechanical
stress, which causes muscle hypertrophy stimulates
collagen synthesis.The concentration of other extracel-
lular molecules (laminin, fibronectin, vitronectin, etc.) is
also modulated by mechanical stress (63).

Mechanical compression and tension generated by
the condensing mesenchyme in the limb-bud (64) ap-
pears to be enough to constrict and close off the thin-
walled undifferentiated blood vessels caught in the
condensation foci (64), thus leading to avascular areas.
The differentiation of muscle and cartilage has been
interpreted in terms of vascular pre-pattern. Extracellu-
lar matrix and/or low oxygen tension differentiates stem
cells into chondrocytes (65). Cartilage is practically
avascular (nutrients are transported from the synovial
fluid and vascularized subchondral bone) (66). Oxygen
tensions within cartilage are therefore significantly
lower than vascularized tissues ranging from 2.7 to
7.5% oxygen (66–68). In Vivo, pregnant mice are ex-
posed to hypobaric oxygen. The embryos suffer from
major scoliosis. The malformations are present in the
cartilaginous stage of development of the vertebral
column (69).

The effects of oxygen on cell differentiation are con-
firmed in vitro. Oxidative stress regulates cell function
and proliferation (70). Low oxygen tension promotes and
induces redifferentiation of dedifferentiated bovine ar-
ticular chondrocytes (71).

HYPOTHESIS: SHEAR STRESS INDUCES

ALKALOSIS WHICH IS KNOWN TO INCREASE

CALCIUM DEPOSITION

Stylophora pistillata is a scleractinian coral. Its calcifi-
cation is a function of mechanisms which concentrate
the CO2 in coral cells (72). Pancreatites stones, a fre-
quent complication of chronic pancreatitis are made of
calcite(CaCO3).The precipitation of CaCO3 is a func-
tion of the pH and the availability of bicarbonates
(73). Similarly, extracellular alkalosis increases the
calcium precipitation at the periphery of pancreatic B
cells (74).

The pH surrounding the osteoclast is highly acidic
(75). The apical bone-resorbing compartment of the os-
teoclast is sealed off by the attachment of the osteoclast
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to the calcified matrix and is actively acidified by the
osteoclast. In the low pH environment of the bone-re-
sorbing lacuna produced by the osteoclast, the mineral
phase dissolves, exposing the organic matrix to the ac-
tion of the secreted enzymes. These observations are
consistent with a scheme in which, in the low pH envi-
ronment of the bone-resorbing lacuna produced by the
osteoclast, the mineral phase dissolves, exposing the
organic matrix to the action of the secreted enzymes.
The activity of these enzymes is in turn presumably fa-
vored by the acidic milieu. All constituents of the matrix,
whether mineral or organic, then would be reduced to
their elemental forms (ions and amino acids) extracel-
lularly.

The secretion of acid by proton pumps involves
cation-independent mannose-6-phosphate receptors.
These receptors bind to an enzyme-linked mannose-6-
phosphate (75). There is ‘in vitro’ evidence of the im-
portance of pH in bone formation and resorpsion.
Metabolic acidosis increases urinary calcium excretion
(58). By contrast, alkalosis neutralizes endogenous
acid production and improves bone mineral accretion
(58). Alkalosis causes a decrease in osteoclastic b-glu-
curonidase release, an increase in osteoblastic collagen
synthesis and calcium deposition on the bone cells
(76).

The link between hypoxia, alkalosis and calcium
precipitation is complex and beyond the reach of this
paper. Chemical hypoxia induces hypocapnia alkalosis
in primary culture (77). Similarly, ischaemia and hypoxia
may induce alterations of ion homeostasis, including
alkalosis (78). Hexokinase transforms mannose into
mannose-6-phosphate. This key enzyme is known to be
regulated by hypoxia (79–81).

CONCLUSION

Currently, the predominant hypothesis explains cellular
differentiation as an essentially genetic intracellular
process. However, it is possible or even probable, that
this differentiation is the result of simple biochemical
and physical events of extracellular events origin.

The loss of cellular polarity is enough to explain the
cancer shape, the shift from the branchial dichotomus
structure of normal glands to the invasive dendritic na-
ture of cancer (32,82).The carcinogenic process is asso-
ciated with a loss of cellular differentiation (32,82).This
dedifferentiation can be reversed (82–84).

It is possible that this dedifferentiation is simply due
to a change in the cell’s physico-chemical environment.
The importance of the extracellular milieu could also
explain how a tumor cell reinjected into a healthy blas-
tocyst (84) or tissue (83), exposed to a normal environ-
ment can differentiate normally.
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