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The tissues adapt to their mechanical environment: 
several time scales

Homo sapiens Homo erectus

-> thousands of years
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The tissues adapt to their mechanical environment: 
several time scales

-> 100 years

source: http://www.sirinet.net/~jgjohnso/
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The tissues adapt to their mechanical environment: 
several time scales

source: http://en.wikipedia.org/wiki/Osteoporosis4

http://en.wikipedia.org/wiki/Osteoporosis


Femur of mouse 

Normal W/O mech.
 constraint

The tissues adapt to their mechanical environment: 
several time scales

-> months to years
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Hip Implant

Post-op 2 years 7 years



During remodeling, the cells control 
the structure and composition of the 
bone
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The remodeling affects the shape of 
the bones (external remodeling), …

. . . . . .

.. Bone is not a static organ (evolving properties) (4/4)ANRV281-BE08-15 ARI 16 June 2006 16:24
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1.4. BONE MECHANICAL ADAPTATION
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Figure 1.5: (a) bone mineral change after 17 weeks of bed rest (adapted from Robling

et al. (2006)). (b) T-score of calcaneus and hip in runners and soccer players compared to

controls (adapted from Fredericson et al. (2007)).

driving the bone biological adaptation as a function of the mechanical environment, many

efforts have been addressed to understand the numerous processes involved in this phe-

nomenon.

Several investigations show that dynamic deformations lead to bone formation while

nearly no effects are generated by static loads (Lanyon and Rubin, 1984, Lisková and Hert,

1971). Indeed, bone tissue reacts to the external stimulation in case of high strain applied

at physiological frequencies (e.g. 2000-3000 microstrain at 1-3 Hz, Rubin and Lanyon,

1984, Turner et al., 1994a), but also to low strains applied at high frequencies (e.g. ≤ 5

microstrain at 10-50 Hz, Ozcivici et al., 2010).

The number of loading cycles also affects the results. Bone response tends to de-

crease with an increasing duration of the stimulation because of the saturation of the cells

mechanosensitivity (Robling et al., 2001). Thus, an efficient stimulation must account for

the alternation of loading and rest sessions, to allow the cells to recover. Notably, inserting

the rest period between the load cycles, not only at the end of the stimulation, greatly

enhanced osteogenesis (Srinivasan et al., 2002). These findings are perfectly summarized

through the three rules proposed by Turner (1998):

1. “Bone adaptation is driven by dynamic, rather than static, loading.”

2. “Only a short duration of mechanical loading is necessary to initiate an adaptive

response. Extending the loading duration has a diminishing effect on further bone
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as well as their density (internal 
remodeling)
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Differential effects of mechanical loading on bone 
remodeling

NATURE REVIEWS | RHEUMATOLOGY  VOLUME 6 | JANUARY 2010 | 53

feasible as a drug-free intervention against bone loss. 
Indeed, a mechanical strategy has unique advantages 
over pharma ceutical therapy, as mechanical signals are 
both self- targeted (maximum strain will occur in the 
weakest loci in the bone matrix) and self-optimizing 
(increased bone formation in the weak loci will reduce 
strain, and thus inherently reduce the signal).

Although loading increases bone density and struc-
tural morphology in a normal healthy skeleton, exercise 
might not be as efficacious in preventing disuse-induced 
osteopenia or reversing bone density following loss.39 
Further, strenuous exercise, particularly in an already 
frail skeleton, might promote tissue microdamage or 
the fracture that the loading intervention was aimed 
to prevent.40 In that sense, an exercise-based strategy 
that incorporates high-magnitude strains to induce 
bone formation might be risky for elderly or disabled 
patients whose bones are already prone to failure, a risk 
compounded by the already compromised regenera-
tive potential of the bone marrow.41 Nevertheless, the 
identifica tion of specific mechanical signals that can 
be used as ‘therapy’ could still harness the sensitivity of  
bone to mechanical signals, and enable the omission  
of damage-inducing components of the load.

Low-magnitude mechanical signals
Results from animal studies and preliminary clinical 
studies suggest the feasibility of replacing the regulatory 
mechanical signals that decay as a function of aging or 
disuse with exogenously delivered mechanical stimula-
tion.42 The potential of using high-frequency, low-
 magnitude mechanical stimulation (LMMS) to improve 
the quantity and quality of skeletal tissue in animal and 
human studies is briefly summarized below; however, it 
is worth bearing in mind that these signals might also be 
anabolic to skeletal muscle,43 indicating that a ‘mechani-
cal strategy’ might extend beyond bone to address frailty 
in the musculoskeletal system.

In a first ‘proof-of-principle’ assessment of LMMS, 
mature female sheep that were subjected to a 1-year 
treatment of brief (20 minutes per day), low-magnitude 
(0.3 g), high-frequency (30 Hz) mechanical signals 
attained 30% increases in the trabecular density and 
volume of the femur compared with controls,35 paral leled 
by an increase in bone stiffness and strength (Figure 3).44 
These studies provided evidence that extremely small 
strains (<10 microstrain), far below those gener-
ated during strenuous activity,45 could readily serve as 
an abolic agents to bone.

LMMS has also been shown to slow the bone loss 
caused by disuse in adult female rats.46 Following 
1 month of disuse by hindlimb unloading, the proximal 
tibia showed bone formation had dropped to less than 
half that of age-matched controls. Even ‘disuse’ animals 
allowed to bear weight on their hindlimbs for 10 minutes 
per day had a similar suppression of bone formation. By 
contrast, a daily 10-minute exposure to LMMS delivered 
by an oscillating platform (90 Hz, 0.25 g) restored bone 
formation to levels seen in age-matched, weight-bearing 
control animals.46

Is bone strain driving the response?
That the deformation of the bone matrix generated in 
the tibia by LMMS was so small (<10 microstrain) yet 
these signals were both anabolic and anti-catabolic to 
bone suggested that tissue strain per se might not be the 
primary physical signal but might, instead, be masking 
the ‘real’ stimulus regulating bone cells. To examine 
whether bone strain was necessary to stimulate bone 
formation, adult mice were again hindlimb unloaded. 
While anesthetized and supine, the left hindlimbs of 
ex perimental mice were subjected to LMMS in the 
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Figure 2 | Interrelationship between loading cycles and bone adaptation. Using the 
turkey ulna model to determine the nonlinear interrelationship of cycle number and 
strain magnitude, bone mass can be maintained through a number of distinct 
strategies (line); bone is preserved with either four cycles per day of 2,000 
microstrain, 100 cycles per day of 1,000 microstrain, or hundreds of thousands of 
cycles of signals of well below 10 microstrain (each represented as a star).34 These 
data indicate that falling below this ‘preferred strain history’ would stimulate bone 
loss, while exceeding this interrelationship would stimulate bone gain. 
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Figure 3 | Low-magnitude mechanical signals are anabolic to bone. 
Microcomputed tomography of 1 cm cubes of trabecular bone from the distal femur 
of adult (8-year-old) sheep, comparing a | a control animal with b | an animal 
subjected to 20 minutes per day of 30 Hz (cycles per second) of a low-level (0.3 g) 
mechanical vibration for 1 year. The large increase in trabecular bone density 
results in enhanced bone strength, achieved via bone strain three orders of 
magnitude below those that cause tissue damage. These data suggest that 
mechanical signals need not be large to be anabolic to bone, and might represent 
a non-drug basis for the prevention or treatment of osteoporosis. Permission 
obtained from J. Bone Miner. Res. 17, 349–357 © (2002) American Society for 
Bone and Mineral Research.44
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“Mechanical stimulus” has been proposed 
to drive the bone density evolution 
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A mathematical formulation between the 
evolution of density and the mechanical 
stimulus can be proposed 
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It is necessary to identify the parameters 
appearing in the evolution law
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A clinical or an animal study is necessary to 
determine the parameters of the evolution law

1.4. BONE MECHANICAL ADAPTATION

(a) (b) (c)

(d) (e) (f)

Pins

Fixed pin
Cortex
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Load
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Figure 1.6: Overview of animal models for studies on bone mechanical adaptation: (a)

suspended tail (Barbosa et al., 2011), (b) four point bending (Turner et al., 1991), (c)

compressed ulna (Robling et al., 2002), (d) compressed vertebra (Webster et al., 2008), (e)

activated implant (Duyck et al., 2001) and (f) loaded implants (Wiskott et al., 2008).

Jumping model. Rats are electrically stimulated to jump at different heights and fre-

quencies. This model provides data on the bone mass evolution because of intense

physical activity (Ooi et al., 2009, Umemura et al., 1997).

Running model. Rats or mice are trained to run on treadmills. Once they tolerate

the exercise, different training programs are applied, with variable duration, run-

ning speed and weekly cadence. The effects of running activities and post-training

sedentarism are analyzed (Fujie et al., 2004).

Four-point bending model. A tibia of mouse or rat is subjected to loading cycles pro-

vided through a four point bending set-up (Figure 1.6b, Akhter et al., 1992, Turner

et al., 1991). The animal is anesthetized during stimulation and free to move in

13
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What is the meaning of “mechanical 
stimulus”?

source: De Souza, Bone, 2005.

annular diamond saw into 500 μm thick, serial planar parallel segments along
the shaft length. Fluorochrome labels were observed using a laser scanning
confocal microscope (Carl Zeiss Ltd., Herts., UK). Measurements at fixed sites
extending both proximally (3 mm from growth plate) and distally from the mid-
shaft, were made from the outside edges of periosteal and inside edges of
endosteal labels. The area between the outer limit of the periosteal and endosteal
internal label (μm2) represents new bone formation.

In addition, entire bone mid-shaft segments from loaded and control tibiae
were stained en bloc with basic fuchsin to assess the level of microdamage
produced in vivo [18,19]. Entire mid-shafts were fixed in 70% ethanol for 48 h,
rinsed and then immersed in 1% basic fuchsin in a series of graded concentrations
of alcohols under vacuum (80, 90 and 100%) for 18 h. Stained segments were
infiltrated and embedded in PMMA as described [17] and a 500 μm thick, planar
segment cut from themid-shaft. Segments were polished using fine grade silicone
carbide paper (English Abrasives and Chemicals Ltd., grade 164) andmounted in
DePeX (British Drug House). Basic fuchsin is an excellent fluorochrome,
fluorescing strongly at 585 nm using 568 nm excitation, andwas visualized using
a laser scanning confocal microscope (Carl Zeiss Ltd., Herts., UK).

Tibiae were also scanned to evaluate trabecular architecture using a
microcomputed tomography system (μCT20; Scanco Medical AG, Basserdorf,
Switzerland). Scans extended 0.75 mm distally of the tibial growth plate. High
resolution scans with an isotropic voxel size of 9 μm and an integration time of
200 ms were acquired (scan time approximately 3 h for each bone). The bone
tissue was segmented from non-bone tissue by applying a Gaussian filter and a
fixed threshold procedure. In trabecular bone, bone volume (BV/TV), trabecular
number (Tb.N; /mm), trabecular thickness (Tb.Th; mm), trabecular separation
(Tb.Sp) and structure model index (SMI) were evaluated. SMI is an estimate of
trabecular architectural character; ideal plates and rods represented by values of
0 and 3, respectively and intervening values their volumetric ratio [20].
Threshold values were set so that all age groups could be measured using
identical parameters, this produced SMI values greater than 3 in samples
containing extremely low BV/TV. Increases in threshold were avoided as they
would exclude the numerous and often discontinuous trabeculae in these
samples.

Results

In-vivo strains at tibial diaphysis and ex-vivo calibration of
loading of the mouse tibia

To establish mechanical strain levels engendered by normal
loading in vivo, two gauges were attached to medial and lateral
aspects of the tibial mid-shaft (Fig. 1). All mice with attached
strain gauges showed normal locomotor activities in walking or
running immediately after recovery from anesthesia. Although
some favoring of the limb was observed in slow gaits, this was
barely detectable at faster speeds. Results from strain gauge
recordings in 12 week old mice show that the predominant
longitudinal strains on lateral and medial surfaces of the tibia
mid-shaft are tensional and compressive, respectively (Fig. 1A).
Normal walking activity produced approximately 200 με
(tension) on lateral and −300 με (compression) on medial
surfaces. These increased to 400 με and almost −600 με, during
a 30 cm jump (Fig. 1A). To calibrate the loading device, load-
strain relationships were determined ex vivo in tibiae from 12
week old mice. Increases in externally applied loads from 5–13
N engendered peak compressive strains increasing from −700 to
−1500 με on the medial aspect and tensional strains increasing
from 1000 to 2000 με on the lateral aspect (Fig. 1D).

In vivo tibial loading induces magnitude-related increases in
cortical bone formation

Quantification of the area of the cortical new bone formation
showed a load magnitude-related increase from 8.7 N to 12 N.
The application of 13 N stimulated no greater increases in new
bone formation than 12 N, but more that at 11, 10 and at 8.7 N.
In fact, loading at magnitudes lower than 10N failed to
significantly modify the extent of new bone formation at any of
the five diaphyseal sites examined (2–6 N, data not shown).
Comparison between the 5 tibial sites shows that the greater
loading-related increases in new bone formation were at the
mid-shaft (site 3) at all magnitudes of applied load above 10 N
(Fig. 2). Even the highest magnitudes (13N) stimulated no intra-
cortical labeling, supporting the likelihood that such loads do
not produce significant microdamage and that the load-induced
changes in new bone formation at the tibial cortex were

Fig. 1. In vivo strainmeasurements and calibration of loading. (A) Representative
strain gauge recordings taken from the lateral (grey line) and medial (black line)
surface of the diaphyseal mid-shaft of the 12 week mouse tibia during 5 s of
normal locomotion encompassing a jump from 30 cm (arrow represents landing
phase of the jump; n = 6 animals). (B) Diagrammatic representation of the flexed
mouse right hind limb in position in the loading apparatus, showing the relative
position of the bones, their relationship with the upper and lower loading cups,
the direction of loading and the approximate location of the strain gauges (a,
lateral and b, medial) on the tibial mid-shaft. (C) Diagrammatic representation of
a cross-section of the tibial mid-shaft showing the location of the attached strain
gauges on medial and lateral surfaces of the tibia. (D) Ex vivo load: strain
calibration profile, showing load magnitude-related increases in tensional
(lateral) and compressive (medial) strains (με) at five different loading
magnitudes applied to 12 week tibiae. Data shown are mean ± SEM for four
animals.

812 R.L. De Souza et al. / Bone 37 (2005) 810–818
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How the external loading can be 
correlated to the (internal) 
“mechanical stimulus”?
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Only a confrontation between theory and 
experiment can justify the choice of a 
particular mechanical stimulus “descriptor”

In vivo well 
controlled 

mechanical 
loading

Precise bone 
remodeling 

measurement

Mechanical 
stimulus 

“descriptor”
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The model of remodeling is coupled 
with calculations of the constraints 

External force: Fext

Initial density: 

€ 

φinit

Mechanical stimulus:

€ 

ψ

Density evolution:
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Constitutive law: σ = σ(φ,ε)
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Bone remodeling can then be 
calculated around implant

post-surg 2 years
source:  Leibniz University
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How can we link the biological and 
biomechanical description of bone remodeling?
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source: Burger, FASEB, 1999.

A macroscopical description of mechanical 
effect in bone brings new insight

20



source: Burger, FASEB, 1999.

A macroscopical description of mechanical 
effect in bone brings new insight

21



Why do we want to develop 
a new kind of hip implant?

• Success rate is limited in some clinical 
situations

• All “classical” approaches have been tested

• “Functionalizing” implant to control bone 
remodeling 

22



For younger patients, the failure rate of 
hip implant can reach 30% at10 years

23
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The clinical and financial implications 
are important

• > 1.5 million hip implants/year 
world wide

• Market of > 5 billions $/year 
world wide

• Cost for revisions 25% higher 
than for primary surgery

24
Source: OECD Health Statistics 2014 
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Why do we want to develop 
a new kind of hip implant?

• Success rate is limited in some clinical 
situations

• All “classical” approaches have been tested

• “Functionalizing” implant to control bone 
remodeling 

25



Strategies proposed to increase 
the clinical outcome of hip implant

• Implant design

• Elastic modulus of implant

• Surgical technique

• Surface treatment

• Drug
www.smithnephew.com
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Why do we want to develop 
a new kind of hip implant?

• Success rate is limited in some clinical 
situations

• All “classical” approaches have been tested

• “Functionalizing” implant to control bone 
remodeling 
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A solution could be to control the 
bone resorption around the implant

28

1 month 2 years 7 yearsTime after surgery:

Bone 
resorption must 

be controlled 
here

Bone
resorption must

be controlled
here

To keep this 
bone as long 
as possible

To keep this
bone as long
as possible



The basic idea is to use the 
implant as drug delivery system 

29

• Biocoating: hydroxyapaptite + drug

• Local action

• Low dose

• Decrease of side-effects



How could we describe the BP effect on 
peri-implant bone remodeling?

30

dφ
dt

ψr ψd

vr

vd

equilibrium densificationresorption

ψ

vr = vr(conc. drug)
Ψr = Ψr (conc. drug)



The model of remodeling is coupled with 
calculations of the constraints 

External force: Fext

Initial density: 

€ 

φinit

Mechanical stimulus:

€ 

ψ

Density evolution:

€ 

φψ

dφ
dt

ψr ψd

vr

vd

equilibrium densificationresorption

0
< 0dφ

dt

= 0dφ
dt

> 0dφ
dt

Constitutive law: σ = σ(φ,ε)

and drug concentration



A numerical evaluation of the implant used as 
drug delivery can then be performed

32

Bone
density

Without 
drug (2 y.)Post-op

With drug
(2 y.)

CMBBE, 2004

ψ

dφ
dt

ψr ψd

vr

vd

equilibrium densificationresorption

0
< 0dφ

dt

= 0dφ
dt

> 0dφ
dt

vr = vr(conc. drug)
Ψr = Ψr (conc. drug)



The idea of using implant as drug 
delivery system is tested in vivo

33



The implant containing the drug 
decreases the peri-implant osteolysis

34

Without drug With drug



The implant containing the drug increases 
the mechanical stability (proof of concept)
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Why do we want to develop 
a new kind of hip implant?

• Success rate is limited in some clinical 
situations

• All “classical” approaches have been tested

• “Functionalizing” implant to control bone 
remodeling 
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