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WHO (February 2021):
• Approximately 1.71 billion people have musculoskeletal 

conditions worldwide. 
• Musculoskeletal conditions are the leading contributor 

to disability worldwide

Musculoskeletal conditions include:
• Osteoarthritis 
• Osteoporosis, osteopenia and associated fragility 

fractures, traumatic fractures of soft and hard tissues

Musculoskeletal conditions
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All age groups of the population are affected

Mortality rate is 20% within 
1 year. 

250’000 ACL injuries occur in 
the USA annually.

Biomechanical aspects are involved in most 
musculoskeletal conditions
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Biomechanical aspects are involved in most 
musculoskeletal conditions
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Figure 2. Developed in vitro system to study cartilage thermo-mechanobiology. (a) Poro-viscoelastic hydrogel with 
RGD decoration on pores. The polymeric network of the scaffold is hybridly crosslinked with physicall hydrophobic 
associations, hydrogen bonds and covalent crosslinks between chains. Following an applied deformation, flexible 
network reoraganization and fluid-solid interaction within the prorous structure occurs resembling cartilage 
dissipative behavior. (b) The hystresis loop following loading and unloading steps was preserved over different 
cycles indicating fatigue resitance capability of the hydrogel. The shrinkage of the loop is mainly at the onset and 
remains stable after preconditioning cycles, owing to reversible sources of dissipation. (c) The appearance of an 

(f) 

Under dynamical mechanical loading, knee 
temperature with healthy cartilage is not constant

Becher et al., BMC Musculoskelet Disord 20085
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ovitis on the change of the physiological intra-articular
temperature of the knee [3-8]. Beneficial effects of cooling
of joints after acute injury or in the postoperative period
were reported with shorter hospitalization, less pain with
fewer need for analgesics and less swelling [9-13].
Improved range of motion progression and exercise toler-
ance are other constituted advantages [9-14]. However,
cold or heat to a joint is of concern to have negative influ-
ence on muscle performance and increased risk of injury
and therefore discussed controversial [15-21].

To our best knowledge, no reports exist about the changes
of the intra-articular temperatures and skin surface tem-
peratures of the knee during sports activity. The objectives
of the present study are to evaluate differences of intra-
articular and skin surface temperatures related to activity
and ambient temperature. Furthermore, a possible impact
on joint function and laxity is examined.

Methods
6 healthy males were included in the study after approval
by the institutional review board and informed consent.
The average age of the participants was 29.3 years (range:
27 – 32 years). The average Body Mass Index (BMI) was
23.61 (range: 22.78 – 25.25). On examination, all partic-
ipants had full, pain-free range of motion, stable liga-
ments and no effusion or tenderness to palpation.

For preparation of the implantation procedure, the sub-
ject was sitting with the knee flexed to 90°. The probe for
the intra-articular measurement was inserted intra-articu-
lary under local anaesthesia (Bupivacain 0.5%) into the
notch under sterile conditions through an 18-gauge nee-
dle introduced to the medial aspect of the right knee (Fig.
1). All implantations were done by the senior investigator
(HHP). The introduced device was a flexible Teflon coated
thermocouple probe (Model IT-18, Physitemp Instru-
ments Inc, New Jersey, U.S.A.; max. temp. 150°, time con-
stant 0.1 sec., sensor lead 0.25" dia, length 3 feet). A
second and third thermocouple probe (Model SST-1,
Physitemp Instruments Inc, Clifton, New Jersey, U.S.A; 10
Kt. Gold sensor disc, not isolated, max. temp. 90°, time
constant 0.15 sec.) was placed on the skin 2 cm proximal
of the patella and fixed with adhesive tape. The tempera-
ture was recorded with the TH-8 Thermalert Monitoring
Thermometer (Physitemp Instruments Inc, Clifton, New
Jersey, U.S.A.; accuracy of 0.1°C ± 0.2%, stability ±
0.1°C). These devices were successfully used by other
authors in the same application [8].

Study protocol jogging
All subjects wore common sport shorts that ended above
the knees for performing the run. Each participant was
jogging on a treadmill at a speed of 6.5 km/h for 60 min-

utes. Every fifteen minutes, the temperature was measured
intra-articulary and at the skin.

Study protocol skiing
The implantation of the probe was done in a harborage
next to the slope. Each participant used skiing suits of the
same style and material (Shell: 100% Nylon; Trim: 100%
Polyester; Lining: 100% Nylon) without skiing under-
wear. The slope was rated at an easy degree of difficulty
with a length of 800 meter. Ascent was provided by a chair
lift. The participants were requested to ride on a basic level
to provide comparable activity levels. Every fifteen min-
utes, the temperature was measured intra-articulacy and at
the skin. For that purpose, the skiing suit had to be
released in a manner to set the probe free. Measurements
were done in outside conditions next to the entrance of

Intra-articular insertion of the probe into the notchFigure 1
Intra-articular insertion of the probe into the notch.



Under dynamical mechanical loading, the 
temperature in healthy cartilage is not constant

Abdel-Sayed et al., JMBBM 20146
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Temperature increase in articular cartilage during walking (Figure 4.6) was 

calculated using equation (6) and incorporating the mean values of dissipation at 1 Hz 

for healthy and degenerated cartilage, as well as the mean values of time constant and 

heat capacity. For healthy cartilage samples, the model shows that dissipation may be 

sufficient to rise the temperature in articular cartilage from 33°C to 36.7°C after a one 

hour walking. However, for degenerated cartilage the temperature augmentation did not 

exceed 1°C. Indeed, a significant (p < 0.01) decrease in the energy dissipation as well as 

in dynamic stiffness can be observed in degenerated samples that were punched less 

than 2 cm from the site of degeneration, as illustrated in figure 4.b. Thus this decrease in 

dissipation implied also a reduced temperature increase during mechanical loading 

(Figure 4.6). 

 

Figure 4.6. Curves of temperature increase due to dissipation in healthy and 
degenerated cartilage at the walking frequency of 1 Hz. 

ΔΤ = 

Mechanical stimulation: 
400 steps up and down

Proton Resonance Frequency Shift 
(PRFS)-based MR thermometry

3-T clinical scanner (Siemens) 
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ECM dissipation -> cartilage tissue
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Figure 1. Cartilage loading induced self-heating during physical activity. Mechanical hysteresis in cartilage tissue 
during joint loading generates heat and causes the temperature rise over time. The self-heating of cartilage 
originates from both, intrinsic matrix viscoelasticity and solid-fluid interaction sources during joint loading. Structural 
and material characteristics of matrix microenvironment are acting in concert with external stresses to provide direct 
and indirect biophysical cues for cells such as deformation and temperature variation (pf , vf: fluid pressure and flow 
velocity; !! , "! solid matrix strain and stress; T: temperature). 

In cartilage microenvironment, different elements residing inside and/or on plasma membrane of 

chondrocytes (cytoskeleton, nucleus, ion channels, primary cilium, integrin and TGFβ3 receptors) could 

be activated by receiving spatiotemporal cues and trigger intracellular changes [7, 9, 20]. In particular, 

transient variation of intracellular calcium is a fundamental pathway for transduction of an external 

physical stimulus to control cellular functions [21]. It has been shown that, fluid flow [22], mechanical 

strain [23, 24], temperature [25], and osmolarity [5] modulate cytosolic calcium oscillation in 

chondrocytes. Among different calcium mediators, transient receptor potential vanilloid 4 (TRPV4) is a 

multimodal ion channel that significantly contributes to the transduction of physical cues [26, 27]. The 
literature suggests that over-activation and full inhibition of TRPV4 channels in chondrocytes cause 

negative effects on joint development and cartilage homeostasis [28-31]. Of note, TRPV4 channels are 

responsive to mechanical loading [5, 24] and temperature rise [32, 33], making it a potential sensory 

system for translation of stimuli involved in loading induced self-heating phenomenon.  

The overall objective of the present work is to address cartilage thermo-mechanobiology. For this 

purpose, we first developed an original model system capable of simulating the self-heating 
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Temperature effect on chondrocytes behaviour

1 single organ donation
(skin cm2, cartilage 0.5 cm3, bone 0.5 cm1)

Master Cell Bank
Frozen  –165°C

Human epiphyseal chondro-progenitor cells 

THE IMPORTANCE OF AFTER SEEDING TREATMENT DURING RE-

SWELLING TIME OF THE SCAFFOLD AFTER COMPRESSION 

RELEASE-INDUCED SUCTION SEEDING TECHNIQUE

� The compression release-induced suction (CRIS)
seeding technique leads to active infiltration of the
cell suspension toward the centre of the scaffold.

� There is no chance to modify cells distribution and
density after an ineffective cell seeding.

Introduction

Naser Nasrollahzadeh and Dominique P. Pioletti

Laboratory of Biomechanical Orthopedics, EPFL, Switzerland

Objective: Developing CRIS seeding protocol leading to uniform distribution of cells inside 3D scaffolds.

� We supplemented optimized 
CRIS technique by 2 hrs 
dynamic after seeding 
treatment (AST) and 
compared it with a static 
condition in vitro.

Method

Cite: Naser Nasrollahzadeh, et al. Tissue Engineering Part C: Methods. June 
2017, ahead of print. https://doi.org/10.1089/ten.TEC.2017.0108

� By providing a dynamic incubation after optimized 
suction of cells by CRIS, we can enhance cells 
infiltration inside the scaffold compared to static 
incubation. 

� We showed permeability (a1) is the most significant 
factor for both seeding efficiency and uniformity 
compared to coating (a2) and thickness (a3).

Conclusion

Fig. 7 - Relative importance of contributing factors for cell seeding 
efficiency (CSE) and distribution metric (DM). 

Fig. 2 - Poroelastic simulation of CRIS seeding.
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� Slow loading (50 µm/s), fast unloading (10 
mm/s), long delay (3s) and large strain (35%) lead 
to better medium suction into the scaffold.

In Silico Results
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� A parametric study was performed on variables of
CRIS seeding regime to optimize medium suction.

Fig. 1 – Cell seeding in a tissue engineering scaffold.

Fig. 3 ‐ Slow rotation following CRIS
Fig. 6 - Distribution of cells for different seeding strategies. Scale: 1 mm

Fig. 4 - Design of experiments to identify contributing factors
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Fig. 5 – Pattern of suction pressure and velocity inside scaffolds.
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Abdel-Sayed et al., eCM 2013
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c=0.023s-1 in equation 1. The heater controller was tuned to regulate the culture temperature 

defined by sequential ramps with different slops according to the model prediction. The error 

between desired and realized temperatures was less than 0.5oC when the PID coefficients were 

set as KP=15, KI=53.9, PD=4.04. After transferring the samples into the bioreactor chamber 

once they were prepared under the laminar hood, a preconditioning phase is applied for 25 

minutes (Figure 8-b) to reach the steady-state culture condition of 32oC and 5%CO2. 

Following this step, the treated group is mechanically stimulated while the control group rests 

under free swelling condition. During the stimulation phase, the temperature was kept constant 

at 32oC for one batch and evolved to 39oC in the other batch. Figure 8-c shows the 

implementation of thermo-mechanical stimulation with the developed tailor-made bioreactor. 
	

	

	
Figure 8. Prediction and implementation of the temperature increase according to experimental data. (a) The 
measured intra-articular temperature following jogging activity as reported in [25] and exponential fitted curve 
to predict the temperature evolution during 2 hours of cyclic compression. (b) Simulation of the temperature 
increase during cyclic compression with the developed bioreactor after a preconditioning phase. During the 
preconditioning, the temperature of the medium inside the culture wells reaches 32oC after 20 minutes to emulate 
the cartilage temperature at rest. Meanwhile, the humidified gas injection provides a stable 5% CO2 and 80% 
humidity inside the chamber. After 25 minutes, the mechanical stimulation starts and the temperature can either 
be evolved according to the prediction of the curve fitted data or be kept constant during the cyclic compression 
period. (c) Implementation of thermo-mechanical stimulation by the custom-made bioreactor. 
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Figure 2. Developed in vitro system to study cartilage thermo-mechanobiology. (a) Poro-viscoelastic hydrogel with 
RGD decoration on pores. The polymeric network of the scaffold is hybridly crosslinked with physicall hydrophobic 
associations, hydrogen bonds and covalent crosslinks between chains. Following an applied deformation, flexible 
network reoraganization and fluid-solid interaction within the prorous structure occurs resembling cartilage 
dissipative behavior. (b) The hystresis loop following loading and unloading steps was preserved over different 
cycles indicating fatigue resitance capability of the hydrogel. The shrinkage of the loop is mainly at the onset and 
remains stable after preconditioning cycles, owing to reversible sources of dissipation. (c) The appearance of an 
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Temperature effect on chondrocytes behaviourThermomechanical effect on chondrocytes behaviour
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What’s about thermomechanical stimulation at the tissue level?

human knee  
cartilage sample

5



Research context — from 3 critical points to research questions
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cyclic compressive loading 
on healthy cartilage

Thermal	cues

Mechanical	cues
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Research context — from 3 critical points to research questions
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Research context — from 3 critical points to research questions

13

cyclic compressive loading 
on healthy cartilage

Thermal	cues

Mechanical	cues

oHydrostatic Pressure (HP)
o Deformation	(strain)
o Fluid	flow

oBiomimetic temperature increase (T)

in degenerated cartilage
:	HP			↓
:	T Max↓

porosity↑
dissipative	property↓

c
a

b



Research context — from 3 critical points to research questions
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Development of in vitro HP-T platform

physical 
support

heating 
system

HP 
system

HP-T 
loading 
chamber

✓ able to apply	
isolated & combined	

forms of HP, T stimuli 	
to samples
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Result 1: Combined HP-T is necessary for maximum chondroinduction
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Proposed mechanism of 
cartilage homeostasis 

(focusing on HP-T)
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Proposed mechanism of 
cartilage homeostasis 

(focusing on HP-T)



Hydrogels for clinical applications in 
musculoskeletal system 

Egg and chicken problem

Absence of 
HP-T stimuli Osteoarthritis

?
OsteoarthritisAbsence of 

HP/T stimuli
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Hydrogels for clinical applications in 
musculoskeletal system 

Egg and chicken problem

?

OsteoarthritisApplication of 
M/T stimuli
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Effect of heat and exercise to relieve OA pain
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Hydrogels for clinical applications in 
musculoskeletal system 

Can we use thermomechanical stimulation to 
compensate for the loss of dissipative cartilage abilities?

Onsen is undoubtedly 
bringing some health 
benefits, but it is not 

enough: 
It is a thermal but not a 

thermomechanical 
stimulus
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Hydrogels for clinical applications in 
musculoskeletal system 

Can we use thermomechanical stimulation to 
compensate for the loss of dissipative cartilage abilities?

26



Hydrogels for clinical applications in 
musculoskeletal system 

In other words, could thermomechincal 
stimulations revert osteoarthritis?
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be based on our previous experiments44,47,50,89 and will strictly follow the guidance and 
rules established by the ethical cantonal authority. 
Expected results: the pathological bone remodeling as well as the thinning of the cartilage 
thickness will allow us to validate the OA knee model and we will confirm the correlation 
between the OA stage and the time post-injection of MIA to validate the in vivo model 
through histological and immunostaining analysis. 
Preliminary data: while we have not developed yet this specific OA rat knee model, we 
have developed several in vivo rat models mostly to study the evolution of the bone density 
and architecture through µCT, histology and immunostaining analysis for different me-
chanical or drug treatments44,89–91. We have also developed solid competencies in cartilage 
histology and immunostaining technics76,85. 

Task 3.2: development of the thermomechanical stimulations of the knee rat  
Motivation: a control of the thermomechanical stimuli is necessary to evaluate their effect 
on rat OA knee. The mechanical loading has to be independently applied from the thermal 
stimulation. We will therefore adapt an existing loading device that we have previously 
developed to stimulate the condyle of rats90,92. For the thermal stimulation, we will develop 
a heating pad based on thermofoil technology that will specifically be adapted for the rat 
knee morphology. The core body temperature of rats is slightly above the human one93. We 
will therefore initially consider that its knee cartilage temperature value at rest is around 
32°C. This will be subsequently verified during a preliminary in vivo measurement. For 
both stimulations (mechanical and thermal), numerical models will be developed to ade-
quately design the loading and heating that would need to be applied externally to reach 
the target thermomechanical stimuli. 
Methods: the translation of the optimal determined thermomechanical stimuli from WP 2 
presenting a possible reversal of OA will not be directly useful for the in vivo or clinical 

applications. The way exter-
nal applied heat to the knee 
could locally induce a tar-
geted temperature increase in 
cartilage will necessitate the 
development of a biothermal 
model. In particular, the rela-
tionship between the external 
applied heat on the knee skin 
and the corresponding knee 
cartilage temperature in-
crease needs to be estab-
lished. A reverse engineering 
approach will be pursued 
with the development of a bi-

othermal numerical model. 
This numerical model will in-
clude the rat anatomical knee 

structures (obtained by µCT in our lab and MRI at https://cibm.ch; images will be fused 
as routinely done for our numerical studies94), and the heating pad placed on the knee 
skin. The defined anatomical structures will be segmented with the software Amira (Visage 
Imaging GmbH) and meshed with the help of Geomagic Design X (Artec 3D). The heat 
transfer will be modelled with the bioheat equation based on Pennes’ approximation95 and 
directly implemented as a standard description of heat transfer within biological tissues in 
COMSOL Multiphysics. The parameters appearing in the biothermal model such as carti-
lage and synovial heat capacity, thermal conductivity of cartilage and heat transfer coeffi-
cient of cartilage will be obtained from our previous studies1,4,96. The corresponding values 
for skin and fat will be either retrieved from literature or if not available, obtained from 

Figure 7. In vivo thermomechanical stimulation of the rat knee 
and µCT set-up used to minimize rat motion artefact. 
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Thermomechanobiology: the next 
frontier for treating osteoarthritis 

Yanheng Guo Theofanis Stampoultzis


