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Abstract

Background Mechanical stimuli are of crucial impor-

tance for the development and maintenance of articular

cartilage. For conditioning of cartilaginous tissues, vari-

ous bioreactor systems have been developed that have

mainly aimed to produce cartilaginous grafts for tissue

engineering applications. Emphasis has been on in vitro

preconditioning, whereas the same devices could be used

to attempt to predict the response of the cells in vivo or as

a prescreening method before animal studies. As a result

of the complexity of the load and motion patterns within

an articulating joint, no bioreactor can completely recreate

the in vivo situation.

Questions/purposes This article aims to classify the var-

ious loading bioreactors into logical categories, highlight

the response of mesenchymal stem cells and chondrocytes

to the various stimuli applied, and determine which data

could be used within a clinical setting.

Methods We performed a Medline search using specific

search terms, then selectively reviewed relevant research

relating to physical stimulation of chondrogenic cells

in vitro, focusing on cellular responses to the specific load

applied.

Results There is much data pertaining to increases in

chondrogenic gene expression as a result of controlled

loading protocols. Uniaxial loading leads to selective

upregulation of genes normally associated with a chon-

drogenic phenotype, whereas multiaxial loading results in a

broader pattern of chondrogenic gene upregulation. The

potential for the body to be used as an in vivo bioreactor is

being increasingly explored.

Conclusions Bioreactors are important tools for under-

standing the potential response of chondrogenic cells

within the joint environment. However, to replicate the

natural in vivo situation, more complex motion patterns are

required to induce more physiological chondrogenic gene

upregulation.

Introduction

Autologous chondrocyte transplantation procedures, which

may or may not include supporting matrices, are increas-

ingly being adopted for the repair of articular cartilage

defects. Since the pioneering work of Brittberg et al., the

technique has continuously been further developed [5, 6, 8].

Recent research has focused on tissue engineering (TE)

solutions with the aim to generate in vitro functional con-

structs for implantation. One major drawback of all

common TE approaches is the long and often complex

in vitro preculture period before implantation of the graft.

This is associated with immense requirements on the safety

of such products and in turn very high costs. It is evident

that both the manipulation steps and the culture time should

be maintained at a minimum for eventual clinical appli-

cation. In fact, one-step procedures in combination with

appropriate rehabilitation programs have the greatest

potential to be realized. The question remains how to test

the performance of different strategies and optimize the

procedure before initiating in vivo animal and clinical
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studies because a variety of parameters, including cell

source, density, carrier, expansion, culture supplements,

and postoperative physical and molecular therapy, are still

a matter of debate.

A wide array of materials have been used in various

in vivo [20, 81, 91, 94] and in vitro [2, 7, 12, 16, 35, 41, 48,

82] studies for chondrocytes and chondrogenesis of mes-

enchymal stem cells (MSCs). The most frequent synthetic

foam structures used are poly(a-hydroxyacid)s, their

copolymers, and poly(ester-urethane) [65, 81]. Hydrogels

or highly hydrated polymeric scaffolds such as agarose

[41, 48], alginate [7, 12, 16, 20, 61, 82], fibrin [54, 55],

hyaluronan [2], and collagen [7, 91] have been exten-

sively used together with hybrid systems incorporating

both a hydrogel and a stiffer, macroporous synthetic foam

[94]. We have found a combination of a biodegradable

poly(ester-urethane) scaffold and fibrin hydrogel is suitable

for chondrocyte culture [54] and chondrogenesis of human

MSCs [55]. Clinically available scaffolds are almost

exclusively natural polymers [34].

Bioreactor systems that closely reproduce the in vivo

environment offer the possibility to evaluate novel ther-

apeutic approaches. Bioreactors can provide the technical

means to perform controlled studies taking into account

specific biologic, biochemical, or biomechanical effects.

Traditionally, bioreactors have been used with the idea

of preconditioning implants to improve their quality

before implantation. However, bioreactors also provide

the opportunity to study the cellular response to

mechanical stimulation under defined conditions. Many

different groups have designed and built bioreactors that

can apply compression [2, 12, 39, 69, 86] (for example

see Fig. 1). Also, bioreactors have been developed that

can apply shear, ranging from uncontrolled [84] to fully

defined computer-controlled shear application, which

allows for regulated frequency and amplitude [98]

(Fig. 1). The use of these increasingly complex biore-

actors can help to gain important insight into the role of

biomechanics in chondrocyte phenotype and the regula-

tion of stem cell fate, particularly of pluripotent adult

MSCs [2, 39, 80].

The purposes of our review are to: (1) highlight the

response of MSCs and chondrocytes to the different spe-

cific stimuli applied; (2) detail conditions in which physical

stimulation has been combined with other regulatory

influences such as growth factors; and (3) determine

whether the data could be used within a clinical setting.

Search Strategy and Criteria

We searched all published literature in the English language

using MEDLINE. An original search of (Mesenchymal stem

cells OR chondrocytes OR Mesenchymal stem cell OR

chondrocyte or MSC) AND (chondrogenesis OR shear OR

load OR compression OR hydrostatic) yielded 2698 refer-

ences. Those not involving bioreactors were excluded (this

search term was not used initially because a number of

Fig. 1A–C (A) A four-station bioreactor that is capable of applying

multiaxial load. Each station can be individually programmed, and

each sample can also be cultured in its own, individual medium. The

bioreactor fits into a standard cell culture incubator and therefore also

allows for the control of oxygen tension. The sample holders can

be easily removed, allowing for multiple samples to be loaded.

(B) Schematic showing the directions of movement found within a

human knee and (C) the directions of movement that can be applied

using a multiaxial bioreactor. In each case, 6 degree-of-freedom

kinematics is possible. To simulate rotation around the femur, the

sample holder can be rotated around its axis. To simulate knee

flexion, the ceramic hip ball can be rotated. The ceramic hip ball can

also be moved in the Z axis to apply compression of the sample. Each

parameter can be modified for frequency and amplitude. This

bioreactor was developed by Wimmer and is in use in Chicago, IL,

and Davos, Switzerland. It has been used extensively both for

chondrocytes, where it has been shown the requirement for shear to

upregulate PRG4 expression, and with human mesenchymal stem

cells, where it has demonstrated the role of transforming growth

factor-b in mechanically induced chondrogenesis.
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papers involving physical stimulation do not use this term).

Those involving only explant culture, fibrocartilage, or

meniscus were also excluded. Because the terminology used

in studies involving physical stimulation can be quite varied,

further references were obtained during the course of read-

ing the initial references.

Regarding terminology used during the review, we have

used the most commonly accepted terms when discussing

the type of load applied. We understand that in some cases

a more accurate term could be used, but we believe this

would lead to confusion for many readers.

Hydrostatic Pressure

During loading of the joint, water from the synovial fluid is

retained within the cartilage matrix by the presence of

charged proteoglycans, resulting in increased hydrostatic

pressure (HP). The collagen network functions to prevent

swelling of the tissue. Experimental studies indicate

intermittent application of HP in the physiological range of

7 to 10 MPa over longer time periods promotes matrix

synthesis, whereas constant pressure seems unsuitable [22].

A number of bioreactors use HP as the means by which

the cells are stimulated. However, because several param-

eters, including the magnitude, frequency, onset, and

duration of application of HP, can be varied, a range of

culture conditions have been used [22]. It has been dem-

onstrated that 5 MPa load at 0.5 Hz inhibited GAG

synthesis in the monolayer while stimulating GAG syn-

thesis in explant culture [75]. Moreover, juvenile and adult

chondrocytes cultured in polyglycolic acid meshes seem

to react differently to intermittent pressurization [15].

Scaffold-free constructs were also exposed to cyclic HP

with increases in their matrix accumulation compared with

control constructs [38]. Interestingly, static HP in a phys-

iological range of 3 to 10 MPa has in general produced

stimulatory effects on chondrocytes in a three-dimensional

environment. When cultured in collagen scaffolds, imma-

ture bovine chondrocytes increased their proteoglycan

production on application of static HP [68]. Similar results

were obtained with chondrocytes in agarose gel cultures

and scaffold-free constructs [21, 87]. Because most studies

on the effect of HP on TE cartilage have been performed

with often immature bovine chondrocytes, the outcome

should only be translated to human cells and tissue after

careful evaluation.

In alginate beads, apoptosis in rabbit chondrocytes was

induced by 10 MPa static pressure, whereas no apoptotic

cells were observed at atmospheric pressure [71]. In a

hyaluronan-based scaffold (Hyaff 11), a dynamic pressure

of 5 MPa at 1 Hz for 4 hours leads also to an increase of

apoptotic human chondrocytes [95]. Others have found

that in Type I collagen gel, under 40 KPa at 0.0125 Hz,

Type II collagen and aggrecan were upregulated at the

gene expression level but not at the protein level for

human chondrocytes cultured for 14 days [28]. Finally, the

phenotypic and proteomic expression pattern of chondro-

cytes seeded in a polyurethane scaffold (Degrapol1,

Abmedica, Italy) with HP of 10 MPa at 0.33 Hz 4 hours

per day was similar to those from nonloaded cells,

although the maintenance of cell viability was improved

after 3 days [13].

HP has also been applied for MSC differentiation

toward the chondrocytic phenotype [3, 67, 90]. From

studies performed with human MSCs, it can be concluded

that repetitive application of HP over several days is nec-

essary to achieve a major effect. In addition, several studies

suggest the peak effects of HP may be delayed until some

weeks after termination of loading, which impedes com-

parison of loaded samples analyzed at different time points

after stimulation [22, 60, 66].

Using human bone marrow-derived stem cells,

Miyanishi et al. compared 0.1, 1, and 10 MPa using HP and

demonstrated increased collagen II and aggrecan expres-

sion with 10 MPa leading to the greatest increase [66].

These data demonstrate that cells embedded within tis-

sue-engineered constructs increase the expression and

production of cartilage-specific matrix proteins in response

to intermittent hydrostatic pressure applied at physiological

loads.

Tension

Tensile loading is not generally regarded as physiologically

relevant for articular cartilage and has therefore attracted

little attention. The studies that have investigated dynamic

tension on TE cartilage have mainly observed negligible or

inhibitory effects. Compared with unloaded controls, 10%

and 20% displacement inhibited proteoglycan synthesis in

chondrocytes, whereas 5% displacement had no effect [18].

Cyclic tensile stretching of bovine chondrocytes inhibits

protein kinase C activity [27]. On the other hand, it was

suggested cyclic tension activates the hypertrophic path-

way and increases the expression of markers typically

associated with chondrocytes undergoing terminal differ-

entiation to hypertrophic chondrocytes (eg, collagen X)

[99]. Because there is evidence that articular cartilage in

vivo is under a degree of static pretension, the effect of

intermittent static biaxial tensile strains on cartilaginous

constructs was studied [24]. Average magnitudes of

3.8% radial and 2.1% circumferential tensile strains for

30 minutes were identified as leading to the greatest

increase in proteoglycan content.
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Compression

By far the greatest number of studies involving mechanical

load has been performed using bioreactors that apply uni-

axial compression. Direct compression results from direct

contact between joint surfaces and has been simulated in a

diverse number of reactor systems. For articular cartilage

of the major weightbearing joints in the hip and the knee,

average loadings of approximately 0.5 to 7.7 MPa and

average compression amplitudes of more than 13% have

been measured during normal daily movements [1, 70, 89].

A wide range of loading frequencies (0.001–5 Hz) and

amplitudes has been applied to TE cartilaginous constructs.

In one study comparing different loads and frequencies

on native cartilage, increasing frequency produced an

increased aggrecan synthesis in regions of high interstitial

fluid flow [11]. Compression amplitudes [78] and shear

[25] also play a role.

Many different biomaterial scaffolds have been used to

study the effect of dynamic loading on chondrocytes and

MSCs [32, 45, 56, 63, 74, 93, 100]. There is a strong

dependency of the mechanical signal sensed by the cells on

the material mechanical properties as shown by the wide

range of compressive load applied. Tailored synthetic

crosslinked poly(ethylene glycol) hydrogels have been

prepared to study the interactions between chondrocytes

and material in compressive static and dynamic culture

systems [9, 72]. Over short culture periods, dynamic

loading of 15% strain at 1 Hz did not affect considerably

the chondrocyte extracellular matrix gene expression

(Type I and II collagen and aggrecan) compared with the

static mode when encapsulated in a nondegradable cross-

linked pure poly(ethylene glycol) hydrogel [72]. At first

glance, this seems to contradict others’ findings that

demonstrate the importance of dynamic loading on chon-

drocyte gene expression and differentiation of MSCs

encapsulated in a three-dimensional matrix. However,

chondrocytes cultured in a similar poly(ethylene glycol)

hydrogel decorated with RGD peptides, which can act as a

binding site for chondrocytes, showed substantial gene

expression upregulation under mechanical loading com-

pared with static culture [88]. Even if the presence of RGD

peptides is not beneficial to the conservation of chondro-

cyte gene expression, this demonstrates the importance of

the interaction/binding between the encapsulating matrix

(ie, poly[ethylene glycol]) and the chondrocytes for con-

veying mechanical signals [88]. The importance of scaffold

binding sites or ‘‘bioactivity’’ to transmit mechanical

signals to seeded chondrocytes has also been demonstrated

for other matrices [4].

MSC survival and differentiation are markedly depen-

dent on their ability to attach on the substrate they have been

seeded on. Therefore, similarly as for chondrocytes, the

ability of the cells to bind the material is critical to convey

mechanical signals. This is one reason for the frequent use

of fibrin gel, a favorable substrate for cell attachment with

mechanical properties easily tuned by variation of concen-

tration and gelling mechanism. The effect of the hydrogel

stiffness on viability could be clearly demonstrated using

fibrin gels of different concentrations [76].

A number of studies involving dynamic compression

suggest a beneficial effect of load for chondrogenesis of

MSCs, resulting in an increase in collagen II and aggrecan.

Most of these studies used a frequency of 1 Hz and either

10% [39, 69, 86] or 15% [12, 40] compression. These are

similar magnitudes to those that lead to the greatest

increase in chondrogenic gene expression and GAG syn-

thesis in chondrocytes [17, 63, 64].

Taken together these data suggest culture in a scaffold

material that allows for cell attachment, combined with

greater than 10% compression at a frequency of 1 Hz, may

be a suitable starting point for the physical stimulation of

both MSCs and chondrocytes.

Combined Compression and Shear

To use cartilage bioreactor systems as a supporting tool to

simulate and predict in vivo processes, the applied load and

motion pattern should attempt to mimic the in vivo con-

ditions. In reality this is quite difficult to predict, because in

vivo loads can vary greatly even within the same joint.

During load, the lateral tibial plateau has a greater cartilage

contact deformation, but lower cartilage contact area, than

the medial compartment during the same loading cycle

[37]. Both compartments demonstrated a cartilage contact

deformation of between 10% and 15% and the bulk of this

deformation was generated during the first 20 seconds of

load [37]. The rotation of the femur with respect to the tibia

varies during gait with twin peaks of external rotation

being observed during early midstance and toe-off [50].

The same study demonstrated twin peak of valgus at sim-

ilar points of the stance phase [50]. It is interesting to note

this corresponds with the twin peaks of load measured in

dogs during gait [29]. Taking these data into account it is

clear the loads and pattern of motion in the tibiofemoral

joint are complex during gait, and it is unlikely uniaxial

loading devices can invoke the complete range of cellular

responses. The data obtained under weightbearing gait are

different from that under nonweightbearing flexion [50].

This, combined with the lack of clear data, makes it diffi-

cult to determine to what extent multiaxial load bioreactors

mimic the in vivo environment. Shear stress is a potent

modulator of the amount and type of extracellular matrix

synthesized [30]. One group suggested the best way to

envision the typical loading processes affecting articular
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cartilage is to recognize them as a rolling movement of

direct compression in concert with a generation of shear

and tensile forces and high hydrostatic pressure [36]. The

complex kinematic environment to which cartilage is

exposed has increasingly led to a more tribologic approach

in the design of cartilage bioreactors. Tribology is defined

as the science and technology of interacting surfaces in

relative motion [19]. A number of groups have designed

bioreactors that incorporate these features in their design

[73, 84, 98] (Fig. 1).

Combinatory systems have been developed that enable

the application of intermittent cyclic shearing forces and

axial deformations. A biaxial tissue loading device capable

of applying axial deformations and sinusoidal rotations or

shear deformation was widely applied for stimulation of

cartilage explants and engineered constructs [26, 42, 43,

47]. Dynamic combined compression-shear stimulation

(5% compression and 5% shear strain amplitudes)

increased both collagen and proteoglycan synthesis [92],

and application of multiaxial loading over 4 weeks sub-

stantially improved matrix accumulation and mechanical

properties of in vitro-formed tissues.

We have developed a bioreactor that mimics complex

three-dimensional motion and presumably can more accu-

rately mimic the in vivo situation [98]. This provides us

with opportunities to compare various loading protocols,

involving multidirectional load, in a controlled, defined

system [33, 58, 98].

Mechanical stimuli play a crucial role for the develop-

ment of both the articular surface and the underlying zones.

For instance, the effect of sliding surface motion on

proteoglycan 4 (PRG4, lubricin) expression was most

pronounced in chondrocytes that originated from deep

zones of the articular cartilage that did not physiologically

express PRG4 [57]. Both PRG4 and cartilage oligomeric

matrix protein gene expression are markedly enhanced by

applying sliding motion to the surface of a three-dimen-

sional scaffold, whereas the upregulation of collagen

Type II and aggrecan was more associated with the

application of compression [32, 33]. Further studies

revealed the velocity magnitude is a critical determinant

for the cellular responses to oscillating sliding motion [97].

Synergistic Effects of Compression and Shear

With Other Factors

Combining the application of compression and shear with a

microenvironment more similar to that found in the in vivo

joint environment offers a potential in vitro model of the

in vivo environment. In terms of stabilization of the

chondrogenic phenotype, an additive effect of hypoxia,

combined with compression and shear, has been observed

[96]. Different approaches have been taken to engineer

tissues that mimic the organization of natural articular

cartilage [49]. Mechanical stimuli play a crucial role for the

development of both the articular surface and the under-

lying zones. For instance, the effect of sliding surface

motion on PRG4 expression was most pronounced in

chondrocytes that originated from deep zones of the

articular cartilage that did not physiologically express

PRG4 [57]. This indicates a certain plasticity of differen-

tiated chondrocytes and the potential to adapt to changing

environmental conditions and mechanical requirements. In

accordance with this observation, human nasal chondro-

cytes were responsive to physical forces recapitulating

joint movement and upregulated molecules involved in

joint lubrication that are normally not present in nasal

cartilage [14].

One potential reason in vitro MSC chondrogenesis

commonly leads to terminal hypertrophy is the fact that the

developing tissue is not stimulated. Under these conditions,

mathematical models developed for fracture repair predict

bone will be formed [46, 52, 53, 77]. Addition of low

amounts of tissue shear strain and fluid flow is predicted to

result in cartilage. Indeed, the regulation of stem cell fate

can be modulated by applying different loading regimes,

supporting to an extent the predictions made by the model

described. A comparison of loading protocols varying the

frequency (0.1 Hz and 1 Hz) and dynamic compression

amplitudes (5%, 10%, and 20%), in combination with

shear, showed the chondrogenic response of human MSCs

can be modulated by differing the loading patterns applied

[58]. A similar relationship was found in human MSC

pellets and hydrostatic pressure [66, 67], static-loaded

mouse embryonic limb bud mesenchymal cells [85], and

cyclic-loaded chick limb bud mesenchymal cells [23].

Various growth factors (ie, fibroblast growth factor-2,

transforming growth factor-b, insulin-like growth factor-1,

and osteogenic protein-1) have been used to modulate the

chondrogenesis of MSCs, chondrocyte phenotype, prolif-

eration, and biosynthesis rates; often additive or synergistic

effects of mechanical and molecular stimuli have been

observed [21, 31, 56, 62]. Chondrogenic medium contain-

ing dexamethasone and transforming growth factor-b1 has

been developed to induce chondrogenic differentiation of

chondroprogenitor cells [44]. However, when considering

the natural in vivo repair environment, one must also con-

sider what would be the natural source of these factors.

Chondrogenesis can be induced in vitro in the absence of

transforming growth factor-b when HP [67], compression

[39], or compression and shear [56] are applied. An

approach to remove the necessity of repeated dosing with

growth factors is the use of gene therapy. Synergistic effects

of gene therapy with bone morphogenetic protein-2 and

joint-simulating mechanical loading were demonstrated,
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which may also have implications for in vivo growth factor

treatment [79]. Compression and shear, in combination with

adenoviral gene transfer of the coding sequence for the

SOX9 transcription factor, also has the potential to increase

the chondrogenic response in the complete absence of any

further chondrogenic stimuli [51].

Discussion

There are large numbers of bioreactors that are increasingly

being used to stimulate chondrogenic cells. The types of

load, and loading patterns used, are varied. Within this

review, we aimed to detail which types of loads are applied

to chondrogenic cells in vitro and then determine how

effective the load applied is in enhancing the chondrocytic

phenotype. We hope to use this information to highlight the

increasing complexity to mechanical stimulation devices.

The purposes of our review are to: (1) highlight the

response of MSCs and chondrocytes to the different spe-

cific stimuli applied; (2) detail conditions where physical

stimulation has been combined with other regulatory

influences such as growth factors; and (3) determine

whether the data could be used within a clinical setting.

Our review is limited by a number of factors. First, the

terminology used to describe the type of load applied in

studies involving physical stimulation is vast. This could

easily lead to papers not being discovered during the ori-

ginal search. Second, there is little consistency between

loading parameters applied, which creates difficulties in

comparing results. Third, groups wishing to embark on such

studies often develop their own custom-built machines.

This greatly limits the capacity to compare data and, unless

each machine is carefully validated, the stated parameters

applied might not be the actual parameters applied.

The cellular response to load does seem to be specific to

the type of load applied. Also, cyclical load leads to a more

favorable response than constant load. The application of

shear is required for the expression of certain chondrogenic

genes such as PRG4, demonstrating compression alone is

not sufficient to upregulate all the required chondrogenic

genes. Complex mechanical motion studies in bioreactors

suggest it plays a major role in modifying the cell pheno-

type. Under these conditions, chondrogenic cells upregulate

the synthesis of transforming growth factor-b, which is then

responsible for the chondrogenic response [56]. Thus, in the

natural in vivo environment, a suitable rehabilitation pro-

tocol could be used to increase the synthesis of transforming

growth factor-b leading to an appropriate chondrogenic

response.

This also suggests certain studies involving the appli-

cation of load should be carried out in the absence of

exogenous growth factors when trying to predict what

effect would be achieved under in vivo conditions. Also, it

may be possible to reduce the number of animal studies

performed by testing various conditions in vitro in the

presence of suitable mechanical stimuli. When the load

should be applied is still open to discussion. Some studies

have suggested a period of free swelling culture before the

application of compression may be beneficial [10, 63]. This

is potentially the result of the extent and maturity of the

pericellular matrix.

More groups are becoming interested in cell-based

strategies that are less cell culture-intensive, presuming

cells can be implanted within a single surgical procedure

and the body itself would be the bioreactor. This shift away

from the classic style TE to the concept of an in vivo

bioreactor is becoming more widespread, assuming the

natural environment is the most suitable environment for

the tissue development and as such cell culture and bio-

reactors may not be required. Already progress has been

made within the bone field [83]. Currently, such studies

would require animal models to determine the role of

mechanics; however, this is complicated by the fact that it

is difficult to ensure each animal receives the same stim-

ulus. Some of the bioreactors now being used would

provide an excellent screening method to determine some

basic information, which can be used to extrapolate opti-

mized rehabilitation protocols. An ideal scenario would

provide the opportunity to implant cells within the scaffold

material within one operation, thus removing the need for

expensive cell culture. Because CaRes1 already adopts an

approach that does not include a monolayer proliferation

step, it suggests sufficient cell numbers may already be

available. Attempts to eliminate cell culture have been

made using minced cartilage intraoperatively as a cell

source, which led to enhanced repair [59]. Although this

method used cartilage, and therefore chondrocytes, as a cell

source, it is likely future single-surgery treatments will use

stem cells that can be isolated during the operation and

manipulated within the operating room before immediate

implantation.

To conclude, complex motion that includes compression

and shear should be used to provide a wide-ranging

response that is more physiological. This would allow more

physiologically relevant studies to be conducted in vitro,

moving directly into patients to test the suitability of the

rehabilitation protocol.
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