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Abstract

in use in preclinical studies of cartilage repair.

Much research is currently ongoing into new therapies for cartilage defect repair with new biomaterials frequently
appearing which purport to have significant regenerative capacity. These biomaterials may be classified as medical
devices, and as such must undergo rigorous testing before they are implanted in humans. A large part of this
testing involves in vitro trials and biomechanical testing. However, in order to bridge the gap between the lab and
the clinic, in vivo preclinical trials are required, and usually demanded by regulatory approval bodies. This review
examines the in vivo models in current use for cartilage defect repair testing and the relevance of each in the
context of generated results and applicability to bringing the device to clinical practice. Some of the preclinical
models currently used include murine, leporine, ovine, caprine, porcine, canine, and equine models. Each of these
has advantages and disadvantages in terms of animal husbandry, cartilage thickness, joint biomechanics and ethical
and licencing issues. This review will examine the strengths and weaknesses of the various animal models currently
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Introduction

Cartilage defects have long caused significant morbidity
for patients and present difficulty for surgeons attempt-
ing repair. Due to the avascular nature of the chondral
surface and the specialised rigid extracellular matrix with
a low cell density this tissue rarely regenerates by itself
(Mankin 1982). There is significant ongoing research
focused on halting the propagation of these defects and
the eventual requirement for joint replacement. Current
clinical procedures include bone marrow stimulation
techniques, cartilage plug transplant, and expanded
autologous chondrocyte implantation (Camp et al. 2014;
Steadman et al. 2003; Brittberg et al. 1994; Peterson et
al. 2003; Hangody et al. 2001). In recent years, the focus
has moved to bioengineered materials and cell-seeded
bioengineered scaffolds (Levingstone et al. 2014;
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Almeida et al. 2015; Hunziker et al. 2015). While in vitro
testing and biomechanical analysis of biomaterials can
provide much information about the safety, efficacy and
potential for repair of these new biomaterials, in order
to truly assess their regenerative capabilities, and the
immune response associated with implantation, the use
of animal models is required. Furthermore, regulatory
bodies require in vivo animal studies to be carried out
before new devices can be translated into clinical prac-
tice (Chu 2001; Hoemann et al. 2011; Hurtig et al. 2011).
When carrying out animal studies the principles of the
three R’s; Reduction, Replacement and Refinement must
applied (Russell & Burch 1959). The number of animals
used should be reduced to the minimum required to
achieve a valid statistically significant result. Wherever
possible the use of animals should be replaced by other
means, such as computer simulation, cadaveric, or in
vitro testing, and the experiment must refined or altered
in any way possible so as to decrease potential for suffer-
ing for all involved animals.
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Review

General considerations when selecting an appropriate
animal model for the assessment of biomaterials
strategies for cartilage repair

A range of factors require consideration when selecting
an appropriate animal model for the assessment of bio-
material strategies for cartilage repair. Firstly a decision
on small or large animal model is required is necessary:
small animal models include rodents such as mice, rats
and rabbits; while large animal models include dogs,
goats, sheep, pigs and horses. Each has advantages and
disadvantages, in the assessment of the clinical potential
of new materials the model that most closely represent-
ing human anatomy and physiology of healing should be
considered. Factors requiring consideration include, the
size of the joint, the cartilage thickness, the depth and
critical size of the defect (critical size implies a defect
which will not heal spontaneously without any interven-
tion), the age of skeletal maturity (better results in young
patients regardless of treatment type), load distribution
of the stifle, affordability and ease of animal handling.
(Hunziker et al. 2002) Additionally, the defect position is
closely related to its loading conditions and is therefore
an important consideration. Although clinically most de-
fects occur on the weight bearing medial condyle of the
femur, many animal studies choose a partial-weight bear-
ing site such as the trochlea, to improve the retention of
the scaffold and cells implanted. (Hoemann et al. 2011).
While many studies report improved cartilage repair in
defects positioned in the trochlear over the femoral con-
dyle (Orth et al. 2013a), conflicting results, where less
defect repair occurs in the trochlea compared to the
medial condyle have also been reported (Hoemann et al.
2011; Hoemann et al. 2005). In the clinical scenario
most operators will follow surgery with a 4-6 week
period of partial-weight bearing with full range of mo-
tion in the joint, slowly working up to full weight bear-
ing (Vogt et al. 2013) even though short term studies
have shown an accelerated rehab protocol can reduce
pain and increase function (Vogt et al. 2013; Ebert et al.
2008) In the preclinical in vivo model weight bearing
can be controlled by using external fixators and casts on
the animals (Kojima et al. 2014; Roth et al. 1988). Con-
fining animals to pens for the initial post-operative
period has been shown to be effective in reducing post-
operative joint load (Etterlin et al. 2014). Many studies
favour uni-lateral (one treatment per animal) models
(Marmotti et al. 2012; Nixon et al. 2015), however, bi-
lateral models offer the advantages of allowing direct
comparison of a treatment to a control within the same
animal, thus counteracting the effect of host factors such
as age, sex, weight, tissue characteristics, physical ac-
tivity, or hormonal status and enabling a reduction in
animal numbers (Orth et al. 2013b). Consideration of
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post-operative mobilisation is important in model selec-
tion and bi-lateral models are unsuitable when unload-
ing of the treated joint is necessary or when gait
analyses are to be performed. Guidelines have been set
out in ASTM F 2451-05 for animal models suitable for
the assessment of cartilage repair (Steadman et al. 2003).
A comparison of the properties of various animal models
used for the assessment of biomaterial approaches to
cartilage defect repair is present in Table 1.

Small animal models

Rodent models

Small animal models can be very useful to give informa-
tion about the residence time of an implant, and also to
determine the type of repair tissue formed (ASTM F2451-
05 2010). The availability of athymic, transgenic and
knockout strains of both rats and mice means these
models can be used to assess a multitude of factors in-
cluding the use of strains of mice (DBA/1) in which osteo-
arthritis occurs spontaneously (Nordling et al. 1992) and
athymic strains which can be used to assess allogenic and
xenogeneic cells and tissues (Chu et al. 2010a). Rodents,
such as mice and rats, have the advantage of being pur-
pose bred to reduce biological variation, while being af-
fordable, and easy to breed and maintain in-house. They
thus act as a good bridge between in vitro and in vivo ex-
periments to provide proof of concept data; however, their
joints are small with very thin cartilage consisting of only
a few cell layers (Chu et al. 2010a). Rodent models can
provide useful subcutaneous models and intramuscular
models for the assessment of the degradation rate and
safety profile of biomaterials and implants generally
6—8 weeks in duration (Chu et al. 2010a). Rat models are
not frequently used in the assessment of chondral defect
repair due to the thinness of the cartilage layer (Gelse et
al. 2003; Kuroda et al. 2006). However, a study by Choi et
al. reports the use of chondral defects 1 mm in diameter
and 0.15 mm deep on the femoral trochlear groove for as-
sessment of growth factor releasing hydrogels (Choi et al.
2015). Additionally osteochondral defects of 1.5 mm
(Dahlin et al. 2014) and 2 mm (Chung et al. 2014) diam-
eter on the femoral condyle have been used for the assess-
ment of biomaterial strategies (Singh et al. 2013). These
models have limited potential in the determination of the
clinical potential of new biomaterials as repair processes
that are successful in restoring such small diameter de-
fects may not be applicable in larger defect (Chu et al.
2010a). Rodents also have open growth plates throughout
their maturity (Libbin & Rivera 1989) and therefore may
have the increased intrinsic healing capacity of a juvenile.
Additionally, the gait pattern and biomechanical loading
environment in rodents varies significantly to that in
humans. Rodents are therefore very limited in their



Table 1 A comparison of various models used in preclinical models for the assessment of biomaterial strategies for cartilage defect repair to the human knee joint

Species Breed Age of skeletal Adult weight  Cartilage thickness  Calcified cartilage Bone plate thickness Critical size defect References
maturity layer thickness
Human 18-22 years 60-90 kg 24-26 mm 0.1 mm 0.2-0.5 mm 10 mm Chevrier (Chevrier et al. 2015),
ASTM (Dahlin et al. 2014)
Rabbit New Zealand White 9 months 3-4 kg 0.16-0.75 mm 0.1-0.15 mm 04-05 mm 3 mm Chevrier (Chevrier et al. 2015).
ASTM (Dahlin et al. 2014)
Dog Mongrel, Beagle 1-2 years 15-30 kg 0.95-1.3 mm - - 4 mm Ahern (Ahern et al. 2009),
ASTM (Dahlin et al. 2014)
Mini-pig  Gottingen Mini-pig, 10 months—1 year ~ 20-40 kg 1.5 mm-2.0 mm - - 6 mm Ahern (Ahern et al. 2009),
Yucatan, Lee-sung ASTM (Dahlin et al. 2014)
Pig Large White 2 years 250 kg 1.5 mm-2.0 mm - - 6 mm Ahern (Ahern et al. 2009),
ASTM (Dahlin et al. 2014)
Goat Spanish, Dairy, 2-3 years 40-70 kg 0.8-2 mm 0.2 mm 0.3 mm 6 mm Patil (Patil et al. 2014),
Boer Cross, Saanan ASTM (Dahlin et al. 2014),
Frisbie (Frisbie et al. 2009),
Sheep Suffolk, Texel 2-3 years 35-80 kg 0.7-1.7 mm 0.2 mm 0.7 mm 7 mm Chevrier (Chevrier et al. 2015),
ASTM (Dahlin et al. 2014)
Horse Mixed, Thoroughbred, 2-4 years 500-600 kg 2.0-3.0 mm 0.2 mm 0.7 mm 9 mm Chevrier (Chevrier et al. 2015),

Quarter Horse

ASTM (Dahlin et al.

2014)
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potential to be used as a translational model for cartilage
surface repair in humans (Chu et al. 2010a).

Rabbit model

The rabbit model provides a more suitable small animal
model for the assessment of cartilage repair as they have
larger joints and are a good size for easy surgical proce-
dures and specimen handling with a cartilage thickness
of 0.25 mm-0.75 mm (Table 1) (Fig. 1.) (ASTM F2451—
05 2010). Rabbits have been widely used for the assess-
ment of cartilage repair in studies lasting up to 16 weeks,
although some 1 year rabbit studies have been per-
formed (Maruyama 1979; Brittberg et al. 1997; Fragonas
et al. 2000; Yanai et al. 2005; Funayama et al. 2008;
Luengo Gimeno et al. 2006; Chu et al. 1997; Levingstone
et al. 2015). Rabbits offer many advantages as they are
cost effective, easy to handle and to house. The femoral
condyle is the most often used defect site for weight
bearing models, especially those located inferioposter-
iorly (An & Freidman 1999). However, a comprehensive
biokinematic study of rabbit gait pattern during hopping
performed by Gushue et al. (Gushue et al. 2005) noted
that, due to the wide variety of landing patterns of the
hind limb during hopping, there are increased forces in
the lateral tibiofemoral joint with a mean of 262.3 %
body weight going through the medial side, and 303.8 %
body weight in the lateral joint (Gushue et al. 2005).
This correlates with previous studies showing increased
bone mineral density at the lateral tibial plateau and bal-
anced subchondral tissue volume (Messner et al. 2001;
Wei et al. 1998). Additionally, the rabbit hind limbs are
kept primarily in a fully flexed position as opposed to
human weight bearing which is primarily on a knee
locked in extension (Madry et al. 2015). Thus due to the
differing biomechanics, caution is therefore advised
when comparing results from rabbit studies to humans.
Intercondylar groove defects have been used as partial
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weight bearing defects. (ASTM F2451-05 2010; Chu et
al. 1997). Greater rates of repair may occur in rabbit ar-
ticular cartilage models compared to other species due
to higher metabolic activity and density of pluripotent
stem cells near the defect site (Fig. 2) (ASTM F2451-05
2010). In addition, while the size of chondrocytes in hu-
man and rabbit articular cartilage do not differ signifi-
cantly from each other (Hunziker 1999), the overall cell
volume density is approximately 1.7 % in cartilage from
the human medial femoral condyle (MFC) as opposed to
12.2 % in the adult rabbit. These amount to cell densities
of 1800 and 7500 per mm?® in humans and rabbits re-
spectively (Hunziker 1999). The low cellularity of human
hyaline cartilage thus contributes to the poor levels of
repair observed while the increased density of chondro-
cytes in rabbits means there are more cells abutting the
defect site for repair. The bone mineral density in the
rabbit medial femoral condyle (MFC) is reported to be
similar to that in humans at the bone plate (1.19 g/cm®
and 1.17 respectively g/cm®) but at a depth of 3 mm was
0.65 g/cm® compared to 0.36 g/cm® in humans. (Chevrier
et al. 2015) Bone volume fraction was 58 + 10 % in the
rabbit MFC compared to 33 + 13 % in humans (Chevrier
et al. 2015). Rabbit stifle joints have different load charac-
teristics and cartilage thickness compared to humans,
making it difficult to investigate translation potential in
this model.

Large animal models

Short (8—12 weeks) studies can be used to provide in-
formation regarding the biocompatibility, early cellular
responsiveness and persistence and condition of the
implant within the defect. Longer studies (6—12 months)
are necessary to gain confidence in extent of success in
the repair and regeneration of articular cartilage, includ-
ing interface with adjacent cartilage and subchondral
bone as well as the opposing articular surface (ASTM

models. (Scale bar =5 mm)

Fig. 1 Macroscopic image of distal femur of (a) rabbit, (b) goat and (c) horse showing (@) 3 mm, (b) 6 mm and (c) 9 mm defects created by
drilling. This demonstrates the significant difference in the size of the joints involved and the size of the defects that can be created using these
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Fig. 2 H&E stained histology specimens of the distal femur of (a) rabbit (b) goat and (c) horse. These images demonstrate the histological
similarity between the different models, but also the vast differences in the thickness of the cartilage at the joint surface. The chondrocyte
distribution differences are also evident, with the rabbit cartilage being much more densely packed with chondrocytes than either goat or horse

which could explain some better intrinsic healing of cartilage defects in rabbits

F2451-05 2010). A range of large animal models suitable
for the assessment of cartilage repair have been investi-
gated, including dogs (Engkvist 1979; Igarashi et al.
2012; Breinan et al. 2000), pigs (Hunziker et al. 2001;
Lohan et al. 2013; Boopalan et al. 2011; Klein et al. 2009;
Christensen et al. 2015), sheep (Kon et al. 2010a; Milano
et al. 2010; Erggelet et al. 2009), goats (Getgood et al.
2012; Jurgens et al. 2013; Lu et al. 2006; Wang et al.
2007) and horses (Kon et al. 2010b; Frisbie et al. 2009;
Hendrickson et al. 1994). When using any large animal
model it is important to determine where on the joint
the defect should be created based on the biomechanics
of the joint. In humans, most cartilage defects occur on
the weight bearing medial condyle this is thus the most
common defect site used in cartilage repair studies
(An & Freidman 1999). If using this defect type, the fol-
lowing should be considered in order to meet ASTM
F2451-05 (ASTM F2451-05 2010).

1) The defect size should not exceed 15 to 20 % of the
articulating surface or 50—-60 % of the condylar
width.

2) Due to the convex curvature of the defect sites the
defect can differ from the centre to the margins.

3) It is necessary to consider the impact of articulation
with both the meniscus and the tibial plateau.

Canine model

Dogs suffer from many of the cartilage pathologies found
in humans like osteochondritis dissecans and osteoarth-
ritis (Shortkroff et al. 1996) and veterinary surgeons regu-
larly perform arthroscopies on canine stifles. As such,
canine models are considered to be a good choice for

cartilage repair studies (An & Freidman 1999). They
accept rehabilitation regimens, cope well with immobilis-
ing the joint, and can be trained to walk on treadmills,
and can co-operate in swimming and controlled weight
bearing rehabilitation (Hurtig et al. 2011). The cartilage
thickness, however, is significantly thinner than human
cartilage even in medium to large dogs (range: 0.95—
1.3 mm) (Table 1) and the reported diameter of critical
size defects, at 4 mm, is considerably small even in the lar-
gest dogs (Ahern et al. 2009). Anatomical differences are
present between canine and human knee joints with the
existence of an extra intra-capsular, extra-articular, lateral
long digital extensor tendon (LDET) which originates just
inferior to the lateral edge of the patellar groove in the ca-
nine joint. Its function is dorsiflexion of the forefoot dur-
ing knee flexion and is found in many quadrupeds
(Proffen et al. 2012). Therefore, although canines deal well
with the perioperative regimen, the canine knee joint does
not model the human knee joint very closely Due to their
longstanding status as companion and family pet, ethical
issues also prevent their widespread use. In the UK and
Ireland cats, dogs, horses, non-human primates and en-
dangered species require a special justification for use to
show no other species is suitable for the specified
programme of work. It is therefore easier to get ethical ap-
proval for agricultural animals such as pigs, goats and
sheep than canine models (An & Freidman 1999; Animals
(Scientific Procedures) Act. Sect. 14 1986; Wolfensohn &
Lloyd 2003).

Porcine model
Pigs (porcine) models are advantageous in the terms of
their joint size, joint loading mechanics, weight (an adult
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sow can weigh up to 250 kg) (Wolfensohn & Lloyd
2003), lack of spontaneous healing of any significant
defects, bone trabecular thickness and the arrange-
ment of collagen network which resemble a human
joint (Chu et al. 2010a). Nevertheless, these are large ani-
mals and require specialised husbandry and can be expen-
sive to maintain in a research facility. They do not reach
skeletal maturity until approximately two years and al-
though researchers can utilise stock from commercial
companies and farmers, most pigs will be slaughtered
around the age of 6 months and therefore sourcing of skel-
etally mature animals of a similar age is often difficult. The
alternative use of mature breeding animals makes sourcing
of sufficient numbers, good health status and uniform age
difficult because these animals are usually only replaced
because of health problems on a one by one basis.
Mini-pigs are significantly smaller than full sized swine
weighing roughly 40-70 kg as adults (Christensen et al.
2015; Wolfensohn & Lloyd 2003) and can thus provide
some of the advantages of the pig model while over-
coming some of the limitations (Schneider et al. 2011;
Ebihara et al. 2012). The physiological parameters, such
as blood count, blood clotting, electrolytes and liver
enzymes, have been shown to be similar to values for
humans (Chu et al. 2010a). A range of breeds of mini-
pig have been utilised in the assessment of biomaterials
for cartilage repair including Yucatan (Fisher et al.
2015), Gottingen (Schneider et al. 2011) and Lee-sung
(Jiang et al. 2007) mini-pigs. Immature Yucatan mini-
pigs are reported to have cartilage of 1-2 mm in thick-
ness on the medial femoral condyle (Fisher et al. 2015).
Histomorphometric analysis of peripheral bone in
Gottingen mini-pigs has shown the bone apposition rate
and trabecular thickness to be similar to human bone
(Chu et al. 2010a), which is a significant factor when
measuring the inflammatory response and toxicity of
any implanted biomaterials. Mini-pigs of a defined type
and known health status can be sourced from specialist
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laboratory suppliers but they are not skeletally mature
until they reach 18-22 months of age (Chu et al. 2010a)
and require specialist housing including specialised slat-
ted flooring separate from a dry bedding area. Many
studies thus use immature mini-pigs that have not
reached skeletal maturity and thus the data reported has
limited clinically relevance. Pigs will also turn any pas-
ture into a mud bath by rooting for food and so can be
expensive to maintain in a long term study (Wolfensohn
& Lloyd 2003).

Caprine model

Two of the most commonly used models in research are
ruminants, these are the caprine and ovine models.
Goats are among the earliest animals domesticated by
humans. They are farmed throughout the world and are
used for a variety of products, including milk, meat and
coat fibres (mohair and cashmere). They are, as a result,
relatively easy to obtain when skeletally mature. The
caprine (goat) femoral condyle and trochlear defect
models have been used successfully for evaluation of
new implants for treatment of partial thickness and
osteochondral defects (Fig. 1) (Klein et al. 2009; Jurgens
et al. 2013; Nukavarapu & Dorcemus 2013). Such mo-
dels offer the advantages of joint size, cartilage thickness
(although the ASTM F 2451-05 reports thicknesses of
1.5-2.0 mm, there are reports in the literature ranging
from 0.8 mm (ASTM F2451-05 2010; Chu et al. 2010a;
Brehm et al. 2006)) (Table 1), critical defect size (6 mm
is the most commonly reported and will not spontan-
eously heal at 6 months) (Getgood et al. 2012; Ahern et
al. 2009; Shahgaldi 1998; Jackson et al. 2001) and
proportion of cartilage to bone and subchondral bone
thickness being close to humans (Ahern et al. 2009;
Jackson et al. 2001; Chu et al. 2010b). Subchondral bone
trabecular structure in goats is similar to that in humans
(Fig. 3) and bone mineral density has been reported to
be 0.67 g/cm® (Gollehon et al. 1987). The caprine stifle

A Rabbit

Fig. 3 2D micro-CT sections from rabbit (a) and goat (b) medial femoral condyles. These images demonstrate the similarity between the both
models, with similar bone plate thickness and trabecular thickness in both cases. (Scale =2 mm)
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joint, like the human knee consists of tibiofemoral and
patellofemoral articulations. In a direct comparative
study of the stifle joint of cows, sheep, goats, dogs, pigs,
and rabbits the goat stifle was found to have the closest
anatomy to the human knee (Proffen et al. 2012). How-
ever, the femur has a deep long trochlear groove with
prominent medial and lateral ridges. The femoral con-
dyles are also distinct with a large intercondylar notch.
The tibial plateau is convex and sloped posterolaterally
with a prominent fibular styloid laterally roughly correl-
ating to the fibular head and styloid process in humans
(LaPrade et al. 2006). Additionally, the soft tissue struc-
tures which prevent abnormal joint movement specific-
ally in the lateral compartment of the goat knee are
similar to those in the human knee joint; these include
lateral collateral ligament (LCL) complex, popliteus ten-
don and popliteofibular ligament. These structures act
as primary stabilisers to prevent abnormal varus and tib-
ial external rotation while also acting as secondary stabi-
lisers, preventing anterior and posterior translation of
the knee (Gollehon et al. 1987). Articular congruity at
the tibiofemoral joint is poor in both humans and goats
due to the convex surface of the tibial plateau, but goats
have significantly thicker menisci, which contribute to in-
creasing congruity between goats and humans (Patil et al.
2014). In the human knee flexion is limited to less than
30° in normal walking and stance phase however the goat
stifle joint is flexed between 50°and 70° (Patil et al. 2014)
meaning contact areas are different and must be
considered.

Caprine cartilage is slightly thinner than the human
distal femoral cartilage (Hoemann et al. 2011; ASTM
F2451-05 2010) and the stiffness and elastic modulus of
the caprine cartilage has been found to be greater than
human articular cartilage (Patil et al. 2014). However in
depth biomechanical analysis of the differences between
the goat stifle joint and the human knee joint has shown
that when the joint is loaded under conditions repre-
senting normal walking (ranging from 25 % body weight
to 200 % body weight), most of the peak contact pres-
sures in goat knees were comparable to those generated
in human knees. (Patil et al. 2014) It did show, however
the peak contact pressures in the caprine tibiofemoral
joint at peak flexion are higher than normal human tibio-
femoral contact pressure in the normal walking cycle,
under twice body weight at peak flexion of normal walking
(70°) goats reach a contact pressure of 12.57 MPa whereas
in normal walking humans only flex to 30° and reach
4.93 MPa (Patil et al. 2014). Aside from this peak, the bio-
mechanics and contact pressures of the goat walking cycle
are broadly similar to the human equivalent. Goats are
also relatively inexpensive to maintain, easy to handle, and
the cartilage thickness allows for the creation of both
chondral and osteochondral defects (Chu et al. 2010a). If

Page 7 of 12

adequate facilities are available to house them, then this
model is feasible to conduct large animal studies to evalu-
ate biological responses, durability, toxicology, lesion size
and location analogous to human studies (Cook et al.
2014). Caprine models thus represent a good option for in
vivo assessment of chondral and osteochondral defect
repair.

Ovine model

The sheep (ovine) model is one commonly used for in
vivo trials of materials for cartilage repair (Kon et al.
2010a; Milano et al. 2010; Guo et al. 2004). Weighing
between 35 and 80 kg when skeletally mature at 2-3
years they transmit a scientifically relevant amount of
weight through its tibiofemoral joint (Wolfensohn &
Lloyd 2003). They have a cartilage thickness of roughly
0.4-1.7 mm at the medial condyle (ASTM F2451-05
2010; Ahern et al. 2009). The sheep stifle joint is a dia-
rthrodal joint with four separate articulations: femoropa-
tellar, femorotibial, femorofibular and tibiofibular. Like
the goat, the sheep has a long trochlear groove formed
by prominent medial and lateral trochlear ridges The
femorotibial joint has a range of motion from 72+/-3° in
full flexion to 145 +/- 5° in full extension (Allen et al.
1998). A large amount of research can be done using the
ovine stifle joint as it has very similar cruciate ligaments
to humans and large menisci as well as a similar LCL
complex, popliteus tendon and popliteofibular ligament
and can therefore be used in surgical training as well as
device development (Madry et al. 2015; Allen et al.
1998). This also means second look arthroscopy can be
performed by a skilled arthroscopist to review integra-
tion (Ahern et al. 2009).

Sheep are also readily available as they are commonly
bred in agriculture and are relatively placid, tolerate
stifle surgery well and are easily housed and maintained.
They have, however, been reported to have a very vari-
able articular cartilage thickness, between 0.4 and
1.7 mm on the MFC (Ahern et al. 2009), this variability
can cause issues with study design and results. Bone
mineral density in sheep MFC has been shown to be
similar to that in humans, reportedly 1.19 g/cm?® How-
ever at a depth of 3 mm the bone mineral density is re-
portedly 0.67 g/cm® compared to 0.36 g/cm® in humans.
(Chevrier et al. 2015) The bone volume fraction in the
MEC is reportedly higher in sheep than humans at
3 mm below the bone surface (42 +4 % and 33 +13 %
respectively) (Chevrier et al. 2015). Contact pressures
generated in sheep are largely comparable to those in
humans, although while humans can reach a mean peak
contact force of 5.4 times body weight ascending stairs
(Taylor et al. 2004) the maximum in vivo contact force
measured in sheep is 2.25 times body weight (Patil et al.
2014; Taylor et al. 2006).
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Techniques that expose the subchondral bone such as
the implantation of osteochondral repair scaffolds or
osteochondral allografts, may induce subchondral bone
cyst formation either through fluid intrusion or bony
contusion. Increased formation of cysts in the subchon-
dral bone have been reported in both goats and sheep
models (von Rechenberg et al. 2003; Orth et al. 2012).
This cyst formation can hamper subchondral bone re-
pair (von Rechenberg et al. 2003; Pallante-Kichura et al.
2013). Other disadvantages include extra fat pad that
can obscure the joint and the more labour intensive hus-
bandry practices required for animal handling (Wolfensohn
& Lloyd 2003) and the acquisition of animals from an
agricultural background instead of bred for purpose,
meaning their health status and genetic background will
be less uniform. The use of goats and sheep in research is
much less common than the use of rodents and thus spe-
cialised commercial products, such as antibodies, available
to researchers utilising rodent models are not readily
available for ruminants.

Equine model

Horse (equine) models offer several advantages in the
investigation of cartilage repair strategies. Horses are
animals primarily bred and kept for their athletic per-
formance and, as a result, suffer regularly from cartilage
injuries and joint diseases such as osteoarthritis and
osteochondrosis. Hence performing pre-clinical evalua-
tions on cartilage repair mechanisms may be of direct
benefit to the species itself (Fig. 3.) (Malda et al. 2012).
However candidates for entry to a study must be
screened in advance for naturally occurring disease to
avoid affecting results. Due to the large joint surface,
arthroscopies are routine and can be used both for car-
tilage defect creation and repair, and longitudinal follow
up on the process of cartilage repair at different time
points. The equine model has critical size defects up to
9 mm, cartilage mean thickness of 2.0-3.0 mm and a
vertically loaded stifle joint during gait, and so is benefi-
cial for translatable cartilage studies and especially par-
tial thickness defects which are the most relevant to
human therapy (ASTM F2451-05 2010; Ahern et al.
2009; Malda et al. 2012). The horse is the largest animal
model in use as a model for cartilage repair, commonly
weighing around 500-600 kg, the joint is, therefore,
adapted to withstand elevated loads, with a hardened sub-
chondral bone and efficient joint force distribution (Chu
et al. 2010a). Bone mineral density in the horse MFC is re-
portedly similar to that in humans at the bone plate
(1.19 g/cm?’) but higher at a depth 3 mm (0.64 g/cmg).
Bone mineral density values were found to be similar to
humans in the horse lateral trochlea at a depth of 3 mm
(0.5 g/Cm?’) (Chevrier et al. 2015). Bone volume fraction is
reportedly higher in horse than in humans in the MFC
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(47 +8 %) at a depth and 3 mm. (Chevrier et al. 2015)
Loading is of concern as continuous static loading of
weight bearing condyles of the joint cannot be minimised,
as a result the lateral trochlea of the femur where loading
is intermittent is the most common location for cartilage
defects (Ahern et al. 2009). In the horse model it is also
common to use the carpus and the tibiotarsal joints and
joints of the middle carpal bones for defect formation, as
chondral injuries can be common here and the stifle joint
is difficult to access for diagnostic imaging such as MRI
due to the bulk of the upper hind limb. The stifle is how-
ever amenable to ultrasound in the hands of an experi-
enced user (Fig. 4) (Hurtig et al. 2011; Ahern et al. 2009;
Hurtig et al. 2001; Vachon et al. 1992; Rautiainen et al.
2013). While the horse is an appealing model in terms of
cartilage thickness and joint morphology, a highly spe-
cialized and a well-equipped centre with well-trained
personnel is required to carry out equine surgeries, and
they require a large specialised habitat. These all lead to
substantially increased costs involved in the study. In
addition to practical considerations, horses are also sub-
ject to stringent licencing in some jurisdictions due to
their historic status as a companion animal (Hurtig et al.
2011; Animals (Scientific Procedures) Act. Sect. 14 1986).

Operative factors influencing model selection
There are many reasons to choose one model over an-
other (Table 2.), however surgical limitations of certain
models play a large part in the selection of the appropri-
ate group. Size is one of the main factors. In order to
implant a biomaterial in a particular area the area must
be of sufficient size to allow implantation. For example
the knee joint of a rat has a cartilage thickness of
0.1 mm on the MFC, and in the mouse cartilage is only
a few cell layers thick (Chu et al. 2010a) compared to be-
tween 0.8 and 2.0 mm on the MFC of the caprine stifle
(ASTM F2451-05 2010; Chu et al. 2010a). To create a
defect this small presents a technical difficulty for the
operator meaning purely chondral defects are impossible
and can lead to large inter-animal variation even when
producing osteochondral defects meaning a much grea-
ter sample size would have to be used to achieve a
statistically significant outcome contravening the 3 R’s
(Russell & Burch 1959).

Post-operative rehabilitation of cartilage repair in
humans varies from centre to centre, it has been shown
free movement and gradual increase in weight bearing
improves outcomes, however, this is complex to ensure
in animal models (Nishino et al. 2010; Assche et al.
2011). When using an in vivo model casts can be used
to immobilise rat limbs (Kojima et al. 2014; Maldonado
et al. 2013), however it is more common in large animals
such as goats and sheep to keep them in small pens in
the immediate post-operative period (Marmotti et al.
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A 3.32cm

Fig. 4 Image of ultrasound of horse stifle taken one month post implantation of biomaterial scaffold (arrow) into naturally occurring osteochondral

defect of trochlea of femur. This demonstrates the large defects occurring in the horse. The ability to image the implanted scaffold during the

post-operative period is also a significant advantage to the large animal model
A

Table 2 Advantages and disadvantages of various in vivo models commonly used in the assessment of biomaterial strategies for
cartilage defect repair

Species Advantage Disadvantage
Mouse Low cost, manageable easily available Very small joints—in situ examination impossible
Transgenic and athymic strains available
Can be used in subcutaneous and intramuscular model
for degradation rate and safety profile
Rat Low cost, easily available Permanently open growth plates accelerating intrinsic
Athymic strains available healing
Maintain in-house Increased density of cells in cartilage causing more
efficient healingPartial thickness defects impossible
Rabbit Low costMaintain in-house Increased intrinsic healing due to increased cell density
Very different load characteristics
Consistent partial thickness defects very difficult to
achieve
Dog Naturally occurring disease state Thin cartilage
Co-operate with rehabilitation regime Small critical size defect (4 mm)
Complex ethical approval process
Pig Biochemistry similar to humans Expensive
Bone apposition rate and trabecular thickness similar Difficult to obtain at skeletal maturity
to human Specialised habitatTemperament
Partial thickness defects possible
Goat Anatomy and biomechanics similar to humans Subchondral cyst formation
Partial thickness defects possible
Easily availableLow maintenance
Sheep Anatomy similar to humans Subchondral cyst formation
Partial thickness defects possible
Easily availableLow maintenance
Horse Large defects similar to humans Expensive to acquire and maintain — specialised centre

Partial thickness large diameter defects possible
Naturally occurring defects

Similar biomechanics in trochlear groove
Second look arthroscopy possible

required

Cannot avoid weight bearing on the joint during rehab
phase if required

Very dense subchondral boneMRI/CT impossible due
to size
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2013) to limit their mobilising. In some animals, such as
horses, non-weight bearing is impossible, and can cause
severe life-threatening illnesses. Horses will fully weight
bear immediately post recovery, but if the defect area is
on the patellofemoral joint rather than the tibiofemoral
joint, a regimen of supervised walking building up to
limited running can offload the patellofemoral joint in
the post-operative phase.

Ex vivo factors influencing model selection

The chosen model affects the analysis that can the car-
ried out, both during the study and post euthanasia at
the study end point, and also the results that can be ob-
tained. In smaller animals, it is possible to do in situ
microcomputed tomography or magnetic resonance im-
aging on live animals, allowing good radiological scoring.
Due to limited equipment availability this is more chal-
lenging for large animals. In large animals, the larger
joint size allows for second look arthroscopy to be car-
ried out during of the study. This can provide useful in-
formation about the repair tissue prior to the study
endpoint. The use of large animal models results in lar-
ger tissue specimens for analysis. For example, in the
horse model, the critical size defect is 9 mm. This poses
some technical disadvantages as the dense subchondral
bone requires longer decalcification times prior to histo-
logical staining. However, division of samples is possible
without much difficulty, allowing for example, mechan-
ical testing to be performed on one half and histological
staining on the other. This doubles the amount of infor-
mation collected from the experiment. Dividing a 6 mm
(caprine) or 7 mm (ovine) can be a more daunting pro-
spect and can leave artefact obscuring true results. These
factors must be carefully considered at the outset of the
study and the appropriate model chosen for the results
and analyses required.

Conclusion

There is a significant pre-clinical gap to be bridged in
the development of a device to ease suffering and halt
joint degeneration before it can be used as a therapeutic
clinically. Therefore, the selection of an appropriate pre-
clinical in vivo model is important in ensuring successful
translation to the clinic. The financial and labour costs
involved in a large animal study can be prohibitive, and
so for a proof of concept or degradation and safety pro-
file it can be appropriate to use a small animal or rodent
model before confirming effectiveness in a large animal
study. It is also important to consider the different bio-
mechanics and biokinematics of joints in quadrupeds
and how the contact pressures on the weight bearing
areas of the joint are affected along with stresses and
strains on areas of joints not completely analogous to
stresses and strains of the human knee. Therefore, in
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many ways, the caprine model is the most appropriate
model for large scale large animal studies in cartilage
surface defect repair, as the anatomy is closest to
humans, they have similar biomechanics of their stifle
joint to human knees, they have an adequate cartilage
thickness allowing for partial and full thickness defects.
Goats do not require specialised housing other than
warm indoor bedding in winter and access to pasture in
summer. In addition, goats are widely available as they
are commonly used in agriculture. Pre-clinical studies
are important to ensure safety and efficacy of biomate-
rials prior to widespread use, however, there are sig-
nificant differences in the anatomy and biomechanics of
different animal models and of humans. In order to
enable the successful translation of biomaterials to the
clinic, these differences must be recognised and con-
sidered in both study design and in comparing study
outcomes.
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