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Summary  Preclinical  trials  are  essential  to  the  development  of  scientific  technologies.
Remarkable  molecular  and  cellular  research  has  been  done  using  small  animal  models.  However,
significant differences  exist  regarding  the  articular  behavior  between  these  models  and  humans.
Thus, large  animal  models  may  be  more  appropriate  to  perform  trials  involving  the  temporo-
mandibular  joint  (TMJ).  The  aim  of  this  work  was  to  make  a  morphological  (anatomic  dissection
and white  light  3D  scanning  system),  histological  (TMJ  in  bloc  was  removed  for  histologic
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analysis)  and  biomechanical  characterization  (tension  and  compression  tests)  of  sheep  TMJ
comparing  the  obtained  results  with  human  data.  Results  showed  that  sheep  processus  condy-
laris and  fossa  mandibularis  are  anatomically  similar  to  the  same  human  structures.  TMJ  disc
has an  elliptical  perimeter,  thinner  in  the  center  than  in  periphery.  Peripheral  area  acts
as a  ring  structure  supporting  the  central  zone.  The  disc  cells  display  both  fibroblast  and
chondrocyte-like  morphology.  Marginal  area  is  formed  by  loose  connective  tissue,  with  some
chondrocyte-like  cells  and  collagen  fibers  in  diverse  orientations.  Discs  obtained  a  tensile  mod-
ulus of  3.97  ±  0.73  MPa  and  9.39  ±  1.67  MPa,  for  anteroposterior  and  mediolateral  assessment.
The TMJ  discs  presented  a  compressive  modulus  (E)  of  446.41  ±  5.16  MPa  and  their  maximum
stress value  (!max)  was  18.87  ±  1.33  MPa.  Obtained  results  suggest  that  these  animals  should  be
considered  as  a  prime  model  for  TMJ  research  and  procedural  training.  Further  investigations
in the  field  of  oromaxillofacial  surgery  involving  TMJ  should  consider  sheep  as  a  good  animal
model due  to  its  resemblance  of  the  same  joint  in  humans.
© 2016  Elsevier  Masson  SAS.  All  rights  reserved.
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Résumé  Les  essais  précliniques  sont  essentiels  pour  le  développement  des  technologies  sci-
entifiques.  Des  recherches  moléculaires  et  cellulaires  remarquables  ont  été  réalisées  sur
de petits  modèles  animaux.  Toutefois,  des  différences  significatives  existent  en  ce  qui  con-
cerne le  comportement  articulaire  entre  ces  modèles  et  l’Homme.  Ainsi,  les  modèles  de  gros
animaux peuvent  être  plus  appropriés  pour  effectuer  des  essais  concernant  l’articulation  tem-
poromandibulaire  (ATM).  Le  but  de  ce  travail  était  de  faire  une  description  morphologique
(dissection  anatomique  et  imagerie  photonique  3D),  histologique  (ATM  en  bloc  a  été  prélevée)
et biomécanique  (tests  de  traction  et  de  compression)  sur  des  ATM  de  mouton  en  comparant
les résultats  obtenus  avec  les  données  connues  chez  l’Homme.  Les  résultats  ont  montré  que  le
processus condylaris  et  la  fossa  mandibularis  sont  anatomiquement  semblables  aux  structures
humaines.  Le  disque  de  l’ATM  présente  un  périmètre  elliptique,  plus  mince  au  centre  que  dans
la périphérie.  La  zone  périphérique  agit  comme  une  structure  annulaire  de  support  de  la  zone
centrale.  Les  cellules  du  disque  ont  un  aspect  à  la  fois  fibroblastique  et  chondrocytaire.  La  zone
marginale  est  formée  par  un  tissu  conjonctif  lâche,  avec  quelques  cellules  chondroïdes  et  des
fibres de  collagène  dans  diverses  orientations.  Les  disques  avaient  un  module  de  traction  de
3,97 ±  0,73  MPa  et  de  9,39  ±  1,67  MPa  pour  les  mesures  en  antéropostérieur  et  en  médiolatéral.
Les disques  ATM  avaient  un  module  en  compression  (E)  de  446,41  ±  5,16  MPa  et  leur  valeur  en
contrainte maximale  (!max)  était  de  18,87  ±  1,33  MPa.  Les  résultats  obtenus  suggèrent  que  ces
animaux peuvent  être  considérés  comme  un  modèle  de  choix  pour  les  recherches  sur  l’ATM.
D’autres études  dans  le  domaine  de  la  chirurgie  oro-maxillofaciale  impliquant  l’ATM  pourraient
envisager  le  mouton  comme  un  bon  modèle  animal  en  raison  de  sa  ressemblance  avec  l’ATM
humaine.
© 2016  Elsevier  Masson  SAS.  Tous  droits  réservés.

Introduction

To  improve  human  health,  scientific  discoveries  and  tech-
nologies  must  be  translated  into  practical  applications.  Such
advances  classically  begin  with  basic  research  and  then
progress  to  the  clinical  level.  Inherent  to  the  development  of
new  technologies  is  the  role  of  preclinical  trials  using  animal
models.  Although  no  animal  model  can  fully  replicate  human
conditions,  animal  models  are  key  for  the  evaluation  of
mechanisms  of  disease,  testing  new  technologies  and  apply-
ing  new  procedures.  Temporomandibular  joint  (TMJ)  is  the
most  frequently  used  joint  in  the  human  body.  TMJ  opens  and
closes  1500—2000  times  daily  and  is  essential  for  everyday
functions  of  the  mouth  such  as  mastication,  speech,  deg-
lutition,  yawning  and  snoring  involving  special  mandatory
synergy  of  both  articular  sides  [1].  Joint  surfaces  are  convex
and,  therefore,  smooth  joint  movements  are  only  possible
due  to  an  intra-articular  disc  between  them.  TMJ  disc  is  an
essential  component  in  the  normal  TMJ  and  has  the  following
functions:  it  distributes  the  intra-articular  load,  stabilizes

the  joints  during  translation  and  decreases  the  wear  of
the  articular  surface  [2,3]. TMJ  disc  displaced,  malformed
or  damaged,  can  induce  pathologic  processes  of  internal
derangement  and/or  osteoarthritis  [4,5].  Currently  patients
suffering  from  severe  temporomandibular  dysfunction  (TMD)
have  few  treatment  options.  Without  safe,  effective  TMJ
disc  implants,  many  patients  undergo  discectomy:  a  surgi-
cal  procedure  that  removes  the  injured  TMJ  disc  aiming  to
reduce  severe  TMD  symptoms.  This  procedure  may  not  be
the  ideal  as  the  TMJ  is  left  without  an  important  functional
structure.  Since  the  previous  problems  associated  with  allo-
plastic  materials  used  to  substitute  TMJ  disc  such  as  silicone
and  Proplast-Teflon  (PTIPI,  Vitek,  Inc,  Houston,  Texas,  USA)
[6,7],  many  groups  discarded  investigation  in  this  field.  How-
ever,  the  potential  impact  of  a  synthetic  temporomandibular
interposal  implant  (TII)  is  immense.  Failures  of  the  synthetic
TII  have  generally  been  attributed  to  the  lack  of  knowledge
concerning  the  TMJ  biomechanical  and  biochemical  aspects.
The  development  of  new  technologies  for  scaffolds  engi-
neering  regarding  TMJ  disc  is  growing  [8—11]  and  the  ideal
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animal  model  for  TMJ  research  should  be  well  character-
ized.  The  choice  of  an  animal  for  experimental  design  is  not
straightforward.  Due  to  physiological  and  anatomical  differ-
ences  between  the  human  TMJ  and  that  of  experimental
animals,  there  is  no  animal  model  that  is  valid  per  se.  TMJ
is  a  cardinal  feature  that  defines  the  class  Mammalia  and
separates  mammals  from  other  vertebrates  [12].  TMJ  shows
remarkable  morphological  and  functional  variation  between
different  species,  reflecting  not  only  the  great  mammalian
adaptation  to  feeding  mechanisms  but  also  different  biome-
chanical  behavior  [13].  The  morphological  variations  are
either  correlates  of  loading  (e.g.  size  of  articular  surfaces)
or  movement  (e.g.  orientation  of  the  joint),  or  both.  Loading
of  the  TMJ  is  a  reaction  force  arising  from  the  contraction
of  masticatory  muscles;  its  magnitude  depends  strongly  on
the  position  of  the  bite  point  relative  to  the  muscle  action
line  [14].  Many  commonly  used  laboratory  animals,  espe-
cially  rodents,  fall  in  the  category  of  minimal  TMJ  loading,
especially  during  chewing.  In  contrast,  carnivores  such  as
dogs  sustain  TMJ  loads  that  are  higher  than  those  of  primates
[15].  Opening  of  the  jaw  usually  involves  a  combination  of
rotation  and  forward  sliding  (translation),  but  some  carni-
vores  have  lost  the  ability  to  slide  and  some  specialized
anteaters  instead  use  a  rotation  around  the  long  axis  of
the  curved  mandible  [13].  The  most  extreme  evolutionary
variants  include:

•  loss  of  the  synovial  cavity  in  some  baleen  whales;
•  loss  (or  possibly  primitive  absence)  of  the  disc  in

monotremes,  some  marsupials,  and  some  edentates
(anteaters  and  sloths);

•  variations  in  the  orientation  of  the  joint  cavity  from  sag-
ittal  (many  rodents)  to  transverse  (many  carnivores);

•  reversal  of  the  usual  convex/concave  relationship  so  that
the  processus  condylaris  becomes  the  female  element
(many  artiodactyl  ungulates  such  as  sheep  and  cattle).

In  addition,  the  relative  size  of  the  joint  is  exceedingly
variable.  Sheep,  rabbit  and  monkey  have  been  used  as  TMJ
disc  defect  models  in  many  studies  [16—23]. Monkey  model
is  barely  used  in  recent  years,  considering  the  high  cost,
difficult  surgical  operation  and  ethical  approval.  Rabbit  is
an  excellent  option  for  TMJ  disc  anterior  dislocation  studies
but  the  small  size  of  TMJ  increases  the  difficulty  for  surgical
approach  and  disc  manipulation.  The  authors  agree  with  oth-
ers  studies  considering  sheep  is  a  valid  option  for  TMJ  studies
due  to  TMJ  size,  processus  condylaris  and  fossa  mandibu-
laris  shape,  disc  size,  morphology  and  attachments  [12].
However,  a  deep  biochemical  and  biomechanical  characteri-
zation  of  the  sheep  TMJ  is  lacking  in  the  available  literature.
Hence,  the  aim  of  the  present  study  was  to  examine  the  mor-
phological,  histological  and  biomechanical  properties  of  TMJ
discs  extracted  from  sheep  (Ovis  aries). It  was  hypothesized
that  these  discs  would  present  high  similarity  with  available
data  on  human  TMJ.

Materials and methods

The  material  used  for  this  study  was  obtained  from  sheep
slaughtered  for  meat  consumption.  A  total  of  15  heads  from
Black  Merino  female  sheep,  40  to  50  kg,  were  used:  6  for

morphological  characterization,  4  for  histological  character-
ization  and  5  for  biomechanical  testing.  One  of  the  major
requirements  for  this  study  was  to  use  fresh  TMJ  discs;  for
that  reason  a  team  of  certified  surgeons  was  available  5  days
weekly  to  collect  fresh  TMJ  up  to  a  maximum  of  5  hours  after
death.

Regarding  the  animal  ethical  considerations,  the  present
study  design  was  approved  by  the  Portuguese  National
Authority  for  Animal  Health.

Morphological  characterization

For  morphological  characterization  12  fresh  TMJ  discs  were
collected  from  six  sheep  heads.  A  surgical  discectomy  was
performed  exposing  and  identifying  TMJ  anatomical  struc-
tures.  All  muscular  attachments  were  removed  to  obtain
clean  TMJ  discs.  Discs  were  submersed  for  5  minutes  in
a  ColorBond  solution,  an  extremely  fast-curing  infiltrant,
designed  to  rapidly  strengthen  3D-printed  parts.  This  sub-
mersion  was  essential  to  maintain  the  correct  morphology
for  the  3D  scanning.  A  white  light  3D  scanning  system  (Stein-
bichler  —  COMET  5®)  and  the  appropriate  software  were  used
to  replicate  the  discs  in  a  3D  virtual  model.  Once  the  discs
removed,  two  of  the  skulls  were  boiled  in  water  (120 ◦C)  for
2  h  to  allow  the  procurement  of  complete  clean  crania.

Histological  characterization

Four  sheep  heads  were  used  to  conduct  the  histological
investigation.  The  TMJ  were  removed  using  a  necropsy  bone
oscillatory  saw  according  to  the  following  anatomic  refer-
ences:  cranial  —  cranial  aspect  of  processus  coronoideus  in
the  section  of  the  arcus  zygomaticus;  caudal  —  external  to
the  meatus  acusticus.  The  dorsal  reference  was  established
to  the  squamous  temporal  bone.  The  ventral  reference  was
2  cm  ventral  to  the  meatus  acusticus  in  the  zone  of  angulus
stylohyoideus.

The  joints  were  fixed  in  10%  buffered  formalin  for  ten
days.  Decalcification  was  obtained  by  immersion  in  10%
formic  acid  for  three  weeks,  after  which  the  articulations
were  cut  sagittally  and  transversally  through  the  whole  pro-
cessus  condylaris.  After  intensive  washing  the  fragments
were  submitted  to  routine  tissue  processing  with  paraffin
embedding.  Four-micron  sections  were  stained  with  hema-
toxylin  and  eosin  (H&E)  and  with  Orcein  to  show  elastic  fibers
in  the  disc.  Digital  images  were  obtained  with  an  Olympus
DP21  camera.

Biomechanical  testing

Five  sheep  heads  were  used  for  biomechanical  studies.
TMJ  discs  were  removed  and  immersed  in  a  saline  solu-
tion  for  transport  up  to  the  bioengineering  facilities  (1  hour
maximum).  All  muscular  attachments  and  ligaments  were
removed  to  obtain  a  clean  fibrocartilaginous  disc.  Ten  clean
discs  were  obtained  but  one  was  excluded  due  to  surgi-
cal  damaging.  Consequently,  9  discs  were  randomized  in
3  groups  and  tested  in  different  mechanical  tests:  Tensile
modulus  (E),  tensile  strength  and  elongation  were  tested  in:
anteroposterior  tests  (APT)  and  mediolateral  tests  (MDT).
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Figure  1  Direction  of  loading  on:  (A)  anteroposterior  and  (B)  mediolateral  tensile  tests.  The  dotted  line  represents  the  limit  used
to fix  temporomandibular  joint  (TMJ)  discs  in  grips.  Tension  tests  used  a  strain  rate  of  0.5  mm/min  with  an  initial  distance  between
grips (L0)  of  2  mm.  All  tests  were  conducted  on  a  Zwick  Z100  strength-testing  machine  (Zwick  GmbH  &  Co.  kg,  Germany)  equipped
with a  10  kN  load  cell.  For  the  compression  tests  the  same  rate  was  applied.
Direction  de  la  charge  sur  les  tests  en  :  (A)  antéropostérieur  et  (B)  en  traction  médiolatéral.  La  ligne  pointillée  représente  la
limite utilisée  pour  fixer  les  disques  de  l’articulation  temporomandibulaire  (ATM)  dans  les  mors.  Les  essais  de  traction  ont  utilisé
une vitesse  de  déformation  de  0,5  mm/min  avec  une  distance  initiale  entre  les  mors  (L0)  de  2  mm.  Tous  les  tests  ont  été  effectués
sur un  appareil  Zwick  Z100  (Zwick  GmbH  &  Co.  KG,  Allemagne)  équipé  d’une  cellule  10  kN  de  charge.  Pour  les  tests  de  compression,
les mêmes  paramètres  ont  été  appliqués.

Compression  tests  (CT)  were  performed  using  a  stress-strain
tests.  In  case  of  anteroposterior  tensile  test,  during  loading,
the  TMJ  discs  were  stretched  in  the  direction  represented
on  Fig.  1A,  while  in  mediolateral  tensile  test  the  direction
of  stretching  was  as  shown  on  Fig.  1B.

Results

Morphological  characterization

In  the  sheep  heads  studied,  the  TMJ  was  located,  as
expected,  in  the  posterior  segment  of  the  side  of  the  face,
cranioventral  to  the  external  meatus  acusticus,  being  a
diarthrodial,  bicondylar  joint  that  allows  normal  opening

and  closing  of  the  mandible.  It  comprised  the  superior  artic-
ulating  face,  the  fossa  mandibularis  of  temporal  bone,  and
the  processus  condylaris,  as  the  inferior  articulating  sur-
face  (Figs.  2  and  6).  A  protruding  processus  coronoideus  was
noted  (Fig.  2).

The  superior  articulating  surface  (fossa  mandibularis)
was  located  in  the  inferior  zone  of  temporal  bone,  lat-
eral  of  foramen  ovale  and  anterior  to  the  external  meatus
acusticus.  The  fossa  mandibularis  was  anteroposterior  larger
than  mediolateral  with  a  convexity  downwards.  The  inferior
articulating  surface  (Fig.  3) is  represented  by  the  processus
condylaris,  with  ellipsoidal  shape  with  the  longer  axis  in  the
mediolateral  position,  the  mean  measures  being  23.47  mm
long  (!  =  0.87)  and  8.32  mm  wide  (!  =  1.54).  The  processus

Figure  2  Right  view  of  a  sheep  skull  used  in  the  present  study.  (1)  Processus  condylaris,  (2)  fossa  mandibularis,  (3)  arcus  zygo-
maticus, (4)  eminentia  articularis,  (5)  external  meatus  acusticus,  (6)  processus  mastoideus,  (7)  collum  mandibulae.  P:  posterior;  A:
anterior; S:  superior;  I:  inferior.
Vue  droite  du  crâne  de  mouton  utilisé  dans  la  présente  étude.  (1)  Processus  condylaris,  (2)  fossa  mandibularis,  (3)  arcus  zygomaticus,
(4) eminentia  articularis,  (5)  méat  externe  acoustique,  (6)  processus  mastoïdien,  (7)  collum  mandibulae.  P  :  postérieur  ;  A  :
antérieur ;  S  :  supérieure  ;  I  :  inférieure.
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Figure  3  Articular  surfaces  of  the  temporomandibular  joint  (TMJ).  A.  Superior  articular  surface:  (1)  fossa  mandibularis,  (2)
arcus zygomaticus,  (3)  foramen  ovale.  B.  Inferior  articular  surface:  (1)  processus  condylaris,  (2)  processus  coronoideus,  (3)  incisura
mandibulae,  (4)  foramen  mandibulae.  P:  posterior;  A:  anterior;  M:  medial;  L:  lateral.
Surfaces  articulaires  de  l’articulation  temporomandibulaire.  A.  Surface  articulaire  supérieure  :  (1)  fossa  mandibularis,  (2)  arcus
zygomaticus,  (3)  foramen  ovale.  B.  Surface  articulaire  inférieure  :  (1)  processus  condylaris,  (2)  processus  coronoideus,  (3)  incisura
mandibulae, (4)  foramen  mandibulaire.  P  :  postérieur  ;  A  :  antérieur  ;  M  :  médial  ;  L  :  latéral.

condylaris  was  mediolateral  concave.  The  fossa  mandibu-
laris  receives  the  processus  condylaris.

With  an  easy  surgical  approach  the  authors  located  the
fibrocartilaginous  joint  disc  interposed  between  the  fossa
mandibularis  and  the  processus  condylaris  (Fig.  4).  This  disc
separates  an  upper  joint  cavity  from  a  lower  one.  The  first
was  consistently  larger  than  the  second.  The  bony  structures
were  coated  with  cartilage  more  evident  in  the  processus
condylaris.

In  the  ewes  studied,  the  joint  disc  had  an  elliptical  shape,
being  substantially  thinner  in  the  center  than  at  the  periph-
ery.  TMJ  disc  regions  are  commonly  classified  as  anterior
band,  posterior  band,  and  intermediate  zone  (Fig.  5).  The
intermediate  zone  exhibits  differences  from  its  lateral  to
medial  aspects,  being  often  subdivided  into  lateral,  medial
and  central  region.  The  bands  discs  are  thicker  than  the
intermediate  zone.

The  mean  length  and  width  of  the  12  analyzed  fresh
TMJ  discs  were  21.23  mm  (!  =  1.53)  and  11.49  mm  (!  =  0.62),
respectively.  Anterior  and  posterior  band  thicknesses  were
1.05  mm  (!  =  0.07)  and  1.27  mm  (!  =  0.04),  respectively.
Mean  central  thickness  was  0.76  mm  (!  =  0.09).

The  same  measures  obtained  from  the  3D  virtual  models
were  totally  similar  to  the  ones  registered  in  the  fresh  discs.
An  important  report  and  consistent  with  all  TMJ  was  the
presence  of  viscous  fluid  in  upper  and  lower  compartment.
This  fluid  was  not  analyzed.

Histological  characterization

The  histological  study  of  the  sheep  TMJ  revealed  that  the
articular  disc  was  attached  anteriorly  and  posteriorly  to

Figure  4  View  of  the  right  temporomandibular  joint  (TMJ).
To improve  visualization  the  authors  pulled  down  the  processus
condylaris.  (1)  Cartilage  surface  of  fossa  mandibularis  in  the
upper joint  compartment,  (2)  temporomandibular  joint  disc,
(3) retrodiscal  tissue,  (4)  muscle  pterygoideus  lateralis  (5)  car-
tilage surface  of  the  processus  condylaris  (6)  external  meatus
acusticus.  P:  posterior;  A:  anterior;  M:  medial;  L:  lateral.
Vue  de  l’articulation  temporomandibulaire  (ATM)  droite.  Pour
améliorer  la  visualisation,  les  auteurs  ont  tiré  sur  le  processus
condylaris.  (1)  Surface  du  cartilage  de  la  fossa  mandibularis
dans le  compartiment  supérieur  de  l’articulation  (2),  disque
de l’articulation  temporomandibulaire,  (3)  tissu  rétrodiscal,
(4) muscle  pterygoideus  lateralis  (5)  surface  de  cartilage  du
processus  condylaris,  (6)  orifice  du  conduit  auditif  externe.  P  :
postérieur  ;  A  :  antérieur  ;  M  :  médial  ;  L  :  latéral.
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Figure  5  Temporomandibular  joint  (TMJ)  disc.  A.  Fresh  disc  with  attachments.  B.  Fresh  disc  without  attachments.  C.  TMJ  disc
submitted to  ColorBond  treatment:  (1)  anterior  band,  (2)  posterior  band,  (3)  medial  band,  (4)  lateral  band.  D.  TMJ  disc  3D  virtual
model.
Disque  de  l’articulation  temporomandibulaire  (ATM).  A.  Disque  frais  avec  ses  ligaments.  B.  Disque  frais  sans  ligament.  C.  ATM
soumise au  protocole  ColorBond  :  (1)  bande  antérieure,  (2)  bande  postérieure,  (3)  bande  médiane,  (4)  bande  latérale.  D.  Disque
ATM :  modèle  virtuel  3D.

Table  1  Length,  width  and  thickness  of  the  9  discs  tested.
Longueur,  largeur  et  épaisseur  des  9  disques  testés.

Sample  Dimensions  (mm)  Test

Length  Width  Thickness

Posterior  band  Central  Anterior  band

APT1  22.71  11.06  1.23  0.55  1.14 Anteroposterior
APT2 23.89  10.69  1.12  0.77  0.98
APT3 20.43  11.29  1.23  0.79  1.12
MDT1 19.60  12.63  1.24  0.82  0.94 Mediolateral
MDT2 20.57  10.56  1.36  0.72  1.02
MDT3 20.05  11.39  1.26  0.85  1.10
CT1 20.75  10.07  1.12  0.81  1.02 Compression
CT2 20.49  11.93  1.25  0.79  0.97
CT3 19.94  10.44  1.29  0.80  1.03

APT: anteroposterior tests; MDT: mediolateral tests; CT: compression tests.

the  articular  capsule  composed  by  fibrous  tissue.  Both  the
fossa  mandibularis  and  the  processus  condylaris  surfaces
were  covered  by  a  fibrocartilaginous  layer.  However,  the
fibrocartilaginous  layer  covering  the  processus  condylaris
was  considerably  thicker  than  the  layer  covering  the  fossa
mandibularis  (Fig.  6).

The  central  thin  part  of  the  disc  consisted  of  scattered
fibroblasts  and  densely  packed,  thick  collagen  fiber  bundles
arranged  mainly  in  an  anteroposterior  direction.  The  colla-
gen  fibers  were  not  straight  but  showed  evidence  of  a  wavy

outline.  The  anterior  and  posterior  disc  portions  were  in
turn  occupied  by  collagen  fiber  bundles  with  diverse  orien-
tations  (Fig.  7).  In  some  areas,  these  two  portions  showed
chondrocyte-like  cells  residing  in  lacunae  distributed  among
less  compact  collagen  fibers  (Fig.  7).  Each  lacuna  was  sur-
rounded  by  minimal  amount  of  amorphous  matrix.  The
posterior  band  blended,  in  the  retrodiscal  space,  with  loose
connective  tissue  with  profuse  blood  and  nerve  supply.
A  few  small  caliber  blood  vessels,  surrounded  by  loose
connective  tissue,  were  observed  in  all  parts  of  the  disc
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Figure  6  Microscopic  overview  of  a  sagittal  section  of  the
temporomandibular  joint  (TMJ)  stained  with  haematoxylin-
eosin.  T:  temporal  bone;  D:  central  region  of  the  intermediate
area of  the  joint  disc;  M:  processus  condylaris  (bar  =  10  "m).
Aspect  microscopique  d’une  coupe  sagittale  d’articulation  tem-
poromandibulaire  (ATM)  colorée  par  l’hématoxyline-éosine.  T  :
os temporal  ;  D  :  région  centrale  de  la  zone  intermédiaire  du
disque  commun  ;  M  :  processus  condylaris  (la  barre  =  10  "m).

(Fig.  7).  Also  occasional  unilocular  adipocytes  were  present
at  both  the  anterior  and  posterior  attachments  of  the
disc.

Orcein-positive  elastic  fibers  were  found  throughout  the
disc,  being  apparently  more  abundant  in  the  thinnest  cen-
tral  portion.  In  this  disc  area,  elastic  fibers  were  arranged
mostly  in  parallel  to  the  collagen  bundles  (Fig.  8).  Instead,
in  the  anterior  and  posterior  disc  portions,  elastic  fibers
showed  a  reticular  distribution  among  collagen  fibers  and
chondrocyte-like  cells  (Fig.  8).

Biomechanical  characterization

In  Table  1,  the  measures  of  the  discs  used  in  the  mechanical
tests  are  presented.

Tensile  tests  performed  revealed  that  TMJ  discs  pre-
sented  different  behaviors  for  anteroposterior  and  medio-
lateral  directions  (Fig.  9).

The  obtained  results  demonstrated  that  the  tensile
modulus  of  mediolateral  tensile  tests  is  higher  than
anteroposterior  tensile  tests,  as  well  as  the  tensile  strength
and  elongation  at  break  (Figs.  10  and  11).

In  Table  2  the  results  obtained  for  the  tested  discs  for
tensile  modulus,  tensile  strength  and  elongation  at  break
are  summarized.

Mechanical  testing  under  compression  was  performed  to
evaluate  the  macro-mechanical  performances  of  the  TMJ
discs.  Fig.  12  demonstrates  the  compressive  stress-strain
curves  of  the  tested  discs.

The  TMJ  discs  presented  a  compressive  modulus  (E)  of
446.41  ±  5.16  MPa  and  their  maximum  stress  value  (!max)
was  18.87  ±  1.33  MPa.

Discussion

TMJ  disc  is  a  specialized  fibrocartilaginous  tissue,  located
between  the  processus  condylaris  and  the  fossa  mandibularis
[2,8,24]  as  shown  in  our  sheep  morphologic  characteriza-
tion.  In  humans  TMJ  disc  has  an  elliptical  perimeter,  thinner
in  the  center  than  on  periphery.  Disc  periphery  acts  like  a
ring  structure  supporting  the  central  zone.  The  same  was
observed  in  sheep  disc  morphology.  The  functions  of  the  TMJ
disc  are:

•  to  improve  the  fit  between  bony  surfaces;
•  to  provide  stability  during  mandibular  movements;
•  to  distribute  masticatory  forces  [25].

This  capacity  is  due  to  the  high  concentration  of  collagen
fibers.  This  ring  structure  around  the  disc  is  an  important
structural  aspect  to  support  disc  connections.  The  con-
nection  area  is  rich  in  elastic  fibers,  which  is  essential  to
disc  mobility  in  the  joint.  As  it  was  shown  in  the  morpho-
logical  characterization  of  the  sheep  TMJ,  this  anatomical
structure  revealed  several  similar  characteristics  with  the
TMJ  in  humans,  including  the  mediolateral  diameter  being
longer  than  the  anteroposterior,  the  long  axis  of  the  pro-
cessus  condylaris  directing  backwards,  and  larger  anterior
condylar  slope.  One  of  the  main  differences  is  the  concave
form  of  the  mediolateral  processus  condylaris  that  is  convex
in  humans.  The  processus  condylaris  forms  a  small  antero-
posterior  and  mediolateral  depression  to  fit  exactly  in  the
fossa  mandibularis,  unlike  the  human  processus  condylaris,
which  is  rounded  anteroposterior  and  mediolateral.  The
fossa  mandibularis  is  anteroposterior  larger  than  mediolat-
eral  with  a  convexity  downwards  contrarily  to  the  fossa
mandibularis  in  humans  that  is  concave  upwards.  The  fossa
mandibularis  allows  for  the  free  mediolateral  movement
of  the  processus  condylaris  for  rumination.  The  articular
tubercle,  a special  feature  in  humans,  is  rudimentary  in  the
sheep,  since  the  path  of  the  processus  condylaris  movement
is  mediolateral,  contrarily  to  the  one  in  humans,  which  is
mostly  anteroposterior.  Comparatively,  the  fossa  and  pro-
cessus  condylaris  of  the  sheep  are  much  like  edentulous
human  TMJ,  much  flatter.  Architecturally,  the  processus
condylaris  in  both  species  also  has  a  thin  external  cortex
that  surrounds  the  medullary  bone  that  is  made  up  of  tra-
becular  bone.  There  is  also  a  thin  layer  of  fibrocartilage
covering  the  condylar  surface  and  entire  fossa  mandibularis,
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Figure  7  Photomicrographs  of  various  regions  of  the  sheep  temporomandibular  joint  (TMJ)  disc  stained  with  haematoxylin-eosin.
A. Tightly  packed  collagen  fibers  with  parallel  arrangement  interspersed  by  fibroblasts  in  the  central  portion  of  the  TMJ  disc
(bar =  50  "m).  B.  Haphazardly  arranged  collagen  fiber  bundles  in  the  posterior  band  of  the  TMJ  disc  (bar  =  50  "m).  C.  Chondrocyte-
like cells  in  the  anterior  band  of  the  TMJ  disc  (×200,  bar  =  50  "m).  D.  Small  caliber  blood  vessels  (arrows)  in  the  TMJ  disc  (×100,
bar =  100  "m).
Microphotographies  de  différentes  régions  du  disque  articulation  temporomandibulaire  (ATM)  de  mouton  ;  coloration  à
l’hématoxyline-éosine.  A.  Fibres  de  collagène  denses  avec  un  agencement  parallèle  intercalées  par  des  fibroblastes  dans  la  partie
centrale du  disque  de  l’ATM  (×200,  la  barre  =  50  "m).  B.  Agencement  au  hasard  des  faisceaux  de  fibres  de  collagène  dans  la  bande
postérieure du  disque  de  l’ATM  (la  barre  =  50  "m).  C.  Cellules  chondrocytes-like  dans  la  bande  antérieure  du  disque  de  ATM  (×200,
la barre  =  50  "m).  D.  Les  petits  vaisseaux  sanguins  de  calibre  (flèches)  dans  le  disque  ATM  (la  barre  =  100  "m).

indicating  parts  of  the  temporomandibular  joint  that  are
subject  to  highest  loading.  TMJ  relation  with  the  external
acusticus  meatus,  foramen  ovale  and  the  joint  disc  posi-
tion  interposing  processus  condylaris  and  fossa  mandibularis

are  similar  to  human  TMJ  anatomy.  TMJ  disc  morphology
is  very  similar  to  human  TMJ  disc.  The  choice  of  sheep  as
an  animal  model  for  TMJ  studies  has  been  used  for  sev-
eral  years  [16—23]. TMJ  disc  implants  can  be  an  efficacious

Figure  8  Photomicrographs  of  the  central  zone  (A)  and  (B)  anterior  band  of  sheep  temporomandibular  joint  (TMJ)  disc  stained
with orcein  for  detection  of  elastic  fibers  (bar  =  50  "m).  A.  Longitudinal  elastic  fibers  follow  the  wavy  structure  of  collagen  bundles.
B. Loose  mesh  elastic  fibers  distributed  between  chondrocyte-like  cells.
Microphotographies  de  la  zone  centrale  (A)  et  (B)  antérieure  du  disque  d’une  articulation  temporomandibulaire  (ATM)  de  mouton
colorées par  l’orcéine  pour  la  détection  des  fibres  élastiques  (la  barre  =  50  "m).  A.  Les  fibres  élastiques  longitudinales  suivent  la
disposition ondulée  des  faisceaux  de  collagène.  B.  Réseau  lâche  de  fibres  élastiques  en  vrac  réparties  entre  les  cellules  chondroïdes.
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Table  2  Mechanical  tensile  properties  of  TMJ  discs.
Propriétés  mécaniques  en  traction  des  disques  d’ATM.

Tensile  test  Tensile  modulus  E  (MPa)  Tensile  strength  (MPa)  Elongation  at  break  (%)

Anteroposterior  3.97  ±  0.73  4.34  ±  1.22  170.92  ±  47.87
Mediolateral  9.39  ±  1.67  13.21  ±  0.85  195.23  ±  20.44

TMJ: temporomandibular joint. Tensile modulus (E), tensile strength and elongation at break are reported as mean value ± standard
deviation.

Figure  9  Tensile  mechanical  performance  of  temporo-
mandibular  joint  (TMJ)  discs  in  anteroposterior  and  mediolat-
eral directions.
Résistances  mécaniques  à  la  traction  des  disques  de
l’articulation  temporomandibulaire  (ATM)  dans  les  directions
antéropostérieures  et  médiolatérales.

Figure  10  Mediolateral  tensile  mechanical  performance  of
temporomandibular  joint  (TMJ)  discs.  Tension  tests  used  a  strain
rate of  0.5  mm/min  with  an  initial  distance  between  grips  (L0)  of
2 mm.  All  tests  were  conducted  on  a  Zwick  Z100  strength-testing
machine  equipped  with  a  10  kN  load  cell.
Résistance  mécanique  médiolatérale  des  disques  de
l’articulation  temporomandibulaire  (ATM).  Les  essais  en
traction  ont  utilisé  une  vitesse  de  déformation  de  0,5  mm/min
avec une  distance  initiale  entre  les  mors  (L0)  de  2  mm.  Tous
les tests  ont  été  effectués  sur  un  Zwick  Z100  équipé  d’une
cellule  de  charge  10  kN.

Figure  11  Anteroposterior  tensile  mechanical  performance
of temporomandibular  joint  (TMJ)  discs.  Tension  tests  used  a
strain  rate  of  0.5  mm/min  with  an  initial  distance  between  grips
(L0) of  2  mm.  All  tests  were  conducted  on  a  Zwick  Z100  strength-
testing  machine  equipped  with  a  10  kN  load  cell.
Résistance  mécanique  antéropostérieure  en  traction  des  dis-
ques articulation  temporomandibulaire  (ATM).  Les  essais  en
traction  ont  utilisé  une  vitesse  de  déformation  de  0,5  mm/min
avec une  distance  initiale  entre  les  mors  (L0)  de  2  mm.  Tous  les
tests ont  été  effectués  sur  un  Zwick  Z100  résistance  dans  les
essais (Zwick  GmbH  &  Co.  KG,  Allemagne)  équipé  d’une  cellule
de charge  10  kN.

complement  in  bioengineered  joint  reconstruction  and  ani-
mal  models  may  offer  the  possibility  to  conduct  informative
preclinical  studies.  One  of  the  most  important  problems
to  create  an  effective  TII  is  to  replicate  the  biomechanics
characteristics  of  the  native  disc.  Therefore,  information
on  the  biomechanical  properties  of  the  substitute  material
is  indispensable  for  further  investigation  in  TMJ  disc  tissue
engineering.  During  mandibular  movements  the  TMJ  disc  is
subject  to  a  multitude  of  different  loading  regimens.  TMJ
disc  behaves  as  a  viscoelastic  structure  acting  as  a  stress
absorber  and  a  stress  distributor  [24,27].  Elastic  fibers  play
an  important  role  providing  the  disc  with  the  necessary  vis-
coelastic  structure.  During  every  type  of  loading,  the  disc
undergoes  a  deformation,  while  internal  forces  are  produced
within  the  tissue  [24]. The  internal  forces  are  quantified
by  the  amount  of  stress,  which  is  defined  as  force  per  unit
area  in  Pa  (1  Pa  =  1  N/m2).  There  are  only  two  studies  avail-
able  on  bovine  TMJ  disc  in  which  tensile  and  compressive
modulus  have  been  compared  using  the  same  experimen-
tal  protocol  and  material  [28,29].  In  these  studies  tensile
modulus  ranged  between  22  and  26  MPa,  and  compressive
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Figure  12  Compressive  mechanical  performance  of  tem-
poromandibular  joint  (TMJ)  discs.  Compression  tests  used  a
compression  rate  of  0.5  mm/min.
Résistance  mécanique  en  compression  des  disques
d’articulation  temporomandibulaire  (ATM).  Les  essais  en
compression  ont  utilisé  une  vitesse  de  compression  de
0,5 mm/min.

modulus  between  14  and  17  MPa.  Data  on  the  porcine,  canine
and  human  TMJ  discs  are  available  in  the  literature  but
methods  used  for  disc  obtainment  and  processing  are  not
always  clear.  Reported  tensile  modulus  are  approximately
0.5—80  MPa,  20—25  MPa  and  40—100  MPa,  respectively,  for
the  referred  above  animal  models  [28,30—32]. In  order  to
evaluate  the  mechanical  behavior  of  the  sheep  TMJ  discs,
the  authors  report,  for  the  first  time  as  it  was  possible  to
estimate,  anteroposterior  and  mediolateral  tensile  modu-
lus  and  compressive  modulus.  The  use  of  fresh  TMJ  discs
have  contributed  for  the  results  to  be  representative  of  real-
ity.  Sheep  mandibular  movements  are  mostly  mediolateral
explaining  the  better  performance  of  TMJ  disc  supporting
tension  in  the  mediolateral  direction.  In  conclusion,  sheep
seems  to  be  an  excellent  experimental  model  for  TMJ  stud-
ies,  being  a  large  species  with  many  anatomical  similarities
to  the  human  structure  in  relation  to  surgical  approach,
anatomical  structures  size,  shape  and  position  of  the  pro-
cessus  condylaris.  TMJ  disc  seems  to  be  very  similar  human
TMJ  disc  concerning  morphology,  histology  and  biomechan-
ics.  It  is  the  author’s  purpose  that  the  present  work  will  help
further  research  in  the  field  of  oromaxillofacial  conducted
in  sheep  as  an  excellent  alternative  to  other  more  conven-
tional  experimental  animal  species,  also  more  suitable  for
procedural  surgical  training.
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