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SUBJECTS AND ITS ROLE IN THE DEVELOPMENT OF THE FAAL
FRACTURES

Summary

Background

Occlusal forces have traditionally been explainedransfer through the facial
skeleton along specific osseous trajectories knawrbuttresses. These regions were
assumed as zones of strength due to their thidicabbone structure, while the areas
between the buttresses containing thin corticakbware considered weak and fragile.
However, recent studies revealed that both coréindltrabecular bone of the mid-facial
skeleton of dentulous individuals exhibit remarlkaf#gional variations in structure and
elastic properties. These variations have beeruémty suggested to result from the
different involvement of cortical and trabeculambean the transfer of occlusal forces,
although there has been no study to link bone rarctotecture to the occlusal loading.
Moreover, although the classical concept of buteeshas been extensively studied by
mechanical methods, such as finite element (FE)ysisa there is still no direct
evidence for occlusal load distribution through tbertical and trabecular bone
compartments individually. Additionally, relativeligss scientific attention has been
paid to the investigation of bone structure along [Eort fracture lines that have
traditionally been assumed as weak areas at whiehmid-facial skeleton commonly
fractures after injury. Papers published so farthis field focused mainly on the
epidemiology and the role of injury mechanism ie fracture development, without
considering the structural basis of increased Homgility along the Le Fort fracture

lines.



Hypotheses

Our hypotheses were the following:

- both cortical and trabecular bone participate sdhclusal load distribution
through the mid-facial skeleton,

- certain bone areas in both osseous compartmentsubjected to higher
occlusal loading than others,

- both compact and trabecular bone exhibit regionariations in
microarchitecture as a result of different occlusalds to which they are
subjected during mastication,

- increased bone fragility along Le Fort fractureens due to weak cortical

and trabecular bone microarchitecture in biomeda#nerms.

Material and methods

In order to investigate the mechanical behaviahefmid-facial skeleton during
mastication, we developed a three-dimensional ceenpuodel of a young adult male
skull from images obtained by computed tomograpktye model included: compact
bone, trabecular bone, teeth, all hollow structwéhin the mid-facial skeleton, and
jaw-closing muscles. Biting and clenching were dated on the model using finite
element method, and effective Von Mises stress (YM®mpressive and tensile
component of principal stress, and displacemenevegralyzed. These stresses were
also measured at the specific points in cortical mabecular bone of the model along
and between the buttresses. Stresses measuresl dortical bone were compared with
the results of a recently published study from Brad al. (2013), who simulated
mastication on a similar skull model composed arilgortical bone.

Bone specimens were detached from the corresporsilieg on the same dry
skull and their microarchitecture was analyzed lgroacomputed tomography. For the
investigation of bone microarchitecture in relattorthe occlusal stress, bone specimens
were classified into high stress or low stress grbased on the magnitude of VMS
experienced during mastication. Further, we analymme microarchitecture in relation
to the Le Fort fracture lines, namely, in bone gpeas detached from these lines vs.
bone specimens located away from the fracture.lines



Results and conclusions

Simulation of masticatory activities in this stuslyowed that both cortical and
trabecular bone participate in the distributionootlusal forces. In the cortical bone,
occlusal forces distributed along five vertical rggh nasomaxillary, pared
zygomaticomaxillary buttress, nasal septum) and hwdzontal (frontal, zygomatic)
buttresses, with the highest stress and displaderagistered along the nasomaxillary
buttress. We also observed that trabecular bonthenanterior maxilla was under
significantly lower stress when compared to theticar bone, whereas both osseous
compartments in the posterior maxilla showed sinsteess. This finding indicates that
cortical bone has a priority in the distribution @éclusal loads through the anterior
maxilla, while both cortical and trabecular bonetl®e posterior maxilla are equally
involved in performing this task.

Comparative analysis of stress registered in outehand in the model of Prado
et al. (2013) showed similar distribution of VM3wsdugh the cortical bone, but with
much lower values registered in our model. Sigaificdifferences were detected in the
distribution and the magnitude of the principakstes. Concerning that the model of
Prado et al. (2013) was composed only of corticadel our findings suggest that FE
analysis of stress may be significantly affectetthé skull is modeled without trabecular
bone.

Our results of bone microstructural analysis cledemonstrated that the mid-
facial skeleton in the investigated skull exhibitegyional variations in cortical and
trabecular bone microarchitecture that could berssequence of an adaptation process
to different occlusal stress.

Cortical bone microarchitecture in the regions satgd to high occlusal stress
showed a tendency toward greater thickness andtgelmver porosity, and greater
pore separation. Correlation analysis between raictotectural parameters revealed
that an increase in cortical thickness is accongehbly a significant increase in bone
volume tissue density and pore separation. Additlgnthe analysis also indicated that
an increase in cortical porosity in the mid-facgkeleton is based on the pore
enlargement.

More pronounced differences in bone microarchitectoetween the groups

were detected in trabecular bone, which had sicamitly greater bone volume fraction



(BV/TV), trabecular thickness (Tb.Th), and tissu@une density (TV.Dn) in the high
stress group. Considering that trabecular bone B\Amd Tb.Th are usually the first to
change during the alteration of loading, our resaiipport their high sensitivity to the
changes in occlusal stress. Additionally, correlatanalysis revealed that trabecular
bone significantly increases its BV/TV and TV.Dnregsponse to increased VMS and
compressive stress, which could reflect a possitdehanism of facial bone adaptation
to increased occlusal loading.

Only slight differences in cortical and trabecubmme microarchitecture were
found between the sites of Le Fort fractures ameroparts of the mid-facial skeleton.
Namely, bone along Le Fort fracture lines showedléacy toward thinner and more
porous cortical bone with larger pores, while tablae at the same sites had different
shape and connectivity density that were not s$izdiby significant. We detected
significantly higher degree of anisotropy of trablec bone at the Le Fort lines, which
indicates that trabeculae are orientated in thection of the habitual loading, e.qg.
occlusal forces. Given that such trabecular netvimible to withstand forces resulting
from mastication, it may be less resistant to ualkads such as horizontally directed
mechanical forces. Regardless of this finding, éh@as no clear evidence of weaker
bone microarchitecture in biomechanical terms anrthd-facial skeleton along Le Fort

fracture lines.
Keywords. bone, mid-facial skeleton, buttresses, microarchire, finite element

analysis, occlusal loading, Le Fort fracture.

Scientific field: Medicine
Specific scientific field: Skeletal biology



HacsioB 10KTOpCKE THCEpTanMje:

MUKPOCTPYKTYPHA AJAIITAIIMJA KOILITAHOI' TKUBA ®AIIUIJAJIHOI
CKEJIETA HA JUCTPUBYLUNIY OKJIY3AJIHOI' OIITEPEREWHA KO OCOBA
CA TIYHUM 3YBHUM HH30M U BEHA VJIOT'A Y HACTAHKY IIPEJIOMA
OAIINIJAJIHOT CKEJIETA

Pe3ume

VBon

[Ipema TpaguImoHAITHOM O00jalllkEHY, MPEHOC OKIy3aIHOT onTepehema Kpo3
KOCTH JIMIIa TOKOM >KBakKama 00aBJba C€ NYX CHEMU(PUYHHX IMyTamba YHYTap KOCTH
3BaHUX TpajeKTopuje win ,0arpecu”. OBH IeNOBH KOCTH]Y JIMLA CMAaTpaHHU Cy jaKUM
30HaMa jep WX u3rpaljyje KOpTHKaJIHa KOCT BEJHMKE JeOJbMHE, JOK Cy JIEJIOBH KOCTH
CMEIITEHU M3Mel)y TpajekTopuja cMaTpaHu ciaabum U (QparwiHUM 300T BHUXOBE TaHKE
KopTukanHe rpahe. MelyTum, HemaBHUM HCTpaXHBambHUMa je OTKPUBEHO Ja U
KOPTHUKAJIHA U TpaOeKylapHa KOCT CpPEeIer MacuBa JUIa KoJ ocoda ca MmyHUM 3yOHUM
HU30M II0Ka3yjy 3HadajHe pErrMoHalHe BapHujanuje y rpahi U eJacTUYHUM CBOjCTBHUMA.
OBe ce BapujaIyje 4eCTo CMaTpajy afanTaiijoM KOpTHKaIHEe U TpabeKyaapHe KOCTH Ha
paznuuuto ontepeheme y MPEeHOCYy OKIYy3allHUX Cujla TOKOM JKBakama, HaKo
MIOBE3aHOCT MHKPOAPXUTEKType KOCTH W OKJIy3ajgHor omnrepehema a0 caga HHje
ucnuTHBaHa koJ Jpynu. lllTaBuine, wako je KIACMYHU KOHIIENT MPEHOCA OKIIY3aTHOT
ontepehema My TpajeKTopHja MHTECH3UBHO MPOyYaBaH MEXaHUYKHM METOJama, Kao
MTO je METOJ KOHAYHMX €JIEMEHAaTa, JOII YBEK HHje HCIUTAaHO Ha KOJjU HA4YHUH Ce
OKJIy3aJIHE CHJIE MPEHOCE I0jeIMHAYHO KPO3 KOPTUKAJIHY M TpaOeKyJapHy KOCT.
3Ha4yajHO Mamky Hay4yHy MaXby je MPUBIAUYMWIO HCIIUTUBAKE rpalje KOCTU]y JHIa TyXK
Le Fort imaMja koje Cy TpaJAMIIMOHAIHO CMaTpaHe HajYemNuM MeCTHMa IperoMa
KOCTH]Y (aIljaTHOT CKelieTa y3pOKOBAaHMX MEXaHWYKHM cuiiama. Jlocamamnime cryauje
y 0BOj obmactu cy Omie QoKycHpaHe YIIIaBHOM Ha CMHEMHUOJIONIKA UCTPAXKHUBAKHA U
yIOTY MEXaHW3Ma TOBpEeJe y HAaCcTaHKy OBHX IpeinoMa, JOK CTPYKTyYpHa OCHOBA

noBehaHe ¢pparusTHOCTH KOCTH ayk Le FOortimauja Huje ncnutupaHa.



Xumnorese

Hamme xunorese cy Oue:

- J1a ¥ KOpTUKAJHA U TpabeKyJiapHa KOCT (halMjaTHOT CKeJleTa YYECTBY]Y Y
MPEHOCY OKJIY3aJIHUX CHUJIa TOKOM >KBaKama,

- Jla ¥ KOpTHUKaJHa 1 TpabeKynapHa KocT y oapeheHnM aenoBuMa (arujamrHor
ckenera Tpre Behe onTepeheme TOKOM KBakamba Yy OJIHOCY Ha Jpyre
peruowxe,

- J1a KOpTHKaJHa M TpaOeKyjgapHa KOCT TOKa3yjy perHOHajIHEe BapHjaluje y
MUKPOAPXUTEKTYPH KOje Cy MOCIeANIa HUXOBE aJanTaluje Ha Pa3IuduTo
oKJTy3asiHO ontepeheme TOKOM KBaKamba, 1

- Jla Jouia MUKPOApXUTEKTypa KOCTU y OMOMEXaHMYKOM CMUCIY AONPHUHOCU

noBehaHoj ¢pparuaHOCTH (arujaaHor ckenera 1y Le Fortnmunuja.

Marepujan u MeTozIe

VY nuiby UCIMTHBaKa MEXaHWYKOT TMOHAIIaka KOCTH]Y CPEIer MacHBa JIMIA
TOKOM J>KBaKama, HAMpaBJbCH j€ TPOAMMEH3MOHATHU KOMIIJYTEPCKH MOJEN J00ame
miahe oapaciie ocobe MYIIKOTr I0Jla Ha OCHOBY CHMMAaKa HAYMI-CHHUX amapaToM 3a
KOMITjyTepu30BaHy ToMorpadujy. Mojen je caapkao: KOPTUKAIHY KOCT, TpaOeKyIapHy
KOCT, 3y0e, CBe UIYIUbMHE YHYTap KOCTH]Jy CpeImer MacuBa JIMLA, M MUIIuhe 3a
XKBakame. Ha Monmeny je cumyimpaH MpoleC T'pHKEHa M CTHUCKama 3y0a MEeTOoJoM
koHaunux enemenara (finite element methody amamusupanu cy edextuBau (VOn
Mises) HaroHu, KOMIIPECHBHA M 3aTe3HAa KOMIIOHEHTA TJIaBHMX HAIIOHA, U TIOMEpamba
yHyTap Mozena. HaBejeHn HamoHM Cy MEpeHH Y MOJeny Ha oJpeheHuM MecThuMma y
KOPTUKAJIHO] U TpaOeKyJapHO] KOCTH, TyXK TpajeKkTopuja W u3Mmehy mux. M3mepenu
HaIllOHU y KOPTHKAJIHO] KOCTH Cy ymopeheHW ca pe3yiraruMa HeaaBHO 00jaBJbeHE
cryauje ayropa Pradowu cap. (2013), koju cy cUMyaHpaliud KBakambe Ha CIUIHOM
KOMIIjyTePCKOM MOJIeIy JIobame n3paljeHoM caMo 0J1 KOPTUKAITHE KOCTH.

Ca ucte nobame 3a KOjy CMO HalpaBHIIA KOMITJYTEPCKU MOJEI Y3€TH Cy y30pIH
KOCTH, YHja j€ MHUKPOAPXUTEKTypa aHAIM3WpaHa MPUMEHOM MHUKPO-KOMIIjyTEPH30BaHE
tomorpaduje. Jla Ou ce ucnmrTana MOBE3aHOCT OKIY3aJHUX CHJIA U MUKPOAPXHUTEKType
KOCTH, Y30pIH Cy KJIacu(PUKOBaHU y JIBE TPYyIIE Y 3aBUCHOCHU OJ1 TOTa Ja JIU TPIIe BUCOK

WIM HU3aK HAIlOH TOKOM JKBaKamwa. Y IUJbY JaJbe aHaJUu3e MUKPOAPXUTEKTYype KOCTH Y



onHocy Ha Le Fortnunuje npenoma, cBu y3opuu cy nopeheHu Ha OCHOBY TOra Jia JId Cy

y3€THU Ca MECTa OBUX JII/IHI/Ija WU HE.

Pe3ynraTtu u 3aksbydnu

Cumynanmja mporieca )Bakama je Mmokasaja Ja U KOpTHKaJIHA U TpaOexyaapHa
KOCT YYECTBY]Y Yy HPEHOCY OKIy3aJIHUX CHJIa KpPO3 KOCTU Cpeamer MacuBa JIMILA.
Oxuy3anmHe cmiie Cy ce INMPEHOCHJIE Kpo3 KOPTHKAIHY KOCT Iy IeT BepTHKATHHX
Tpajekropuja (MapHa HOCHOBWJIMYHA, MTApHA jarOJAWYHOBMIIMYHA, U HOCHA Tperpaaa) u
JIBE XOPH30HTAIHE TpajekTopuja (4eoHa, jaroJuyHa), Mpu 4yemy Cy HajBehu HaArloHH U
IIOMEpama PErucTPOBaHM y’XK HOCHOBWIMYHE TpajekTopuje. Takohe je youeHo na je
TpabeKyyiapHa KOCT y Jeny (alnujalHOT CKeleTa M3HAJ MPeamux 3yda IMoj 3Ha4ajHO
MamUM HallOHOM y OJTHOCY Ha KOPTHKAJIHY KOCT, JJOK Cy y 00a CerMeHTa KOCTH y /Iy
daumjamHOr CKeneTa M3HaA OOYHHMX 3y0a PErMCTpOBaHE CIMYHE BPETHOCTH HAIOHA.
Ogaj Hana3 cyrepuiie Aa KOPTUKAIHA KOCT Yy MpeameM ey (alujalHor cKeneTa uma
BOXHU]Y YJIOTY Y MPEHOCY OKIY3aJIHUX CHUJa, JOK Cy y OOYHO] perdju KOpPTHKAIHA U
TpabeKyiapHa KOCT MO/IjeTHAKO aHTaKOBaHe Y 00aBJbarky OBOT 3a7aTKa.

VYnopenHa aHajgu3a HalOHAa PETHCTPOBAHUX Y KOPTHUKAIHO] KOCTH y HaIleM
Mozeny U y mojaeny ayropa Pradowm cap. (2013) mokaszana je nma je y oba ciydaja
auctpuOynuja Von MiSesSHamoHa y KOPTUKAJIHO] KOCTU CIIMYHA, ajld Cy MHTCH3UTETH
HaIlOHA y HaIlleM MOJIey OWJIM HUXKHU. 3HauajHe pasnuke u3Mmehy moaena cy npumehene
y JUCTpUOYIMjH U MHTEH3UTETY KOMIIPECHBHE U 3aT€3HE KOMIIOHEHTE TJIaBHUX HAIOHA.
Wmajyhu y Buny na je xommnjyrepcku Mojen Jiobamwe ayropa Pradou cap. (2013)6wmo
u3paheH caMo o]l KOpPTHKaJIHE KOCTH, OBaj Haja3 yKa3yje Ha TO Jia pe3yjiTaTu aHaIu3e
HaIroHa MOTY OWTH 3HA4YajHO MPOMEHEHU YKOJHMKO Yy MOJECI Jo0ame HHUje YKJbydeHa U
TpabeKyapHa KOCT.

PesynraTu cTpyKTypHE aHalu3e KOCTU CY jaCHO IMOKa3aliH Ja KOCTH CPEIher
MacHuBa JIMLA TO0Ka3yjy pPEruoHaliHe pPa3JIMKe Y MHUKpPOAPXUTEKTYpH KOPTHUKAJIHE M
TpabeKyJlapHe KOCTH, KOjeé MOTry OHWTH Ofpa3 HHUXOBE aJalTaiuje Ha pazInduTo
OKJTy3aJTHO onTtepeheme.

Koprtukanna kocT Ha MecTuMa koja Tpre Behe onrepeheme TOKOM KBakama je
MoKa3aja CKJIOHOCT Ka Behoj AeOJbMHM M TYyCTHHHU, MamO] MOPO3HOCTH, W Behoj

pasnBojeHoctu mopa. KopematuBHa ananmsa w3Mel)y mapamerapa je OTKWIA Ja je



nosehame 1e0JpbMHE KOPTHKAIHE KOCTH MpaheHo 3HauajHuM nosehameM mbeHe IyCTHHE
U pasznBojeHocTH mopa. Ilopen Tora, mokasaHo je W jaa ce mosehame MOPO3HOCTH
KOPTUKAJTHE KOCTHU (DaIMjaTHOT CKeJeTa JielliaBa Ha padyH moBehama BeTUYHHE Topa.

W3pakeHnje pa3iuKe Cy OTKPUBEHE Y MUKPOAPXUTEKTYPH TpaOeKyIapHe KOCTH,
KOja je uMaia 3HauajHo Behu BoJyMeH U 1e0JbHHY TpaOekyia y Ipynu Koja Tpmu Behe
oxity3asiHO onrtepeheme TOKOM jkBakama. byayhu na ce oBuM mapamerpu 4ecTo IMpBH
MEHWajy TOKOM TpoMeHa omnrtepehema Ha KOCT, Halld pe3yiTaTH Takole roBope y
NPUJIOT FUXOBE BEIHMKE OCET/HMBOCTH HAa MHTEH3UTET OKIy3aitHor onrtepehema. [lopen
TOra, KOpelaTHBHA aHalu3a je TOoKa3aja Jia ca MOpacTOM HaloHa Y KOCTH 3Ha4yajHO
pacte BOJTYyMEH M TyCTHHa TpaOeKyiaapHe KOCTH, LITO MOXE Ja yKake Ha Moryhu
MEXaHW3aM MUKPOCTPYKTYpHE ajanTaliidje KOCTH]y Julla Ha MoBehaHO OKIy3aJlHO
ontepeheme.

CacBuM Maje pas3idKe y MHUKPOAPXUTEKTYpU KOPTHKAIHE M TpalOeKyaapHe
Koctu 3abenexene cy u3mely mecra Le Fort nuamja mpemoma M JApPYrux JeioBa
danujamHor ckenera. Haume, koctu nuna nyx Le Fortnuauja umarne cy Hemro Tamy U
MOPO3HU]y KOPTHKAIHY KOCT ca BehuM mopama, JOK Cy TpaOeKyJie y OBUM JIeJIOBUMA
¢daumjanHOr ckenmera Owie JApyraudje mo oOaMKy W MehycoOHO moBe3aHwuje.
PerucrpoBan je 3HauajHo Behu cTeneH aHU30TPONHje TpabeKylapHe KOCTH Ha MecTUMa
Le Fort nmnuja, mTo ykasyje Ha To na je BehnHa Tpabekyna opjeHTHCaHa y MpPaBIly
JIeJCTBa CHJIa KOj€ Ha HHUX JIENy]y TOKOM yOoOWYajeHuX aKTUBHOCTH, Tj. >KBaKama.
bynyhn na je oBakBa TpaOekymapHa Mpeka CIOCOOHAa Ja ce OIymnpe JIejCTBY
OKIIy3aJIHUX CHJIa, OHA jeé MCTOBPEMEHO Mamke OTIOpPHA Ha JEjCTBO CHJIA U3 JIPYTUX
npaBana, HIp. MEXaHUYKE CUJIe XOPU3OHTAIHOT IMpaBla. YIPKOC OBOM Haslazy, HAIIH
pe3yaTaTH HUCY jaCHO yKa3aJld Ha TO Jla je MHUKpPOapXHUTEeKTypa Koctu nyx Le Fort
JUHW]ja TIpeJioMa JIolMja y OMOMEXaHWYKOM CMHUCIY Y OJIHOCY Ha JIpyre JIeioBe

(anmjamHOr CKemera.

Kibyune peum: xocT, ¢anujaJHd CKeJIEeT, TPajeKTOpHje, MUKPOAPXUTEKTYypa, METO]

KOHAYHUX eJIeMeHara, okiy3ainHo ontepeheme, Le Fortdpakrype.

Hayuna o0aact: meauiHa

VY:ika Hay4Ha 00J1acT: Ouosoruja ckeaera (0CTeosIoruja)
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1. INTRODUCTION

1.1. Thefacial skeleton: an anatomical per spective

The facial skeleton is made up of fifteen irregulaones joined in a
multifunctional unit that assists in the processésdeglutition, respiration, speech,
housing the sensory organs, and many others. Sértee dacial bones, such as the
maxilla and mandible, contain teeth and/or aiedlicavities (paranasal sinuses) which
make their morphology more complex.

Like other skeletal sites, the facial bones consistompact (or cortical) bone
and spongy (or trabecular) bone. Cortical bone itree surfaces of the bones and air-
filled cavities, while trabecular bone occupies #pace beneath cortical bone layer.
Given that majority of the facial bones consistyoaf thin cortical bone and the fact
that only few bones contain significant amountstrabecular bone makes the facial

skeleton unique in terms of morphology and archiiec

1.2. Classic concept of occlusal load transfer

Early descriptions of the facial skeleton archileetwere made at the beginning
of the 28" century, when few researchers observed that neegions of the mid-facial
skeleton consist of a very thick cortical bone thate a form of vertical and horizontal
pillars (Le Fort, 1901; Testut, 1911; Cryer, 191B)ese osseous pillars were assumed
to act as stress trajectories or “buttresses” émasure structural integrity of the mid-
facial skeleton during mastication by transferroaglusal forces from the teeth to the
cranial base and vault (Cryer, 1916). Cryer (19dr@)inally described six vertical and
three horizontal buttresses of the mid-facial skelgFigure 1). Three paired vertical
buttresses (nasomaxillary, zygomaticomaxillary, aptkrygomaxillary) had been
suggested to transfer most of the occlusal loaduei 1A). Thenasomaxillaryor
anterior buttresswas suggested to transfer occlusal forces from athierior teeth
upward around the piriform aperture to the fropi@icess of the maxilla and the frontal

bone. Thezygomaticomaxillaryor middle buttresswas assumed to dissipate occlusal



forces from the premolars and the anterior molaggjard the frontal and temporal
bone following the frontal and the temporal procefsthe zygomatic bone, respectively.
The pterygomaxillaryor posterior buttresswas suggested to distribute the loads from
the posterior molars(s) to the cranial base overpbsterior maxillary wall and the
pterygoid processes of the sphenoid bone. The osgsut of the nasal septum (Figure
1B), which was initially assumed to support the maértical buttresses (Cryer, 1916),
had been recently proposed as the seventh vedicsdgittal buttressthat is equally
important in the distribution of occlusal loads {Bck, 2012).

Figure 1. Buttresses of the mid-facial skeletah: the nasomaxillary buttress (blue
arrow), the zygomaticomaxillary buttress (red arrow), and thepterygomaxillary
buttress (yellow arrow); B. the sagittal buttress (green arrow), thefrontal buttress
(upper violet arrow), theygomatic buttress (middle violet arrows), and thmaxillary

buttress (lower violet arrow).

Classical theory of the occlusal load distributedeo proposed three horizontal
buttresses (Figure 1B) to be indirectly involved performing this task by
interconnecting the vertical buttresses at differivels (Cryer, 1916; Sicher and
Tandler, 1928). The maxillary buttress consistshef alveolar processes and the hard

palate that make a platform from which all vertibaittresses ascend. The zygomatic



buttress includes infraorbital rims, and the bodyl dhe temporal processes of the
zygomatic bones, and thus connects the anteriotrencdhiddle vertical buttresses. The
same vertical buttresses are also connected &t\beof the supraorbital rims and the
region of glabella, which constitute the frontalttbess. Beside their role in the
stabilization of the vertical buttresses, horizbiattresses were suggested to support
the mid-facial skeleton mechanically against hartatly oriented impacts to the face
(Cryer, 1916; Sicher and Tandler, 1928; Rowe anliiaiis, 1985).

Testut (1911) and Cryer (1916) suggested thatiloigion of occlusal loads
occurs only through the cortical bone along bustees while the remaining parts of the
mid-facial skeleton between the buttresses werenasd not involved in this process
due to their thin cortical bone structure (Test®11; Cryer, 1916).

1.3. Investigations of the occlusal load transfer by mechanical methods

1.3.1. Strain gauge analysis

The mechanical behavior of the mid-facial skelethiing mastication was
extensively studied in dry human skulls using strsensitive transducers, also known
as strain gauges (Endo, 1965; 1966; 1970). Whewtat to the bone surface, these
electronic devices were able to register microdeédions of cortical bone in response
to artificial tooth loading. During such experimgnEndo (1965; 1966; 1970) found
mainly compressive deformations on the cortical eo@urface along the vertical
buttresses and simultaneous tensile deformationshen region of the horizontal
buttresses. Although the highest strains were tixten the cortical bone of the alveolar
process just above the loaded teeth (Endo, 1985nagnitude was significantly higher
around the anterior teeth than around the molansldE1965). Moreover, Endo found
that loading of the anterior teeth causes mucherigtrains at any point in cortex of the
mid-facial skeleton than posterior teeth loadingdg, 1965).

The contribution of the masseter and/or temporatigsscle action to the
deformation of the facial skeleton was also inggged by strain gauge technique. It

was found that isolated action of both muscles &susimilar pattern of bone



deformations in the upper third of the facial skatewith the only difference in the
strain magnitude (Endo, 1970). Namely, bone straingsponse to the masseter action
were predominantly tensile, whereas isolated actibthe temporalis muscle caused
mainly compressive bone deformations at the satee @ndo, 1970).

1.3.2. Photoelastic models of the skull

Recently, the distribution of occlusal forces waslgzed in three-dimensional
(3D) models of the mid-facial skeleton by photottasechnique of stress analysis.
These models were created of a birefringent isatropaterial, which could predict
direction of occlusal force dissipation by “transfong internal stress into the visible
light” (Alexandridis et al., 1981). Namely, whenlegam of polarized light passes
through the photoelastic material under loadingiilitsplit into two beams showing the
direction of the principal stress (Alexandridisa¢t 1981; 1985). Beside the qualitative
analysis, this technique also offered a semi qtaivie assessment of the stress
magnitude presented by different color intensitging 3D photoelastic models of the
skull, Alexandridis et al. (1985) found uniformess distribution along the three main
vertical buttresses. The highest stress was oldenvthe alveolar process. Similar to
Endo’s findings of significantly lower principal ratns in the posterior vs. anterior
maxilla (Endo, 1965), Alexandridis et al. (1981;859 also described much lower
occlusal stress in the region of the pterygomailtauttress.

Although strain gauge data and photoelastic modelgaled important data
related to the mechanical behavior of cortical bdueng occlusal loading, neither the
contribution of all masticatory muscles nor theerof trabecular bone in the occlusal

force distribution were possible to assess by thed@iques.

1.3.3. Finite element analysis

More recent application of computer modeling in tfield of dental
biomechanics, e.g. 3D finite element analysis (FEappeared the most promising for
clarifying the pattern of occlusal load distributithrough the mid-facial bones (Tanne

et al., 1988). Using this technique, it became iptesto create computer models of



geometrically complex structures composed of materiwith different elastic
properties, such as the skull, and to perform botiitative and quantitative analyses of
stress and strain within each material during veritmading conditions. However, the
advantages of FEA were used only partially by a $wdies that investigated occlusal
load transfer without a comprehensive evaluationthed mid-facial biomechanics.
Moreover, these studies provided conflicting resuhat, in some cases, differed
significantly from the theory of buttresses andfmain gauge data. The first 3D FEA of
the skull showed nearly uniform distribution of busal stress through the cortical bone
of the mid-facial skeleton during simulation of mtfing (Gross et al., 2001). The same
authors also reported that von Mises stress (VMS)lted from biting simulation splits
above the loaded tooth in the “V’-like form and gsipates in the direction different
from buttresses (Gross et al., 2001). By conti@attaneo et al. (2003) described that
the distribution of VMS during the first and secandlar biting follows the route of the
zygomaticomaxillary buttress. More recently, Pratd@l. (2012; 2013) measured VMS
at the specific points along the proposed vertimgtresses during the loading of the
canine, anterior molars, and posterior molars,eetdgely, and concluded that occlusal
stress distributes unevenly through the mid-faskaleton.

In addition to inconsistent results reported invpyes FE studies, the anatomy
of the mid-facial skeleton models had been freduentersimplified. The models were
usually created only of cortical bone (Gross et2001; Prado et al., 2012; Prado et al.,
2013) neglecting the fact that trabecular bone iwithe maxilla and the zygomatic
bone might participate in the distribution of ogdliforces. Only Cattaneo et al. (2003)
included trabecular bone in the model, but the usall load distribution was analyzed
only in cortical bone. The authors generally focusa the investigation of the main
vertical buttresses, while the mechanical behavidhe nasal septum and the horizontal
buttresses during habitual masticatory activitiad been rarely reported. Bone elastic
properties and the magnitude of force applied éotéeth, accurate selection of which is
crucial for FEA (Strait et al., 2005; Groning et, &012), differed significantly from the
experimentally calculated values in healthy denitadéviduals. Moreover, these studies
did not provide direct evidence for occlusal stréssribution, particularly through the

cortical and trabecular bone compartments indivlgiua



1.4. Relationship between facial bone structure and occlusal loading

Bone is a dynamic tissue that changes its strugtun@sponse to functional
loading (Wolff, 1870; Skedros and Baucom, 2007)isT¢oncept known as “Wolff's
law” had been extensively studied in the postctamimes, especially in the proximal
femur and the vertebrae. However, the role of timetional masticatory activities in the
microstructural adaptation of the mid-facial bonkas received little scientific
consideration.

Recent studies in both animals and humans (Brdsat.,e1994; Bresin et al.,
1999; Mavropoulos et al., 2004; Mavropoulos et2005; Tanaka et al., 2007; Odman
et al., 2008; Kingsmill et al., 2010) demonstratedt alterations in magnitude and/or
direction of occlusal loading may cause remarkabignges in cortical and trabecular
bone structure. Reduced occlusal loading in aninfieds with soft food had been
associated with thinner cortical bone (Bresin et E#99), highly mineralized cortical
and trabecular bone (Tanaka et al., 2007), andedsed trabecular thickness (Tb.Th)
and bone volume fraction (BV/TV) of trabecular b@Beesin et al., 1994; Mavropoulos
et al., 2004; Mavropoulos et al., 2005; Odman t28l08). Kingsmill et al. (2010) also
reported that switch to a soft food diet in growiags results in a greater mineralization
density of the frontal bone. The altered bone stingcwas also detected in the frontal
and zygomatic bone of edentulous human skulls (Becet al., 2010; Williams and
Slice, 2014). Reduced occlusal loading followingtkoloss causes thinning of cortical
bone in the whole facial skeleton (Dechow et aD1®, and also the change of
trabecular shape within the zygomatic bone fronteplike to rod-like, thinning of
trabeculae, reduced trabecular bone density, ande nmoegular arrangement of
trabeculae (Kato et al., 2004; Yoshino et al., 30@fthough these studies had been
largely restricted to the alveolar bone assessstpcal biomechanical response to the
occlusal loading, they strongly suggest that faskaleton acts as a functional unit and
that investigations of functional bone adaptatibowdd include the whole mid-facial
skeleton instead of a single region.

Moreover, recent studies of the mid-facial boneudtre also revealed
remarkable regional variations in cortical and é@dar bone architecture in dentulous
individuals (Peterson and Dechow, 2003; Petersai.,e2006; Park et al., 2008). Thin



cortical bone placed between the buttresses wasdfda be generally denser in
comparison to areas containing thick cortical bdReterson and Dechow, 2003;
Peterson et al., 2006). Regional variations in idgia$ both cortical and trabecular bone
were also detected on CT images in dentulous pati@Park et al.,, 2008). Beside
structural differences, the elastic modulus of ¢beical bone also varied significantly
across the dentulous maxilla (Peterson et al., RODBese studies focused only on
mapping the inter-site variations in architectunel amechanical properties of the mid-
facial bones, even though such variations were estgd to reflect different
involvement of bone in the transfer of occlusatés (Peterson et al., 2006). There has
been no comprehensive study of the regional variatiof the mid-facial bone

microarchitecture in relation to the occlusal |alstribution.

1.5. Investigation of the mid-facial fractures

The maxillo-facial fractures are among the most mam injuries in trauma
patients (Hardt and Kuttenberger, 2010). The leadiauses of the facial injuries are
traffic accidents, sport-related injuries and déifly activities, which account for almost
90% of all maxillo-facial fractures (Steidler et,d980; Kahnberg and Géthberg, 1987,
Rakocevic, 1993; Alvi et al., 2003; Gassner et2003; Hardt and Kuttenberger, 2010;
Venugopal et al., 2010). Although the facial boreetures can affect an individual from
early childhood to old age, they are most commalifgnosed in the third decade of
life (Dimitroulis and Eyre, 1991; Rakocevic, 1993assner et al., 2003; Lee, 2009).
Epidemiological studies also suggested clear makxdgminance in the overall
craniofacial trauma (Steidler et al., 1980; Gassteal., 2003; Hardt and Kuttenberger,
2010; Venugopal et al., 2010; Zandi et al., 2011).

1.5.1. Zones of weakness in the mid-facial skeleton

It has been traditionally explained that fractuséshe mid-facial skeleton occur
in the regions where bone has a weaker structurbiomechanical terms. Early
anatomical descriptions of the facial bone architec assumed thin cortical bone

located between the buttresses as zones of wealresssit, 1911; Cryer, 1916). Based



on the strain gauge data, Endo (1965) assignepatef the maxilla above the anterior
teeth as a weak area due to the highest strainstewsgl in this region during tooth
loading. However, Le Fort (1901) was more preciséefining the zones of weakness
within the mid-facial skeleton. By performing a issr of experiments on cadaveric
skulls, this author recognized characteristic locest in the maxilla and associated
bones at which fractures most commonly occur afteitusion and compressive blows
to the face (Le Fort, 1901). Le Fort originally desed three “areas of inherent
weakness and comminution” (Le Fort, 1901), whichcdmee widely accepted
classification scheme of the mid-facial fracturasbioth basic sciences and clinical

practice (Figure 2).
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Figure 2. Lines of weakness in the mid-facial skeleton sugddsy Le Fort

The first area, known as Le Fort | fracture lineteads from the lateral aspect of
the piriform aperture through the maxilla above dpgces of the tooth roots including
the pterygoid plates (Figure 2). Le Fort Il fragtline starts from the nasofrontal suture
or below it, progresses through the frontal procéddtie maxilla and the lacrimal bone
to the inferior orbital wall and rim, passes downivand outward along the anterior
surface of the maxilla under the zygomatic bonegpss across the pterygomaxillary
junction to the pterygoid process (Figure 2). LetHb fracture line extends from the

nasofrontal and frontomaxillary sutures along thedial orbital wall, passes over the



orbital floor and its lateral wall involving the ggmaticofrontal suture and the

zygomatic arch (Figure 2).

1.5.2. Therole of the bone-related factorsin the Le Fort fracture development

Although Le Fort suggested that bone architectaramportant in the fracture
development (Le Fort, 1901), it remained almosixpi@ed to what extent bone-related
factors contribute to the increased fragility aldmgFort lines. In the last decades, many
authors assessed bone fracture tolerance by megdhe minimum force needed to
cause a fracture in a single facial bone. The namaés were found to be the weakest in
the facial skeleton with a fracture tolerance raggbetween 342.5 N and 850 N
(Swearingen, 1965; Nahum, 1975; Cormier et al.,020Dther bones, such as the
maxilla and zygomatic bone, were more tolerablengrhanical forces resisting up to
1801 N (Swearingen, 1965; Schneider and Nahum,;19@Bum, 1975; Allsop et al.,
1988; Yoganandan et al., 1991; Hardt and Kutterdye@10).

Recent studies that investigated age-related haiceufes at postcranial skeletal
sites suggest that bone structure and geometry glaignificant role in the fracture
development (Beck et al., 1990; Nakamura et aB41®uboeuf et al., 1997; Michelotti
and Clark, 1999; Partanen et al.,, 2001; Gnudi gt24104; Pulkkinen et al., 2006;
Kaptoge et al., 2008; Djonic et al., 2011). Ageatetl deterioration in bone structure
and composition that happen at all hierarchicatlewf bone organization leads to a
reduction in bone strength and the consequentaseren fracture risk (Lundeen et al.,
2000; Cui et al., 2008; Chen et al., 2010; Djuticak, 2010; Bernhard et al., 2013;
Djonic et al., 2013; Milovanovic et al., 2014). Ehermore, regional heterogeneity in
cortical and trabecular bone microarchitecture tlegult from differential stress and
strain distribution through the bone was frequentgd to explain why bone is more
susceptible to fracture in certain parts than imect (Burr et al., 1997; Ciarelli et al.,
2000; Legrand et al., 2000; Homminga et al., 20&bling et al., 2002; Gong et al.,
2005; Warden et al., 2005; Ruff et al., 2006; Seaudnd Miller, 2006; Eckstein et al.,
2007; Hulme et al., 2007; Djuric et al., 2010; Wagr et al., 2010; Milovanovic et al.,
2012). However, there has been no study to assessstnuctural properties of the mid-

facial bones along Le Fort fracture lines.



2. RESEARCH HYPOTHESES

Our hypotheses were that:

1. both cortical and trabecular bone participate i@ tfansfer of occlusal forces
through the mid-facial skeleton,

2. distribution of occlusal forces through the midiédcskeleton is not uniform,
and that certain bone areas in both cortical aafletular bone experience
higher occlusal loads during habitual masticatatjvaies than others,

3. both compact and trabecular bone exhibit regionahriations in
microarchitecture as a result of different occlusakss experienced during
mastication,

4. increased bone fragility along Le Fort fracturesfirin the mid-facial skeleton is
due to weak cortical and trabecular bone microgechire in biomechanical

terms.
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3. RESEARCH GOALS

The aims of our research were the following:

1.

to develop an improved 3D computer model of the-fadal skeleton and to

simulate biting and clenching using finite elemanalysis (FEA),

to clarify the distribution of occlusal forces thigh the cortical and trabecular
bone of the mid-facial skeleton during biting aeinching, through qualitative

and quantitative analyses of stress and displacemen

to analyze microstructural properties of corticatldrabecular bone by micro-
computed tomography (micro-CT) in those regionthefmid-facial skeleton for

which computer simulation (FEA) shows that are satgd to high and low

occlusal stress,

to compare quantitative microstructural parametdrgortical and trabecular

bone between regions of the mid-facial skeletonesied to high and low stress
and to explore whether these parameters are assciath adaptation of the

mid-facial skeleton to the occlusal loads,

to analyze microstructural properties of corticatl drabecular bone of the mid-
facial skeleton by micro-CT along Le Fort fractlines,

to compare quantitative microstructural parametdrgortical and trabecular

bone between areas of Le Fort fracture lines ahdrgbarts of the mid-facial

skeleton and to assess whether these parameteessoeiated with a greater
bone fragility in the region of Le Fort fractures.
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4. MATERIAL AND METHODS

4.1. Finite element analysis

Finite element (FE) method is a numerical technitheg is widely used in
engineering to predict mechanical behavior of gdanaly complex objects under
various loading conditions. The technique is basedthe principle of dividing the
whole object into small parts of the same geomdamgwn as finite elements, which are
interconnected by number of nodes. Displacemestarhents and nodes resulting from
loading can be calculated, if the mechanical prisgerof the tested object and finite
elements are known. The obtained values of nodgdlatement are used to calculate
stress and strain of the object by numerous mattieshaquations.

In FE analysis, stress is commonly reported inctiffe von Mises stress and
principal stress. Von Mises stress (VMS) refletts overall stress state in the object,
but it cannot define the type of stress, e.g. casgion or tension. This can be
expressed by principal stress, which negative gaindicate compression, whereas
positive values characterize tensile stress. Thgilolition of stress in the tested object
is commonly illustrated by different colors. In tbase of VMS, red areas on the object
signify high stress, while blue areas indicate Istness (Figure 3A). Similar is for
principal stress: areas under tension are presenteeld color, whereas areas under

compression are in blue (Figure 3B).

Von Mises
Stress [MPa]
3.66

Compressive
Stress [MPa]

%9

Figure 3. Distribution of von Mises stresé&) and compressive stresB)(in the skull

model obtained by finite element analysis.
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Concerning that FE analysis is performed on thepder model of the desired
object, more realistic representation of its geort@tdetails will provide more accurate
results. For complex objects, it is also possiblenbdel more than one material and to
assess their mechanical behavior individually. Addally, certain variables are also
needed to be defined during the modeling procedumder to make the FE analysis
possible. These include:
- material properties of each material that congitilte model (defined by
Young’'s modulus and Poisson'’s ratio), and

- selection of boundary conditions (the site(s) om tisted object where the
force will be applied including its magnitude anidedtion; region(s) of the
object where finite elements will be constrainedl aot displaced during
loading).

Given that FE method is an approximation of a reahdition, inaccurate

selection of any of these variables could potdgtiafluence the FEA results.

4.1.1. Development of computer model of the mid-facial skeleton

4.1.1.1. Selection of the dry human skull

A computer model of the mid-facial skeleton in study was developed from
CT images of a dry skull of a young adult Caucasiale (Figure 4A), which was
selected from the skeletal collection stored atlii@oratory for Anthropology, Institute
of Anatomy, School of Medicine, University of Bedgle. The skull was completely

preserved with the fully dentate maxilla.
4.1.1.2. Scanning of the skull by computer tomography

The skull excluding mandible was scanned in a dygddion using clinical
Computed Tomographyspmatom Sensation 18iemens, Munich, Germany). The CT

imaging was performed at the Department of Radiglo§chool of Dentistry,

University of Belgrade. The skull was positionedrgbal to the Frankfurt plane.
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Scanning was performed in a bone window with aag#tof 120 kV and a tube current
of 40 mAs. A total of 179 axial sections were obé&al with a single slice thickness of
0.75 mm (Figure 4B).

4.1.1.3. Extraction of bone and teeth from CT images

The development of 3D computer model of the midalaskeleton from CT
images and FE analysis were performed at the Bineagng Research and
Development Center (BiolRC), Faculty of Engineeriblgiversity of Kragujevac. The
CT images were imported into Mimics visualizatiafteare (version 10.1, Materialize,
Leuven, Belgium) that allowed an accurate 3D regrtgion of the mid-facial anatomy
including variations in cortical thickness, locatiand volume of the trabecular bone,
and all hollow structures within the facial bon&s. automatic segmentation procedure
based on thresholding and boolean operations vee@ to mark out and extract cortical
bone, trabecular bone and teeth from CT imagesdividual models, and to join them
together in the final computer model of the mididhskeleton (Figure 4C). First, bone
areas were selected on each CT slice via autormagmentation and extracted in a
temporary skull model, which contained both cottiaad trabecular bone. Hollow
structures inside the skull, e.g. the paranasailssi, nasal and cranial cavity, were also
created during this step. Part of the cranial vablove the attachment site of the
temporalis muscle was excluded in order to keeyy tim¢ region of interest and to
reduce the time of analysis. By combining automatid manual segmentation, cortical
bone was marked out on CT images and extracted individual cortical bone model.
This model was then subtracted from the temporkmyl snodel by means of boolean
operations in order to leave parts of the mid-faskeleton containing only trabecular
bone. Given that the resolution of CT images wak sufficient for the precise 3D
reconstruction of trabecular network, trabeculandwas modeled as a solid structure.
The segmentation procedure was also used to saidcextract teeth from CT images
(Figure 4C). The periodontal ligament was not medealue to its minor influence to the
overall load transfer through the mid-facial skete{Cattaneo et al., 2003; Wood et al.,
2011; Groning et al., 2012).
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Laboratory for Anthropology,
Faculty of Medicine, University of Belgrade
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AND TEETH (Mimics Software)
BioIRC, Faculty of Engineering
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Center for diagnostic radiology

Faculty of Dentistry, University of Belgrade FULLSKULLMODEL

Figure 4. Development of the computer model of the slAillSelected dry
human skull;B. CT scan of the skull at the level of the zygormatthes;C. Computer
model of bone and teeth extracted from CT imaBedlesh of finite element&. Full

skull model.

4.1.2. Creation of mesh of finite elements

After computer models of cortical bone, trabecllane, and teeth were created,
all tissues were divided into finite elements. FegdD shows a mesh of finite elements
created within each tissue by TetGen software (HaingVIAS, Berlin, Germany). We
used linear tetrahedrons as finite elements witlaarage size of 0.25 mm, 1.0 mm,
and 2.5 mm for cortical bone, trabecular bone, tepth, respectively. The total number
of finite elements and nodes representing eacbhetisslisted in Table 1.
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Table 1. Number of nodes and elements representing essetiin the model

Material Nodes Elements
Cortical bone 101271 182232
Trabecular bone 89545 144782
Teeth 59964 97126

4.1.3. Selection of material properties

Cortical bone, trabecular bone and teeth were asduras isotropic,
homogeneous, and linearly elastic materials. The gkull was used only for an
accurate representation of the mid-facial skelgeometry, but the material properties
of the dry bone were not assigned to any tissuader to avoid possible influence on
the FE results. Instead, Young's moduli of 9.1 GP&,GPa, and 20 GPa were assigned
to cortical bone, trabecular bone, and teeth, wsy. Unlike previous FE studies,
Young's modulus assigned to cortical bone in oudgtis the mean value calculated
experimentally for fresh facial bones (Petersoralet 2006). Given that the elastic
properties of fresh trabecular bone of the fackaleton are lacking in the literature,
Young's modulus of 4.5 GPa was drawn based on tlggestions of Al-Khafagy
(2010). This author demonstrated that the relatignbetween cortical and trabecular
bone material properties used in our study enssbtess distribution through both
materials during FEA. The Young’s modulus for teaths the most frequently used
value in the literature. The Poisson’s ratio fdrtissues was 0.3, because this is also the

most frequently used value for bone and teeth imfdysis (Hsu and Chang, 2010).
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4.1.4. Selection of boundary conditions

First molar biting, canine biting, and clenchingrevesimulated on the model by
applying static vertical forces to the center ad thoth crown(s) in the direction of the
tooth root axis.

The first molar and the canine biting were simuatespectively, because
occlusal contacts during every chewing cycle ocuoost frequently between maxillary
and mandibular first molars and canines on the aigeside (Ingervall, 1972). The first
molar was loaded with the force of 400 N, whiclthe most frequently recorded bite
force in the molar region in healthy young aduksrfario et al., 2004; Bakke, 2006).
The canine was loaded with 160 N given that thedaegistered during canine biting in
healthy young adults is around 40% of the forcemed in the molar region (Ferrario
et al., 2004; Bakke, 2006).

Unilateral and bilateral clenching was simulatedapplying forces to the half of
the dental arch and to the full dental arch, retbpely. These masticatory activities
were chosen because every chewing cycle ends inpdisgion of the maximum
intercuspation that ensures the maximum contactsvelem the maxillary and
mandibular teeth and subsequent uniform loadinglbfteeth and their supporting
tissues (Lundeen and Gibbs, 1982; Mohamed and t€hsisn, 1985). During unilateral
clenching, one (loaded) half of the dental arch eassumed as working side, while the
opposite (unloaded) side was assumed as balandmgpstotal force of 840 N applied
during unilateral clenching was distributed alohg tdental arch as follows: molars
were loaded together with 400 N, premolars werdddawith 280 N, while the force of
160 N was equally distributed between canine angsans. The abovementioned force
magnitude for premolars and anterior teeth werecsell bearing in mind that bite
forces generated by these teeth represent 70%Qad#the bite force recorded in the
molar region in healthy young adults, respecti&lymagai et al., 1999; Ferrario et al.,
2004; Bakke, 2006).

In the case of bilateral clenching, the full derdedh was loaded with the total
force of 1176 N. Molars were loaded bilaterally lwB60 N because this is the most
frequently reported bite force in the molar regimihhealthy adults during bilateral
clenching (Shiau and Wang, 1993; Tortopidis etl#898; Ferrario et al., 2004; Bakke,

17



2006). According to the data in the literature (Kagai et al., 1999; Ferrario et al.,
2004; Bakke, 2006), the magnitude of forces appligaterally to premolars (392 N)
and anterior teeth (224 N) represented 70% andafG¥e bite force applied to molars.
During all simulations, the forces were applied tamrously during one second
with a gradual increase in magnitude until the &moentioned values were achieved.
Finite elements and nodes at the occipital condylee constrained during all

simulations.

4.1.5. Modeling of jaw-closing muscles

Simultaneously with teeth loading, additional faragere applied to the skull
model at the insertion sites of the masseter, ¢hgooralis, and the medial pterygoid
muscle in order to simulate their action duringrigitand clenching. These muscles are
mainly responsible for jaw closing amad vivo teeth loading during mastication. We
used Hill's three component model to create theabessand to determine the forces
that they produce (Kojic et al., 1998; Stojanovicaé, 2007; Stojanovic, 2007). A
number of rods representing each muscle were attlatththe corresponding insertion
areas on the skull (Figure 5). The mandibular httent sites were computed as
artificial areas in the space using previously reggb 3D muscle coordinates (Van
Eijden et al., 1997; Gross et al., 2001). The nwdse composed of finite elements with
the assigned elastic modulus of 0.8 MPa (Yamada))LAdditional parameters used
for muscle modeling are displayed in Table 2. Térgth and cross sectional area of the
rods corresponded to the physiological values tedoby Van Eijden et al. (1997).
According to Korioth and Hannam (1994), rods cdostig each muscle were divided
into two groups in order to simulate muscle pullingnore than one direction. Forces
generated by each muscle portion are displayedalieT2. The applied forces were
distributed evenly over the skull insertion areas.

During molar and canine biting, muscle pulling veasulated on the loaded side
of the dental arch. In the case of unilateral démg, muscle forces were simulated

bilaterally with the lower values on the oppositamlpaded) half of the dental arch.
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Muscle forces had the same magnitude on both sidesg the simulation of bilateral

clenching.

Figure 5. Modeling of the temporalis (1), masseter (2), amedial pterygoid muscle
(3). Red lines illustrate rods that simulate mudibders, while arrows show direction of

their action.

Table 2. Parameters used for modeling of the jaw-closingctes

Total muscle Cross-sectional b
Muscle a a Force™ (N)
length ®(mm)  area?(cn¥)

M asseter
Superficial part 45.5 6.8 190.4
Deep part 25.5 3.5 81.6
Temporalis
Anterior part 50.0 8.0 158.0
Posterior part 52.0 55 96.0
Medial pterygoid
Anterior part 38.0 3.0 174.8
Posterior part 45.0 3.5 90.5

3_ Data from Van Eijden et al. (1997)- from Korioth and Hannam (1994).
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4.1.6. Finite element analysis of stress

Effective von Mises stress (VMS) and compressive tamsile component of
principal stress in cortical and trabecular bon¢hef model were analyzed qualitatively
and quantitatively. Distribution and magnitude d¥18 in both osseous compartments
were assessed for all simulated masticatory aie$vitvhile distribution and magnitude
of principal stress in the cortical and trabecutane were evaluated for unilateral
clenching.

In order to clarify which vertical buttress bean® tmost of the occlusal load
during unilateral clenching, VMS and principal ssewere measured at the specific
sites along the nasomaxillary, zygomaticomaxillagd pterygomaxillary buttress on
the loaded side of the skull (Figure 6A-C). Magdéuof VMS and the maximum
principal stress along the zygomaticomaxillary ta#$s was also compared with the
results of previously reported FE study by Pradale(2013). These authors simulated
mastication on the similar model of the mid-fag&kleton, but included only cortical
bone. For comparative analysis, VMS and the maxirpuncipal stress were measured
at the same points in the cortical bone along glgomaticomaxillary buttress, like in

the abovementioned study (Figure 6D).

Figure 6. Measurement sites of VMS and principal stressartical bone along
nasomaxillary A), zygomaticomaxillary ), and pterygomaxillary @) buttress
including measurement siteB)(used for comparative analysis with the study r@ide
et al. (2013).
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For the correlation analysis between occlusal staesl microarchitecture of the
mid-facial bones, magnitude of VMS and principaéss were measured at the specific
points in cortical and trabecular bone on the |dad&le of the FE model during
unilateral clenching. Twenty-five and thirteen meaasnent sites were selected in
cortical and trabecular bone, respectively, bearimgmind location of buttresses
proposed by the classical theory and the distioutif occlusal stress obtained during
FEA. The VMS and principal stress were calculatétiiwva small bone volume at each
site with the radius of 1mm.

In the cortical bone, stress was measured at tfeviag sites (Figure 7): along
the alveolar process of the maxilla at the levethef apices of the tooth roots (point 1-
5), 5 mm above the apices of the tooth roots (p@ifij, at the site where the posterior
maxilla meets the pterygoid processes (point 10the body of the maxilla and the
zygomatic bone along the buttresses (point 11-&8)tetween the buttresses (point 20-
25).

Von Mises

Stress [MPa]
3.66

]

2

el

Figure 7. Measurement sites of von Mises stress and prihaipass in the cortical
bone of the skull model.
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In the trabecular bone, VMS and principal streseeweeasured at the following
sites (Figure 8): along the alveolar process ointlagilla at the level of the apices of the
tooth roots (point 1-5), 5 mm above the apiceshef tboth roots (point 6-8), in the
frontal process of the maxilla (points 9 and 1@)the body of the zygomatic bone
(point 11), in the temporal process of the zygomhtine (point 12), and in the frontal
process of the zygomatic bone (point 13).

Figure 8. Measurement sites of von Mises stress and prihsipass in the trabecular
bone of the skull model.
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4.1.7. Finite element analysis of effective displacement

Effective displacement depicts movement of the Iskuddel in the space by
calculating magnitude of displacement at the lesklnodes. This parameter was
analyzed qualitatively and semi quantitatively e tskull model during unilateral and
bilateral clenching. Displacement was assessedjal@xis (medial/lateral movement),
y-axis (superior/inferior movement), armtaxis (anterior/posterior movement). Similar
to VMS and principal stress, the magnitude of ¢iecdisplacement is illustrated by
different colors. Red color indicates the greatgisplacement, while areas in blue

signify the lowest displacement.

4.2. Selection and preparation of bone specimens

Cortical and trabecular bone specimens were dethfrom the same dry skull
for which computer model was developed.

Twenty-five cortical and thirteen trabecular bope@mens were detached from
the sites of the maxilla and the zygomatic bortath VMS and principal stress were
measured during unilateral clenching (Figure 9)n&cpecimens were excised using
Low Speed Diamond Saw (SYJ-160, MTI). Cortical @rmbecular bone specimens
located at the same sites in the facial bones exrised together in order to avoid bone
damage, but their microarchitecture was evaluateglarately on micro-computed

tomography.
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Figure 9. Locations from which bone specimens were hargegte Cortical bone:
along the alveolar process at the level of the epiof the tooth roots (1-5), along the
alveolar process 5 mm above the apices of the tomiks (6-9), the site where the
posterior maxilla meets the pterygoid process (10)the body of the maxilla and
zygomatic bone along the buttresses (11-19) anddest the buttresses (20-2B;
Trabecular bone: the alveolar process at the lefghe apices of the tooth roots (1-5),
5 mm above the apices of the tooth roots (6-8)frthrgal process of the maxilla (9,10),
and the zygomatic bone (11-13).
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4.3. Classification of bone specimens

4.3.1. Classification of bone specimens for the analysis of bone microarchitecture in

relation to occlusal stress

Cortical and trabecular bone specimens were ciedsifto high stressor low
stress groupbased on the observed tendency of calculated Wi&mhcentrate at the
lower or higher level on the stress scale. Cortiimale specimens subjected to stresses
above 2.25 MPa were classified iiggh stress groupwhile specimens from areas
experiencing up to 1.49 MPa were classified iot@ stress grougChart 1). Similarly,
trabecular bone specimens that experienced strésdes 0.46 MPa and above 0.49

MPa were classified intlow stressandhigh stress grouprespectively.

Cortical bone

w

High stress group

Stress (Mpa)
O

(o

Low stress group

=
n

=

10 15 20 25 30

=)
wn

Measurement site

Chart 1. Classification of cortical bone specimens baseda@n Mises stress values.

4.3.2. Classification of bone specimens for the analysis of bone microarchitecture in

relation to Le Fort fracture sites

For the analysis of bone microarchitecture in retato Le Fort fracture sites,
twenty-five cortical and thirteen tr