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AN ABSTRACT OF THE THESIS OF

Christophe Camil Zgheib for Master of Science
Major: Orthodontics

Title: effect of cortical bone quality and quantity on five maxillary posterior intrusion mechanics
using miniscrewsA FINITE ELEMENT ANALYSIS STUDY

Introduction: Orthodontic miniimplants (Ml)have been used as an alternatmedality to
correct posteriorly extided maxillary molars notably in anterior od@te cases, which
constitute a challenging clinical situation for Orthodontistee influence of cortical bone on the
rate of tooth movement in intrusion has not been stidvioreoverthe definite mechangc
involvedin predictable outcomes should be explored.

Aims: Compare in a finite element analysis (FEA¢ stresses and displacements generated on
maxillary teeth throughi¥e intrusion modalities, accounting for indiwal variation.

Our hypothesis was that cortical bone quality and quantity influence the rate of tooth movement
in all modalities.

Methods:A 3D simulation model of a maxilla containing the different compong@eesh, PDL,
trabecular and cortical borjesas developed with intrusion modalities:

Model 1 2 3 4 5
Mls 1B, 2P 2B,2P 2B, 1P 2B,2P 2B,2P
0 o o o e} @) @)
3 (a4 5 6 70 3 [(a 5 6 (70 3 4 5 6 ) 3 (a 5 6 (70| 3 (a4 5 6 (7
o)

Buccal Mls -2"PM and 1t M | -PMs -PMs -PMs

2"d PM and 15t M
position between -Ms -Ms -Ms -Ms
Palatal Mls -PMs -PMs -PMs -PMs

2" PM and 15t M

position between |- Ms -Ms - Ms - Ms
Force applied on |archwire archwire brackets brackets archwire

Bone stiffness/thickness measurements of 11 suhjébsng the data generated by Peterson et
al. (2008, in human cadaverd he specimens were mesthtbughusing the software ScarfP
7.0 Simpleware, $nopsys, Mountain view, CA, USAaccording to data from measurements
made on the CT scans of 11 patieREA was rarusingABAQUS 6.13 (Dassault Systemes,
Tokyo Japan) softwargy Smulation offive intrusion modalitiesintrusionwas replicated with a
force equivalent to 400gms.



Stress levels and displacement were measured at the molar and adjace@uteethe
measures included stress distribution and displacement of the following permanenatesd): c
first and second premolars, first and secomdans.

Potential clinical implications that may be illustrated are the determination of the modality
causing the least stress. In parallel, evaluating different mechanical assemblies used will help
determine the difference in efficacy among these asdesdiboutextruded teeth.

Results:The hgheststress was concentrated on the root surface afgbendoremolar inthe
first modality, mostly on its buccalnd palatabspecs, in all the othemodalities, the first
premolar withstood the highest stresJéhe least onthe extremity teeth, the canine and the
second molarsSimilar displacement patterns were registered in all modadispscially on the
premolarswith the highest rate of stressplacement irthefourth and the ifth model The
second miar intruded the most in the second modality where the force is concentrated
posteriorly.Secondaryeffects varied between model$pon stiffnessand thicknessariation,
stress configurations in the PRInd initial displacemerdn the mesial, distahucal, and
lingual sides of each tooth differed significantly (p<0.05) between modaBiiee stiffness
configuration correlated negatively with the stress emtiolars and positively with the
displacement, the opposite applied to bone thickness.

Conclusian: Generalizing on begttrusive modalityis not suitable, aanatomeal, and biologic
individual traits may influence one or the other in individualized treatrirenther
investigationgnust untangle anatomy conditions on which praocolis better tian the other.
This pure numerical method is unable to precisely préafictterm orthodontic tooth movement
andmay not provide definitive formulfor the wholemechanotherapy planning. Baitthe same
time, the capacity for FEA in combination with cliaidata inpuand timedependent protocol

in the analysigan helpdetermning the specificity of the movement in a patient for a better
planningof the treatment
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CHAPTERL1
LITERATURE REVIEW

1.1.Definitions

1.11. Intrusion

Intrusionwas given many definitions in the literaturet all basically concordant with each
ot hdBurgiameet . all (1977) defined it as the Aapica
root in respect to the occlusal p | Accomlingdar a p |
Marcotte(1976) it is the "tooth movement that occurs in an axial (apical) direction and whose
center of rotation lies at infinity. It is an axial type of translatidfikolai (1985)d e f i ned it a:¢
translational form of the tooth movement directed apically and pltiatieel o n g Indrusiors 0
can be either a true intrusigvithin the boneor a relative intrusioif the teeth are maintained in
the same position relative to their adjacent.

For many yearghedental intrusion was supposed impossible or probiieraad was
associated with many sigdfects on the periodontium and cementum (root resorpiiabl¢1l))
(Fig.1-2) (Proffit et al. 2000).
More recently effective orthodontic intrusion was clinically documented and considered a safe
procedure, providethat themagnitude and direction of forces are cautiously scrutinized
(Topkara et al. 2012). Treatment differs when dealing with growing patients or adults; in
growing patients, the vertical forces applied against the molars serve to intrude the molars and
controltheir vertical eruption. In negrowing patientsthevertical compensation of ramus

growthis absent; consequentliyue intrusion of molar teeth is neededthe mandibldo



autorotate and close an open bite anteriorly (Nanda, 20@Bgover true intusion of an over
erupted tooth is challenging, andntrolledmechanicsnustavoid the undesirable extrusion of

adjacent teet{Moon et al., 2007).

Table 1.1. Comparison of root resorption after msgrew intrusion on first molar
(Mean+SD) (mm3) (Li eal., 2013)

n root resorption amount P
mesiobuceal root 12 2248=258 < 0.05"
distobuccal oot 12 16.22=1.11 <0.05°
palatal root 12 19.68=1.49 =005

*P<i05,companed to distobuccal root
“P< 0,05, compared to palatal root.
“P<0L05, compared to mesiobuccal root
dol: 10,137 1 foumal. pone 06096 20001

1.11.1. Etiology andkeletal features of openbite malocclusion

Open bite is e of the major challenging malocclusiongseeding theintrusion of
posterior teeth. The malocclusion results from tirgeraction of numerous etiological facsp
(genetic, dental, skeletal, functional, soft tissue, and habits) [1]. Patients with sieéstddites
often exhibit vertical skeletagjrowth discrepancg&including increased lower face height, short
posterior face height with hyperdivergency, [2¢reased gonial and mandibular plane angles,
[3] and increased maxillary molar dentoalveolar he[d] (Fig.1), abnormal muscular and soft
tissue development, or habits that cause unfavorable tongue and orofacial muscle actjty (Fig.

(Ghafari, Macari2013).



Fig.1.1. Growth of hyperdivergent (top row) and normal (bottom row) children, with
cranial base superimpositions showing the growth changes between 6 and 9 years of age (A and
D), 6 and 12 years of age (B and E), and 6 and 15 years of age (¢ (@us¢hang et gl2013)

Lower mandibular posture/extended head posture
l \

maxilla w/
Supraeruption and open-bite Mon? Altered crossbite
\ posterior mandibular
condylar

remodeling

symphyseal

Narrow

morphology

Retroclined Increased

lower gonial
incisors angulation

Fig.1.2. The development of the hyperdivergent retrognathic phenotype from lowered
mandibular posture produced by weak muscles or airway compr{Buisehang et al., 2013)



An open bite cabeunilateralor bilateralin the bucal segments, but is predominantly
seen in the anterior teetResearchers have reportecekationship between orofacial muscle
activity and vertical facial morphologynostly positive correlations betweehe anterior open
bite and weak musdature. Abdullah, et al, 2015Alsafadi, et al. 2016)

Dental open bite iprincipally caused bgver erupted molars arghs beemssociated with
intruded anterior teethe cause®f theopen bitencludehabitual thumb sucking, tongue

thrust,and,mouth breathig.

High relapse tendencied anterior open bitereatmentave beemssociatedvith the
underlyingskeletal componentthe difficulty in closing the biteand the ensuing challenge of
retaining bite closuré//ajid et. al, 2018)Appropriate diagnosis isssential to develop a

successful treatment plan with appropriate retention of the corrected ovEBdmtee( al. 2014).

1.11.2. Open Bite treatment options

Treatment options faspenbite malocclusions include the elimination of the etiology,
extruson of the anterior teethintrusion of the molarssurgical impaction of the maxilla,
inhibition of molar eruption in growing patients, and a combination of ti@sedn, et al,
2004)

The varioussurgical and nonsurgical approaches proposed for treatthepenbite incluce
miniplates, multiloop edgewise archwire therapy, passive posterior bite blocks, functional
appliances, active vertical correctors, vertigall chin cups, andlossectomyHowever most

are unable to achieve significant bite closiBeaneet. al,1999; Kimet. al200Q Cambiano et



al, 2018). The stability of anterior tooth extrusion is questionable, and it is subtle béeause
anterior open bite is often assated with shorter roots and less facial bone support of the
anterior teth (Harris, et al.1992)therefore, posterior tooth intrusion is desirable in most
instancesTasanapanont et al. 20189pecially in patients who usually have increased molar
height(Ucera et. al, 2011put it isdifficult to accomplish because tife amtomy of themolars

which ae multirooted teetkiTao et al., 2015).

1.11.3. Conventional treatment of overupted molars

Before the advent of mirgacrews and minplates, the intrusion mechanothera@pended
heavily on patient compliance including higull headgear, high pull headgear to a splint,
vertical pull chincap, posterior bit#lock, magnetic bitélocks, and,spring-loaded biteblock
(Hakami, 2015)Compliancefreeappliancesnclude therapid molar intrusion device (RMlI)

and thevertical hading appliance (VHA) (Cinsar et al. 2007) (RBg}).

Table 1.2. Molar intrusion techniques (Hakami, 2016)

Patientscompliance Compliancefree Surgical approach
dependent
high pull headgear (Fig.3 Rapid molar intrusion Corticotony-enhanced
device (RMI) (Fig.4.E) molar intrusion
high pull headgear to a Vertical holding appliance Osteotomyassisted molar
splint (Fig.4.A) (VHA) (Fig.4.F) intrusion
vertical pull chincap {5
(Fig.3)
posterior biteblock
(Fig.4.B) _
magnetic biteblock S
(Fig.4.C) (Oliveira et al., 2010).
springloaded biteblock
(Fig.4.D)




' -
A. BN
Fig.1.3 A. High pull HeadgeaB. Vertical pull chincup

(Christensen et al., 2019)

Fig.1.4 A. High pull headgear to a spliBt Posterior bitéblock C. Magnetic biteblock
(Al-Zubair et al., 2014p. Springloaded biteblock (Albogha et al. 2015. RMI F. VHA
(AAO) (DeBerardinis et al., 2000)

Separate from opebite treatment @ntal intrusion oftems afundamental part of
orthodontic treatment to correct sagittatiavertical incisorelationships, to optimize interincisal
angle and thus, the gingival line and reinstate the esthetics of sndmge( et. al, 2001)

The nature ointrusionmay be orthopedigurgical(superior maxillary displacemeénor

orthodontc (a singletooth or groups of teeft{Zubair, 2014).

Depending on its etiological factors, different approachedeseribed:

The most stable treatment of deiadweolar/ habirelated open bites is the modification strategy

at an early age to stopetihabit. Ifleft untreated and skeletal discrepancies have developed, other
treatment modalitieareconsideredNgan et al., 1997):
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1 Thumb sucking and tongue thrust treatment for behavior modification

1 Control molar extrusion to prevent further verticapwgth

1 Attemps at growth modification which affects the mandible rotation to compensate for the
vertical growth

1 Extrusion of anterior teeth to close the open bite if molars Aaeemal vertical position

1 Molar intrusion with or without anterior teeéixtrusion whether the etiology is posteriorly

or antereposteriorly combined Beane et al., 1999)

Behavior modification techniques for the thumb sucking and the tongue thrust

Patientcompliance is essential, to stop the habit before starting treatmesdibyg the
benefit and the consequences of their cooperation. When the habit ceases, most of open bites

improve spontaneously. The most commonly utilized appliances include:

Tongue crib appliare(Fig 1.5), the myofunctional tongue bead which keep theuerayvay

from the anterior teeth, spurs on a tongue crib, tongue tamers, transpalatal bar and Goshgarian
bars (Fig.1.6)all these appliances aimeddncourag a normal tongue position at rest, allowing

the eruption of incisors to close anterior open litieipiting the eruption of maxillary molars,

and creating a new neumuscular equilibrium (with time) thus decrease in the potential of
relapse. The appliances should be kept at least for 6 monthegdtebite closure for stable

results and retention.



Fig.1.6 A. Tongue bead. Tongue tamers bonded on palatal aspect of maxillary central
incisorsC. Transpalatal bajGoshgarian bar is a transpaldthar 3-4mm away from the palate
and by the upward vertical tongue pressure the molars will intrude until the bar hits the) palate

(Five-star orthodontics, 2019)

The effects of nouth breathing also alters the position of the tongue andequiresa
multidisciplinary approachncluding theotorhinolaryngologst to monitorand if necessary clear
t he pat i ematlydngervention isvfavprable for patient growtidcari et. al, 2012;

Tanaka et al., 2016).

Techniques to control molar extrusion andprevent further vertical growth include:

a. The hgh-pull HG, prevens the atrusion of the maxillary molars or further vertical
eruption to minimize the clockwise rotatiandenhance more forward than downward

growth of the mandiblean Steenbergen et a2004)(Fig.9).



b. Posterior bite blockghat @unteract the posterior teeth eruptamdcounterclockwise
rotation of the mandibland may be combined with the highll HG.
c. Extraction of posterior teetihat allows bite closure by reducing the demltceolar

posterior height.

1.12 Intrusion and bite closure

It is assessetthat every 1mm of intrusive vertical movement of the posterior teeth would
result in bite closure of 3mm by dint of counterclockwise mandibular rotdtiowever the
actualamountof closue may bdess than 3mm in some clinicadividuals. This patterrs

exemplified by what i s c¢omniRaikeétyal, 206f. erred t o a

Skeletal openbiteonfiguration isoften associated with excessivertical development of

both maxillary and dentoalveolaomponentsespecially in the posterior tooth region



In growing patients, treatment modalities ananterior open bite are aimed at reducing,
redr ecting, i mpeding, or modifying the patient @
nongrowing adult patientthe absolute intrusion of the posterior part of the dentition (both
maxillary and mandibalr) might be required to improveemalocclusion. Howver, the severity
of anterior open bitand underlying skeletal discrepancy are best treatedonttibgnathic
surgery is the most credible treatment plan suggested (Alsafadi et al, 2016).

Lessinvasiwe treatment optionarepossible orthodonticallwith mini-implantsor plates
anchoring theposterior teethThe resultinghanges in occlusal plane, mandibular plane, lower
anterior face height, and ant er i bite(Skksvood a | ove
et al 2002.

Reportedly extrusion of the anterior teeth modifies the occlusal plane when associated
with uprighting and intruding the posterior teeth to seal the anterior open bite (Baek et. al, 2010).
To assess the outcome of molar iniwasit is essential to know the conseqce of the posterior
teeth intrusion on the mandibular rotation and facial morphology (Alsafadi et. al, 2016).

Intrusionof the posterior teeth is difficult. Many factors are to be scrutinizedh as the
magnitudeand direction of the forces and orientation of the anchorage units, to prevent

undesirable movement and root resorption (Park et al, 2005; Kravitz et. al, 2007).

Numerougesearches havaed to quantify the optimdbrce needed for orthodontic

maxillary posterior tooth intrusiofCarillo 2007; Akan 2013). fe force varies between 100 g to

10



200 g forasingle tooth intrusion and from 200 g to 400 gdsegmental maxillary posterior
tooth intrusion. Melsen and Fiong{lL996) suggested 50 g of force for single molar intrusion in
adults.S. KatoandM. Kato (2006) postulated that 100 g of force was muiltgyh for segmental
posterior tooth intrusion, but progressive intrusion was achieved when the force levels were
augmated to 300 g per side. The different intrusion techniques justify variation between the
values. There ianaccord that the magnitude fairce, acting upon the tooth and causing tooth
movement, must be meticulously controll@tie weightyintrusive forcehasbeen reported to
expose pulpal blood flow and risk of pulp necrosis (Erhasan et. al, 201, the need for
careful, perhaps proggsive monitoring of therthodontic force magnitude required to intrude
themaxillary posterior teeth

Intrusion withconventional posterior intrusion mechanics such ashibiteks and fixed
appliances with vertical elastics and nip archwire therapig limited and accompanied by
collateral effects from insufficient anchorage (Kiliaridis 19RQgukkeles1999). Once
temporary anchorage devices in orthodontic treatments were introduced, patient coopesation
nearly eliminatedand side effects on tlseirrounding tissues were reduced significantly. The
posterior intrusion methodology with temporary anchorage dehieslsaeducedhe need for

orthognathic surgery for some borderline ojbte patients $herwood 2002; Xun 2007).

11



1.13. Mini-implants

1.13.1. History

Pat i ent s & c sigmficantlyanmpmeedvithdheadventof temporary anchorage
deviceqTADs) (Krafitz et al., 2007)After Branemark introduedthe concept of
osseointegratepure titanium threaded implants to treat edentulous patiegame implants
have been used as skeletal anchorage for the correction of open bite by molar intrusion
(Posterman et al., 1995).

Creekmore and Eklund (1983) introducéeélstal anchorage witburgical vitallium bone screws
insertion just below the anterior nasal spine for deep bite patimissites for implant
placement were then proposed such as erdasamplants in the retromolar pad afiRaberts

et al. 1989pmnd the midpalatal implaBlock et al., 1995). TilKanomi(1997)and Cost41998)
advocated the concept of miniscrew for orthodontic anchorage

TADs have gained extensive popularity in odbotics mainly for their provision of
fiabsoluté anchorage@ope et al, 200%llowing for a controlled and predictable tooth
movements with negligible requirements for patient complig¥iee et al., 20042005).

A wide range of anchorage devicesinctudi mi ni s cr e whasbeenudedion p |l an
research and clinical settings. The mogutarly used TAD®ffer numerous advantages, such as
the absence of complex surgical procedures and easiness of insertion, low cost, great patient
acceptance, and masecure under optimal force loads when compared to other orthodontic
anchorage devicesith the possibility for loading directly after insertio®Géng et. al, 2004;

Huang et. al, 2007

12
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Fig.1.8. Summary of history of minimplants evolution.

1.13.2 Safe zones and success rate

The success rate of mimplants, rangsbetween 70.7 and 95.2% &rfinkle 2008;
Shigeeda 2014MI failure has been linked to factors related to the patient, the screw design, and
the placement techniqudaddad and SaadeRQ19 reportedthatimplant stability is associated
with the distancerbm the Ml to the alveolar crestal borf®ot proximity was not associated
with theMI as suggested by previous studiBse clinical corollary to placing the Ml within the
attached gigiva but away from the alveolar crest would be to angulate the Ml apically to
position it in a thicker bucebngual/palatal level of bon€n the palatal side, the miniscrew
should be embeddéddr up to8 mm, to avoid damaging the facial roots

Accordingly, the guidelines for Minclude:

Saewsshould be inserteish the maxillary molar regionp to11 mmabove thédone

crestto avoid impinging on the sinus.

Insert the MI at an oblique angleimserted perpendicular to the dental axis, it may touch

the raots of the teeth particularly in a narrow interradicular space.

13



c. Because of the reduced tip diameter, a conic screw insertion has a lower risk of damaging
roots

d. The ideal miniscrew for orthoatic skeletal anchorage in the interradicular spaces
should bel.2- to 1.5mm maximum diameter, withi® mm cutting thread and a conic

shape.

Buccal side

Palatal side
y #

Fig.1.9. (a) Maxillary buccal and (b) palatal side, and (c) mandible images. In green are the
zones with a mesiodistal measure over 3.1mm. In blue are the zones with astesioeasure
between 2.9 and 3.1mmR¢ggio et al., 2006).

1.13.3.Intrusionof molars againgmnini-implants

Umemoriand his group (1999ere the first to use miniplates as temporary skeletal
anchorage for molar intrusion in managing the open bite wlakion Because mirimplants
did not require the surgical intervention neédvith miniplates, they became widely used
allowing for effective anchorage with easy insertion and rem@semani etal. 2010;Kuroda
et. al2004; Leeet. al2004)

Molarswereintruded approximately-2 mm using skeletal anchorage, with better results
in the maxilla than mandibleecause of the resistaritem thethicker cortical bonén the
mandible (Degushi 2011; Sugawara 200Zhe mechanicsvolved inintrusionagairst the
buccally positioned TAD#cludeof a vertical intrusive force applied directly to the matldre
or archwire When necessaryagatal supporhelpscontrol the threglimension moments
generated by the force systamd prevent transverse buccal tigpof the posterior teeth during

14



force application principallyThe palatal support is provided by througa use of a TPA in the
maxilla or a lingual arcin the mandiblg¢Ng et al., 2006but more efficientlywith the
placement of palatal TADs

For fagerand more predictable resutsmeauthors have shown in case reports the
integration ofsurgical interventionsuch asorticotomyenhanced molar intrusion and
osteotomyassisted molar intrusiodipon et al.2007Grenga et. al, 2013).

Even thoughMis design differs between manufacturers, TADs are generayrim in
width, 612 mm in length (thread area) and have a hieaiberves as a point of force
applicationfor the desired force@ollei et. al, 2009).

Several protocols have beadvocated for thamtrusive mechanics of the maxillary
molars against TADs, but the comparisons are not available among them, including the
determination of the optimal ideal number of TADs to be used for the intr(Ramtini et. al,
2016 Chenet. al,2006; Leeet. al.2013)Listing of specific protocols is displayed in table 3

corresponding to the illustrations 10.
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Table 1.3. Summary of pertinent intrusion researches

Number | Amount of Force applied | Technique of
of cases | intrusion (mm) | (gm) comparison
Melsen etal. 1996 | 3 3-4.5 25 Lateralcephalometrics
(Fig 10.A) superimposition
Sherwood et al, 4 1.99 Not mentioned | Panoramic and lateral
2002 cephalometrics
(Fig 10.B)
Yao et al, 2005 22 34 150200 Mechanical 3D
(Fig 10.C) digitizer
Lin et al, 2006 30 3.1-34 150200 Clinical/radiographic
(Fig 10.D) evaluation
Lin et al, 2006 10 Not mentioned | 100-150 Radiographic
(Fig 10.D) evaluation
Erverdi et al, 2007 | 11 1.99 B= 200 Lateralcephalometrics
(Fig 10.B) L= 200 superimposition
Heravi et al, 2011 | 10 1.7+0.6 50g/miniscrew | Clinical/radiographic
(Fig 10.F) evaluation
Akan et al, 2011 |19 3.37 400 EMG/ Lateral
(Fig 10.D) cephalometrics
Xun et al, 2013 56 1.8 100 Radiographic
(Fig 10.F) evaluation
Lin et al, 2013 36 3.4 150200 Radiographic
(Fig 10.E) evaluation
Paccini et al. 2016| G1: 2 G1:2.181.14 Radiographic
(Fig 10.G) Mis G2:1.86+1.07 evaluation
(15M)
G2:
3Mis
(10M)
Paik et al, 2016 3 Not mentioned | Notmentioned | Clinical evaluation

(Fig 10.H)

Fig.l.lOA.ec hani c.s‘ used
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Fig.1.10 H. Intrusion protocol adopted by Paik et al. in 2@iduding a midpalatal
mini-implant associated with a TP bar.

1.14. Finite Element Analysis (FEA)

Although clinicalreports and studies haleenpublished on posterior intrusion
mechanicspn thebiomechanical propertiesvolved with this treatmerguch as strain, stress
and displacements on the teeth and the surrounding tissuesite®@ (Rudolph et al, 2001 he
oral cavity is a compound bmechanical system with limited access, therefore, most
biomechanical research of the oral environment such as in orthodontics, implantology,
restorative dentistry, endodontics, and prosthodontics have been executed Bowgites et
al, 2012).
Finite elenent analysis (FEA), a prevailing method in engineering, became a valued choice for
theevaluation of biomechanical factors in orthodont&ming to determine stresses in the
dental structures and improve their mechanicahsfthby modification of loadnagnitude and

application(Cifter et al, 2011Shetty et al. 2010)
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1.14.1. FEA in engineering

FEA is a modern tool for numerical stress analysis that approximates physical models
into numerical mathematical equationsrie, Sakuda, 8urstone, 1987). The analysis
involves, first discretization of the structu
connected to each other by nodes with wlefined physical properties (e.g. stiffness, elasticity).
Then, a quantitate analysis ixonducted to approximate the reactions and interactions within
each element (Vasudeva, 2009). Equations from all the elements need to be solved
simultaneously, a task that can only be performed by computers. Engineering phenomena such as

deflection, stres, strains, vibration, energy storage and many other can be cal¢tiatéd.).

The finite element method (FEM), which has been successfully applied to the mechanical
study of stresses and strains in the field of engineering, makestitpbée to elucidate stresses
in thebiologicalstructures caused by various internal and extéonees(Kazuo 1987; Geng

2001)

According to Cook et al, individual finite elements can be visualized as small pieces of a
structure. In each finite elemeitfield quantity can have only a simple spatial variation. The
structure is discretized intosoa | | ed fAel ementso connected throu
specific organization of elements is called a mesh. Numerically, an FE mesh is symbolized by a
system of algebraic equations to be solved for unknowns at nodes. Field quantity over the entire
structure is approximated element by element, in pieces (Cook et al. 2002). It includes sequences
of computational measures to compute the stress and straichrelement making it possible to
adequately model the tooth and periodontal structure by divitiem problem domain into a
collection of much smaller and simpler domains, helping in the validation of the clinical

assumptions (Salmon et al, 1980).
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Fig.1.11. FEA applied before the construction to verify the design and detect any critical
locations (www.katcon.com/advancedmaterials/desiggineering/)

1.14.2. FEA in Orthodontics

The FE method was introduced into dental biomechanical researcidr(R&ahet al,
1973) and since then has been broadly pragmatic to study the stress and strain fields in the
alveolar support structures (Tanne et al., 1987, 1998; Middleton et al., 1990, 1996; Cobo et al.,
1993; Bourauel et al., 1999; van Driel et 2D00; Rovatidis, 2000; Qian et al., 2001; Toms and
Eberhardt, 2003)The study of @¢hodontic biomechanics wagswstturedin the 1960s with the
works of Burstone and later Nikolai (Bourauel et al. 200 previous studiestress levels were
assessed ia single tooth system constructaathe basis ofveerage anatomic morphologyhe
introduction of 3D radiography in dentistpgrmittedthe generatbn of more complex models to
study stresses in a group of teeth (Cobo 1993; Kaipatur 2014).

ThroughFEM, the analysis oany material or dentmaxillofacial structuravas possible
(Lotti et al. 2006)y breakinga complexstructuredown inbthes mal | er (Blealvetame nt s o
2004)to which correspondingphysical properties, such as the moduluslasticity,are

assigned. Th@reat advantage of the methagb in the control othe degree of simplification
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(Jones et al. 2001). With FEM,iecamepossible to anticipate the tissue responséseo
specificorthodontic mechanics applied.

Alternativeexperimentbmodels used to analyze the biomechanics of tooth movement
include photeelastic modelsGaputoet al. 1974); however, they have the shortcoming of
exploring only the surface of the model without analyzing the internal structudsaghe
periodontaligament.

Thestudyof stressesn teeths compex because of theon-homogeneous character of
tooth material andorrespondingnaterial properties (pulp, cementum, periodontal ligament, and
surrounding bone)xs well aghe irregularity of tooth contosfSenka et al., 2003and the
complexexternal andnternal morphology (Hussein et al., 201R) addition, chewing forces

lead to furthermore complicatioRubin et al., 1983).

All the salientfactors (forces, deformiah, stressand movements) areciprocally
linked. Thus, by determining any one of them the extent, amiotietyal, and intensity of the

remaining physical factors can figured out(Rudolph et al., 2001

FEA simulateghe load transfer from the tooth through the PDL to the alvéolae
accounting fothe physical properties and morphology of the periodontAltmoughPDL is a
nonlinear viscoelastic material, most of the preceding FE models integrate homogeneaus, linea

elastic, isotropic, and continuous PDL properties (Cattanalb 2005).
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Elements
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Materials
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Fig.1.12. Summary representing phases of finite element analysis. (Adapted from: Mohammed et
al., 2014)
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Fig.1.13 A. 3D reconstructiomf tooth model extracted from a CB®I Meshed ModeC. FEA
results (Bouton et al., 2017)
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The analysis of results in FEA is very delicdiecause the entry afiprecise data,
materialinformation, and interpretation will produce erroneous outcomes. Furthermore,
modelinghuman structuisis demandindbecause of their compound anatomy and lack of broad
information about their mechanical behaviors. Certain presumptiastbe accepted.

Henceforth results will be contingent oroe assumptions and the expertise of the researcher.

Increasingly, eliable physical properties for structurgsch asenamel, dentifperiodontal
ligament,and cancellous and cortical bosepuld further mimic thelinical settings. Moreover,
during the process of load application, the tooth is pinned to the supportingMictejs rigid
and the nodes connecting the tooth to the bone are considered fikegostulatiormay
introduce some erroMohammed et al2014.

Despitethe abovementiondinitations the FEM has improved biomechanical research in
orthodontics. It$ a norinvasive, precise method that offers quantitative and thorouglodata
the physiological responses occurring in tissues (Kamble et al. 2012) with the benefit of

controlling study variables/ecilli, 2006).

FEA has a wideganging variety of usages markedly in Orthodontics: craniofacial growth,
periodontal stress and tooth movement, orthopedic forces, temporomandibular joint dynamics,

orthognathic surgeriesythodontic implants, brackets, andevdesigns.
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A. Tooth Movement

Direction and amount of tooth displacement during different types of tooth movements
Molar protractiorwas investigated with a model testing force application and mini
implants dimensins necessary for this movement (Kojiared Fukui, 2008; Liang et al., 2009;
Nihara et al., 2015)Distalizationwas evaluated by several auth(#sH. Sung et al., 2015; Yu
et al., 2014) whevaluatedantereposterior movement of molars in the maxillargtaand
compared effectiveness wheradlging miniimplants locations and force applicatidmaxillary
expansiorwas assessed through #féciency of different boneborne appliances (H. K. Lee et
al., 2012) and in surgically assisted palatal expansion @tlal., 2009)Conclusions on
treatrment with cleamligners suggestithatthe absence of biomechanically supplementary
composite attachments favors the undesired inclination of the tooth during the translation
movementgGomez et al., 201Nl axillary protractionvascompaedbetween differat
designed toottborne and borborne appliances (K. Y. Kim et al., 2015; Yan et al., 2013)
Incisors retractiowvas evaluated in labial and lingual designs en masse retraction (Lombardo et
al., 2014) Anchorage lossvas also determined during thetraction oflingually or buccally
inclined incisors (SJ. Sung et al., 2010).
Areas most likely to present root resorption were evaluateglationto the root shape of central
incisors indicating that the amillary central incisors with deviated root mbhgbogy are at higher

risk of resorptio (Kamble, Lohkare, Hararey, and Mundada, 2012)

Thestress and displacement effects of three maxillary posterior intrusion mechanics with mini

implant anchorage &e sudiedby Cifteret. al. (2011using FEA Theyapplied a 300g force on
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each posterior dental segment, distributed to the-impiants in proportion to their calculated

root surface areas.

The model was generated frddT images taken from a maxillary borigach tooth was
located in the maxillary modeligned in respect of the periodontal membrane, cortical bone, and
alveolar bone layers. The periodontal membrane was assumed to have a thickness of 0.25 mm
evenly. Theliickness of the cortical bone was 2 mm at the palatal alveolar bone and decreased
from 2 to 1 mm from the top of the alveolar bone to the nasal floor of the buccal alveolar bone.
The computerided design model of brackets, bands, and archwires withrittedgaensions
weregenerated with a laser surface scanner.

The resultsndicatedthatthe most balanced intrusion and the most uniform stress
distribution were obtained by concurrent force applications from the buccal and palatal sides. In
setupwith transpalatal arches and buccal force application, vestibular tipping movement and
overallstress values were prominent. In all models, increased stress values were identified at the
apical region of the first premolar roots and the apical regiomeofitst molar mesial root. In
summary, the results of this study suggest that the apical refjiba first premolar roots and
the apical region of the first molar mesial root should be considered to be prone to resorption
during posterior intrusion tréaent. Posterior intrusion systems with force application from
counterbalancing sites lead ton@re uniform stress distribution and balanced intrusion than the
mechanics with a transpalatal arch. For a balanced intrusion, root surface areas should be

consdered when determining the appropriate forces.
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B. Other than tooth movement

Craniofacial growth: According to Moss et al. (1985), FEM allows the analysis of the skull at a
better resolution than previous techniques by discretizing the skull into adjagerglements.

It is a delicate morphometric method and it can approximate the deformatfenstfucture

under examination, in all directions and at every landmarkke theconventional

cephalometri@nalysis (Mclintyre et al., 2003).

Periodontal stressand tooth movement Stress in PDL is linked with orthodontic tooth

movement (Tanne K et.a1987;Mestrovic et al 2003;Kojima et al., 201}

Orthopedic forces FEA was used to study on mandible models including the
temporomandibulgpint (TMJ) to study biomechanical changes of the mandible from
orthopediachin cup action (Tanaka et aB94), and on maxillary models to analyze stresses
distribution during rapid maxillary expansion via transvendbopedidorces (Jafari et al.,

2003).

Temporomandibular joint dynamics: Gupta et al(2009) assessed in a study the stress
generated in th€MJ after mandibular protraction anthis was investigated in a thesis research

e nt i Intérarch Elastics and Corqesnding Stress on the Temporomandibular Joint and on

the Mandi bul ar Teet h: A FHeloueta 2067).e ment Anal ys
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Orthognathic surgeries 3D simulation of outcomes and virtual surgical planning permits a new
way intheinteraction between patient and clinician. Soft tissue prediction resulting from bone

repositioning after maxillofacial surgery was done in the resedrChabanas in 2003.

Orthodontic implants: FEA studies evaluated optimal dimensions of rAnimplants for the maxillary
posterior region and conceived that the optimal biomechanical conditions could be awhile\Wts
having a diameter not exceedingrim in combination wit ideally an increased length (preferably not

less than 8mm) compatible with the safety of anatomical structures upon ing&igianet al 2009).

Brackets and wire designs One of the benefits of FEA is its ability to allow for rheaical
experimentation of all designs in a reduced time and less need for prototypes and laboratory

work (Huang et al., 2012).

1.2. Significance

FEA is a valuablanechanical way to assess tooth movements, by fractionating the geometry
into its elementandvalidating the assumptions given to these elements from clinicalldea
resultsare the closest to real clinical settings in the absence of a more direct but invasive

approach

Defining the properties of bone is of the utmost importance when Hseat a bony
structure is contemplated. In previous FEA studies, bone variation was not accounted for as an
element affecting the resulfBhis study accounts for variations in cortical bone stiffraegs

thicknessof realhuman beingsthereby creating closer link between the virtual finite element
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models and actual clinicahriations.Most previousstudiesof the stress after different intrusion
modalities, did not include palatal miniscieiv their mechanics and did not account for the

effect of ortical bone thickness on the stresSdse inclusion of these parameters in our study
shall allow conclusions and possible applications of the findings because of the introduced

individual variation.

The definition ofmaterial properties especially of cpatt bone involved in tooth movement
is essentialThe role of cortical bone in impeding (Ten Hoeve and Mulie, 1977) or assisting
(Rickets, 1980) tooth movement has been shown as a general determining factor. We aim to
determine how cortical bone affect®th movement by analyzing the effect of stiffness (related
to bone densityyariation taking at the same time accountha&fgeometryand thickness of the
cortex.In this contextthe results shouldighlightwhich ofthe variables, stiffness, thickness,
both affectinitial stress and displacemeatfterthe implementatiorof five modalities ofposterior

teeth intrusion

On the basis of the designed study, the inclusion of individual human variation and the festing o
different intrusion modalities shathove the research endeavors forward, both in accounting for
the variation in material properties and setting the stage fordependent FEA, necessary to

reach the ultimate goal of planning, simulating, and exeguiie proper mechanotherapy in the

individual patient.

Moreover, such studies would be coupled with direct clinical assessments, beyond simple
measurements of tooth displacement and including the assessment and correlation with biologic

markers if crevicudr fluid and patient response (paindg.
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1.3. Specific aims

Aims related tahe orthodonticintrusionof maxillary molars:

1. Compare the stress levels on the PDL of the maxillary buccal teeth in five different clinical
intrusion setups againstini-screws placed at different locations awith different force
applications.

2. Compare the initial displacement (primary intrusion and secondary effects) corresponding to
the various intrusion setups.

3. Compare the stress and displacement under variatileatdoone material properties
(stiffness ad thickness).

Aims related to FEA application in orthodontics:

4. Develop a complete model for tooth movemaettounting for material properties including

the PDL and all the orthodontic gadgets (bracket$wvére, and miniscrews) to simulate true

orthadontic mechanics.

5. Assess the response to forces according to the orthotropic properties of tiieviaturegte the

respons@boutvariations in stiffness as per defined characteristics of maxillary bone

biomechanics).

1.4. Hypothesis

In relation tothe orthodonticintrusionof maxillary molarsand premolars
- Each intrusion modality hasifferential effects on teethnd different extent ofecondary
effects.

- Initial tooth displacement is related to the stress generated bytrirsion.
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- The moe forceexertedthemore displacement with higher stresses.

- Cortical bone stiffness and thickness influence the rate of tooth movement independently
(thickness haa greater influence on displacement).

- Posterior intrusion systems with force applicatioom buccablnd palatal sites should be
planned for more uniform stress distribution for better control of buccal tipping and lessen
secondaryeffects.

In relationto the FEA application in orthodontics:

- Individual variation in the anatomy of the midiinfluences streses generation.

- Interaction properties between the teeth can mih&clinical situation.
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CHAPTER?Z2
MATERIAL AND METHODS

2.1.Material

2.11. Anatomical record

A 3D model of the maxillary arch of an adult patientihg\all permanent teeth exceape
third molars was generated from a foreatment cranial CT scan (format: DICOM) selected from
the Department of Radmgy at the American University of Beirut Medical Centéne
following characteristics were the basis &€xclusion:

- Presence of any craniofacial anomaly (e.g. cleft lip/palate)

- Absence of medical conditiordfectingbones in generand the maxilla in particular

- CT scan of patients undergoing orthodontic treatment

- Crowded or mahligned teeth

- Presence of deciduous teeth

- Missing or extracted teeth

CT scan imaging allows with its high contrast qualitgliferentiate trabecular from cortical
bone and offers better resolution and contrast when compared to the regulanGBETs

morefrequenty requested ithe dentalclinical settingbecause of the reduced radiation.

The CT scan chosen was taken wiflalbhead field of view with a resolution of 0.3x0.3x0.4
mm with high contrast. Ideally, the scans should be attained with asgo$sn ofa minimum

0.25 mm distance to reach adequate resolution needed to construct theAtwuteingly, the
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CT scan Ibrary at the hospital containsrdys with a resolution between 0.4 and 0.6 rAm.
radiographwas obt ai ned wi t hout ideatilyyThedsean mevedlesieelb n t he g
aligned complete dentition, parallel roaasd a Class | occlusion with thediines on,

suggesting that the patient possibly had previous orthodontic treatment.

2.12. Individual Data Acquisition

Variables for individial variation were extracted from thickness and stiffness of
interradicular maxillary cortical bone from t&daver®btained from collaborators at the AMIN
Texas UniversityThese measurements wepsdractedrom a study by Peterson et(2D06,
which wassupported by The National Institutes of Health (NIH), National Institute of Dental and
Craniofacial Reseanc(NIDCR); Grant number KO8 DE00403. Human tissue use conformed to

the NIH, state, and federal standards

This study entitbédtinbabDent at ePMapeltiaés ai me
changeability in the characteristics of the cortical boneetitmtate maxilla. The hypothesis
was that important regional differences existed within the maxilla that would correspond to
variations in functiorand development. Specimens were removed from the crania of 15 dentate
human cadavers: 7 females {898 yeas of age) and 8 males (589 years of age) with a

median age of 58.9 years.

Cylindrical cortical bone specimens (4 mm in diameter) were harvigstadl5 maxillary sites

locatedin three distinct regions: (Fig®

1 palate (four sites),

i alveolar bone (for sites),
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1 body of the maxilla (seven sites)

Fig.2.1.Cortical bone sites in the maxilla (humbered for reference) (Peterson et al., 2006).

Ead bone specimen was measured using a digital caliper to determine the thickness of the
bone cylinder. Apparent density was <calcul at e
Material property testing was performed using the pulse transmission tecHosiug the linear
elastic wave theory (Ashman et al., 1984; Dechow, Nail, Schmzatmey.andAshman 1993,
the specimen material properties were derived from various velocities with the following

directions:

- Maximum stiffness (d3) matched with theigection of peak ultrasonic velocity and is
parallel to the long axis of the thrpdlars of the maxilla [zygomaticomaxillary,

pterygomaxillary, and frontomaxillary] (Sicher and DuBrul, 1970).

- Minimum stiffness (d2): Perpendicular to the axis of maximtiffness within the plane

of the cortical plate.
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- Cortical thickness axis(d1): Through the thickness of the cortical plate perpendicular to

both (d2) and (d3).

Elastic modulus(E): measures of the ability of a structure to withstand deformation in a

given direction, was defined by E1, E2, or E3 according to the axis direction.

Shear modulus(G): themeasure of the stiffness in shear or angular deformation relative to

applied searing loads in a plane formed by the two axes (G12, G31, or G32).

P o i ssgation(6gthemeasure of the ability of a structure to resist deformation
perpendicular to that of the applied | oad, (o

indescribing the shear modul i (gl2, g21, gl3,

Significant difference were registered between sites in thickness and density that
individually outlined regions of the maxilla. Altogether, whtrecortical bone was slender, its
density wasigh. Cortical bone near the incisors and canines (sites 3, 5, and 6) had greater

thickness than at other maxillary alveolar sites, but its density and stiffness were intermediate.

The values for elastic moduli showed variances by direction (E3 >E2Fkdre were
statistically significant differences between sites for E2 and E3. Mestwithin the dentate
maxilla were moderately anisotropic with ratios ranging from 0.69 to 0.85. Site 7 above the
second molar and under the root of the zygomatic pré@ebthe densest and stiffest cortical
bone in the buccal alveolar area. Palatalicairbone areas had relatively higher stiffness than

buccal areas (Tab1; Table2.2).
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Table 2.1.Density (mg/cm3), cortical thickness (mm)
and ash weightPeterson et al., 2006).

Ash
Density Thickness weight
Site N Mean sSD Mean Mean % Mean
1 12 1.65 0.17 1.7 0.5 56 5
2 10 1.75 0.14 1.8 0.9 55 9
3 11 1.75 0.18 2.3 11 57 5
4 10 1.70 0.16 2.0 1.0 53 7
5 14 1.65 0.15 2.2 1.3 57 5
6 8 1.64 0.19 24 1.6 58 9
7 11 1.72 0.20 21 09 54 11
8 6 161 0.14 1.2 0.6 54 15
9 6 177 0.16 1.0 0.3 53 15
10 10 175 0.16 1.2 0.5 56 8
11 9 1.69 0.15 1.7 0.7 54 11
12 11 1.82 0.12 15 04 53 12
13 11 1.83 0.17 14 0.3 50 13
14 11 1.81 0.11 1.5 0.6 55 7
15 7 1.90 0.12 1.1 0.3 61 5
Grand mean 1.75 0.16 1.9 09 56 9
ANOVA F F P F P F
Sites 4.7 0.001 54 0.001 NS NS

Table 2.2. Elastic moduli in GPa (Peterson et al., 2006).

Ey Eg Ej
Site Mean SD Mean SD  Mean SD
1 8.3 1.9 113 2.7 14.1 2.9
2 8.9 1.9 119 2.3 16.5 4.0
3 10.3 2.0 136 2.1 17.3 3.4
4 8.9 2.9 109 2.7 15.6 3.7
5 10.0 3.3 11.0 2.7 14.3 3.8
6 72 1.5 8.7 2.3 12.2 1.9
7 98 24 113 3.0 16.0 4.3
8 6.9 1.1 8.8 1.0 10.5 1.3
9 98 2.3 117 14 15.6 28
10 7.6 2.3 10.7 3.3 14.2 4.2
11 9.0 1.9 112 2.2 16.4 3.6
12 10.0 1.7 135 1.6 17.6 3.4
13 9.9 3.0 128 2.8 17.0 3.3
14 94 1.6 13.3 2.1 17.8 2.3
15 9.2 1.5 14.0 1.7 18.7 3.4
Grand mean 9.1 2.3 117 2.7 15.6 3.7
ANOVA F P F P F P
Sites 1.51 NS 3.02  0.001 3.87 0.001

2.2. Methods

The chronological protocol from image capturé-analysiss represented in a flow chart

of 7 steps, developed in a FEA study of miniscrews (Ammar et al., 2012, 2¥ig.
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Fig.2.2. The approach for 3D patiespecific model reconstruction adéntal finite element
simulations (after Ammar et al, 2011).
Different softwaras used from the computer tomography image reconstruciepl) to
the finite element simulationstep6). Steps 1 to 5 correspond to the development of the 3D

model; stps 6 and 7 relate to the FE analysis.

2.2.1. 3D Model

2.2.1.1 Image importing and model segmentation

The CT image was imported and segmented using the image processing and digital
reconstruction software ScadlP7.0 Simpleware, Synopsys, Mountain vie@A, USA). Areas
of interest (ROI) were chosen (included the maxillary bone and teeth) arsiigmificant ones
deleted using therop toolin ScanlfE .

Masks of every tooth, periodontal ligament as well as cortical and trabecular bone were
created usingnanual and automated tools (see below). Automated segmentation was adopted for

time management and allaeproducibility and reliable outcomes. Details of segmentation of all
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masks will be spared sintlee same model used the previous thesis was usedtiwvsome
additions and modifications.
Most | mpSedmeant gt i @n towlithatidenfifiesroxeks With | d 6
Hounsfield units in a specific range to capture the voxels associated to the teeth was employed.
Editing of the masks to eliminate excessvas achieved initially using automated filters to
remove uncohnn eflood#@ld c o mapgoreakdosn lgrge fragments
(mMor phol ogical fi)teand Opedeh naltsel Easnotdd krbe nfor vaegr noe

Details of Periodontal ligaemt mask will be developed since it is a soft tissue not identifiable on

-

Fig.2.3. Finalized teeth masl&. Lateral view;B. Axial view.

radiographs:

PDL Mask:

The periodontal ligament (PDL) cannot be captured on the CT scan. Therefore, the PDL
mask was created with a thickness assumption of 0.3 mm (Bowers, 1963). Before this step, teeth
were conactingthebone mask. The construction included 5 s{@&wsmouty, Zeno; 2016)

- Duplicationof the teeth mask
- Dilation of the new teeth maskmask9) by 1 voxel (0.3 to 0.4 mm) away from the surface of

the tooth using thenorphological dilate tool
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- Selecting the common area between the bone (mask 10) and the expanded teeth (mask 9),
which will eventually represent the PDL (mask 11), usirg lfk&@rsection Boolean operation

toolo .

B. o
Fig.2.5 A. Cortical bone layer mask2D axial cut;3D view.
B. Trabecular bone (mask 5): Axial c3D view.
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2.2.1.2. CAD processing

Autodesk® 3ds Max® Design software wased to sketch commercialavailable
brackets (MiniTwin bracket Orthos, SDS Ormco) and available miniscrews (OSAS
DEWIMED - Tuttlingen, BadesWurttemberg, Germany) with the followirdimensions6 mm
length, 1.5 mm diameter, reported as the ideal dimens by Deguchi et al. (2006).

The .max files were converted into .stl files and importedtime-CAD addon module

(Simpleware, Synopsys, Mountain view, CA, US4 position the CAD geometry.

e Import

] Open
1, Raw image
rﬂh Create a new project from raw image data

. Save
o
Home Image process ) Stack of images
SaE Fﬂ Create 3 new project from a stack of images.
N ' Y, <y Stack of raw images
E E — 1 G t %} Close ld Create a new project from a stack of raw images.
o a
Gﬂ v s 3 I DICOM images
mport »

. l’f—ﬂ Create a new project from DICOM data
Import | Create  Position and  Lang

. . . Export 4 Blank image
surface= shape  orientation regisli -° (7] create s newprect toma ik mge
-

. Add background »

Import STL file j’ B8 T v romense
Add mask »

[ Import CAD fil " . cone

|_. mF":' e B, @ Create a new project from a CAD file

gy Addsu R

Fig.2.6. Process of importing CAD files (Brackets anchmmplants).

1- The brackets were positioned only on the right herakillary teeth crowns following the

long axis of the tootko definethe point of application and direction of the load whenever it is
applied on the brackets. To apply the force diseon the archwire in othenodalities a wire

was inserted (Insert object, rectangular) fitted into the slot of all brackets of aligned teeth,
equivalent to clinically used ®0x0.025SS extending from righecond molar to right central
incisor. An axissystem following the long axis of every tooth was created in Abaqus to simulate

the movement of teeth along the archwire. Subsequently, specific boundary conditions allowing
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for accurate tooth movement wessmned to 10 to 15 nodes located at the lefvifleobrackets

position along with creation of interactions between adjacent surfaces

B. ===

Fig.2.7. A. BracketCAD sketched in Autodesk® 3ds Max® Design software
B. Bracket imported as a surface and fixed to fit dimensions of the maxilla model.

Fig.2.8. Positioning the brackets onto buccal surfaces of teeth
A. Axial View 3D modelB. Lateral view3D modelC. Frontal view 3D model

2- The miniscrewsvere placed 5 mm apical to the cementoenamel junction (CEJ) at three buccal
interradicular spacgadgedto have enough spaéer the Mlis insertion, and to provide the

necessary forces for every intrusion modality to be tested

1- Between the right second premolar and first molar when only one buccal miniscrew was used.
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2- Between the first and the secondhtigremolars and between first and second molars when

two buccal miniscrews

3- One miniscrew was inserted between the maaik one between the first molar and the

second premolar.
Two positions were adoptédr palatal Mls
1- Between the right secondgmolar and first molar when only one palatal miniscrew was used.

2- Between the first and the second right premolars andgeetfirst and second molars when

two palatal miniscrews were used.

File name

i

e ==
-

Di\christophe thesis\ gadgets\& M screw.stl

Import options

e Factor (o 10

AR
Al

<

HHE

u
.g.‘vg Y Uptedeie @

Valid surface

ARAAAA

53
¥

.

A B

Fig.2.9. A. TAD CAD sketched in Autodesk® 3ds Max® §ign softwareB. Mini-implant
imported as a surface and fixed to fit dimensions of the maxilla model

V3%

A.
Fig.2.10. Positioning the Minimplants between the roots.

A. Oblique view 3D modeB. Axial View 3D
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Successive cuboid shapes were created tisetgurfae Toolsin Simplewareo form the final
archwire the latter wapositioned into the free slots of the brackets simulating the clinical
situation.

After completing the full length of the wirthe material property was assignedsimulatea

stainless st archwire.

c
Fig.2.11.A. Process of creating shape of the wire section by seBtiBepositioning the cubic
shaped section of the archwite Fitted wire from anterior to posteripartinto the interbracket
span.

2.2.1.3. Individual variations

Anatomical variations in cortical bone stiffness and thickmesggenerated fromhie
original prototype model to simulate clinical situatiotig detailedndividual data from 15
cadaver®btained byPeterson et al. 200Bection2.12) were used to réjrate different bone

characteristics found inuman imividual specimen

Stiffness variation

The right side of the cortical boneos
the mechanical modé# buccal and 3 palatal are#@s)oe able to modifyhe stiffness and assign
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an individual material property to each region matching the diestsiin by Peterson et al
(2006) Fig.218).
For each area, a new nfaulsok shape sbjectgere ardatedd v i a
for the areas 3,4,6,7, anduing the 3D editing toolAs for area 5, two cuboid shape objects
were used to select the dodl bone area spreading from the right to the left canines with the
same cervical and apical borders as the previous objects; then they were combined using the

0bi on Boolean operationé (Fig 3.18)

Fig.2.12. Creation of the buccal premolar cortical bone paB. 3D editing tool used to create
cuboid shape object&-D. Fill option used to form filled cuboid shaped mdske. Intersection
Boolean operation useuth the original cortical bone mask to form thartical bone part.
(Ammoury et al., 2017)

Finally, each cortical bone part was assigned a material property from the individual values
provided at the maxillary sites 3,4, 5, 6, 7 and §(fig 3.13.A).

- Palatal cortical bone at incisors area

- Palatal cortical bone at premolars area

- Palatal cortical bone at molars area

- Buccal cortical bone at incisors area A.

- Buccal cortical bone at premolars area

- Buccal cortical bone at molarsea

- Buccal cortical bone at the tuberosity area

Fig.2.13. A.Maxillary buccal and palatal areas defined by Peterson et al. (2006)
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Fig.2.13. B. The 3D Model after cortical bone division

Thickness variation

Separate models each correspondmg single cadaver were meshed using Simpleware
Scanl PE 7.0 by replicating thickness values p
model (with cortical bone parts).

Only cadavers with all values availablere@ised, and if any single value wasssing,
the average thicknesses from the total sample were used for the corresponding areas.

Initially, the cortical bone thickness of each part was measured in the template model at 9 sites
dispersed around the bopart surface. In each site, 25 totBitkness measurements were made

on the 2D axial cut sections wusing ScanlPE 7.
measurementsasperformed for each cortical bone part (Fig 3.20).

Next, the total average waalculated and later used to calcal#tte amounts of
expansion or reduction needed for each mask by subtracting the template model thickness from
the cadaver thickness at the same location. Knowing that the pixel size is 0.2 mm (after
resampling), the vakiobtained is multiplied by 0.2 tetérmine the number of pixels needed to
attain the cadaverodos thickness. To avoid chan

variation was implemented at the expense of the trabecular bone.
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Fig.2.14. Areas of thickness measurements in thechlcortical bone part at the premolar area.

Depending on the need to expand or reduce the cortical bone thickness, two methods were used:

- Scenario T Template Model ThicknessCadaver Thickness$-{g.221).

Fig.2.15. The echnique applied to inease cortical bone thicknegsB. 2D and 3D images

after dilating the premolar cortical bone partby 14 pix@lsAf t er appl ying Al nt

Bool ean operationo WiIiE{FRD and 3Dbneages aftaruniob with e  ma s k
Aoriginal paontdi.cal bone
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- Scenario 2 Template Model ThicknessCadaver Thicknes$-({g.222)

Fig.2.16. The echnique applied to decrease
cortical bone thicknes#. The huccal

premolar cortical bone part dilated by 3
(dilation occurs on both sides of the cortica
bone).B. Delete the increase that occurred at
the inner cortical surface by subtracting the
trabecular bone mask from the dilated cortical
part; C. Application ofMorphological Erode
filter by 3 (mask a)D-E. Duplicate trabecular
bone mask and then diit with the original
cortical bone part (mask Wy, Subtract the
mask a (eroded cortical bone part) from the
mask b (combined trabecular and original
cortical bone pd).

After applying the abovenentioned steps on the seven areas of each moeélet@D models

were generated, each corresponding to one cadaige? 23)

/./'L;

o\
: :’ I Cadaveri -

o5
.  , »

W
Gg
/<7
= 2 Cadave

Sl

s /

Cadaver2 |

| o

'.V'
O

Cadaver 15

e
.
. A
[ Cadaver 11 a ) Cadaver 14
@ - > ‘ '

Fig.2.17 A.TAD level axial cut of the original template modBl;Similar cuts individualized
models corresponding to 12 cadavers with modified cortical bone thickness

B.

46



2.2.2. Finite Element Analysis (FEA)

2.2.2.1. Mesh size

FEA offers estimated outcomes since theoretical representatisnalycomplex.
Thenumber ofelements in a meshed moddiltates theccuracy and precision of the
estimation, with one drawback imicreasen time during thesimulationif the number of
elements is greater than necessa@hough, the number of elemeniises not alwayeelate to the
accuracy of the solution. For this reason, a convergence studyevasusly doneén the
research byAmmoury et. al (2017 determine th&east number of elements that provide the
most precise solutioby runningaonver gence testing by varying t
before exporting the FE models. Accordingly, 10 identical FE models differiggromesh
coarseness (19, 25, 28, 31, 36, 40, 43, 47 and 50), with tetrahedral element sizes ranging
from 0.2 to 1.3 mm, wAandeania Abaqus, Witkthdsamersettingsnp . 0 f
applied for the loading. Results were compared usitaja-coded map of displacemetat
deteminethe location of the maximum displacemehfterward, the maximum nodal
displacement at the crown of the right second molar was recorded and later plotted against the
mesh size. In the results, no significant &aoins existed between the differentanes. This
result indicated that similar accuracy outcomes could be obtained in the models with element
sizes of 0.2 to 1.3 mnk{g.224 andFig.225). Thusthechosen mesh sizgasof 0.604 mm
(corresponding to coseness level 36), avoiding large sizedwls thatvould increase the

simulation time, without compromising on the precision of the re§ittanoury et al., 2017).
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Fig.2.18. Scatter plot showing the results of the convergence testing (total displacettéets
second molar assessed im8dels with various mesh coarseness size).
After defining contact pairs between the connected parts of the models in the configuration
settings menu, 13 models (one template model on which stiffness was varied andnoddise
with thickness variation) were exported from ScanlP as inp. file foril@mastemodel

comprised a total df70798 nodeand854698linear tetrahedral elementSig 3.26).Fig.226:

Fig.2.19. Meshed template models.
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2.2.2.2. Definition é material properties

The initial parameters of tissue response set the accur&ylofesults (Middletton et
al. 1996. Consequently, Strait et al. (2005) recommended abtaspecific elastic properties
data about the species and skeletal elenwdnitge subjectso be anaglzed
Presumptionsn all those elements are mdmesed orscientific computations commonly used in
FEA applications in orthodontics. Materi al pr
Poi ssonbds r at i os h,bradketsand mibissew weradefindd dromeayailable e t
data in the literature (Table 3.3). Except for the cortical bone, all materials used in this study
were homogeneous, isotropic, and linearly elastic (Field et al., 2009; Lim et al., 2003; Tanne et
al., 1987). The material ppeerty of the PDL was assigned based on the work of Kojima and
Fukui (2012).

Table23.Young Modul us and Poissonédés rat

Youngds m(Poi ssonds
(MPa)

Teeth 20 000 0.3

Periodontal ligament (PDL) 0.68 0.45

Trabeculabone 1500 0.33

Cortical bone Variable 0.33

Brackets and Miniscrew 200 000 0.3

*Field et al.,2009 ;Kojima et al., 2012; Lim et al., 2003; Tanne et al., 19

Cortical bone stiffness was modified according to Peterson et al. (2006) tateplone
featureghatoriginatal in real patient8 ¢ a dladwidual snaterial properties provided at the
maxillary sites 1, 3, 4, 5, 6, 7 and 8 were incorporated into the template FE model. For stiffness
variation, unlike other elements of the modle¢ cortical bone parts were assigned orthotropic

material poperties providing more detailed information about its behawider different loads.
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In material science and solid mechanics, material properties of an orthotropic material differ

when measureftom different directions.

Therefore, engineering constafdefined in sectio2.12 . )

E2, E3,

Shear

Modul us

of

incorporated into each cortical bmpart (Table 3.4).

Table 2.4. Orthotropic material properse at
in the 15 cadaver&l - E2 - E3: Components of normal stiffnesst2- v13-v32:Poi ssonos
ratio; G12- G31- G23: Shear stiffness

t he

el asticity

soreichlinbooealt

of

Youngods

G1l2,

Site 5 (buccal incisors)
El E2 E3 v12 v13 v32 G12 G31 G23
Patient1 | 17140 | 16918 | 21567 | 0.327 | 0.368 | 0.123 | 6603 | 6889 7175
Patient2 | 6762 9888 12219 | 0.261 | 0.277 | 0.489 | 2879 | 2667 2455
Patient3 | 11380 | 10731 | 16861 | 0.397 | 0.2 0.357 | 3990 | 5426 6862
Patient4 | 8343 10246 | 14033 | 0.477 | 0.413 | 0.116 | 3229 | 3701 4173
Patient6 | 10825 | 10006 | 13323 | 0.52 0.307 | 0.264 | 3453 | 4626 5799
Patient 7 | 17129 | 17209 | 21765 | 0.341 | 0.385 | 0.365 | 6411 | 6594 6777
Patient9 | 9188 9143 11113 | 0.445 | 0.454 | 0.227 | 3198 | 3443 3688
Patient 10 | 8301 9263 12943 | 0.485 | 0.467 | 0.066 | 3098 | 3490 3882
Patient 11 | 8993 10380 | 16675 | 0.493 | 0.366 | 0.176 | 3292 | 4141 4990
Patient 14 | 7129 9636 10967 | 0.237 | 0.175 | 0.424 | 3114 | 3362 3610
Patient 15 | 8550 9582 10798 | 0.307 | 0.22 0.343 | 3395 | 3792 4189

Peterson et al. (2006) confirmedtkhe direction of maximum stiffness was parallel to

the long axis of the three pillars of the maxilla and perpendicuthetbrontemaxillary suture

mo d u |l

us

G331,

furthermore, theyound that in the 15 maxillary cortical bone areas studied, 7 areas (4 of which

included in our model) have a distinct vertical direction of maximum stiffness

Orthotropic material properties were then asstjto each area assigned by defining each

element stiffness in the 3 dimensions.

3: Parallel to the long axis of the thrp#ars ofthe maxilla

2: Within the plane of the cortical plate

1: Through the thickness of the cortical plate
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To rule out the déct of stiffness, the same isotropic material properties were assigned to all

cortical bone parts whethethickness wasaried.

2.2.2.3. Interactions

Insufficient literatures availablen FEA researchegarding the application of
interactions betweeteeth contact to simulate clinical orthodontic tooth movement
To precisely represent the | oadbs transmissior
subjected to teeth separation on ScaniBnually using thenpaint too) by a distance equal to
0.2to 0.4 mm (1 to 2 pixels).

In Abaqusa separatiofrom the teettbetweerthe exported surfaces alledfor the
definitonofi sur f ace to surfaceo interYaetittwasons bet wee
necessary to apply adjustments to increase thelbdlégsf interactions tabtainload
transmission through teeth separate entities Abaquswheret he fAsur face to surf
interactiono works only for surfaces in conta
tolerance of each surface to surfadeiaction to 0.4 to allow communication of nodes at a
distance upo 0.4 mm (to account for the maximum distance separating the teeth which is equal

to 0.3 mm)(Fig.229).
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D.

Fig.2.20. Surface to surface interactions (Master/slade)individual surfaces as viewed in
AbaqusB.A Sur face to surfaced interactions
the adjacent surfaceS.and D Zoomed ina picture of the two interactions used

2.2.2.4 L oadingsetups

For simplification purposeshearchwire was creted andull-sizeand passivetherefore
duplicating the clinical intrusion prior to mechanics in intrusiam.optimal orthodontic force of
400 grams equivalent to 3.92 Newtons was applied, divided into 200 grams buccally and 200

grams péatally.

Load

Five prototype models representifige intrusion modalities were generat@dble 3.5)
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Table 2.5. Summary of the intrusion modalities adopted.

Model 1 2 3 4 5
Mls 1B,2P 2B, 2P 2B, 1P 2B,2P 2B,2P
o o o o o] @] @] @] @]
3 4 5 K& e 3 4 5 (6 e 3 4 5 (6 e 3 4 5 6 o 3 4 5 6 e
C o @) 0 o) o) (@) o] o
Buccal Mls -2 PMand 1M |-PMs -PMs -PMs
274 PM and 15t M
position between -Ms -Ms - Ms - Ms
PaIz?tfaI Mils -PMs -PMs ond pM and 15t M -PMs -PMs
position between |- Ms -Ms -Ms -Ms
Force applied on |archwire archwire brackets brackets archwire

B: Buccal;P: Palatal;Blue outlined circle: MI with load applied on bracketRed outlined

Intrusion modality 1 (Fig.221):

circle: Ml with load applied on archwire.

Three miniimplants werenserted in the interradicular bone at an angle of 30° (Deguchi

et al., 2006) relative to the surface of the cortical bone with the neck/thread interface coincident

with the external contour of the cortical bo@neMI placedbuccallybetween the second

premolarand the first molgrand twowere located palatallyore between the molars and another

one between premolars.

Buccal loading wasappliedin two directionsfrom the interbracket archwire length between first

and second premokaf100 grams) and betwedme second premolar and first molar (100 grams).

On the ptatal sidetheload tothepremolars waslirected fromthe anterioMI andtheload to

themolars washoubered by theosteriorMI (50 grams/ tooth).

Fig.2.21. Clinical picture showing thérst intrusionmodality.
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Intrusion modality 2 (Fig.222):

Four MlIs wereanchoredtwo buccal placedne between the molars atié second
between the first molar aride second premolavo palatal minimplants, one between the
molars and another one betwdbapremolarsBuccal loading was directétbm the
interbracket span between the bracK&@0grams/archwire spar). On the palatal side, load to

thepremolarsand molars wadirected to the palatal MI&0 grams/ tooth).

Fig.2.23. Datum axis system used to define the direct load diregtiédcclusal view of palatal
datum axisB. Sagittalview of buccal loadC. palatal midsagittal cut displaying palatal load
Intrusion modality 3 (Fig.224):

Three miniimplants were usedwo buccal placednebetween the premolaione

between the molayaindone palatal between the first molar and the ség@ryemolar. Buccal
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loading was divided in fouromponentsnd directed from the brackets of the premolarstiad
molars (50 grams/ tooth). On the palatal side, load to premolars and molalisested tahe

palatal miniimplant (50 grams/ tooth).

Fig.2.24 Clinical picture showing thehird intrusion modality.

Intrusion modality 4 (Fig.225):
Of four MlIs used two werebuccaland two palataplacedin a parallelbnebetween the
premolas one between the molars. Buccal loading was ideriticdhkt h the second modality

and palatal loading as in the first modality.

Fig.2.25. Clinical picture showing théourth intrusion modality.
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Fig.2.26. Load infourth intrusion gtup (Buccally: 50 grams/ 1200 nodes/ brackeslatally: 50
grams/ 15 nod# palatal aspecpremolars directed to anterior mimplant and molars directed
to posterior minimplani.

Intrusion modality 5 (Fig.227):

Mis placement was the same asnadality 5 Division of load was similar to the third
modality. The differene was in the buccal force application on the archvéidegrams applied
from the wire to the anterior mhninplant section between:

1- the canine and the first premolar

2- the first prenolar and the second premolar
50 grams applied from the wire to the postenmni-implant section between:

3- the second premolar and the first molar

4-  the first molar and the second molar

Fig.2.27. Clinical picture showing théfth intrusion modality.
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Fig.2.28. Load infifth intrusion ®tup

Force application on the archwire

In Abaqus, a condensed mechanical force was created on the wire npdestrimited
around 15 nodes at every intaacket span, and nodes sets each composed of around 15 nodes
at every palatal aspect of the premolars and molars subjected to theenlvasi. The applied
force (100 grams =3.92 Newton) was divided equally on all theshofithe set (Buccally: 100
grams/ 15 nodes/ Archwire spdPalatally: 50 grams/ 15 nodes/ palatal aspect).

Force application on thebrackets

A condensed mechanical ferevas creatednbr acket sd nodes set, cor
1200 nodes each, and placeédh& center of the crowns, anqmhlatally the same distribution
described previously was employdde applied force (100 grams =3.92 Newton) was divided
equally on allhe nodes of the set (Buccally: 50 grams/ 1200 nodes/ br&tiatally: 50 grams/

15nodes/ palatal aspect).

A. B.

Fig229.ANodal set on tbBilmaddnahirdimresorsstupp r ac k et
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A datum axis system was constructed using 3 pointriga of the axis system located at the
center of the miniscrew heaa second point located at the center of the bracket helped define
the X-axis and a third point was placed perpendicular to tkexis. The direction of the direct

loading force folloved the Xaxis with no components in the Y and Z axeig 2.30).

Fig.2.30. Datum axis system used to define the direct load diregti@dcclusal view of palatal datum
axis.B. Sagittal view of buccal loa@. palatal midsagittal cut displaying palatahb

2.2.2.5. Data collection and export

Boundary conditions

a Becauselte upper and posterior parts of the maxillary bonduemed to the cranial base bones
(frontal, ethmoid, sphenoid, malar and nasal bones) and therefore are wedged in all glirection
b- FEA studiesaccounted foa small part of the maxilig surrounding area studied

Boundary conditions were applied to hetpmpletelyimmobilize theupper and posterior regions of

the maxilla (Figs. 31).
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A= = g C.

Fig.2.31.A. Boundary conditia (BC) applied to superior and posterior part of the
maxilla (EncastreB. Superior BCC. Posterior BC

Sets

Findings inFEA are interpreted by methods of color mapped representations and, arrows
but numerical data is necessanptformstatisti@l anaysisincludingindividual variatiors. It
is possible to collect numerical data on stress, strain, displacananther variables at every
node and element.

For stress data collection, a set that contains randomly chosen elements evenly scattered
along eery surface of the periodontal ligameémevery toothwascreatedon every aspect
(mesial, distal, buccal dnpalatal) of theanine, first and second premolasd,first and
second molarg)f each tooth:A total of20 setsfor every modeleach cordining betweeri00to
350 elements (depending on area sigd excluding the transition line between the surjaves
createdo obtainnumerical data for stresBurthermoreto collect initial displacement data,
additional nodal sets of around 15 toriles were created at every tooth at the level of cusp

tips and the apical regions (total of 5 sets in every mdéat)2.32-33).
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Fig.2.32 Selection of element sefstress)n the second premolak. Distal; B. Mesial C.
Palataj D. Buccal

Fig.2.33 Selection ohodesets(stress) on the second premolar and first molar

After running the finite element analysis, the stress and displacement results were
exported as DAT. files into excel where the averages were calcufatesequentlythe
averages werdisplayedn final datasheets.

Five datasheets corresponding to figarts of the study were obtained:
- Part 1: Stiffness variation appliedfiost intrusion modality

- Part 2: Stiffness variation appliedgecond intrusion modality

- Part3: Stiffness variation appléetothird intrusion modality

- Part4: Stiffness variation applied fourth intrusion modality

- Part 5:Stiffness variation applied fidth intrusion modality

- Part6: Thickness variation applied fwst intrusionmodality

- Part7: Thickness variation applied second intrusion modality

- Part8: Thickness variation applied third intrusion modality
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- Part9: Thickness variation applied fourth intrusion modality
- Part10: Thickness variation applied fdth intrusion modality
Stress and displacement data were repeated for the first two cadavers to evaluatanmtrar

reliability.

2.2.3. Statistical analysis

Descriptive statistics were generated forgtress in the subsamples of stiffness and
thickness variations and tooth displacement in ivetfeatment modalities. Mean and standard
deviations for each tooth (canif), first and secongremolard4 and % andfirst and second
molars[6 and T) ateach surface (buccal, mesidistal,and @latal) were reportedThe
ShapireWilk normality test wagmployedo assess the normality of distribution of the outcome
variables

The stress resulting from the stiffness and thickness variations, and thetarhtooth
displacement wrecompared beteen the 5 teeth at each surface within each treatment modality
using theoneway analysis of variance (ANOVA), followed by Bonferroni pdsic analyses for
multiple comparisons. Homogeneity of variances wasddsteeach set of comparisons, and
whenvioht ed, Wel chds r o b-ddewell pdshhOodtests weanedepdtadnnstsad.
When the datavere nothormaly distributed theKruskatWallis oneway analysis of variance
followed by pairwise comparison (for ngarametric datajasused
For comparisos of stress and tooth displacement between modalities, the repeated measures
ANOVA was uilized followed by pairwise comparisoithe Pearsoproductmoment

correlation coefficient (and its equivalent Rparametric Spearman correlation coefficient) was
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performed to test correlations between the steessuntsat the mesial, distapalatal,and buccal
surfaces of the periodontal ligament of each t@otth

- Stiffnessand thickness (S1, S2, S3) of the corresponding palatal and buccal cortical bone areas.
- Tooth displacement (in terms of intrusion (Axis 3) aadondaryeffects (Axis 1+2)) for each

tooth. All statistical analyses were performed usirRSS and the level of significance et

atP 0.05.

62



CHAPTERS3
RESULTS

The ntraclassorrelation coefficienof stress and displacement datarEpeated measurements

weregreaterthan0.9.
3.1. Stiffness Variation / Stresscomparisonamongthe teeth and modalities
3.11. Part 1: Stiffness variation Intrusion modalityl

Th e L e v emsl weranky statistically significant for the stress amountthat
buccalsurface, and nesignificant for the stresses at the na¢gistal,and palatasurfaces
(Table 31). Therefore, the Welch ANOVA and Garridewell tests were used ftine bucal
surfaceand the ANOVA andhe Bonferroni tests were used fibre othersurfaces.

The highest stresses was registered osdbend premolapecifically on its buccal aspect,
and progressively decreasing on the first premolar (4) then the first (@plaith both teeth at
the extremities having lower stress values: the canine (Jewhd molar (7)All thestresses
were statistically significantly different betwethreteeth No statistical difference was observed

betweerthe distal and the paldtaspects of the premolaf§.able 32, Table 33; Fig3.1).

Table 31: Descriptive statistics for the stress generated on the 4 surfaces of the buccal teeth
(Stiffness variation/t modality)

Statistics Buccal Distal Mesial Palatal Total
Mean|, SD Mean SD Mean SD Mean SD
Canine (3) 1.033 2.4E05| 1.070 2.3E05| 1.035 2.2E05| 1.000 1.9E05| 4.138

First premolar (4) | 1.360 4.4E05| 1.381 3.7E05| 1.393 2.9E05| 1.410 2.5E05 5.544

Second premolar (! 1.666 6.9E05 1.379 4.3E05 1.516 4.3E05| 1.437 3.2E05 5.97

First molar (6) 1.292 3.0E04 | 0.880 3.5E05| 1.459 3.3E05  1.260 2.0E05| 4.891

Second molar (7) | 0.438 6.5E05 0.324 3.1E05| 0.455 3.3E05 0.403 3.1E05 1.619
Stresses in kP&8D: Standard deviation
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Table 32: ANOVA: Comparison of stress among theeBth at each surface

(Stiffness1% modality)

3 4 5 6 7

p-value

Bucc 1.033 1.360 1.666 1.292 0.438

0.000*

Distal | 1.070 1.381 1.379 0.880 0.324

0.000*

Mesial | 1.035 1.393 1.516 1.459 0.455

0.000*

Palatal | 1.000 1.410 1.437 1.260 0.403

0.000*

Melchd s A Nveldes reportelecause
assumption of homogeneity of variances was violated; *Significgn«@t0b

Table 33: Pairwise comparisons for stress between the teeth at each ¢Bdatidoc tests:

Bonferronj
34 35 36 37 45 4-6 4-7 56 57 6-7
B u c c|/ 0.000* 0.000% 0.094 0.000* 0.000* 0.941  0.000* 0.013* 0.000* 0.000*
Distal | 0.000% 0.000* 0.000* 0.000* 1.000 0.000* 0.000* 0.000* 0.000* 0.000*
Mesial | 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.002* 0.000* 0.000*
Palatal | 0.000* 0.00* 0.000* 0.000* 0.212| 0.000* 0.000* 0.000* 0.000* 0.000*

iGamesHowell post hoc p values reported whbrassumption of homogeneity of variance
violated.
*Significant at p <0.8

414 | 554|599 | 48 | 162

Fig.3.1: Graphc representation of the buccal teeth
response ttrusion on 1 buccal and 2 palatal mini
implantgstiffness variation. Note the similar stresses or
the buccal and palatal surfaces of the second premolar
Lowest stresses on extremity teeth{8J)

B: buccal, P: palatal, M: mesial, D: distal surfas of
teeth.Redindicates higher severity, dark blue lower
severity as per used FEA scale.
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3.12. Part 2: Stiffness variation Intrusion modality 2
As in modality 1 resultsrevealedstatistical significaoefor the stress amounts at the

buccal surface, and nesignificant for the stresses at the megiadtal,and palatal surfaces,
(Table 34). Accordingly, the Welch ANOVA and Gameddowell tests were uskfor the buccal
surface and the ANOVA and Bonferrdests werappliedfor the rest of theurfaces.

The highesstressvas recorded on the second premolar (418249 and the first premolar
(4.330kP3g), stresses posteriorly{® are higher than in madity 1 (Fig 4.2).
All stresses were statistically significant between téatlevery surfaceComparing between
teeth revealed no statistical significance between the extremity teéthl{@tween the
premolars (46) except for their buccal aspect, dretween thesecondoremolarand thefirst
molar(5-6) (Table 35, Table 36).

Table 34: Descriptive statistics for the stress generated on the 4 surfaces of the buccal teeth
(Stiffness variatior?™ modality)

Statisticy Buccal Distal Mesial Palatal Total
Meanf SD |Mean| SD |Mean| SD | Mean| SD
0.730 2.7E05| 0.797| 3.6E05| 0.765| 3.4E05| 0.832| 2.6E05| 3.124
0.929 5.1E05| 1.076| 6.1E05| 1.101] 4.3E05| 1.224| 5.3E05| 4.330
1.118 6.7E05| 1.098| 9.6E05| 1.146| 6.1E05| 1.166| 7.4E05| 4.529
1.064) 1.0E04 | 0.814] 69E05| 1.098 2.1E04 | 0.965 2.6E04 | 3.941
0.719 1.7E04| 0.471| 6.7E05| 0.489 6.2E05| 0.426| 3.5E05| 2.105
Stresses in kP&8D: Standard deviation

~No|o|h~|w

Table 35: ANOVA: Comparison of stress among the 5 teeth at each surface
(Stiffness?™ modality)

3 4 5 6 7 | pvalue
Bucc 0.730 0.929 1.118 1.064 0.719 0.000*
Distal | 0.797 1.076 1.098 0.814 0.471 0.000*
Mesial 0.765 1.101 1.146 1.098 0.489 0.000*
Palatal | 0.832 1.224 1.166 0.965 0.426 0.000*

MWe |l ¢ hds pAdluesveported because
assumption of homogeite of variances was violated; *Significant@&0.05
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Table 36: Pairwise comparisons for stress between the teeth at each ¢Bdatidoc tests:
Bonferronj

34 35 36 37 45 4-6 4-7 56 57 6-7

BuccaA | 0.000* 0.000% 0.000% 0.999 0.000* 0.009* 0.014* 0.577 0.000* 0.000*
Distal = 0.010* 0.004* 1.000 0.254 1.000 0.034*% 0.000* 0.016* 0.000* 0.095
Mesial | 0.332 0.010* 0.022* 0.570 1.000 1.000 0.001* 1.000 0.000* 0.000*
Palatal 0.000% 0.020* 1.000 0.724 1.000 0.015* 0.000* 0.431| 0.000* 0.042*

AGamesHowell post hoc p values reported whbrassumption of homogeneity of variance
violated.
*Significant at p <0.6

?os ) &)

Fig.3.2 Graphic representation of the buccal teeth response to
intrusion on 2 buccal (posterior) and 2 palatahi-

implantgstiffness variation. Note the similar streseaghe buccal, 13
mesial and distal surfaces of the second pren{b)atowest o

11

stresses on extremity teeth (3y)
B: buccal, P: palatal, M: mesiaD: distal surfaces of teetiRed =
indicates hidper severity, dark blue lower severity as per used Fl B 07
scale.
M<_I_>D A
P Y o=

3.13. Part 3: Stiffness variationlhtrusion modality3

The stress amountgereonly statistically significanatthe palatakurface and non
significant for the stresses at the megdadtal,and buccasurface{ L e v e n €Talde 34).e st )
The Welch ANOVA and Gamddowell tests weréhus appliedor the palatal surfacend the

ANOVA and Bonferroni tests fahemesial distd, and luccalsurfaces.
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The firstpremolarsustained the highest stress specifically its buccal aspect with stress
concentrated more anterior (relatively lower values when compapdvimus modalities)All
stresses were statistically different whemgparingeach tootramong them

Pairwise comparison revealed no statistical difference between the first and the second
premolas. (Table 37, Table 38; Fig.34).

Table 3.7: Descriptive statistics for the stress generated on the 4 surfacesattad teeth
(Stiffness variatior3™ modality)

Statisticy Buccal Distal Mesial Palatal Total
Mean| SD | Mean| SD |Mean| SD | Mean| SD
0927| 3.3205| 0.922] 35E05| 0.854| 3.7E-05| 0.821| 3.&-05| 3524
1.122| 4.4-05| 0.994 4.42-05| 1.039| 45E-05| 1011| 2.1E-05| 4167
1.154| 51E-05| 0.968 4.F-05| 1.063| 5.F&05| 0.972] 5.Gc05| 4157
0.911] 6. 7505 | 0.684| 3.75-05| 1.018| 42E04| 0.845| 3.62-04 | 3458
0587 5.7E05 | 0.570] 6.0E-05| 0.591| 3.&-05| 0577| 4. 05| 2325
Stresses in kKP&D: Standard deviation

~N[oo|h~lw

Table 38: ANOVA: Comparison oftress among the 5 teeth at each surface
(StiffnessB™ modality)
3 4 5 6 7 | p-value

Buccal  0.927 1.122 1.154 0.911 0.587 0.000*
Distal = 0.922 0.994 0.968 0.684 0.570 0.000*
Mesial 0.854 1.039 1.063 1.018 0.591 0.000*
Pal a 0.821 1.011 0.972 0.845 0.577 0.000*

AResults obtained with Welch ANOV&lues reported because
assumption of homogeneity of variances was violated; *Significgnk@tb
3: canine; 4, 5: first, second premolars; 6, 7: fsstond molars.

Table 39: Pairwise comparisonsfetress between the teeth at each sufaostHoc tests:
Bonferroni)
34 35 36 37 45 4-6 4-7 56 57 6-7
Buccal | 0.000% 0.000* 1.000| 0.000* 1.000/ 0.000* 0.000* 0.000% 0.000* 0.000*
Distal | 0.004% 0.196| 0.000* 0.000* 1.000 0.000% 0.000% 0.000* 0.006 | 0.000*
Mesial | 0.000% 0.000* 0.000* 0.000* 1.000 1.000 0.000* 0.175/ 0.000%* 0.000%*
Pal a 0.073 0.000* 0.553| 0.000% 0.97 | 0.133| 0.000* 0.000* 0.000* 0.000*

AGamesHowell post hoc alues reported when assumption of homogeneity of variance
violated.
*Significant at p <0.5.
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Fig.3.3 Graphic representation of the buccal teeth respc

to intrusion on 2 buccal and 1 palatal mini ==

implantgstiffness variation. Note the similar stresseshmn ?
first (4) andthe seconghremolar (5) Lowest stresses on 12
extremity teeth (3) (7) -

B: buccal, P: palatal, M: mesial, D: distal surfaces of tee

Redindicates higher severity, dark blue lower severity as o8
per used FEA scale. \ o

"0 AR b

P . e

3.14. Part4: Stiffness variation A ntrusion modality4

In the stiffness variation applied to tfeurth and ffth intrusion modalies, the datawerenot
normallydistributed therefore the equivalent of ANOVA for nggarametric data was used

(KruskalWwallis).

All stresses were statistically significantly different when comparing each tooth to its adjacent,
decreasing in magnitude from the fippemolar(4) to thesecondmolar (7). Sresswasconcentrated
more anteridy. (Table 311, Table 32; Fig.34).

Table 3.10: Descriptive statistics for the stress generated on the 4 surfaces of the buccal teeth
(Stiffness variatiod" modality)

Statistics Buccal Distal Mesial Palatal total
Mean, SD Mean, SD Mean SD Mean SD
Canne (3) 0.957 1.9E05 | 1.037| 1.7E05| 1.162 1.9E05 1.258 1.7E05| 4.414

First premolar (4) | 0.942 2.2E05 1.039 2.0E05 1.237 2.1E05 1.405 2.2E05 4.622

Second premolar (! 0.801 2.3E05| 0.930 1.8E05 1.077 2.1E05 1.314 2.6E05 4.122

First molar (6) 0.425 2.2E05| 0.665 2.1E05| 0.920 1.9E05| 1.149 3.0E05 3.158

Second molar (7) = 0.422 2.9E05 0.452 3.8E05 0.536 3.6E05 0.599 5.8E05 2.009
Stresses in KP&D: Standardieviation
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Table 311: ANOVA: Comparison of stress among the 5 teeth at each surface
(StiffnessA™ modality)

3

4

5

6

7

p-value

Buccal 0.957

0.942

0.801

0.425 0.422

0.000*

Distal

1.037

1.039

0.930

0.665 0.452

0.000*

Mesial| 1.162

1.237

1.077

0.920 0.536

0.000*

Palatall 1.258

1.405

1.314

1.149 0.599

0.000*

KruskalWallis oneway analysis bvariancefor nonparametric data.
*Significant atp <0.06

Table 312 Pairwise comparisons for stress between the teeth at each s{iRtatéloc tests:
Bonferron)

34

35

36

37

45

4-6

4-7

56 57

6-7

Buccal

1.000

0.040*

0.000*

0.000*

0.504| 0.0@*

0.000* 0.160 0.154 1.000

Distal

1.000

0.178

0.001*

0.000*

0.138 0.000*

0.000* 1.000 0.013* 1.000

Mesial

1.000

1.000

0.013*

0.000*

0.013* 0.000*

0.000* 1.000 0.012* 1.000

Palatal

0.015*

1.000

0.989

0.011*%

0.989  0.000*

0.000* 0.015* 0.000* 1.000

P

Fig.3.4 Graphic representation of the buccal teegponse

3

*Significant at p <0.6.

—m—m—
ﬂ o

to intrusion on 2 buccal and 2 palatal mimplants with

buccal load applied on the brackisffness variation. Note
the highest stress on the first premolar (4) and specifical

on its palatal aspect and the anterior total stress
concentrabn (4>3>5).

B: buccal, P: palatal, M: mesial, D: distal surfaces of teet
Redindicates higher severity, dark blue lower severity as

per used FEA scale.
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3.15. Part5: Stiffness variation 1 ntrusion modality5

All stresses were statistically significantly different when compdetgeen teeth surfaces

Thefashion of stress distribution was similar to thathef fourthmodality but with higher values.

Statistical significant difference was registered betweerettremity teeth (3) between thérst

premolarand bothfirst andsecondmolars (45/4-7) and between the secoptemolarand the

second molar (&) (Table 314, Table 315; Fig.35).

Table 313: Descriptive statistics for the stregsnerated on the 4 surfaces of the buccal teeth
(Stiffness variations" modality)

Statistics

Canine (3)

Firstpremolar (4)

Second premolar (5) 1.519
First molar (6)
Second mol&{7)

Buccal Distal Mesial Palatal total
Mean SD Mean SD Mean SD Mean SD

1.612| 3.1E05| 1.469 2.6E05 1.478 2.7E05 1.298 2.2E05| 5.856

1.718 4.3E05| 1.468 3.3E05 1.616/ 3.3E05 1.461 6.1E05 6.264

5.4E05| 1.214 3.4E05| 1.456/ 3.9E05 1.366 3.4E05| 5.556

1.020 6.2E05| 0.7® 2.4E05 1.285 4.0E05 1.054 2.7E05| 4.108

0.445 4.1E05 | 0.421 3.7E05| 0.570 3.1E05 0.635 6.2E05 2.070

Stresses in kP&D: Standard deviatio

Table 314: Comparison of stress among the 5 teeth at each surface
(Stiffnessb™ modality)

3 4 5 6 7 p-value
Buccal 1.612 1.718 1.519 1.020 0.445 0.000*
Distal 1.469 1.468 1.214 0.750 0.421 0.000*
Mesial 1.478 1.616 1.456 1.285 0.570 0.000*
Palatal 1.298 1.461 1.366 1.054 0.635 0.000*

KruskatWallis oneway analysis of variander nonparametric data.

*Significant atp <0.06
Table 315: Pairwise comparisons for stress between the teeth asedalse(PostHoc tests:
Bonferron)
34 35 36 37 45 4-6 4-7 56 57 6-7
Buccal| 0.962 | 1.000/ 0.018*| 0.000* 0.023*| 0.000* 0.000* 0.813 0.008 | 1.000
Distal | 1.000 | 0.138, 0.000*| 0.000*| 0.178 | 0.001* 0.000* 1.000 | 0.013*| 1.000
Mesial | 0.474 | 1.000 0.044* 0.000* 0.044* 0.000*| 0.000* 0.474 | 0.003*| 1.000
Palatal| 0.042 | 1.000/ 0.824 | 0.008* 1.000 | 0.000*| 0.000*| 0.009* 0.000*| 1.000

*Significant at p <0.8
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Fig.3.5 Graphic representation of theccal teeth response 13
to intrusion on 2 buccal and 2 palataini-implants with o
buccal load applied on the archwistiffness variation.
Notethe highest stress on buccal aspects of the most B

anterior teeth (4>3>5).

B: buccal, P: palatal, M: mesial, D: dial surfaces of teeth. M(_I_)D o 06
Redindicates higher severity, darkug lower severity as A-

per used FEA scale.

3.16. Comparison between thé/e modalities of intrusion/ Stiffness variation

The results showed statistically significalifferenceqP<0.05)for all modalities on all
the teetTable 316).
Comparisorof outcomesare presented considering gimilaritiesanddifferences in modality

through thdollowing scheme

1] 1/2/5] force applied to the wire

21 3/4 force isexerted on the brackets

314/5 4- force on brackets;-5orce on archwire

- M1 and 2 are comparable in terms of Von misesssts on theecondoremolars (anterior

pull on MI) and first molardespite the additional force on teecondMl).
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- Between M1 and M5, almost all stresses are statistically different (except for surfaces on the
secondPREMOLAR andfirst M) even though theosition of the Mis differs between these 2
modalitiessuggesting thiathe amount of force dictated the resultant Von Mises Stress

- M2-M5: NS difference on molars since the posterior pull in both is evenly distributed

- M3-M4: the only difference was theimber in palatal Mls, (NS difference posteriorigite
hypothesis is that the number of palatal MIs does not influence the amount of stresses on the
posterior section

- M4-M5: NS on thesecondmolaronly, application of érce whether on wire or brackets

affects the stresses on teeth

Table 316: Repeated measures ANOVA for comparison of stress among different modalities/ Stiffness
Variation

M1 M2 M3 M4 M5 p-value

Tooth Mean SD Mean SD Mean SD Mean SD Mean SD

Canine B3 | 1.033| 2.45ED5| 0.730| 2.69ED5 | 0.927| 3.50E05| 0.957| 1.91ED5| 1.612| 3.09ED5 0.000*
D3| 1.070 2.34E05 0.797, 3.57ED5 | 0.922| 3.51E05| 1.037| 1.74ED5 | 1.469 2.64ED5| 0.000*

M3 | 1.035| 2.24ED5| 0.765| 3.42ED5 | 0.854| 3.71ED5| 1.162| 1.91ED5 | 1.478, 2.65ED5 | 0.000*

P3  1.000/ 1.91ED5 0.832| 2.59ED5 | 0.821| 3.77ED5| 1.258| 1.70ED5 | 1.298| 2.23ED5 | 0.000*

1st premolar| B4 | 1.360, 4.43ED5| 0.929| 5.12ED5 | 1.122| 4.35ED5 | 0.942| 2.22ED5 | 1.718| 4.29E05 | 0.000*
D4 | 1.381) 3.73E05 | 1.076/ 6.09ED5 | 0.994| 4.36ED5| 1.039| 2.00ED5 | 1.468 3.32ED5| 0.000*

M4 | 1.393| 2.8E05| 1.101| 4.32ED5 | 1.039| 4.53ED5 | 1.237| 2.09ED5 | 1.616, 3.34ED5 | 0.000*

P4 | 1.410f 2.54ED5 1.224| 5.32ED5 | 1.011| 2.06ED4 | 1.405/ 2.16ED5| 1.461| 6.15ED5| 0.000*

2nd premolar B5 | 1.666, 6.90ED5 | 1.118| 6.66ED5 | 1.154| 5.14ED5| 0.801| 2.33ED5| 1.519| 5.41E05 | 0.00*
D5 | 1.379 4.31E05 1.098 9.60ED5 | 0.968| 4.30E05| 0.930| 1.82ED5 | 1.214 3.44ED5| 0.000*

M5 | 1.516 4.31ED5| 1.146/ 6.08E05 | 1.063 5.34ED5| 1.077| 2.09ED5| 1.456| 3.92ED5 | 0.000*

P5 1.437| 3.23ED5 1.166| 7.37ED5 | 0.972| 4.97ED5 | 1.314| 2.61ED5 | 1.366| 3.43ED5 | 0.000*

I1stmolar | B6 | 1.292| 2.98ED4 | 1.064| 1.00ED4 | 0.911| 6.66ED5 | 0.425 2.15E05| 1.020| 6.23E05  0.000*
D6 | 0.880| 3.47ED5| 0.814| 6.95ED5 | 0.684| 3.69ED5 | 0.665| 2.08ED5 | 0.750| 2.42ED5 | 0.000*

M6 | 1.459 3.28ED5| 1.098| 2.08E04 | 1.018 4.21ED5| 0.920| 1.94ED5| 1.285| 3.97ED5 | 0.000*

P6 | 1.260| 2.03ED5| 0.965| 2.64ED4 | 0.845| 3.60ED5 | 1.149| 3.03E05| 1.054, 2.71ED5| 0.001*

2nd molar | B7 | 0.438) 6.55ED5 | 0.719| 1.68ED4 | 0.587| 5.74ED5 | 0.422] 2.90ED5 | 0.445| 4.05E05 0.000*
D7 | 0.324| 3.13ED5| 0.471| 6.70ED5| 0.570/ 6.00ED5 | 0.452| 3.85ED5| 0.421| 3.74E05 | 0.000*

M7 | 0.455 3.25ED5 | 0.489| 6.21ED5 | 0.591, 3.85ED5 | 0.536/ 3.61ED5| 0.570| 3.11ED5 | 0.000*

P7 | 0.403| 3.15ED5| 0.426| 3.53ED5 | 0.577| 4.70E05| 0.599| 5.77ED5| 0.635 6.15ED5 | 0.000*

B: Buccal, D: Distal, M: Mesial, P: Palatal.
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Table 317: Pairwise comparison among modalities/ Stiffness Vanatio

MEM2 | MEM3 | MEM4 & MIMS5| M2M3 | M2M4 & M2MS | M3M4 | M3M5 | M4MS

Canine | B3 | 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.003* 0.000* 0.000*
D3 | 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000*
M3 | 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000*
P3 | 0.000* 0.000* 0.000* 0.000* 1.000 0.000* 0.000* 0.000* 0.000* 0.000*
1st B4 | 0.000* 0.000* 0.000* 0.000* 0.000* 1.000 | 0.000* 0.000* 0.000* 0.000*
premolar, D4 | 0.000* 0.000* 0.000* 0.000* 0.054| 0.880 0.000* 0.001* 0.000* 0.000*
M4 | 0.000* 0.000* 0.000* 0.000* 0.005* 0.000* 0.000* 0.000* 0.000* 0.000*

P4 | 0.000* 0.001* 1.000 6 0.129| 0.052 | 0.000* 0.000* 0.001* 0.000* 0.158
2nd B5 | 0.000* 0.000* 0.000* 0.000* 0.968  0.000* 0.000* 0.000* 0.000* 0.000*
premolar, D5 | 0.000* 0.000* 0.000* 0.000* 0.035* 0.003* 0.061| 0.013* 0.000* 0.000*
M5 | 0.000* 0.000* 0.000* 0.000* 0.041* 0.028* 0.000* 1.000 0.000* 0.000*
P5 | 0.000* 0.000* 0.000* 0.000* 0.000* 0.006 | 0.000* 0.000* 0.000* 0.000*
1st B6 | 0.122  0.015* 0.000* 0.146 | 0.004* 0.000* 1.000  0.000* 0.000* 0.000*
molar | D6 | 0.0® | 0.000* 0.000* 0.000* 0.000* 0.000* 0.820 0.388| 0.000* 0.000*
M6 | 0.001* 0.000* 0.000* 0.000* 1.000| 0.123| 0.072 | 0.000* 0.000* 0.000*
P6 | 0.029* 0.000* 0.000* 0.000* 1.000| 0.343  1.000| 0.000* 0.000* 0.000*

2nd B7 | 0.000* 0.000* 1.000| 1.000  0.079| 0.000* 0.001* 0.000* 0.000* 0.026
molar | D7 | 0.000* 0.000* 0.000* 0.000* 0.007* 1.000  0.048* 0.000* 0.000* 0.000*
M7 | 0.125| 0.000* 0.000* 0.000* 0.000* 0.031* 0.000* 0.000* 0.000* 0.001*
P7 | 0.019* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.046* 0.000* 0.000*

3.2. Thickness Variation / Stress comparisoamongteeth and modalities
3.2.1. Part6: Thickness variation Antrusion modalityl

The dress amounts deeth surfaceser e not stati sticalféery si gn
the mesial distal,buccal,and palataburfaceqTable 318-19-20). Thereforethe ANOVA and
Bonferroni tests were used

For the first modality, lastresses were statically significantly different betweeteeth
(Table 319). Comparson of surfacesamongteethrevealed thatthe only palatal surface was
significant when comparing canine to premolars, mesial when comparing canine fist
mola and distal when coparing canine to second molar and no statistical difference between
premolars. The highest stress value was on the second premalad{®) the medial teeth {8
6) in comparison witithe extremity teeth: the canine (3) and seconthm@) (Table 320; Fig

3.6).
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Table 3.18: Descriptive statistics for the stress generatetherd surfaces of the buccal teeth
(Thicknessvariation/1%' modality)

Statistics Buccal Distal Mesial Palatal Total
Mean SD Mean  SD Mean SD Mean SD
Canine (3) 1.019/ 1.1E04 1.081 1.5E04| 1.029 5.9E05| 0.948 5.3E05| 4.078

First premolar (4) 1.245 6.2E05 1.279 2.4E04 1.282 4.0E05 1.410 4.4E05 5.216

Second premolar (5 1.419 8.6E05| 1.307 1.4E04| 1.406 1.4E04| 1.397 1.6E05 5.529

First molaf6) 1.172 2.3E04 0.895 5.8E05 1.298 6.2E05| 1.200 1.1E04 4.564

Second molar (7) 0.386/ 4.8E05 | 0.312 4.2E05 0.596 1.9E04 0.375 b5.7E05| 1.668
Stresses in KP&D: Standard deviation

Table 319: Comparison of stress among the 5 teeth at sadhce
(Thickness/1%' modality)

3 4 5 6 7 | pvalue
Buccal 1.019 1.245 1.419 1.172 0.386/ 0.000*
Distal 1.081 1.279 1.307 0.895 0.312 0.000*
Mesial 1.029 1.282 1.406 1.298 0.596 0.000*
Palatall 0.948 1.410 1.397 1.200 0.375 0.000*

KruskatWallis oneway analysis of variander nonpaametric data.
*Significant atp <0.06

Table 320: Pairwise comparisons for stress between the teeth asedalse(PostHoc tests:
Bonferron)
34 35 36 37 45 4-6 4-7 56 57 6-7
Buccal| 0.188 | 0.000* 0.230| 0.709| 0.108 1.000 0.000* 0.087 | 0.000% 0.000*
Distal | 1.000| 0.132| 0.946 0.003* 1.000 0.010* 0.000* 0.000* 0.000*% 0.538
Mesial| 0.050 | 0.000* 0.022* 0.924| 1.000 1.000| 0.000* 1.000 0.000% 0.000*
Palatall 0.000* 0.000*% 0.924| 0.924| 1.000/ 0.098| 0.000* 0.137| 0.000% 0.008*

*Significant at p <0.8
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Fig.3.6 Graphic representation of the buccal teeth respc RV
tointrusion on 1 buccal and 2 palatal mini iz
implantsthicknessvariation. Note the similar stresses on 11
palatal surfaces of thfest andsecond premais (5).
Lowest stresses on extremity teeth-(8) =
B: buccal, P: palatal, M: mesial, D: distal surfaces of tee B 07
Redindicates higher severity, dark blue lower séyeas M o AP, =
A B ms=m
per used FEA scale. 4 o ==

3.2.2. Part 7: Thickness variationlintrusion modality2

The Leveneds test r es ubrysortheestress amourdstaitreet i c al |
buccaland mesiasurface, and norsignificant for the mesiafjistal,and palatal surfacesl ke
3.22). Therefore, the Welch ANOVAnd Gamesiowell tess wereused for the buccand
mesialsurfaces.
For comparisometween teeth, onithebuccal and mesial surfaces were statdly
significantly differentspecifically the caninan comparison wh the premolars (8/3-5) and the

second premolarersusthe second molar {3). (Table 323)
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Table 321: Descriptive statistics for the stress generated on shefdces of the buccal teeth
(Thicknessvariation2"® modality)
Statistics Buccal Disal Mesial Palatal Total
Mean, SD Mean, SD Mean| SD Mean| SD
Canine (3) 0.833 1.25ED4 | 0.893 1.65ED4 | 0.828 1.01ED4| 0.826| 1.15ED4 | 3.380
First premolar (4) 1.075 2.57E04 1.089 2.65ED4 1.085 2.08ED4 1.019 2.28ED4 4.268
Second premolar (! 1.246 3.98E04 1.047 4.49ED4 1.158 2.98ED4 1.143 3.05ED4 4.594
First molar (6) @ 0.896 3.15ED4 0.883 1.63ED4 1.110 1.76ED4 1.091 2.15ED4 3.980
Second molar (7) 0.751 1.62ED4| 0.726 3.45ED4 0.800 1.55ED4 1.006 4.11ED4 3.284
Stresses in kP&D: Standard dewition

Table 322: Comparison of stress among the 5 teeth at each surface
(Thickness2"® modality)
3 4 5 6 7 | pvalue
Buccal | 0.833 1.075 1.246 0.896 0.751 0.003*
Distal | 0.893 1.089 1.047| 0.883 0.726/ 0.085
Mesiah  0.828 1.085 1.158 1.110 0.800 0.000*
Palatal | 0.826/ 1.019 1.143 1.091 1.006/ 0.111

KruskatWallis oneway analysis of variander nonparametric data.
AResults obtained with Welch ANOV&lues reported because
assumption of homogeneity of variances was violated; *Significgnk@tb

Table 323: Pairwise comparisons for stress between the teeth at each f@dmeesHowell)

34 35 36 37 45 46 | 47 56 | 57 6-7
Buccal 0.084 0.042* 0.970 0.677 0.752 0.594 0.018 0.190 0.015* 0.662
Mesial 0.016* 0.030* 0.002*% 0.987 0.962 0.998 0.QL4* 0.990 0.022* 0.002*

*Significant at p <0.6
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Fig.3.7. Graphic representation of the buctzdth

|33 | 427 | 45 | 398 | 338 |

BB

respase tointrusion on 2 buccal and 2 palatal mini
implants (posteriorjthicknessvariation. Note the similar
stresses odistalsurfaces of théirst andsecond

premolas (5). Lowest stresses on extremity teeth-(3j)

B: buccal, P: palatal, Mmesial, D:distal surfaces of
teeth.Redindicates higher severity, dark blue lower

severity as per used FEA scale.

3.2.3. Part 8: Thickness variationlintrusion modality3

The secongbremolarsustained the highest stress specifically its buccal aspect with stress

concentrated more anterior (5>4>8)l stresses were statistically significantly differéetween

teeth. Comparison betwesurfacesndicated statistically significant differenae all aspects of

the canine and theecondpremolar(3-5), thefirst andsecondoremolas and thesecondmolar

(4-7/5-7) (Table 325, Table 326; Fig.38).

Table 324: Descriptive statistics for the stress generated on the 4 surfaces of thetéettcal
(Thickness variatio®® modality)

Statistics Buccal Distal Mesial Palatal total
Mean  SD Mean, SD Mean, SD Mean, SD

Canine (3) 0.870 5.0E05| 0.854 5.2E05 | 0.833 4.7E05| 0.813 3.9E05| 3.370

First premolar (4) | 1.066 8.4E05| 0.913 2.6E04 | 1.031 7.9E05| 1.019 8.8E05 4.029

Second premolar (! 1.217 2.8E05| 1.082 7.3E05  1.067 3.0E04 | 1.079 7.7E05| 4.444

First molar (6) 0.935 6.5E05| 0.688 5.8E05  0.966 5.3E05| 0.851 1.1E04| 3.440

Second molar (7) | 0.655 7.3E05| 0.550 1.6E04 0.661 8.3E05 | 0.594 4.3E05| 2.460

Stresses in kP&D: Standard deviation
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Table 325: Comparison of stress among the 5 teeth at each surface
(Thickness3 modality)

3 4 5

6

7

p-value

Buccal

0.870 1.066 1.217

0.935

0.655

0.000*

Distal

0.854 0.913 1.082

0.688

0.550

0.000*

Mesial

0.833 1.031 1.067

0.966

0.661

0.000*

Palatal

0.813 1.019 1.079

0.851

0.594

0.000*

KruskatWallis oneway analgis of variancdéor nonparametric data.
*Significant atp <0.06

Table 326: Pairwise comparisons for stress between the teeth asedalbe(PostHoc tests:
Bonferronj

34

35

36 37 4-5

4-6

4-7

56

57

6-7

Buccal

0.040*

0.000*

1.000 0.386 0.816

0.700

0.000*% 0.004*

0.000*

0.017*%

Distal

1.000

0.036*

0.700 0.013* 1.000

0.012*

0.000* 0.000*

0.000*

1.000

Mesial

0.032*

0.000*

0.288 0.924 1.000

1.000

0.000* 0.496

0.000*

0.001*%

Palatal

0.005*

0.000*

1.000 0.656 1.000

0.158

0.000*% 0.013*

0.000*

0.037*

*Significant at p <0.6

Fig.3.8 Graphicrepresentation of the buccal teeth respol
tointrusion on 2 buccal and 1 palatal mini
implantgthickness variation. Note thencentration of
stress on the anterior segment (5>4>3)
B: buccal, P: palatal, M: mesial, D: distal surfaces of tee
Redindicates higher severity, dark blue lower severity as

per used FEA scale.
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3.2.4. Part9: Thickness variation Antrusion modality4

Thefirst premolarsustained the highest stress specificallpétatalaspect with stress
concentrated more anteri@>3>5) Comparison between stresses onhiegevealedtatistically
significantly differerce (Table 328). Pairwise comparison between teeth was statistically significant
between the canines antlars (3-6/3-7), first premolarandmolars(4-6/4-7), andsecondoremolar

andsecondmolar(5-7) (Take 329; Fig.39).

Table 327: Descriptive statistics for the stress generated on the 4 surfaces of the buccal teeth
(Thickness variatiod" modality

Statistics Buccal Distal Mesial Palatal total
Mean| SD Mean SD Mean SD Mean SD
Canine (3) 1.110 9.5E05| 1.126 7.7E05| 1.230 7.0E05| 1.332 7.5E05| 4.799

First premolar (4) | 1.091 1.1E04| 1.240 1.2E04 1.355| 1.2E04 | 1.452 1.0E04 5.138

Second premolar (! 1.010 9.5E05| 1.084) 9.0E05  1.171 8.3E05 | 1.278 7.3E05| 4.543

First molar (6) 0.586/ 1.3E04  0.698 1.F-04 0.773 1.0E04| 0.843| 1.3E04 | 2.901

Second molar (7) | 0.587| 1.4E04| 0.617 1.4E04 0.659 1.5E04 0.687 1.6E04| 2.550
Stresses in KP&D: Standard deviation

Table 328: Comparison of stress among the 5 teeth at each surface
(ThicknessA" modality)
3 4 5 6 7 | pvalue
Buccal| 1.110 1.091 1.010 0.586/ 0.587 0.000*
Distal | 1.126/ 1.240 1.084| 0.698 0.617, 0.000*
Mesial| 1.230 1.355 1.171 0.773 0.659 0.000*
Palatall 1.332 1.452 1.278 0.843| 0.687 0.000*
KruskalWallis oneway analysis of variander nonparametic data.
*Significant atp <0.06

Table 329: Pairwise comparisons for stress between the teeth asedaloe(PostHoc tests:
Bonferron)
34 35 36 37 45 4-6 4-7 56 57 6-7
Buccal | 1.000 1.000 0.000* 0.000* 1.000 0.000* 0.000* 0.007* 0.009* 1.000
Distal | 1.000| 1.000/ 0.003* 0.000* 0.568 0.000* 0.000* 0.024* 0.002* 1.000
Mesial | 1.000, 1.000/ 0.002* 0.000* 0.280 0.000* 0.000* 0.056 0.004* 1.000
Palatal| 1.000/ 1.000 0.004* 0.000* 0.234, 0.000* 0.000* 0.085 0.002* 1.000
*Significant at p <0.6
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Fig.3.9 Graphic representation of the buccal teeth respo
tointrusion on 2 buccal and 2 palatal mimplants with
buccal load applied on the brackétgckness variation.
Notethe highest stress on the second premolar (5) and
specifically on its buccal aspect and the anterior total stre
concentration (5>43).

B: buccal, P: palatal, M: mesial, D: distal surfaces of teet M(_I_)D A
Redindicates higher severity, dark blue lower severity as

per used FEA scale.

3.2.5. Part10: Thickness variation Antrusion modality5

Thefirst premolarsustained the highest stress specificallpétatalaspect with stress
concentrated more anteri@>3>5),patternof stress distribution was similar to that o thodality
4 but with higher valuesAll stresses were statistically significantly diffatdetween teethRairwise
comparison between teeth was statistically significant between the caninmaslans(3-6/3-7), first

premolarandmolars(4-6/4-7), andsecondoremolarandsecondmnolar (5-7) (Table 331, Table 332

Fig.3.0).

Table 330: Descriptive statistics for the stress generated on the 4 surfaces of the buccal teeth
(Thickness variations™ modality)

Statistics Buccal Distal Mesial Palatal total
Mean| SD Mean SD Mean SD Mean SD
Canine (3) 1.747 9.9E05 1.611 7.4E05 1.619 8.4E05 1.459 7.6E05| 6.436

First premolar (4) @ 1.849 4.4E05 1.605 6.1E05 1.716 4.9E04 1.606 8.3E05 6.776

Second premolar (! 1.670 5.7E05 1.351 6.2E05 1.595 1.5E04 1.523 9.2E05 6.138

First molar (6) 1.159 3.6E05| 0.910 5.9E05 1.417| 6.3E05| 1.200 6.5E05| 4.686

Second molar (7) | 0.583 6.4E05 0.559 7.8E05| 0.710 7.9E05 0.785 9.0E05 2.637
Stresses in kP&D: Standard deviation
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Table 331: Comparison of stress among the 5 te¢taah surface
(ThicknessS™" modality)
3 4 5 6 7 | pvalue
Buccal| 1.747 1.849 1.670 1.159 0.583 0.000*
Distal | 1.611] 1.605 1.351 0.910 0.559 0.000*
Mesial| 1.619 1.716 1.595 1.417 0.710 0.000*
Palatall 1.459 1.606| 1.523 1.200f 0.785 0.000*
KruskalWallis oneway analysis of variander nonparametric data.
*Significant atp <0.06

Table 332 Pairwise comparisons for stress between the teeth asedalbe(PostHoc tests:

Bonferronj

34 35 36 37 4-5 4-6 4-7 56 57 6-7

Buccal | 1.000 1.000 0.011* 0.000* 0.141 0.000* 0.000* 0.288| 0.001* 0.924

Distal | 1.000 0.074 0.000* 0.000* 0.177/ 0.000* 0.000* 0.923 0.008* 0.923

Mesial 1.000 1.000 0.177 0.000* 0.700 0.001* 0.000* 0.324 0.000* 0.553

Palatal 0.324| 1.000 0.194 0.001* 1.000/ 0.000* 0.000* 0.010* 0.0@*  0.924

*Significant at p <0.6

"o | i | ae | 264

olojoc]

Fig.3.1Q Graphic representation of the buccal teeth
response tintrusion on 2 buccal and 2 palatal mini
implants with buccal load applied on the archwihéeckness
variation. Notehe highest stress on first premolar on all it
aspects (4>3>5).

B: buccal, P: palatal, M: mesial, D: distal surfaces of teet B
Redindicates higher severity, dark blue lower sgtyeas M(—I—)D A-
per used FEA scale. P [ ]
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3.2.6. Thickness Variation Comparison between théve modalities of intrusion

The results showed statistically significant differences famalflalitiesamongall the
teeth. The pralues were all below 08except for the mesial surface of the second molar (M7)

in all modalitieg(Table 333).

M 1 and 2 are comparable in terms of Von mises stresses saedbedoremolas (anterior

pull on MI) and first molardespite the additional force on teecondMl).

- Between M1 and M5, almost all stresses are statistically different (except for surfaces on the
secondpremolarandfirst molar even though the position of the Mis differs between these 2
modalitiessuggesting that the amount of force dictated the resiltan Mises Stress

- M2-M5: NS difference on molars since the posterior pull in both is evenly distributed

- M3-M4: the only difference was the number in palatal Mis, (NS difference posterimmky):
hypothesis is that the number of palatal MIs does natente the amount of stresses on the
posterior section

- M4-M5: NS on thesecondnmolaronly, application of force whether on wire or brackets

affects the stresses on teeth
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Table 333. Repeated measures ANOVA for comparison of staessng diffeent modalities
Thickness Variation

M1

M2

M3

M4

M5

p-value

Tooth
Canine | B3
D3
M3
P3
1st B4
premolar | pg
M4
P4
2nd B5
premolar | pg
M5
P5
1st molar| B6
D6
M6
P6
2nd B7
molar D7
M7
P7

Mean
1.019
1.081
1.029
0.948
1.245
1.279
1.282
1.410
1.419
1.307
1.406
1.397
1.172
0.895
1.298
1.200
0.386
0.312
0.596
0.375

SD
1.13ED4
1.51E04
5.85E05
5.31E05
6.22ED5
2.42E04
3.99ED5
4.41E05
8.62ED5
1.38ED4
1.41ED4
1.61ED5
2.34E04
5.84E05
6.20ED5
1.06ED4
4.78ED5
4.24E05
1.89ED4
5.74E05

Mean
0.850
0.909
0.842
0.845
1.086
1.107
1.098
1.036
1.269
1.072
1.173
1.161
0.905
0.892
1.126
1.103
0.757
0.745
0.807
1.023

SD
1.34ED4
1.67ED4
1.09ED4
1.27ED4
2.47ED4
2.60ED4
2.03ED4
2.25E04
3.88ED4
4.37ED4
2.89ED4
2.98E04
3.02E04
1.59E04
1.76ED4
2.09E04
1.55E04
3.35E04
1.50ED4
3.96E04

Mean

0.870
0.854
0.833
0.813
1.066
0.913
1.031
1.019
1.217
1.082
1.067
1.079
0.935
0.688
0.966
0.851
0.655
0.550
0.661
0.594

SD
4.97ED5
516E05
4.66ED5
3.87E05
8.38ED5
2.62E04
7.91ED5
8.77ED5
2.82ED5
7.32E05
3.03E04
7.66E05
6.47ED5
5.76E05
5.25E05
1.13ED4
7.26E05
1.63ED4
8.30ED5
4.34ED5

Mean
1.110
1.126
1.230
1.332
1.091
1.240
1.355
1.452
1.010
1.084
1171
1.278
0.586
0.698
0.773
0.843
0.587
0.617
0.659
0.687

SD
9.52ED5
7.65ED5
7.00ED5
7.52ED5
1.11ED4
1.17ED4
1.21ED4
1.03ED4
9.49ED5
8.98E05
8.25E05
7.35ED5
1.32ED4
1.31E04
1.04ED4
1.31ED4
1.36ED4
1.37ED4
145E04
1.57ED4

Mean
1.747
1.611
1.619
1.459
1.849
1.605
1.716
1.606
1.670
1.351
1.595
1.523
1.159
0.910
1.417
1.200
0.583
0.559
0.710
0.785

SD
9.86ED5
7.36ED5
8.36ED5
7.58E05
4.43ED5
6.13E05
4.87ED4
8.27ED5
5.70ED5
6.23E05
1.46ED4
9.23E05
3.56ED5
5.89ED5
6.35E05
6.53E05
6.39ED5
7.75E05
7.90ED5
8.98ED5

Table 334: Pairwise comparison among modalities/ Thickness Variation

MEM2

MEM3 | MiM4

MEMS5 | M2M3

M2M4

M2M5

M3M4

0.000*
0.000*
0.000*
0.000*
0.000*
0.000*
0.001*
0.000*
0.000*
0.041*
0.000*
0.002*
0.000*
0.000*
0.000*
0.001*
0.001*
0.009*
0.026*
0.001*

M3M5 | M4M5

Canne B3
D3
M3
P3
1st B4
premolar| D4
M4
P4
2nd B5
premolar| D5
M5
P5
1st molar| B6
D6
M6
P6
2nd B7
molar D7
M7
P7

0.019*
0.049*
0.002*
0.136
0.382
1.000
0.063
0.003*
1.000
0.916
0.170
0.202
0.573
1.000
0.105
1.000
0.000*
0.010*
0.186
0.002*

0.002*
0.001*
0.000*
0.000*
0.000*
0.028*
0.000*
0.000*
0.000*
0.008*
0.048*
0.000*
0.048*
0.000*
0.000*
0.000*
0.000*
0.003*
1.000

0.003*

0.405

1.000

0.000*
0.000*
0.018*
1.000

0.999

0.505

0.000*
0.012*
0.010*
0.001*
0.000*
0.004*
0.000*
0.000*
0.001*
0.000*
1.000

0.000*

0.000*
0.000*
0.000*
0.000*
0.000*
0.010*
0.103
0.000*
0.000*
1.000
0131
0.007*
1.000
1.000
0.014*
1.000
0.000*
0.000*
0.254
0.000*
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1.000
1.000
1.000
1.0@
1.000
0.219
1.000
1.000
1.000
1.000
1.000
1.000
1.000
0.012*
0.204
0.072
1.000
1.000
0.402
0.041*

0.009*
0.065
0.000*
0.000*
1.000
1.000
0.087
0.004*
0.656
1.000
1.000
1.000
0.159
0.217
0.001*
0.027*
0.580
1.000
0.885
0.412

0.000*
0.000*
0.000*
0.000*
0.000*
0.001*
0.028*
0.000*
0.067
0.612
0.020*
0.064
0.186
1.000
0.002*
1.000
0.150
1.000
0.953
0.878

0.000*
0.000*
0.000*
0.000*
1.000
0.045*
0.000*
0.000*
0.000*
1.000
1.000
0.000*
0.000*
1.000
0.000*
1.000
0.126
1.000
1.000
0.419

0.000*
0.000*
0.000*
0.000*
0.000*
0.000*
0.004*| 0304
0.000*
0.000*
0.000*
0.000*
0.000*
0.000*
0.000*
0.000*
0.000*
0.000*| 1.000
1.000 | 0.220
0.478 | 1.000
0.000*| 0.239

0.000*
0.000*
0.000*
0.000*
0.000*
0.000*

0.000*
0.000*
0.000*
0.000*
0.000*
0.000*
0.001*
0.000*
0.000*



3.3. Stress values comparigowithin each modality: stiffness/ thickness

Statistically significant differencewerefoundat the level othe premolars (S/T S4 and
5) and the first molar (S/T S6)-{mlue <0.05)n the first modality Table 335), butnonein
modality 2, (Table 336). In the third modality, all stresses on teetére significantly different
between stiffnesgS) and thicknes$§T) valuesexcept for the first molars streSgable 337),
while differences were significant for all five teeth in modalitfT4ble 338). In modality 5 the

main difference was on the sex molar (S/T S 7(Table 339).

Modality 1 Modality 2
SIT 83 S/TS4 | SITSS SITS6 [ SITST SITS3 | SITS4 |SITSS SIT S6 SIT $7
P-value 0.252 0.005 0.000 0.000 0.955 P-value 0.051 0.332 0.075 0.965 0.331
Table.4.35. Stress comparison between stiffness and thickness Table.4.36. Stress comparison between stiffiness and thickness
variation in the first modality variation in the second modality
Modality 3 Modality 4
SITS3 S/ITS4 | SITSS SITS6 [ SITST S/ITS3 |[S/TS4 |SITSS SIT S SIT 87
P-value 0.000 0.000 0.000 0.080 0.013 P-value 0.000 0.020 0.000 0.000 0.000
Table.4.37. Stress comparison between stiffness and thickness Table.4.38. Stress comparison between stiffness and thickness
variation in the third modality variation in the fourth modality
Modality 5
SITS3 SITS4 [ SITSS SIT S6é SIT 87
P-value 0.314 0.360 0489 0.357 0.019

Table.4.39. Stress comparison between stiffness and thickness
variation i the fifth modality

S/T: Stiffness/thickness
S3: Stress 354: Stress 465: Stress 556: Stress 657: Stress 7

3.4. Displacement comparison between teeth

Descriptive statistics were planned to evaluate initial displacement inesl dimections

of movement in both stiffness and thickness variatfong 1= x= Buccaelingual direction/Axis
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2= y= Anteraposterior directionAxis 3= z= Vertical direction) considering that axis 1 and 2

representecondaryeffects of intrusion (axis 3jTables3.40/44).

34.1. Stiffness variation

The first modalitydisplayedthe highest intrusion value on tisecondpremolar(5) (1.060
mm) and thdfirst premolar(4) (0.950mm), with statistically significant differenedetweerall

theteeth. The seconaholar (7)exhibitsthe leasintrusion(0.319mm) (Table 341).

Modality 2 was similarto the first onethe highest displacement being on the second
premolar(5), but at a lower amour{0.817mm). Thedisplacement of theanine (3), first
premolar (4) andirst molar (6) weref lower valueghan in modalityl (0.565mm, 0.738mm,
and 0.692nm respectively). On the opposite, the second molar intruded more (@#AB&hen

compared to the first modality (0.3b8m).

The comparisondiween modalies 1 and bshowed greatemtrusion of the canimin the
latter (1.062mm) andthe maxinal intrusion on thdirst premolar @) (1.154mm). Thesecond
molars were similaat0.319mm of initial displacemenfThe comparison betweemodalities 4

and5, revealedhe higter intrusion on theecondmolar.

In modality 3, thesame pattern of intrusiomas observewith lower values as in the first
modality (0.754mm and 0.736nmrespectively on 5 and)4Thesecondmnolar(7) intrusion was
0.412mm compared tceks intrusion o thefirst molar 6) (0.349mm) with intrusion
concentrated anteriorly 3, 4 and 5 with 0.739, 0.784 and Gnr@Xespectively.

Whereasthe highest intrusion was on thecondoremolarfor modality3 (0.754mm),

compared t®.784mm in modality 4 Both setups 3and 4exhibitedclose amant ofintrusion
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for thefirst molar (0.585 versus 0.483) atige secondmolar 0.412mm and0.349mm,;
respectively)

Premolas intrusion was higher in modality 4 than in modalitgutfollowed same
pattern for teeth intsion (4>3>5) Thesecondmolar intruded more in model 4 (0.348m) but
thesecondmolar intruded more in madity 5 (0.665mm). Difference between teeth and models
was significant in all aspect$dble 340).
Pairwise comparison displayed no statisticghgicance between theolars (67), between the
premolars (46) in the first two modalities and between the canine and the first premdlar (3

(Table 342

Table 340. Descriptive statistics for tooth initial displacenfestiffness variation (in mm)
Axis 1= x= Buccalingual direction
Axis 2= y= Anteraposterior direction
Axis 3= z= Vertical direction

M1 M2 M3 M4 M5

Mean| SD | Mean, SD | Mean| SD | Mean, SD | Mean| SD

3| Axis1| 0.307| 2E05| 0.099 2E05| 0.345| 1EO05| 0.283| 3E06 | 0.087 4E06
Axis 2| -0.135 1E05 | -0.068 3E05 | -0.137| 6E06 | -0.098| 6E06 | -0.146| 8E06
Axis 3| 0.744) 3E05| 0.565 8E05| 0.636/ 3E05| 0.739| 1E05| 1.062| 2E05

4 | Axis 1| 0.102| 2E05 | -0.007, 1E05| 0.211 2E05| 0.310 7E06 | -0.004| 9E06
Axis 2| -0.251| 2E05 | -0.159 1E05 -0.193 1E05| -0.120 1EO05| -0.241| 1E05
Axis 3| 0.950 2E05| 0.738 3E05| 0.736/ 3E05| 0.784| 1E05| 1.154| 2E05

5| Axis 1| 0.523| 5E05| 0.041 2E05| 0.194| 4E05| 0.174| 6E06 | 0.019 8E06
Axis 2| -0.237, 2E05 | -0.128 1E05| -0.178| 2E05 | -0.111| 9E06 | -0.224| 1E05
Axis 3| 1.060 3E05| 0.817 4E05| 0.754| 3E05| 0.701| 1E05| 1.024| 3E05

6 | Axis 1| -0.046 2E05 | -0.058 2E05| -0.023 9E06 | 0.145/ 1E05| 0.027 2E05
Axis 2| -0.044) 9E06 | -0.044 1E05 | -0.072| 7E06 | 0.018| 9E06 | -0.077| 9E06
Axis 3| 0.773/ 2E05| 0.692 1E04 | 0.585 7E05| 0.483| 1E05| 0.665 3E05

7 | Axis 1| -0.032 7E06 | 0.009 8E06| 0.143 1E05 | 0.109| 1E05| 0.142 2E05
Axis 2| -0.001 5E06 | -0.042 7E06 | -0.103| 7E06 | -0.029| 4E06 | -0.029| 7E06
Axis 3| 0.319 3E05| 0.489 6E05| 0.412 3E05 | 0.349| 3E05| 0.318| 3E05
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Table 341 Comparison of INTRUSIN among the teeth (intramodality millimeter) and
comparison of Intrusion among different modalities (intermodadityillimeter) /Stiffness

variation

3 4 5 6 7
Mean| SD | Mean SD | Mean| SD | Mean| SD A Mean| SD | P-v al
M1 0.744 3605 0.950 2EO05 1.060 3E05| 0.759 4E05| 0.319 3E05, 0.000*
M 2 0.565 8E05| 0.738 3EO05 0.817 4E05| 0.692 1E04 | 0.489 6E05, 0.000*
M3 0.636/ 3E05| 0.736/ 3E05  0.754 3E05| 0.585 7E05| 0.412 3E05| 0.000*
M 4 0.739 1E05| 0.784 1EO5 0.701 1E05| 0.483 1E05| 0.349 3E05, 0.000*
M5 1.062| 2E05| 1.154 2E05| 1.024 3E05| 0.665 3E05| 0.318 3E05| 0.000*

P-value¥ 0.000* 0.000% 0.000% 0.000% 0.000*

AKruskakWallis oneway analysis of variance
¥ Repeated measures ANOVA

Table 342 Pairwisecomparisorbetween teeth in every modalitgtiffness variation

34
0.102
0.172
0.172
0.989
0.767

35
0.000*
0.000* 0.790
0.017* 1.000
1.000 | 0.015*
1.000 | 0.022*

36
1.000

37
0.237
1.000
0.056

0.000*
0.000*

4-5
1.000
0.417
1.000

0.017*
0.022*

4-6 4-7
0.237 | 0.000*
1.000 | 0.002*
0.007*| 0.000*
0.000* 0.000*
0.000*| 0.000*

56
0.001*
0.078
0.000*
0.936
0.767

57
0.000*
0.000*
0.000*
0.010*
0.007*

6-7
0.102
0.018*
0.813
1.000
1.000

SEHERE

Table 343. Pairwise comparisobetween modalities/ Stiffness variation

MEM2| MEM3 | MEM4 | MEM5| M2M3 | M2M4 | M2M5| M3M4| M3MS | M4M5
0.000* 0.000* 1.000| 0.000* 0.022* 0.000* 0.000* 0.000* 0.000* 0.000*
0.000* 0.000* 0.000* 0.000* 1.000 0.000* 0.000* 0.000* 0.000* 0.000*
0.000* 0.000* 0.000* 0.001* 0.001* 0.000* 0.000* 0.000* 0.000* 0.000*
0.78 | 0.000* 0.000* 0.001* 0.198| 0.001* 1.000 0.004* 0.007* 0.000*
0.001* 0.000* 0.009* 1.000 0.003* 0.000* 0.000* 0.000* 0.000* 0.000*

~N o oA w

3.4.2. Thickness variation

Modality 1 displayedhe highest intrusion valigeon thesecond5) (1.071mm) and the
first(4) (0.962mm) premolas, with statistically significant differenc@mongteeth. Thesecond

molar (7) intruded the leadd.344mm) (Table 345), as reflectedn the stiffness variation.
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Thecomparisorbetweenthe modaliies 1 and 2reveakd a greatentrusion onthe second
premolar(5) in model 1 decreasing in both modalities respectively on teeth 3afd 7.The

second molar imuded more in the second modality (0.513 versus 01a#

In model 5 thehighestdisplacementvas registered on thadt premolar (4) with 1.167
mm with stress localized anteriorly (1.086n on the canine (3)), and lowest on the molars

(0.657mm on thefirst molar (6)), in model 2, distribution of intrusion was more uniform.

Displacement valuesere closédetween modaiies3 and 4(4>5>3>6>7) In thethird
setup intrusion was higlon 4 andb (0.766mmand 0.772nmrespectively. The second molar
intruded morg0.489mm).

Less intrusion was observed on the second molar (7¢ifoththmodality (0.421) with
intrusion @ncentrated anteriorly on the8and 5, with 0.734, 0.756 and 0.7@limeters,
respectively.

Intrusion inmodality 4 was greater anteriorly among firet premolar (1.16Tm) and
the second premolar (1.04€m), andmore unifornty distributedin compaisonwith the fifth
setup
Differences between teetin all modalitieswas significant in all aspect$dble 346/47).
Pairwise comparis@displayed no statistical significance between the molar,(between the
premolars (46), between the canine atie first premolar (&), and between the canine and the
first molar (36) (Table 345).

When comparingnodalities, no significant statistical difference was noted between

modalifes 2 and 3, 2 and 4, and, 3 &hdnall teeth(Table 347).
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Table 344. Descriptive statistics for tooth initial displacementickness variation (in mm)
Axis 1= x= Buccalingual direction
Axis 2= y= Anteraposterior direction
Axis 3= z= Vertical direction

M1

Mean

3| Axis 1| 0316
Axis 2| -0.146
Axis 3| 0.753
4| Axis1 0.110
Axis 2| -0.258
Axis 3| 0.962
5 Axis 1| 0.537
Axis 2| -0.240
Axis 3| 1.071
6  Axis 1| -0.051
Axis 2| -0.047
Axis 3| 0.789
7 | Axis 1| -0.032
Axis 2| -0.146
Axis 3| 0.344

M2
SD | Mean
4E05| 0.049
2E05| -0.066
1E04| 0.585
1E05 | 0.033
5E05/| -0.180
2E04| 0.660
8E05 | 0.102
7E05| 0.12
8E05| 0.820
2E05 | 0.022
6E06  -0.039
1E04 0.518
7606 0.111
6E06 -0.118
1E04 0.513

M3
SD | Mean
2E05| 0.428
1E05| -0.151
1E04| 0.694
1E05| 0.245
1804 | -0.195
2E04 | 0.776
5E05| 0.158

M4
SD | Mean
3E04 | 0.286
4E05 | -0.096
3E04| 0.734
4E04 | 0.309
5E05| -0.137
2E04| 0.756
4B05| 0.174
3E05 | -1.693 6E04 | -0.122
2B604 | 0.772 7TE05| 0.727
1E05| -0.024 4E06 0.176
3E05| -0.066/ 2E05 | -0.076
2E04 | 0.596 7E05| 0.568
505, 0.171 3E05| 0.181
3E05| -0.100 3E05| -0.147
2E04 | 0489 1E04| 0.421

M5
SD | Mean
7E05| 0.086
2E05| -0.143
2E04| 1.035
1E04 | -0.004
3E05| -0.257
3E05| 1.167
3E05| 0.021
1E05| 0.231
3E04| 1.049
1E04 | 0.045
1E04 | -0.074
2E04 | 0.657
2E04| 0.148
2E04 | -0.025
2E04| 0.329

SD
2E05
6E05
2E04
3E06
9E05
3E04
1E05
8E05
2E04
SEO05
1E05
1E04
7EO05
7E06
8E05

Table 345. Comparison ofNTRUSION among the teeth (intramodalitymm). Comparison of
Intrusionamong different modalities (intermodalityfjhickness variation

3 4 5 6 7
Mean| SD | Mean, SD | Mean| SD | Mean| SD | Mean| SD |Pwval u
M1 0.753 1E04| 0.962 2E04 1.071 8EO05| 0.756 1E04 0.344| 1E04 0.000*
M2 0.585 1E04| 0.660 2E04 0.820 2E04| 0.518 2E04 0.513| 2E04| 0.471
M3 0.694 3E04| 0.776 2E04 0.772 7E05| 0.596 7E05| 0.489 1E04 0.000*
M4 0.734) 2E04| 0.756/ 3EO05 0.727 3E04 | 0.568 2E04 | 0.421 2E04 0.000*
M5 1.035 2E04 | 1.167 3E04 1.049 2E04| 0.657 1E04| 0.329 8E05| 0.000*
P-value¥ 0.000% 0.000* 0.000% 0.000% 0.000%

AKruskakWallis oneway analysis of variance
¥ Repeated measures ANOVA

Table 346. Pairwise compasonbetween teeth in every modality (Bonferroni)/ Thickness
variation
34 35 36 37 4-5 4-6 4-7 56 57 6-7
M1  0.151 0.005* 1.000 0.069| 1.000 0.132| 0.000* 0.004*% 0.000* 0.923
M3A 0.915 0.884 0.776 0.187 1.000 0.044* 0.001* 0.000* 0.000* 0.058
M4A 0.998 1.000 0.332 0.021* 0.996 0.014* 0.001* 0.454 0.041* 1.000
M5 | 1.000 1.000| 0.108 0.000*% 1.000 0.003* 0.000* 0.091| 0.000* 0.496
AGamesHowell post hoc p values reported when assumption of homogeneity of variance
violated
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Table 347. Pairwisecomparisorbetween modalities/ Thickness variation

MiM2 MEIM3 MEM4 MIM5 M2M3 M2M4 M2M5 M3M4 M3M5 M4M5
0.001* 1.000/ 1.000 0.002* 1.000 0.861 | 0.000* 1.000 0.014* 0.005*
0.000* 0.009* 0.006* 0.156 0.293 0.913 0.004* 1.000 0.005* 0.006*
0.069 0.000* 0.011* 1.000 1.000 1.000 0.621| 1.000 0.022* 0.001*
0.004* 0.086/ 0.351 0.649 1.000 1.000| 0.183 1.000 0.945 0.597
0.004* 0.275 1.000 1.000 1.000/ 1.000| 0.109 1.000 0.001* 0.500

~N O oA W

3.5. Comparison of displacement values upostiffness versus thickness vaation

Comparison ointrusiondistributionon teethrevealedsignificant statistical difference
second molargS/TU3 7) for modality2 (Table 349) and the firspremolar (S/TU3 6) (table
3.50) and both first premolar and fapon the last on€S/TU3 4-6) (table 352). Results suggest

less effect of stiffness and thickness on intrusion than on stress distribution.

Modality 1 Modality 2
SITU33 | SITU34 | SITU3S | S/TU36 | SITU37 SITU33 | SITU34 | S/TU3S | SITU36 | SITU3T7
I_P'Va' ue 0687]  0857] 0873 07200  0.909 P-value 0.896) 0721 0585 0.681 0.037
Table.4.48. Intrusion comparison between stiffness and Table.4.49. Intrusion comparison between stiffness and
thickness variation in the first modality thickness variation in the second modality
Modality 3 Modality 4
SITU33 | S/TU34 | S/TU35 | S/TU36 | SITU37 SITU33 | S/TU34 | S/TU35 | SITU36 | SITU37
P-value 0.876) 0.014] 0.743 0.067 0.205) P-value 0.586 0.876 0.747 0.685 0.923
Table.4.50. Intrusion comparison between stiffness and Table.4.51. Intrusion comparison between stiffness and
thickness variation in the third modality thickness variation in the fourth modality
Modality 5

S/TU33 | SITU34 | SITU3S | SITU36 | SITU37
[ P-value 0.572 0.01§ 0.384 0.001 0.859

Table.4.52. Intrusion comparison between stiffness and
thickness variation in the fifth modality

S/T: Stiffness/thickness
U3 3: Stress 3U3 4: Stress 413 5: Stress 53 6: Stress 6U3 7: Stress 7
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3.6. Correlations

3.6.1. Between Boe properties and stress

3.6.1.1. Stiffness Variation

3.6.1.1.1. Canine

Except fora high correlation between the buccal aspects of the bone and the stress on the
canine in the second model (r=0.915), there wersignificant correlations between theesses
at the caninén all modalitiesand the stiffness components of the corredpancortical bone

areas (S1PircS2Pinc- S3Pine S1Binc- S2Binc- S3Binc), Table 353).

Table 353. Correlations between stresses and stiffness values obttieal bone at palatal and
buccal incisors and canine ardasthe fve modalities

3 Stress| 3 Stress| 3 Stress| 3 Stress| 3 Stress

M1 M2 M3 M4 M5

S1Pinc Pearson Correlatio] 422 -236 243 .259 331
Sig. (2ailed) 224 485 498 469 351

S2Pinc Pearson Quelation .033 .009 -.085 -052 -031
Sig. (Zailed) 928 979 816 .886 932

S3Pinc Pearson Correlatio] -.133 076 -226 -.188 -209
Sig. (Zailed) 715 824 53 604 563

S1Binc Pearson Correlatio] -.273 -132 -242 -314 -262
Sig. (2ailed) 445 698 500 377 464

S2Binc PearsorCorrelation| -.190 .903 -142 -192 -.160
Sig. (Zailed) 598 .000** 695 595 .658

S3Binc Pearson Correlatio] -.361 915 -319 -.339 -317
Sig. (Zailed) 305 .000** 369 338 372

**_Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).

3.6.1.1.2. Premolars

On the contrary, highQ.68 < r < 0.72) and significant correlationsvgdue <0.05)

existed between stress amounts at thegiesnholar and the second premolan all surfaces, and

91



the SPpmol inthe fourthmodality,and a correlation between the prearsland the palatal

aspect of the bone in the third {8:0662)), fourth and fifth (r=0.884) modaliti€Eable 354).

Table 354: Correhtions between stresses and stiffness values of the codimalat palatal and
buccalpremolar areas itthe five intrusionmodalities.

4 Stress| 5 Stress| 4 Stress| 5 Stress| 4 Stress| 5 Stress| 4 Stress| 5 Stress| 4 Stress| 5 Stess
M1 M1 M2 M2 M3 M3 M4 M4 M5 M5
S1Ppmol Pearson Correlatio]  -.334 -019 232 416 -561 -445 -714 -678 -342 -401
Sig. (Zailed) .345 958 493 204 .092 0.197 0.020* | 0.031* | 0.333 0.251
S2Ppmol Pearson Correlatio]  -417 -117 490 .636 -587 -538 -702 -617 -.609 -525
Sig. (Zailed) 231 747 126 035 074 .109 .023* .058 062 119
S3Ppmol Pearson Correlatio]  -.618 -.261 .386 560 -375 -752 -913 -834 - 767 -744
Sig. (Zailed) 057 466 241 073 .286 012* .000* .003* .010* .014*
S1Bpmol PearsorCorrelation| 351 .304 -586 -434 104 .366 .230 254 225 261
Sig.(2tailed) 319 394 .058 183 775 .298 523 A78 531 467
S2Bpmol Pearson Correlatio] .545 .282 -652 -6&2 331 .625 .704 .680 .588 594
Sig. (Zailed) 103 429 03¢ 02F .350 .053 .023* .031* 074 .070
S3Bpmol PearsorCorrelation| .085 -155 -477 -.0570 844 .096 315 .207 225 .138
Sig. (Zailed) 816 669 138 067 .002* 792 375 567 532 .705

**_Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).

3.6.1.1.3. Molars

Stress on both molars (6 and 7) highly and negatively correlated with buccal cortical bone
stiffness (SBmol) at this location and it was statistically significant Réhrsorcorrdation
coefficientsranging from-0.728 and0.912.A similar negative correlation was present between

thesecond molars of modeB and 4 and palatal cortical bone stiffness (SPnalple 355).
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Table 355: Correlations between stresses and stiffwvesises of theorticalbone at palatal and
buccal molar areas the five intrusionmodalities.

6 Stress| 7 Stress| 6 Stress| 7 Stress| 6 Stress| 7 Stress| 6 Stress| 7 Stress| 6 Stress| 7 Stress
M1 M1 M2 M2 M3 M3 M4 M4 M5 M5
Pearson Correlatiof  .121 -.369 -501 -536 181 -281 -251 -.685 228 -.632
S1Pmol Sig. (Zailed) 740 294 117 .090 616 431 484 .029* 526 .050*
Pearson Correlatio|  .092 -.388 -418 -488 .136 -224 -39 -754 233 -596
S2Pmol Sig. (Zailed) 801 .268 201 128 .708 533 265 .012* 517 .069
Pearson Correlatio] -.239 -.653 0-.572 -.653 -167 -482 -586 -874 -033 -730
S3Pmol Sig. (Zailed) 505 .041* .066 .029* .646 .158 075 .001* 928 .016*
Pearson Correlatio]  -825 -817 219 381 -.639 -843 -429 -489 -541 -583
S1Bmol Sig. (Zailed) .003* .004* 517 247 047* .002* 216 152 .106 077
Pearson Correlatio]  -.485 -825 317 .388 -35 -.696 -.608 -.896 -235 -872
S2Bmol Sig. (Zailed) 155 .003* 342 239 322 .025* 062 .000* 513 .001*
PearsorCorelation | -728 -912 352 450 -.606 -834 -778 -.883 -496 -894
S3Bmol Sig. (Zailed) 017+ .000* .289 .165 063 .003* .008* .001* 145 .000*

**_Correlation is significant at the 0.01 level (2-tailed).
*, Correlation is significant at the 0.05 level (2-tailed).

3.6.1.2. Thickness Variation

3.6.1.2.1. Canine

Except for the correlation of stress on the caninéghefirst (3 Stress M1) and théth
(3 Stress N8) modalities with the buccal aspect of the cortical bone (TBinc), there was a
significant positive correlation between all variables of bone properties (TPinc, TBinc) and stress
values on the canines (3 &s M1 M3, M4, and Mb) with the highest correlation betwen3

StressM0 and TPi nTable@s)=0. 81 0) (
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Table 356. Correlations between stresses #ndknessvalues of the cortical bone at palatal and
buccal incisors and canine areas forfiie moddities

3 Stress MJ] 3 Stress M4 3 Stress M3 3 Stress M4 3 Stress M4

TPinc| Pearson Correlatio
.703 -.196 .810 .621 .637
Sig. (Zailed) 011* 541 .001* 031 .026*

TBinc | Pearson Correlatio
.261 -479 .587 578 554
Sig. (Zailed) 412 115 045 .049* 062

**_Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).

3.6.1.2.2. Premolars

The only significant correlations were noted between the stress on the first premolar in model
3 (4 Stress M3) and the palatal aspect of the cortical bone (TPpmol) (r=0.872), and between the
second premolar of the last modality (5 Stiégd and the palatal aspect of the cortical&on

(r=0.689)(Table 357).

Table 357. Correlations between stressandthicknessvalues of the cortical bone at palatal and
buccalpremolarsareas for théive intrusivemodalities

4 5 4 5 4 5 4 5 4 5
Stress | Stress | Stress | Stress | Stress | Stress | Stress | Stress | Stress | Stress
M1 M1 M2 M2 M3 M3 M4 M4 M5 M5
Pearson
Correlation .097 -.016 -.397 -517 494 .455 .872 .564 224 .689
TPpmol | Sig. (Zailed) .763 961 .201 .085 .103 137 .000* .056 484 .013*
Pearson
Correlation -.130 -.066 -424 -.544 494 .667 0.968 .606 247 0.928
TPBpmol| Sig. (Zailed) 754 .563 193 .081 .103 .051 .795 .059 .500 .013

**_Correlation is significant at the 0.01 level (2-tailed).
*, Correlation is significant at the 0.05 level (2-tailed).
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3.6.1.2.3. Molars

Except forthe stress on molars in modalfyand the stress acting on the balcaspect
(TBmol) of the first modality, all first and second molars stresses (6 Stress, 7 &bresigted
significantly and positively with the cortical bone properties on the palatal and buccal sides (TPmol,
TBmol) with the highest value (r=0.933)theen stress othe second molar of the first modality (7

Stress M1) and the palatal cortex (TPn{@Bble 358).

Table 358. Correlations between stresses #mdknessvalues of the cortical bone at palatal and
buccalmolarsareas for théive intrusivemodalities

6 7 6 7 6 7 6 7 6 7
Stress | Stress | Stress | Stress | Stress | Stress | Stress | Stress | Stress | Stress
M1 M1 M2 M2 M3 M3 M4 M4 M5 M5

TPmol| Pearson
Correlation .659 .933 -.448 -.459 .701 727 .863 672 .525 .567

Sig. (2ailed) .020* .000* 144 .133 011* .007* .000* .017* .080 .054

TBmol| Pearson
Correlation .538 454 -.484 - 701 .649 .709 .705 .845 .390 444

Sig. (Zailed) 071] .138] 111 .01%| .022*] .0107 .010% .001* 211 .149

**_Correlation is significant at the 0.01 level (2-tailed).
*, Correlation is significant at the 0.05 level (2-tailed).

3.6.2. Between Boneroperties and displacement

3.6.2.1. Stiffness Variation

3.6.2.1.1. Canine

ThePearsorcorrelationproductapplied on boneroperties and displacement divided
into pure intrusior{U3) and scondaryeffects (U1+U2), displayed no interdependence at the

level of the canines in all modaliti€fable 359).
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Table 359. Correlations betweedisplacemenandstiffnessvalues of the cortical bone at palatal
and buccatanineareas for théive intrusivemodalities

3U1+U2] 3U3 | 3U1+U2l 3U3 | 3U1+U2| 3U3 | 3Ul+U2 3U3 | 3U1+U2] 3U3
M1 M1 M2 M2 M3 M3 M3 M3 M4 M4

Pearson

Correlation .398 .293 -.228| -.050 497 227 -.313 .245 -.158 .289

S1Pinc| Sig. (Zailed) 255 411 499 .884 144 529 379 494 .662 418
Pearson

Correlation 107 .089 .070| .002 .105( -117 -.103| -.087 .268| -.097

S2Pinc| Sig. (Zailed) . 769 .808 .838| .996 774 748 778 811 453 .789
Pearson

Correlation .023 .002 119 -.012 -.019| -.246 -.067| -.200 371 -.243

S3Pinc| Sig. (2tailed) .949 .996 727 972 .959 494 .855 579 291 .498
Pearson

Correlation -118| -.182 397 -.299 -.258| -.285 .626| -.404 .508| -.346

S1Binc| Sig.(2tailed) . 746 .616 227 373 471 425 .053 247 133 327
Pearson

Correlation -.162 .011 .316| -.193 -244| -184 511| -.282 428 -.242

S2Binc| Sig. (Zailed) .654 976 .345| .570 .498 611 131 .430 217 .500
Pearson

Correlation -245| -.068 525| -.314 -.375| -.367 517| -428 .562| -.409

S3Binc| Sig. (Zailed) .495 .853 .097| .347 .286 .297 .126 .218 .091 241

3.6.2.1.2. Premolars

For the first modality, initial displacement includingcendaryeffects (U1+U2)
correlatedchegativelywith the buccal aspect of the cortical bone (S2Bpmol, S3Bmol) for the first
premolar (r=0.8), whereas for the secoptemolar (5 U1+U2), correlated positively with the
palatalaspect $1Ppmol, S3Ppmol) (r=0.702 and®4) and negatively with the buccal aspect

(S1Bpmol) in both intrusion (F9.720) and econdaryeffects (r=0.831).

For the rest of the modalities @yIM4, and M5), high correlations were concentrated
between the palatal aspect of the cortical bone (S3P@ama all initial displacements at the
level of the first andecond premolars with the highest on the first premola®.9£2) (Table

3.60).
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The only correlated variables in the first modalitgrefound between theecondareffects

of the second molar (7 U1+U2) and the palatal cortical bone (S1, S2, S3Pmol) highest on

0.912). &ondaryeffects on the first molar in tHeurth and ffth modalites (M3,

S2Pmol (r

M4), highly and negatively correlated with the palatplegt of the cortical bone (+8.948),

(Table 361)
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3.6.2.2. Thickness Variation

3.6.2.2.1. Canine

Theinitial displacement correlated withe palatal aspect afortical bone (TPinc) in

modality 1 (r=0.813) and modality 2 (r=61§)able 362).

Table 362 Correlations betweedisplacemenandthicknessvalues of the cortical bone at

palatal and buccaanineareas for théive intrusivemodalities

3U1+UZ7 3U3 | 3U1+UJ 3U3| 3Ul+U2 3U3 | 3Ul+U7 3U3 | 3UL+UZ 3U3
M1 M1 M2 M2 M3 M3 M4 M4 M5 M5
TPinc | Pearson
o 267| 813 065| 346 467| 616 328| -117|  -497| 272
Sig. (Zailed) 401] .001** 841 271 126| .033* 299 717 100| 393
TBinc| Pearson 062| 211 033| -095|  -140| -032 307| .201|  -440| 252
Corelation
Sig. (2ailed) 849|510 918 .768 664] 021 333|530 152|429

**_Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).

3.6.2.2.2. Premolars

In the first modality, thereverestrong correlations between thecendaryeffects on load

(U1+U2) and both sides of the cortices palatally (TPpmol) and buccally (T B paithl ¥=-0.736

andr=-0.835 respectively on the first prematalntrusion (U3) correlated positively with the

cortical bone withr=0.659 for TPpmol and=0.633 for TBpmo]| (Table 363).

3.6.2.2.3. Molars

No significant correlations were found betweendisplacemenat themolarsin all

modalitiesand thethicknes components of the corresponding cortical bone afigas6l,

TBmol), (Table 364).
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3.6.3. Association letween stresand displacement

3.6.3.1. Stiffness Variation

3.6.3.1.1. Canine

Except forthe correlation of the added components of initiglpthcement including buceo
lingual (U1) and anterposterior (U2) displacement and the stress on the canines of thiaérst
secondand the thirdnodaliies (Stress 3 M1, M2M3), all aspects afisplacement correlated
positively for the intrusive valgewith higher valugfor the Pearson correlation in model

(r=0.998), and for theegondaryeffects (r=0.923) in modeb, (Table 365).

Table 365. Correlations betweedisplacemenandstressvalues of the cortical bone at palatal
and buccat a n i areasdod thdive intrusivemodalities

3U1+U2 3U3
Stress 3 M1| Pearson Correlation 443 726
Sig. (Zailed) .200( .017*
Stress 3 M2| Pearson Correlation 1771 767
Sig.(2tailed) 602! .008*
Stress 3 M3| Pearson Correlation 493| 998
Sig. (Zailed) .148| .000**
Stress 3 M4| Pearson Correlation -763| 994
Sig. (Zailed) .010*| .000**
Stress 3 M5| Pearson Correlation -923| 994
Sig. (Zailed) .000**| .000**

**_Correlation is significant at the 0.01 level (2-tailed).
*, Correlation is significant at the 0.05 level (2-tailed).

3.6.3.1.2. Premolars

In both first (4) and second (5) premolars, the undesirable effects of displacement (U1+U2),
correlatedhegatively with their corresponding stresses in the third and the fourth modalities (r=
0.991and r=0.938 respective)y On the other hand, the correlatiwaspositive and significant

between intrusion in both premolars and their equivalent stresgasasbetween intrusion of
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the second premolar in the first modality (5 U3) and the s{Btssss 5 M1) with the highest

value (r=0.999),Table 366).

Table 366. Correlations betweedisplacemenandstressvalues of the cortical bone at palatal
and buccapremolarsareas for théive intrusivemodalities

4U1+UZ 4 U3 5U1+UZ 5U3
Stress 4 M1 Pearson Correlatio Stress 5 M1 Pearson Correlatio
-038| .976 A74| 999
Sig. (Zailed) .917| .000** Sig. (Zailed) .167| .000**
Pearson Correlatio 273| .528 Pearson Correlatio -246| 618
Stress 4 Mg— - Stress 5 MZ—; -
Sig. (Zailed) A417| .095 Sig. (Zailed) 466| .043
Stress 4 M3 Pearson Correlatio Stress 5 M3 PearsorCorrelation
-.056| .666 -216| .994
Sig. (Zailed) 877| .029* Sig. (Zailed) .549| .000*
Stress 4 M4 Pearson Correlatio Stress 5 M4 Pearson Correlatn
-.662| .996 -677| .993
Sig. (Zailed) .037*| .000** Sig. (Zailed) .031*| .000**
Stress 4 MY Pearson Correlatio Stress 5 M5 Pearson Correlatio
-991| .960 -938| .997
Sig. (Zailed) .000**| .000** Sig. (Zailed) .000**| .000**

**_Correlation is significant at the 0.01 level (2-tailed).
*, Correlation is significant at the 0.05 level (2-tailed).

3.6.3.1.3. Molars

The gressof the first molar (6) correlated positively with the displacement in the antero
posterior and the bucdmgual directions (U1+Q) in the first modality (r=0.917). As for the
intrusion (U3) high positive corration was found between the two variables, especially in the

first modality (r=0.987).

The amepattern of correlations was foufm the second moléars i n {)(0L&7i o n
<r<0.997).The only correlation with theesondaryeffects was in the fourth modality (r=0.676),

(Table 367).
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Table 367. Correlations betweedisplacemenandstressvalues of the cortical bone at palatal
and buccamolarsareas for théive intrusive modalities

6 Ul+UZ 6 U3 7U1+U2 7 U3

Stress 6 M1 Pearson Correlatio -017| 987 Stress 7 M1 Pearson Correlatio -432| o085
Sig. (2Zailed) .000**| .000** Sig. (Zailed) .212| .000**

Svess o i CERCoORE,45t] o) | svess o Geebncoree o7 o
Stress 6 M3 Pearson Correlatio -a00| 812 Stress 7 M3 Pearson Correlatio -o53| 957
Sig. (2Zailed) .252| .004** Sig. (Zailed) .481| .000**

Stress 6 M4 Pearsao Correlation 208| 942 Stress 7 M4 Pearson Correlatio 598| 997
Sig. (2Zailed) .402| .000** Sig. (Zailed) .068| .000**

Stress 6 MY Pearson Correlatio 626 081 Stress 7 Mj Pearson Correlatio 676 971
Sig. (2Zailed) .053| .000** Sig. (Zailed) .032*| .000**

**_Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).

3.6.3.2. Thickness Variation

3.6.3.2.1. Canine

The only statistically significant correlation was foundhiafirst intrusionmodality between
stress amounts at the level of the carith&tress M1and thenitial intrusive displacement (3

U3) (r=0.814), Table 369).

Table 368. Correlations betweedisplacemenandstressvalues of the cortical bone at pala
and buccat a n i aneassfad théive intrusivemodalities

3U1+UZ 3U3

3 Stress M1 Pearson Correlatio -205| .814
Sig. (Zailed) .524 | .001**

| Pearson Correlatio .029| .542

3 Stress Ma—gi0 " (@ailed) 930 069
3 Stress M3 Pearson Correfian 360! .360
Sig. (Zailed) .250| .251

3 Stress M4 Pearson Correlatio -185| 201
Sig. (Zailed) .564| .531

3 Stress My Pearson Correlatio -557| .383
Sig.(2tailed) .060| .219

**_Correlation is significant at the 0.01 level (2-tailed).
*, Correlation is significant at the 0.05 level (2-tailed).
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3.6.3.2.2. Premolars

In modalites 2 and &andcontraryto the rest of the modalities, a positive correlati@s
observedetween the stress on the first premolar only (4) and the displacemert)o(iLth)
and y (U2) axe¢r=0.734) Thecorrelation was negative with the intrusion (U3)-0690),
(Table 369).

The second model (M2), showeagositive correlation between stress at the level of the
second premolab(Stress M2) and initial displacenten its two component§=0.976).

Table 369. Correlations betweedisplacemenandstressvalues of the cortical bone at palatal
and buccapremolas areas for théive intrusivemodalities

5U1+U3 5U3
4 U1+UZ 4U3

4 Stress M] Pearson Cortation 200 085 5 Stress M1 Pearson Correlatio| .389 134

Sig. (2ailed) 361| 794 Sig. (2ailed) 211 .678

4 Stress M2| Pearson Correlatio 725 507 5 Stress M4 Pearson Correlatio| .665 .976
Sig. (2ailed) 008**| .092 Sig. (2ailed) .018* .000**

4 Stress M3| Pearson Correlatio 183| 067 5 Stress M3 PearsorCorrelation| -.034 -.338

Sig. (Zailed) 570 837 Sig. (2ailed) 917 .283

4 Stress M4| Pearson Correlatio 160! -297 5 Stress M4 Pearson Correlatio| .286 -.407

Sig. (Zailed) 619! 349 Sig. (2Zailed) .368 .189

4 Stress MY PearsorCorrelation 732 | -690 5 Stress MY Pearson Correlatio| -.058 .350

Sig. (Zailed) 007! 013 Sig. (2Zailed) .859 .264

**_Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).

3.6.3.2.3. Molars

Opposite tahe stiffnessmodified models, a significant correlations were found
between thelisplacemenat themolarsin all modalitiesandthe correspoding stressegxcept

for the second modality, where the stress on the molars (6 and 7 Stress M2) correlated with the
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secondaryeffects (U1+U2) negatively for the first molar {8s617) and positively with the

second molar(r=0.723Table 370).

Table 3.70. Correlations betweedisplacemenandstressvalues of the cortical bone at palatal

and buccamolarsareas for théive intrusivemodalities

6 Ul1+U2 M| 6 U3 M1 7 U1+U2 M| 7 U3 M|

6 Stress M1 Pearson Correlatio 145 158 7 Stress M1 Pearson Grrelation -132 333
Sig. (Zailed) .653 .624 Sig. (2ailed) .682 291

6 Stress M Pearson Correlatio -.617 179 6 Stress M3 Pearson Correlatio 723 -.162
Sig. e-tailed) .032 .579 Sig. (2ailed) .008* .615

6 Stress M3 Pearson Correlatio 250 184 7 Stress M3 Pearson Correlatio 286 376
Sig. (Zailed) 433 .568 Sig. (2ailed) .367 .228

6 Stress M4 Pearson Correlatio 097 378 7 Stress M4 Pearson Correlatio -526 204
Sig. (Zailed) .765 .225 Sig. (Zailed) .079 .525

6 Stress MY Pearson Correlatio 162 239 7 Stress M5 Pearson Correlatio 196 198
Sig. (Zailed) .616 454 Sig. (2ailed) 541 .536
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Figure.3.11. PDL Von mises stress distributiontimefive intrusionmodalities. Magnified displacementsthe five modalities.
Note:the proximity of results in stress between the firgt inodalities and between the last two modalities, stress is decreased
on the extremity teeth (3 and 7) and more concentrated toward the prem@&arsh@ second modalitgisplayed higher initial
intrusion on the second molar with relatively reduced staesl scondaryeffects on that tootirhe last two modalities
displayed higher intrusion values with differeatendaryeffects
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