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ABSTRACT

Background: During biing and chewing th@eriodontal mechanoreceptors (PMRSs) signal
sensory information about the point of attack, the direction of the tooth loads and the intensity
of the force with a high sensitivity to very low forces. The sensory information from the PMRs
is used by the central nervous system (CNS) to control and pdbgimod morsed and direct

the force vectors during biting and chewing. In the absence of this information as for example
in subjects with dental implantspntrol offood positioning, lie force direction and magnitude

of force is hampered.

Aims: The present thesiexaminesthe sensorimotor mechanisrs/olved in the spatial
aspects of human jawmovementsduring biing and chewing. Further, it aims to identify
specific sensorimotor impairents in patients rehabilitated with fixed prostheses supported by
dental implants or natural teeth.

Material and methods In a series of studies we investigated the efi@icshortterm training
(Study 1) and of transierstensory inputleprivation dued local anesthesia (Study Il) on oral
fine motor performance in individuals with normal healthy dentition. Further, we evaluated
sensorimotor impairments in patients with fixed teatind implantsupported prostheses
duringtasks involvingpiting (Study II) and chewing (Study IV).

Results Theseresults of the present studies revealed that-$éort training of oral fine motor

tasks increased the accuracy of task performance and decreased the duration of jaw movements
required to complete the biting ta&tudy I).Transient deprivation of sensory inputs decreased

the accuracy of task performangethadnoimpact on theluration of jaw movements required

to complée the biting task (Study lIsensorimotor impairment was observed in subjects with

fixed tooth- and implantsupported prostheses comparedstibjects with natural dentition

during the oral fine biting task.his impairment was apparent from lowasrcuracy of task
performance and a shorter duration of jaw movements compared to those withdeatitrah

(Study IID.Mor eover, when attempting to crush the
subjects Iinanhdei-hhpppdttedtfroups exhibited
duration of the |Jaw movenatnur ap h adseenst itthiaonn ,i r
mor sel (sStiupdpya gleV)

Conclusion The findings of thedersnt udiaga:iinmgdil ccaatd
spati al contr ol reflected in better perfor
Howevesierntrlayw or per mamerstelnsoalyt emdaodrimap i ©n
perturbs the spati al aspects of oral fine
afferent input tenottloe CNDtatotl emdattdse yraevs.
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1 INTRODUCTION

Mastication is among the most compl ex sens
Masticatory function is controlled by the
sensory signals that primarilycavigynafThefHt

sensorimotor mechanisms responsible for the
ani mal model @ellawadd Lund, 19v,liumchamdcsKolta, 2006 rulsson, 2006

Woda et al.,, 2006Mi cr oneurographicroecaei chigh@s neff vei
humans have demonstrated that the periodont
and spatial i nformation when food is posi:t
preparation f or bi(Trulseog, 1993Tdilsscnhaedwohangsona 1994i o n s

Johnsen andriilsson, 200320059.Ac cor di ngl vy, i ndividuals | aclk
with dent al prostheses supported by the or
di sturbance in thedeoonofrbitbhgtheraeapl used

mor sel s bet w@realsson taid eGumme, 1988vdnsson and Trulsson, 2011
However, the consequences of |l oss of senso

actions during food biting and mani pul ati on

Masticatory function is ad almpootahtrabap
procedures should aim to maintain or restor
or al rehabilitation procedures has increase
are considered hamdil ryg so rgal{Féineetan BAUQ6SihtuadtniBon
have indicated that although contemporary p
for anatomical restoration of | odGrigotiagigt h, t
et al., 2011Svensson and Trulsson, 20Qrigoriadiset al., 20134 C1 i ni c a | met hods
l acking for objective assessment of mast i

evaluations and makes treat ment choices dif

Accordingl vy, t he ai m -doefp tthh ea nparl eysse instn o dt fdn ret st
mechani sms and spatial aspects of human | aw
chewing. A further aimis to identify specitf
with fixed prostheses surpapld htteeetvi b ftud eutrael t i

objectivmproving masticatory performance 1in



2 BACKGROUND

2.1 Mastication and oral fine motor control

Mastication, as described above, is among hun
Thdi gestive process starts as soon as a fooc
mechanically fragmented into smaller pieces;
it into a soft lubricated bo(Paedsrserwet d.h2008r opert
Woda et al., 2006van derBilt, 2011, Pereira and van der Bilt, 2006. i ke | ocomoti o
mastication i s an iantte@mmitti tce mto,v ermteyntt h minc whs e
temporomandi bahar tjomignes acdMhpti on with each
food morsel between the t e@und20a)nTdo farcahg neevret tihti
preci se-caoddiwedtted act, masticatory jaw movVv.
afferent inputs from several mi crostructures
t i s @allensand Lund, 1971Klineberg, 1980Lund, 1991 Jacobs and van Steenberghe,

1994 Capra, 1995Trulsson and Essick, 2004und and Kolta, 20060ne such i mport an

specialized receptor i's the periodont al me C
i mbedded in the periodontal | igament (a dense
the teeth, prowvydenfiommpoatiamn tsentshe central n
the | evel and direction of the force, the po

t he i niftoioadl (Todsdoraétdl., 199 rulsson and Johansson, 1996hulsson,

200. Absence of such vist dlhei mfrad mdtiinen mbd ©IT e & D¢
i mpaired mast Foatbey, fubhctiisonsuggested that
somatosensory cortex are importaperpetuanihng
cycl e of (Smassstliec aglitiuoaad ,,S 2 82300065 ¢t al ., 2013

2.2 Neuronal control of mastication

The rhythmic masticatory movements are gener
call ed the cent r al(Delpvadnd laundi97lglend end &olta, 2006 CP G)
Morquette et al.,, 2002T he @PGng wi th adeCiNusad ees p onnpsuithbsl ef rfo
activati ompeonfndighpehvjsawwg muscl es in the alterr
nor mal mastication. However, the CPG in itsel
the changing properties o {Lund, 2991Léind and Koltap r s e | d
2006 Westberg and Kolta, 20l1The sensory 1| rdf oorymathenpemrioph
receptors (e.g., PMRs and recepttoresr @sn@adma c os ¢
in a feedback manner to regulate the relati v
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food is hel d (Thusgonane Johanssoe, 199dbresen land Trulsson, 2005
However, motort ceo mhB ddurfirmgn rnagp indo,v ermeyntt lsmi
al so be generated i n Aot wai p@terhofiretal,1992aa pr e
b, Komuro et al., 2000 Thi s enabl es adjustment and ada
empl oyed when splitting f @Volgert,dB®fvanaérBitevi t h h
al., 2006 Grigoriadis et al., 2011Lund, 2011 Svensson and Trulsson, 201Mor eov er ,
signals from the PMRs may contribute to the
depending onrabeephygsticalFlafageadta., 2006 0d mor s el

2.3 Behavioral learning and skill acquisition

Several studies during the | ast decades hav
ad motor performance through training of v
model s a 1iSessléat aha2608vensson et al., 200Boudreau et al., 200Kothari

et al., 2011Kothari et al. 2012 Kothari et al., 2013Komodaetal.,2013al hes e exper i mq
i nvol ved tongue -lpirfottirrug i toas lkasn,d rteogtgeudee slp Icil tet
of f oo d(Svenssorsetdl.,200kda et al., 2014Komoda et al., 2015&umar et al.,

2015 Zhang et al., 2006Tr ai ni ng of orofaci al mot or task
cheaemg i ndicated by an increased corticomotor
t o t h®venssansekal., 200Svensson et al., 200Rothari et al., 201,1Komoda et al.,

2015h.

Successful compl etion of iopyleztti onmanofpud aij
the fingertips) involves a sequence of acti
receptors. It i's suggested that skill acqu

mani pul ation tasksl|limkiohge®f optcitmoni mmdhaslkes
(Johansson and Flanagan, 208@fstrom et al., 20)3Pevi ous studies on

control have shown that these different act
serve as sensorimotor c o-006 alokansgomoand Elamggand e f 1 1
2009 Safstrom et al., 204Fur t her |, in connection with mos
CN®ot only forms and kplsgwba!|l a, sbutesal eb @deesd
events necessary to aclFlamagae et al.h2008edibergand i v e s
Kolta, 201). Successf ul c o mp kgeotail osn woofu | tdh en ott a sokn | syu kd
information from the periphery, but woul d a
anticipation of (&lanagarpetab, B00Btagaganetale2d®inite br ai n
predicts the outcome ofhet temmandmemteqanded
achievement. Such predictions can (bBeaanguwigr

11



and anlagyo ai d i n opt i m{Relmang et al.p20@Hanagaa etfalg r ma n c e
2003 Wolpertetal.,,200lFai | ur e t o aegloiadwe tehg .tlasdues uho |
of the fingertips during dexterity tasks, r e
requi r ed f(Blanaganenap, P0®dohamsson and Flanagan, 2009

Therefore, 1 nwet hhey pportehseesnite etdh etshiast nshgr on ar
motor task (i.e., repeated splittimgoudfd food
i ncrease the accuracy of task performance and
required to perform the task. Moreover, we h)
l nput due to | ocal anestmésioh woul dngertasrebtd

compl eti on.

2.4 Cutaneous mechanoreceptors

The microneurography techniqgque, developed by
record action potentials fr onjValtbhetalpl®8hi pher al
With this technique, the innervation and som
hand have bee@ohanssondnddvdstlingnl9@E e s dnntyi,at he gl abr ot

of the hand possesses four di f {Jehanssantandma j or

Vallbo, 1983 Vallbo and Johansson, 19840 f t hese, t wo ar e fast
mechanoreceptors (i .e., FA | : Mei ssner cor pt
sensitive to indentations i n thehasnkoirne.c eTphteo ros
(SA | Mer kel 6s discs and SA 1|1: Ruf fini e nd
sensitive to the stimulus, al so signal t he n
(vallbo and Johansson, 198 he density of tactile innervat.

in other partesefaftfher dotdy amae dlhso good at
i nformati on d ur i n(dphansserc and nNestling, 198Westlingt and
Johansson, 1937

2.5 Orofacial mechanoreceptors

The neurophyman!| oggf adi al meema rsd ruedd et rns t Mha
mi croneurographisupeaomidirtagls bi tecohh,atrh eafnedr il arn g
ner ve. These studi es of t he orofaci al regi
mechanoreceptive aff eofentheFaAxalnidnSAhle @gmndbB AUl
exception of (Tregson land Essitki @ Teulsdors and Johansson, 2D02
Moreover, the experiments indicate tlkat amec|

exteroceptors, which signal i nformation to t1l

12



contact with the body, e. g., when the | ip
mechanoreceptors are also bel peveddeoi hboct
about movement and position as well as info
and mucosa of {(Johanssorrebal., 498% at t hemg,i onhe | i ps,

mouth and the tip of the tongue exhibit ve

(Johansson et al., 198Brulsson and Johansson, 2D02

Several studies have shown thm@atr edheptponopo
in different parts of the body. About 2/ 3 o
a d a p(Johamsgon and Vallbo, 1983ulsson and Essick, 199For compari son, .
units in the hairy skin of the (Edamane Abbd, i p, h
199] Edin et al., 1995Vallbo et al., 199 These di fferences in the
sl ow adalpanaoargecneepct or s i n different parts o
functional demands of the corresponding are
are used for manipulation of objects and ac
seve the purpose of stimulating the fast ad
texture of the objectds surface. Further, s
(which are wusually present stedthe betesnpof
proprioception an@dita,3éhd®8@spassane Flbawchga

2.6 Periodontal mechanoreceptors

Periodont al mechanoretéepeornser yBMRsn)di ags RS
| ocametdhge coll agen fibers connecting the ro
a tooth is tiltedrsthaudedshynthaea méelsanifade

r e c e (sdebig. § (Cash and Linden, 198Byers, 1985 Th eoyff t esp@amtaneousl
acéei wxhkbdynwemac and steady static response
show force profiles similar to those of 't he
hand and @mlssdbnamddobanssen, 19pGahen!| y structural di f{
the Ruffini endings in the glabrous skin an
are not gByearssepls 1986Maedackt al.,, 199Gato et al.,, 1992Most of t he
bod

mesenchephal i c nuGbtieb st ali, 1984Byare 1985Heasnms and m

Beynon, 198 Fur t her, ani mal studies have shown th

ies are situated in the trigemigemi galihg

these nerve endings, with the highest conce

13



Periodontal
mechanoreceptor:

Fig..Chewing di splaces the
soadgke(l ess t han 100 mi cr

causing mo v e ment of t he

stretching the collagen f
sensory organs |l ocat ed
coll agen fibers around th
and signal information a

that tooth. (Thubsbnystrati on

2.6.1 Characterization of the PMRs

The role of t he PMRs i n or al mot or contr ol
mi croneurographic recordings obtained from ¢t
a tungsten microeb#e&L®moidse inneseedritee dwintehara tthhep m
with its tip posi (JohanssendandiOtsson, hO&hilssom etalel992a s ci c | e
Trulsson and Johansson, 1999h es e exper i me ntod tawueg gsepsotn ttahnaeto uP
active, give regular st adliy srersspiotnisvees ttoo ffoorro
f or ce m@rglssontanddahansson, 1996eulsson, 2006 Their role and properties

have been discussed in detail below.

Sensitive to force direction

When a mechanical stimulus is applied on the
to the stimulus recorded fromsthenususglagphe
(Trul sson).etThaels.e, mexhani cal stimuli were del i
(250 mN) manually applied on the eesthThg a
direction of the force was also controlled by
faces of a nylon cube fixed above the test t
horizontal forces applieed imesfiaulr, dliifsftear e ntf ac
vertical forces (up and down) were recorded
di fferently depending on which direction the
responded staoctoingny buwt atthe dp ot er i dri ntgaueatlh r
di r e (Edin and Trulsson, 199ZTrulsson € al., 1992 Trulsson, 1993 Johnsen and
Trulsson,200BFur t her more, studies have also shown t

fronht (tienecti sors) than i n t (ehnseroaadiTrlssonp2003( pr e mo |

14



't 1 s hyptotthhees irzeeads oonhaf or t hi s higher densi
be the need éxtrraanthibhhgi nfgoamdti o-hoddrcongtahb
Similarly, there is a higher concente ati on

compared to the back part of the tongue.

Sensitive to low forces

To determine the ilnaeedifisnagnpldoalsd exch ap eodo tfooortd
wer e atpop |l n eldegrtiom@t teeett ddet h t hat gave the s
mec halnliy sti mmoast e d;fttheemiioviecaI Ber s g ur al dat a
these experiments helped reveal t he mechani
about t he i (lulssonsandtJghanssbn, 19%nskes and Trulsson, 200% h e
stimulus response graphs obtained showed a
Furt her80%osaf the periodont al afferents sh
steady state force at force | evels below 1
i ncr gaged AZlhe steep sl opes of thlae shiemulecept
anterior teeth are most sensitive to change
posterior teeth, however, satur &t eNd dtura hslr
hi gher forces, thezontrtaks bedomat ahgnoshathoe
signal the presence of higher forces they d
of the force to the brain. These findings a
s t u (Ness,4954Hannam and Farnsworth, 1977

T 0 e e Fig.2Sti muésigponse relation
% ] ,4’——_ _,.-—-—""'_—periodontal a frfi eorre natnsd ar
o ’ - . .
=3 ,/ Pt o posterior teeth (blue -I|
D {17 afferents around anterio
[ORreY I s E .
© g 507 _ - 20 periodont al afferent :
= i S teeth). The solid and
= :
5 Anterior teeth represent t he me an val
»n Posterior teeth | ¢ s p e c(Trilssan| and Johansson

0 = . r r v T r v 1994 Trul 2 .
5 : x z 3 0 75 P 994,Jomsen and Trulsson 2005)

Steady state force (N)

Spatial control

The fAhold and splito task was developed to
hol ding the food morsel and the specific rec¢
biting. Thet hsee nBMRsS vi oyl owv biting forces i

15



mani pul ative actions such as duri n(@uldsanl di ng a
and dhansson, 1996brulsson and Gunne, 1998 ubsequent |l y, when t he f
(high {00 cN)s,, tiifDe sensitivity of the PMRs de
signal i ngurdaue othoo sWhen the teeth are anesthet
i ncreases (2.5 N) al ong with t h(€rulskfonanguency

Johansson, 199 at i ent s wi th various types of prosth
high hold(20%5cH) |l a&awvel mor e §ltulsspnpaadgsenneg 19098f o od mo

It can be inferred that the controlfo@ddIl ow h
morsels is | ost when sensory information 1is
attributed to decreased spatial control of tI

Previous studies describe the basic proper

suctheadcdotld and split task. However, the role
contribution to the | earning of complex moto
consequences of iIimpaired sensocygmplihédtoe mhossen
i nformation (as in the case of dent al prost h
food biting and mani pul ation are not well un
i nvol ved in spatial tceonndt rsoulb saenqgdu ewnct Ltllgde etnbhugsn cre
performance in humans.
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2.7 AIMS OF THE PRESENT THESIS

2.7.1 General aim

The gener al aim of this thesis iIis to advan:i
aspects odcthobomémngaimvomidng,oshitti ng and chewi |
understanding of the role of the PMRs durin
teeth. A second aim was to identify specifi
with fised puppomaral btyeet h or dent al i mpl a

2.7.2 Specific aims

Study!l
T To exami-hermftshontng of subjects with n:
task involving repeated splitting of foo
| emadopti mization of jaw movements, in te

of jaw movements

Studyll

T To investigate i f reduction of afferent
Ssubjects with natur al dentl tiaod, rpedratterd

movements during intraor al mani pul ati on

Studylll

T To investigate the role of PMRs in motor
tasko, and to compare the motor petrd or mal

with fixed prostheses supparted by natur

StudylV

T To describe and compare motor behavior ¢
chewi ngi ndisvwidtura |l sat ur alubgeoltismawoinlhloarr y f
t oedrh i mspulpagprotr t ed prost heses

17



3 MATERIAL AND METHODS

The subjects participating in all four studie
dentists and dent al hygienists on a regular
pan, associated disturbance in jawtifomgcanon

chewing. | &nddpa&rst Wwefrestpedy olrimled i n nor mal hee

natur al dentiti on, heal thy petriamdynmaboncwlidg
related to overjet and overbite. The natur al
at the Department of Dental Medicine, Karolir

the study, and didipantvsoliumt &t ulkdy e saTlisdol p amt
prosthodontic pati entssupwiotrht ebdi nparxoisltl haersye sf ioxre

i mplsaumptported prostheses. They were recruited
Kar ol i nska tlensanid uptuebtl,i cprdievhat al service clini
i n and around the greater Stockholm area, Swe

3.1 Study participants and protocol

Study |
Thirty healthy young natur al dent a3t2e yveoalrusnt e
(me an: 27 years) participated in a single exp

volunteers were comfortably seated on an of fi
dafimani pul ati on and splito thBktr whls ebaf ¢t hey
a s-hertm training session (a total of 60 rer
participants were asked to perform the same
to split 100 chocotateedandeesi (wh) cwevdoubdc

made. Occasionally, the examiner gave feedbac
performance of the splits. The participants w
to thehstexpeoimeéent. However, the participan

during the entire experi ment

Study lI

Thirty healthy young volunteers with sound n
al so had participated tihne Ssteucdoyndl ,stwearye édmec
participated in a single experimental sessio
divided into an exferiymamtsalof( B@ewomemn: 22327
group ( 6-2Wompeera;r s2lof25agyee,arnse)an The participant
chair in an upright position without any head

18



per f oafimanng pul ati on and splito task. The pal
beforenegbaseald after the intervention (a tot
of the behavioral task, the experimental gr
upper and | ower <central/lateraroknmbaselyg @i
ml CitanestE Dental Oct ap rheysdsrioncH o(rli.d8e n{l3 Oc a
Felypressin (0.54 mg/ ml), Dentsply Ltd, Ume
group. Subjective symptcomd i menlealt e ch ttd ea rexpte

prior to r eicrotrari wmenittihen psoesssi on

Study 1l

Ten heamhdathoyhedevol unteers with bi-mMmaxybehasyo
age, mean: 66 years), 10 headtthypooli edtpeos
(5 womé&d; yéears of age, me an : 70 years) and

fixed-swmmpdarntted prosi{rheyear 3 owomgmre;, ®ean:
i n a single experimeynwtane steswsn .onTlod m@meprptrioxii |
seated on a dental chaiimanampd|wen ®nasaked stpd |

Prior to start of the experiment all. the pa

The partiitchi gaoppgshr wed f i xederpamisd)hesad 4 m
143 prosthetic units (‘meabutménuntiesedh 6Emec¢
in each jaw;, the prosthe&esies moand hise d meiam WbS3e
ma gi nal bone support {cferamitchéermamgegi n ooft htel
was calcul ated from their available radiogr
89% ( mean: 7 9 %)Scheicetnak, 199ETihgeh tp alrdafitci pants wi t |
supported pracsrtyhleisce,s ¢gxmeepatl f or O rcee riamd ic v i
prosthesis in the -6pg¢emtpdlawm)dt sh g dnea nr. arbge mepfl
extending to the premol ar/ mol ar region and

240 months (mean: 77 months).

Study IV

Ten heamhathoyheddevol unteers with bi-maxar d aofy
age, me an: 66 years); 11 heal-sbppootedtpeos
(5 woméd; yéears of age, me an: 70 years) and

fixed-sumpparntted prosi7/ie ye @ rngedaonico @veRe ;,y e6aBr s ) p
i n a single expepi oneohad.erlSyesipantofci pants w

seated on a dent al chhr@chewhdgwet asbhskedi mes
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were not all owedetopipiedws ohen angr prattilkbe expe
Al l subjects with natur al dentition had a
premol ars and molars had been subjected to e
fully coveringacnrtoswmws u hp li eotoet ahr ff i & iecde rpa misd )h e s ¢
had a rlachgweniotfs 9( mean: D1 abruittme)nts u pepedrht  dnelay
teeth) in eacls jhaw,; bteleen pmaedtSrerenb@at ha 1 argea @R
and es oonf the abut ment teeth had undergone en
support (from t heceermamigei nbrafdgtehe omethael apex of
from their available radiographs-90f&me@ana Sch
8 0 %) bone (Scheiiegdl.t1990 e darg i ci pants wiutplpofiteed
prost hesaes y(met alexcept for @wree amnadi prosalhewh
upper jaw) fadlemtrmaadangenpdfands (mean: 5 i mpl an

premol ar/ motlarhaeghean wmad4a4@emdwtrha (meagre: o082

3.2 Equipment

In all four studies, vertical and | ateral mo\
were measured with the-thalckeof Bl € aMmsittoymy @ ¢ ¢
(EMG) of the masseter muscle and sound pert ai
the behavioral tasks were also recorded. The
Amani pul ation and splito behavduwmratli othaskf ajl
movements were nhielas urTehde iammpslitiuwtduydel of verti c:
movement during a natur al chewing task was i

the equi pment and methods used is given bel oy

3.21 3D -Jaw tracker

The vertical and | ater al movements of the 1o
headgear equi pment and a small magnet (10 x
to the | ower <centr al i ncisor. Thnenjsawnmo\ emair

-1 V) using-bwuhil ¢ &8WDstjoamw tracking device (Phy
Uni versity, Tlnee -e ghwea d edre)v.i ce (approxi mately

resting it on the bridge o&dnctciher edbstkto |l it ke e
adjustable straps. The device was designed t
i nterference with oral function. Ei ght magne

monitor the positiontbé thei snagnendaepé¢adaded]|
headF(gpke3A
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Magnet.

(Study

Vertical movement
of the lower jaw

Position 10 mm
o /
Velocity \/ = e | 100 mm/s
Acceleration l 2
/\—-\/\/———/\,\/ 1000 mm/s
Masseter EMG \
bait lo.5mv
N - =7 Right [0.5mv
S iy Microphone . 02
- | earplug Microphone e s
;-7\ EMGelectrode Left + + >
Candy g &)
HID S Magnetic . — Right '
sensors 1
Hazelnut TO T T2 T3
(Study IV)
Fig.3.(A)The device custom built to monitor movement of t

behavioral tasks by trackingosai senatt &6 tmagnleaweart t@aemterd,
sensors (four on each side) |l ocated on arms projecti
to the | abi al surface of the | ower inciesers muBEIGescu
bipol ar surface electrodes.f oSoodu nmvermr speelr eapbnideg bol dt
mi crophones secured i(BRapresaepi acievenr achedidggsar made
and splidromedastky pardingle participant. From top to

velocity and acceleration-pofoctelses ejda EMGnudcloen da htei V ieff
muscles; and sound rgboréeiangmi tromhbhes|l efheardent s
onsetjaw open(ih@) ;pharse of the opeontegdmbds sthThyd phtas
end of telsd acdbdntsahdtng pdh@rstea c(talnfu)hesfdesnrdte ofo nttlteect phase,
jaw cl ogqiTBg .phWdee fracture of the candy was detected

a clear sound and increased EMG activity

3.2.2 Electromyography

El ectromyographic aetdi (it d(pbEyMGat tweacsh irnegc oar
surface electrodes (2 mm in diameter and 1c¢
| MB, Ume- University, Ume-, -8wmpteh)ewhi ¢ban
6 HZz. 5 kHz) (Tsheee nfoisg. p3IA)mi nent part of the

by asking the participants to clench their-r

cleansed with alcoholic wipes (99.5% ethano
t he tdiornecof the muscle fibers. Prior to the
conductive gel and they were seciuded adhdshi
t ape
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3.2.3 Ear microphones

The sound created by the édraehavieond| tthas kK ® ow

(St uldy) lusi bguiddstmomr ophones. The earpiece \
descri bed above (Physiology Section, | MB, Um
the external auditosyaméeatdsthfe ekpeeamentPr i

positioned firmly in the ears andritgh)en3Acal i br

3.3 Behavioral tasks and model food

In the present thesis, the intradryalasfsieses emot
the basis of their motor behavior and perfor:i
-l'r1). Similarly, on the basis of their perfo
skills were assessedenfoSntsutdryatlevd) .t hTeh eb eehxaavmi onrea

of each .experi ment

3.3.1 Manipulation and split task

The participants were comfortably 4$éat ed ian
dental chair (Study 11 1) ritn haomr iwprnitgght pdasiet i:
parallel to the floor. Prior to the start of
a spher-cocatedupganece of chocolate candy (10 mn
chocol ate dndg&keyr RBzelStbokhol m, Sweden) be
pal ate and the tongue then positioned their t

when they had had the c&8ndyciomditshe amoudthle rex ar

thmgved the candy in between the anterior i n¢
hal ves, then spat out the pieces in a plasti
the participants to split tmstcamrcdy oinrst @ othwe r

qguickly this task should be perfor med

3.3.2 The chewing task

The patrticipants (Study 1V) were comfortably seated in a quiet room on a dental chair in an
upright position with the Frankfort horizontal plane approximately paralt@etdloor. Prior

to the start of each recording, when instructed, the participants placed a shelled medium sized
hazelnut between the tongue and +séttion of the hard palate, then positioned their teeth

in maximum intercuspation. The instruction theyeiged was to eat the hazelnut, but they

were given no instructions concerning how quickly this task should be performed. After
receiving verbal instructions, but no traini

five times
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3.4 Data analysis

Datardiemg |jaw mov-emMgntwer ¢Striecy r thad e dvi tdlat &
acquisition and analysis software (WinSc/ W
Section, | MB, Ume-, Sweden) at a frequency
3.2 kHmndngesbaining to the crushing of the
of 25.6 kHz. The velocity and acceleratio
symmetri cal numeri cal time differentiation
singl s wer e pr-me easeqsueadr eas (romt s. ) during a

corresponding to N100 sampl es

3.4.1 Manipulation and split task

Performance ofthe split

Performance of the Amanilpul)atwiacn aasrse sseldi tby
wei ght of the | argest piece resulting from
0.42 g-1(1St wchy 10.-4V) g, (Bitwwuyalpdecision of K
Fino GmbH, Bad Bl ocket, Gefrrnobam yt)h.e Tihdee aslmaslpll
the performance. A devi atiidem | af de%i was$s oo ha

fiperdecd devi atumaiuodesdHdd asddivi anicepdot >7

Motor behavior

The pointsuroifng nttheer eisntdsi vdi dual trials were |
manually for errors. Tdhreset pofi fjiaswodp elTit)reg
as t hpoitntmeat whi ch vebrdgicmdi mg caflh sjxaavimiad me rai
(i .e., the firstemdkakf ntelgep hjaeel wme wlegg tt he
vel ocity exceeded( bzeegrion nfi onrg -eosfe athHiar $dt0 magameth ¢
continued to exceed zeenrdth etfohrete adatd v |eh a(bTe2s)g e s S
(and s ubbesgiqrureinng o) (Cayd a@8Bpphaséng enhdt he
of the coamnthlegti nph agelodsitneT haawswas det er mi r
characteristicvemntpidal njcawamevementhe(j aw cl
both a clear sound (030% of the | oudest sic

muschlieg) (3B

3.4.2 The chewing task
Data collected during the first cycle of chewing in each trial werbyazed The first cycle
was defined as the period from the beginning of jaw opening until initial fracture
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of the hazelnut

Motor behavior

The points of interest during the individual
manual |l y  Theseepoons s ohsient erf e(§ita wav.e,peMli)meg def
as t hpoitntmeat whi ch vekrdgicmdi mg cafla sjr aavia ixa prearhit n
(i .e., the firstenpdeadkf ntehgep hja@M2 o/pad weeeyi ttahee v
velocity exceededbegironifrog @efhealdbkis§kniagnedeh & s
continued to exceéedgilerddrtbéueaftodr t(hsseehaz:
determined from a characteriscuwememnmtap(jdaw nclrae
which coincided with both a clear sound (030
activity of thegmasgafeter muscl es (

In cases where the participants made several attempts to crush the hazelnut, the end of
the last jaw opeing (M3) prior to the fracture of the hazelnut was defined as the last time at
which the vertical velocity exceeded zero prior to M4. In cases where the hazelnut was

fractured at the first attempt, M2 and M3 were the same.

In order to quantify the rangd motion, the mandibular movement (lateral and vertical)
during the first chewing cycle (M1 to M4) was plotted from a frontal view (by WinZOOM).
This was done for every trial by every participant. The plot was then imported into-image
processing softwaréCorelDraw® Graphics Suite version 12.0, Corel Corp., Ottawa,
Canada) where the cycle walsodiedhhcd osead tuaoll.
line from M4 (corresponding to the point of fracture) had been drawn to M1 (corresponding
to the start ofaw opening), all figures were imported into a second software program as a
JPEG file (Adobe Photoshop CS4 version 11.0, Adobe Systems Inc., San Jose, USA) and the
number of pixels within the enclosed cycle was countedHsge!B).
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Vertical MOVEMENt mammaaae b - m e mmmmr e
of the mandible Hmm
Position

Velocity

Acceleration

Lateral movement

of the mandible
Position

Velocity Jaw opening

Acceleration
Masseter EMG

Left : ' I 0.5 mV
Right losmv
Microphone 0.2s
Left
Right
M1 M2/M3 M4

Fig. 4. (A) Repregntative recordings from the first chewing cycle of a participant with a natural dentition.

These curves illustrate vertical and lateral movements: position, velocity, and acceleration of the mandible;
EMG-activity of the left and right masseter muscleg]j aound recordings from the left and right microphones.

(B) Mandibular movement of every participant trial was imported into inpageessing software and the
chewing cycle fienclosedo with a dashed openimggMlj.r om t h
This made it possible to count the number of pixels within the enclosed@j¢he r e, a fAcycl e axi s
plotted, i.e., a line connecting the start of jaw opening (M1) to the i of peak vertical movement (M2
orM3)alongwitha@aicycl e wi dt ho, i.e., the longest |line that

Further, a line was drawn from start of jaw opening (M1) to the peak vertical jaw
movement (M2/ M3) creating a fAcycl ereadingi sO an
a Acycle widtho, in an additional approach
movemeni(Piancino et al., 20Q%iancino et al., 200&seeFig. 4C). The ratio of cycle

axis/cycle width was then calculated for each chewing cycle.

3.5 Statistical analysis

The level of statistical significance was set at P<0.05, across studies |, Il andd\Paatlie

of less than 0.10 was considered significant in study Il (the limit was set higher than the
conventional level of 0.05 to reduce the risk of obtaining false negative findings since it was
an explorative studyptudy Iwas analyzed witB TATISTICA 6.x (StatSoftNC., Dell, Tulsa,

OK, USA)and the analysis of studyINV was done with SAS 9.x software (SAS ihgeINC.,

Cary, NC, USA).
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Study |

The outcome parameters of performance and jaw movements from the mean of ten trials were
calculated ath series mean was obtained. The data thus obtaiaszsubjected to twavay

analysis of variance (ANOVA) with repeated measures modelratids waythe outcome

parameters were evaluated. The factors in ANOVA were condition (2 levels; before and after
training) and series (3 levelfirst to third series). Poshoc tests were performed with Tukey
Honestly Signiycant Difference test with cor|
in performance (SEMyasagain calculated across the thirty participants (participant means of

SEM from all thity trials). The data pertainifigo o ccur r e n c ewaddnalyfetl ai | ed

with Chisquare test.

Study II-IV

Normal probability plots were used in the linear mixed models analyses to evaluate the
assumption of normally distributed residuals (Stuel/l). In cases of significant interaction,
simple main effects were examined and if these exhibited a significealu® pairwise
comparisons were carried out (StudyM). Data from all trials were combined to obtain mean
values, which were then used dalculate group means and standard deviations. However,

when the data were skewed to the right, they were transformed logarithmically and the results

presented as medians and7ZbpercentilesSp |l it per f or mance was anal
esti matiionng feogru artepeat ed measures. The numbers
and Afailedo splits per 30 trials (Study 1I1)
were determined. The I ink funct i oongaarnidt honitcc o
and negative binomial s, respectively and th
movements (i.e., peak verticapoivieiT®cT2X 9t abos

duration and daupaeani mg-e sotf @ btlthaee bjnagcanghases)
anal yzed empédfofye mtgs amond xledf. or repeated measur

Split performance and jaw movements were further investigated by calculating the
relative changeéStudy II). This relative change expressed as a percentage withincine gr
was calculated as the mean difference between the baseline and intervention values divided by
the mean deviation at baseline and was subjected to ordinary least squares analysis taking into

consideration the heterogeneity of variance across groups.
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3.6 Ethical approval

All four studies werapproved by the regional ethigaview board in Stockholm andene

performedin accordance with the Declaration of Helsinki. Participation in the study was

voluntary and the participants were informed about theirgightliscontinue the experiment

if they wantedInformed consent was obtained from all participgumisr to the start of the

experiment

~

o

O«

Studyl and Il were approved by the regional ethical review board in Stockholm,
Sweden (Dnr2012/156231/1).

Study 1l and IV were approved by the regional ethical review board incitolm,
Sweden (Dnr: 0415/4).
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4 RESULTS

All participants performed the tasks in a reliable manner, similaryg completed the
experiment without any difficulties (Sty I-1V). However, several noteworthy differences
were seen within the different studi@®e most important findings regarding performance and
motor behavior (duration and position of jaw movements) resulting from the participants

duringthe behavioral ks (StudylV) are presented below.

4.1 Study |

Split performance

When split performance was evaluated by weighing the larger piece of candy produced by the
split (the lower the deviation, the better the performance), we found that the precision of the
tak improved significantly after training2.2 + 2.26 deviation)compared to before training

(31.1 + 2.20 deviation (P<0.001)Fig. 5. It may also be notkthat the mean variation was
significantlyreduced (2%) after trainingcompared tdefore training3.3 £ 0.2 and 4.2 + 0.2,
respectively (R0.001). The occurence of failed splitsvas alsosignificantly lower after
training @8) than before training7Q) (P=0.005)

Mean deviation
from ideal split

*

Fig. 5. Performance df h manifiulation

* * * and splib task presented as mean
04 deviation(in percentage) from ideal split
60 - . . * during the three series before and after
1 ¢ . training. The filled circles represent
50 A
s 4 " . @Before training  individual means and bars represent the
S ° ° [ ] e . .
g 404 I 3 ' ' 8 DAfter training group mean of the conditions. Asterisk
ke 1 pB .
§ 30 4 l | : (*) denotes significant difference.
o i . '
o L °
20 4 i i i
- C °
L} l °
10 4 o (]
0
1 2 3

Series

Duration and individual jaw movement phases

The total duration of the jaw movement phases T 30seeFig. 3B for detail information
regarding the individual phagesas significantly shorterafter training than before training
(1.21 £ 0.08 s and 1.56 £+ 0.10 s, respectiv@?y0.001). Further, when the jaw movements

where divided into different phases it was observed that the contact phase was the longest and
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the duration of this phase decreased significantly after training compared to before training
(0.71 £ 0.07 s and 0.99@08 s, respectively (P<0.0002). The mean variation of the total
duration of the task and the duration oé thontact phase decreased by 25% arib, 23
respectivelyafter training as compared to before training (P=0.001, P=0.001).

4.2 Study ll

Split performance

As in Study I, split performance was eval ua
by the split, and the | ower the deviation,
when the experiment al groupcwaasacthebctdbet atzi

i deal split) significantFliyg)c oonpoaweevde rt, o tbhaesre
significant difference in performance bet we
the control group (RAGtIETR) .c hGhmgsee of wreomt lbya s ¢
was significantly higher (+48%) for -4t%)e exp
(P<0.001).

A Mean deviation B Unsuccessful splits C Failed splits D Perfect splits
from ideal split
P<0.001 P<0.001 P<0.001 P<0.002
40 40 40 40
_ . _ Lo 3
R 30 A : R 30 ' . X 30 £30
[ A o . o =
o . o = (o2} -
] FI 3 : . s >
$ 20 . . $ 20 s . $ 2 $ 20 220
<4 * * IS4 1 . ” IS4 2
& | & . e . g
10 10 ‘ . . . 10 . w10 ' '
el L] Fisa B [ [
° . . 3 1 ' ] .
O 0 A A A O O Iy
Bas Ane Bas nAne Bas Ane Bas nAne Bas Ane Bas nAne Bas Ane Bas nAne
Experimental  Control Experimental  Control Experimental  Control Experimental  Control

Fig.6.ADEf f ect s of anesthetization on split pptfbob)ymhgce
participants of the Experiment al and Control groups
respec(tAMeealny )devi ati on f ¢ BFrertcheent faigeee aolfd fAsupnisiutc.cessf u
deviation bphe>B0&é &EFadrnsepitiage of #Afailedo spdD)ts (i.
Mean number of fperfecto splits (i.e., with a deviat

for all of the subjeedc tcsi ricnl eesa cshh ogw o unpd i avnidd utahle nieialnl v

It may also be noted that for the experimental grelg percentages of unsuccessful splits
(P<0.001) Fig. 68) and of failed splits were significantly higher (P<0.0(y( 6C) and the
number (frequency) of perfesplits lower during the intervention thahbaseline (P<0.002)

(Fig. 6D) with no significant changes in the case of the control group (P=0.138, 0.244 and
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0.342, respectively). Agaiithis pattern was reflected in the relative changes (P<0.001 in all

three cases)

I n addition, during the baseline trials, a
the ideal split) was oOobserved in either t he
foll owing anesthetizati on, ne nlei boift etdh oaste |iena
slippage versus none in the control group

Duration and individual jaw movement phases

The total duration of-T3)hewgswnaonoveimegmitf ipharstel
anesthesia in the expveantmeonnt ailn gtrhoeu pc cort rdaulr i g
Ane: 1.42 s; Bas: 0.95 s, nFAine):.. DAMOaddi triesm,e
the jaw movements were divided into differen
was t he | aodnugeastti oanndo ft tehi s phase showed as we
(e. gT3; TR=0.F5 46);, 7daese wel | significant di ffer

relative changes (P=0.384).

A Total duration B Opening phase C Contact-establishing phase D Contact phase
(TO-T3) (TO-T1) (T1-T2) (T2-T3)
2+ . 2- 24 2
$
—— A
] L]
@ 2 c @ @ @ -
s il § 5 5.] -
'~§ 1 i ,5 1 ‘5 1 e§ 1
= . = " 3 S . .
a [a) Aa a s
' ‘ i .' |—!‘| | \ i
5 [—‘—I_I—| t [—'—|
Bas Ane Bas nAne Bas Ane Bas nAne Bas Ane Bas nAne Bas Ane Bas nAne
Experimental  Control Experimental ~ Control Experimental  Control Experimental ~ Control

Fig.7A-DDur ati on of jaw move mennttEhpgharsidmeadtfcddlo mmerdgld 5t i ci pan

groups ( B#&s baansde Idiure n(g the intervention (Ane and nAne,
T3) and duratioffd)of eshaabop-&h)i mgafddAc orAlt3act aphea ssehso WMnT.
The height of each bar indicates the median value for
i ndividual mean values.

4.3 Study Il

Split performance

When split performance was evanhudygt @ed odycwei ¢t
split, we observed that the group with natur
mean deviation from idealfistmldstalpgcompadepr ¢ ot I
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( TSP)f iaxneddp lsaurptpor t ed SpPr)o s(t MAeTs: 1)4(% nfeld3ddb an ( z
percentil e))35)TSPP=03.00W5()20380nd (IPSPR.®R8) (@
Moreover, it should be noted that for the n
(9%160D) were si ¢gminf if oan ttlhyel O)Ydwea(n 30 43IP8) ( 2 4 %
groups (P=0.002 amrdgdD.6BEMi tespgctthel ght (r

failed split (0%) compared to theFTSP. 80d |
A Mean.devi:atiorj B ‘Unsugcgssful' splits C ‘FaiAIe.d’spIits Fig. 8 A-C Split
from ‘ideal’ split (deviation of >50% (deviation of >75%
from ‘ideal’ split) from ‘ideal’ split) performance (assessed
P=0.015
— by deviation in from the
P=0.034 P=0.002
P=0.005 ii de asph) by
| participantsin the NAT,
30+ | 30 | 30 ooos TSP andISP grospThe
g ] | e ] e height of each bar
g 201 | %20' ‘ %20' | indicates the median
S & g
S ! S S values for all subjects in
g 10 g 10 g 10 ‘ , :
2 | 2 > | a group and the vertical
0 0 0 lines 2575 percentile.
NAT TSP ISP NAT TSP ISP NAT TSP ISP
I n additilongrobheg maduaasl|l i ppage rate of ¢
and 12.4% for the TSP and | SP group, respec
in the natural group, three in the TSP grou

Duration and individual jaw movement phases

The

tot al duration of-T3)hewgswsimprviefmend n tplhya s

(1.126 s (0.33), P=0.053) and ISP (1.08 s (0
(1.47 s (0, 2t7herre hwaveveo significant differ
(P=0.Filg7)). AYAn addition, when the jaw moveme,]

no

significant difference was <=esdrmabiln sthh en gd

beween any of the gr olRips:C)( PEHoWe&Le ra,n dt Pe= 0d 16
contact phase (T2 to T3) was significantly
(0.31)) groups compared witthgt)lr@ddDbhaeur alnay
revealed that the natural and TSP groups dif

and

| SP groups by 0.38 s (P=0.004); and the
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A B C D

Total (TO-T3) TO-T1 T1-T2 T2-T3

Duraﬂon (s)
D.uragon .(s)
Duraﬂon (s)
Duraﬂon (s)

NAT TSP ISP NAT TSP ISP NAT TSP ISP NAT TSP ISP

Fig. 9. A-D Duration of the jaw movements phaséghe participants in the NAT, TSP and ISP groups during the
manipulation and split taskA) Total duration of the task (from start until fracture of the candyT3)0 (B)
Duration of the opening phase ¢TQ). (C) Duration of contaeestablishing ph&s(T1-T2). (D) Duration of the
contact phase (FZ3). The height of each bar indicates the mean values for all subjects in a group and the filled

circlesshowmean values for individual participants.

4.4 Study IV

Split performance

In this study, the hazelnuts pped and did not fracture durir
close the jaw, necessitating additional attempts to crush the nut. Gjeetsun the natural

group (306) exhibited fewer failedgplits (in a total of five trials) compardéd TSP (820)

andISP group(70%) (P=0.006 and P=0.038, respectiyely

Duration and individual jaw movement phases

The total duration of the jaw movement phases-{W seeFig. 4A for detail information
regarding the individual phagewas significantly longer for the B5group (0.57 s (0.39
0.74) (median (255 percentile), P=0.109) and the ISP group (0.58 s {0.28), P=0.017)
compared to the natural group40.s (0.340.58)). However, when viewed in relation to jaw
movements and the average durations of differeasg@h such as jaw opening (IWR) and
the last jaw closing movement before fracture of the hazelnutMM)Bthere were no
significant differences between groups (NAT/TSP, P=0.469; NAT/ISP, P=0.343).

Mandibular movements
Visual analysis of the range of matiof the mandible during the first chewing cycle revealed
a narrower pattern of movement for the TSP and ISP gréupsddition, the trajectory of the
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mandibular movement was obviously mbsitantand probing for the TSP and ISP group

compared themooh jaw movements afatural grougseeFig. 10).

DAL
SIBK

Fig.10The mandi bul ar movements (plotted from a frontal
of the hazelnut (M4) during a representaltidentfiftiiracn

or a f i(xTeSIP)t ocestutnp mplk &aetd prosthesis (I SP). All mo v e mer
pl ane and some have been mirrored to facilitate c¢omg
in tleolupP originates from a subject whose hazel nut
attempt to crush the hazel nnut. Note also the wider
natur al group.

The observations above were quied by plotting the mandibular movement (M1 to
M4), closing the loop, and counting the number of pixels enclosed. Subjects in the natural
group (94.8 x 19(38.7 x 108)) (mean (SD)) clearly displayed a wider range of movement
compared to the TSP (68.610° (44.8 x 1G)) and ISP group (63.2 x 1@25.3 x 16))
(P=0.049 and P=0.024, respectivelly)o. 11A). Further, the natural group exhibited fewer
passages (2.55 (2.215) (median (255 percentile))) than the TSP (4.0 (3525),
P=0.0004) and ISP gup (3.6 (2.44.5), P=0.040) as shown by the number of times the value
for acceleration of the vertical movement passed through zero in trials without slips (i.e.,
when M2=M3).
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Fig. 11. (A) Total number of pixels in the figures created by plotting marndibmovement during the first
chewing cycle. Filled circles represent mean values for individual participants, bars denote grougBheans.
The ratio of lateral to vertical movement of the mandible (calculated as cycle width /cycle axis) during the first
chewing cycle. Filled circles represents mean values for individual participants, bars denote groupGneans.

Relative lateral mandibular displacement associated with jaw opening or closure during the first chewing cycle.

The ratio of lateral/vertical ddacement (cycle width/cycle axis) was significantly
higher for the natural group (0.27 (0.13)) (mean (SD)) compared to the TSP (0.15 (0.08)) and
ISP group (0.19 (0.09)), P=0.009 and P=0.084 respectit&y {1B. In addition, in the
natural group, 66% fothe maximum lateral displacement occurred dulsng opening
whereas maximum displacement occurred dujavg closurein the TSP (67%) and ISP
(78%) groups (P=0.00002 and P=0.00001, respectiviely) {10.
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5 DISCUSSION

The studies iansitzhei st htehesmpsoregmmic e of orof ac
behavioral changest easms acriaatneadl gwiatnhd sthroarnts i

i mpaired (1 SP) and complete (TSP) deprivat:i

I ndi catneditvhatual s can increase t-herm moabni
(Study 1), and that performance i s |impairec
PMRs during complllelx) band nogh gwitrugd yt dsikhay ( St u
be i mportant in improving our understanding
i n i dentifying specific sheanbsiolriitnaotteodr veintpha ifri
supported by dental i mpl alnttss oobrt anian eud aflr a ne ett
included in the present thesis are discusse

5.1 Motor performance

This thesis showed that repeatterdmstpdaitniimg
i n increased accuracy efastlethaslocgarfremnmar
(Study 1) . However, transient deprivation
anesthesia decreased the accuracy of the t.
failed splitse(8cuegdy akly) waBusilgaer fitchnt!l y |
(i .e., the TSP and | SP groups) than in subj
prostheses also exhibited a higher number

(haeae) nthan those with natural dentition (S

5.1.1 Improved performance due to short term training

It was previously reported that repeated splitting of food morsels during a $ingtdeand
splitotask did not lead to optimization of jaw movements iniggents with a natural dentition
(Kumar et al., 201¢ It was proposedthat trainingrelated optimization could perhaps be
induced by challenging the systevith a more complex task. Previouslyhas been suggested
that traininginduced cortial plasticity would be dependeah the complexity of the task,
training time andhemuscle group being traindBuchateau et al., 2006yc and Boyadjian,
2006 Kothari et al., 2012 Hence n the present thesiacomplexmaripulation and split task
was used to test the effects of skerin training on behavior learning and skill acquisition by
participants witmatural dentition.

The mani pul ation and split task is highl:yy
contArcxcloor di ngl vy, repeated splitting of food
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al mositné&0O&ase i n tpheer faocrcnuarnaccey aofft etra sBkd &i ni ng
devi befone) t¢(8tuadwngl) . Li kewisejfitbantlay tiew
slips after training, which would indicate i

to training and the complexity of the task,

spherical candy betnweuenne tthhee fdriornetc ttieoent ho fa ntdh e
order to split it into two almost equal parts
therefore nor ma l sensory signaling, t he pal

i nformati dWRsf rreemsuttie ng i n enha(Tweson etmad,t or s ki
1992 Johnsen and Trulsson, 2003

5.1.2 Perturbed performance due to anesthesia

The masticatory system is heavily dependen
mechanoreceptors (PMRs included) around the
program dur i ng (Llundtl1PR9 Trulsson, R00@Modawtialn 2006Dur i ng

the worsk tdresti Isj we demonstr-aeieghtt haphevaincallv
coated candy and splitting it into two equal
mot or control. Previous studi es in dexterou
i mpbance of the fingertips coming in contact
force vectors are summed to zero. This woul d

wit h-wlei giht objects that ot hre@Bwstedtetalmilo9ght sl i p
Flanagan et al., 199®dlmann et al., 2000LP MRs have previously been
pivot al role in controlling and directing th

been shown that peri odon {Talksonsandelgshanssers1986a di s r u

1996h. He nc e, i n study 11 we explored the i mpa
i nformatihen PMRemdue to anesthesia on spatial
subjects. As expected, anesthetizing the inc
task pembfyorathamtose 30% (28% compar edduroi mlg® % d
baseline) in individuals in the experi ment al
in increased slippage of the candy as evident

before and 9% after anesibesi appoTheseéhfat ndior

of i nput from the PMRs (due to | ocal anesthe
fully compensated by inputs from other orofac
the oral mu c o0 s at, e mmpuosr col nea nsdpi i bftdissensangawhansson, et c . )

1996a1996h Johnsenetal., 20Dl ear |l 'y, such a | ack &MNSperi phe
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attenuates yne motor control of the jaws, a
si mpl e fAhol dTrussodandJpharissory 19pBa98kklohnsen et al., 2007

5.1.3 Altered performance due to dental prostheses

Previous studies have shown impaired oral motor control in subjectslevithlprostheses

during simple biting taskél'rulsson ad Gunne, 1998Svensson and Trulsson, 201These

studies demonstrate increasé¢he intensive aspeot force control during the simple hold and

split task(higher hold forces compared with the urat dentate individuals) n t sentpr e

thesis, we investigated the spatial aspect
(TSP and | SP) in comparison to individuals
subjects ingtbepsSPxandit 88 a higher mean d
and 28 %, respectivel y) compared to the ind
Correspondingly, the percentages of failed

andP I(S8%) groups compared to those in the NA
chewing task, the TSP (81%) and ISP (70%) g
i n more frequent slippage compardeud itnog tthhee if
attempt to crush the hazelnut (Study 1V). TI|
subjects (TSP and | SP groups) supports the

from the PMRs, regarditmg@ns pdt ifaolr cles d atpipdn e
ucces s fTawlssonbet 4dl.,i 189gTrulsson, 1993Johnsen and Trulsson, 2003 h e

atur al dentate subjects clearly dewmanhedr at
pheri cal candy between the centrldll )i nacnids ott
uccessfully fracture the hazelnut (Study I
ome teeth with intact periodontium, the ri

S
n
s
S
S
and the abut ment teeth promalbilryg aancerat ttdire
possibility of determining the exact | ocat
suggested that subjects in the | SP group, m
competent sensory dmagrudrse cferpotno rad | aecveennt tnheo u
compensate for t(fhressoaénd &unmeelo98vensddriveRa Trulsson,

201D.1't was al so suggested that the Iimpaired [
i's similar Iin some respects Iimpairment seen
peri odont @iulssamaedsdhdngseni 186bn i mpdi gensory i nform
the PMRs has been proven to be (Jomgoetdlant i
2007, Grigoriadis et al., 2012014 Kumar et al., 2016&Zhang et al.,, 20)6We suggest t

the perturbed and altered or al mot or perfor
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t he NAT group and individuals in the TSP and

Il mportance of spatial i1 nformation provided b

5.2 Duration of jaw movement phases

The behavioral task performed by the particip
of their condition (anesthetized or not) and
efficiently -weriagnhstp osrpth etrhiec dli gchaandy/ hazel nut f
to between the teeth in ordlebkrl )Yoosptiagshtitng
The velocity with which the participants mo
ortanions at al/l predefined positions were m
the groups acrobk¥)thdowevwudrir est i &Stedweid e inter
the groups with respect to udwg V)i m&heakeéhet o

movements were divided into individual phase:¢
| ongest ; this was also the phase when prof ol
( Stuldlyl )I. Further, wesalisnqg adb sfdrewedct cesme eit nmeee

attempts to crush a hazelnut during the chewi
Accordingly, it was observed that Frepeated

term training resulted imena 9phastsesr espatci ahl

to the contact phase, after training as compa
deprivation of the sensory inputs due to | oc:
movement plhatsdastormphtalkee ¢ Study | 1). Further,

TSP and | SP groups was significaah|] ywbboeasrt
cont actiwhphcehs &wea sl ongest | awamowvemaent i phaséy
subjects with prostheses than for those with
TSP and | SP groups also exhibited a signific
phases compared to the indiwgi dwalsuishh the NAT
(hazel nut) (Study 1V).

Li ke most manual dexterity tasks, the fAmani
thesis involves a sequence of actions that re
for sutczelssc¢aoampl etion. The events of interes:
used in the present theseéestabki shenpgpawhapenan
phase. Similarly, the events ofgiphasestantiotl
|l ast jaw closing phase prior to split. These

mechanical 4VvVeédB83g1C8udMdy)l:V:t hMlse cri ti cal poi

sensorimotor control -gpaesi,ntssi mlielfairnitnag whet thas
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previous de Kohanssont and Hahaganh, 20@ifstrom € al.,, 2013. T h e

participants started a cycle by moving thi

throughout the jaw opening phase, in order
period-e(sdcdarmtlacsthi ng phase)tthe wi ¢ thd t mer hiell pi
and | ips and placed in between the front te
(contact phase) the subjects probably coll e
prior to splil)ting (Study I

As we expected, the natural dentate parti.i
he task after approximately half an hour
Study |). Consequently, the bdyur2a& % oaf toer tth
0.71 s) compared to before training {0.99

oals would not only be dependent on sensor

o KQ —~ —~ -~

xecution of muscle @ommarcdsni iniflazagay E&eliemat i c
2003 Flanaganetal.,2006T h@N$r edi ct s an oovuetntceonmhie aonfd tihdee nn
commands required for opti mal achievement a
refined by previous experience (learning) a
(Reilmann et al., 20QFlanagan et al., 2008Volpertetal., 200)1The i nt er pr et ati
fiindgs is that, prior to training, participa
spati al information provided by the PMRs an
during the contact phase. dham€NESr precebeesc
program and then sends efferent signals to
mandi bl e upwar ds avnedc twirt ht ot hsep I riitg htth ef ofrocoed

Further, as -taerrne stuth & is noi énf gFsehroer nt t mot or out pu
optimi zed, l eading to a shorter duration of
as stated above, it has been suggested that

opti mi zatkiioorg arfd al(Sémtromet gd.h28)8ldasn c e, we beli e
decreascur aat itownt adf task after training (Stu
action phases relevant to the task: that tr

outcome faster and perform.the task more ef

Surptiysisegbjects with prostheses (TSP and

nat ur al dentition t o split t he food mor s e
performance) (Study 111). These fi ndiemgs su
on sensory inputs from the PMRs and hence ¢
natur al dentition. Thus, it may be anticip
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dentate subjects by anest hesaita omayofsitghnei fti as
specifically affect the contact phase. Howev
effect of anesthesia on the total duration o
for the experimental phacep) Taedet hesuwloing ac ¢
deprivation of sensory inputs does not alter
contact phase, contrary to our hypot hesi s. T
i ndividual mphemest efdjdwnot differ between gr
or control). However, it may be noted that tF
hour (Study 1) prior to their participation
pef ormance and optimized j aw mo veengeunltast,e dt htehse
mot or commands which triggered the sequenti al

decreased sensory input .due to sudden transi e

Our findalngmotomr oaontr ol do not corrobor at
gener al m (Col® and Sedgwitky 189PagerRoss and Johansson, 1996 h o s e
studies showed that finger grip forces were r
ot her s ens or (ColeiamdBedgwack, MO@RagekRoss and Johansson, 1996t
has been proposed that in the absence of senc
compl ete the s ppercolfonegdi ntga stkh e (Cdilecandedbogwiok, of t h e
1992.However, in the present study we did not ¢
| ocal anest heessitag geSsttudtyhdtl )oneV i nherent diffe

spinal systems is that visual feedback is av
digits, but n o(van 8teenberghget alo 1L Prteavsikosus st udi es
emphasized the role of vi su(idbhetble20dBPaslavk i n op
etal.,201%e. g., anesthesia dramatically impairs d

vi sual (Jeeralthlrad ddhansson9T9Jenmalm et al., 1999enmalm et al., 2000
Paviovaetal.,2005Accordi ngliyhawet Bagdesterences bet we

') and those of others may perhaps be attrib

systems involved. Further studies wild@l be nee
I n contrass tao shadyi hdisgbjects in the T
di splayed a significantly shorter tot al dur

respectively) during the manipulation and spl

s). Symithe contact phase for the subjects in
24% and 41% shorter, respectivel vy, compared
(0.86 s) (Study 111).fbbobdi sosttggematsigoms bf o
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the PMRs is useiorwaadpmadnet i vV ee xbiesktd cntg anpopt
commands in order t o s gSvandsontrd &ruldsana2@@9ifior sel s
Therefore, when manipulating a spherical C a
natur al ndenwdg @ilu@drssci ousl|l y havpeh aas efi p(rion ocnognepd:
with the subjects in the TSP and | SP groups
i nformation from t hef oPOMR sc orretl giglrt d i (nege étihnee twoic
abomwmenti oned hypothesimn,t hbathepr isarudtice ss phlaivtet
front teeth, in almost 50% of the attempts,
peanut (similar to our prolonged contact p
coll ect semmms ofryo m nTrissomadidéhansson, 199pbiowever, whe
their teeth were anesthetized, thi(ulséomi ef d
and Johansson, 1996b

NAT

Fig. 12. Representative recordings of vertical jaw

f

movement duringerformance of the manipulation

and split task bysuljectswith a natural dentition

TSP (NAT) and fixed tooth (TSP) or implant
supportedorostheses (ISPThe lines depicthree
supeimposed trials for each subjedtiotice the
shorter contact phase for the TSP and g8Rips
ISP -\—J 10 MM | in comparison with the subjectstiteNAT group
0.58
Experi ment al studies have previously sho\

the DODbnpneget contact (due to anesthesi a) del
commands, resulting in prol ongeMe vnearntihpeulleast:
i ndividuals were able to perf or(Qohansdoreand as k ,

Westling, 1984Westling and Johansson, 1988i ndi ngs i n study 11, i

by Johansson and Westling, reveal ed that tI
shorter contact phase, pr ob aldldy tbh emad s e etnisa
staying longer in that phase. Earlier it wa
have received spatial information about i ni

prostheses and g d(BverssorpandTrutssom 201%iurbtj eecctt st i n t F
group have an intact periodontium and the
i nf or martoiugrh, teélet results from the present t

reduced sensory input. Nonet hel ess, they ar

41



split the morsel, probably with assistiamce f |
the orofacial region. I ndi viduals in the | SP
] aw, |l ack i ntact periodontium and must there
the PMRs. Neverthel ess, we b dliiadfvoeb dtohcdat n ttahcet s
through vibrations transmitt.edhpheaomeareon aawfb
osseoperception, thus (Kimeler etal, 2005acolkslamdwannt i nf
Steenberghe, 200¥an Steenberghe and Jacobs, 2006h er ef or e, in the pre:
swested that in the afbrsemcteheotfRdReasoulyj ¢eatf or
| SP) tend to proceed directly from the cont a

t a.s k

5.2.1 Regulation of the contact phase
A detailed obsdryatwi ono vefmetnh s earmtiingat he cont
of oscillations representing the cyclic acti

speci fi c(Jaberzadghueeah,2®)3&a hi s i s probably because |

smal | mot or commands (pul ses)  hiacadudinng uamamge
PMRs to retrieve sensory information. We hypo
phase is the first part when oscillations ar

cycl i c(Jabexzadelteal., 2003D. When i ndi viduals with natur s

for half an hour during the manipul ation and
decreases (0.71 s); a similar decredass)i s se
groups. However, although the performance of
i mprovement isulbsjmeadtishe da®®ngnd | SP groups th

dentition. After training, oneowdelrdtprebabla

spati al i nformation. The motor system is prej
recogni zes the morsel earlier and can initiat
put forward in Ilriitrearayt ubblea ket aé¢ amtnmgolt.o Thes.

that the spontaneous phasic consclaetc omtsr @c¢t i
observed both during increased bl adder vol ume
mi ctutheyomre believed to contribute to sen
(Gillespie et al., 201,2/ahabi and Drake, 2015

5.2.2 Motor behavior during chewing task
When mandi bul ar movements were plotted from
chewing cycle of subjects attempting to crust

cl earbllye Miissgie 10ne of the most obvious differe
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and | SP groups had a narrower pattern of 11
comparison with those in the NAT gradawp a(lStu
dentition clearly displayed a wider range o0°
a significantly higher ratio of | ateral di s|
subjects in the TSP and | SP groups (Study I

Motor behavor during the first chewing cycle, which is often disregarded in analyses
of jaw kinematics during mastication, has been analyzed in detail (Study IV). When subjects
were told to crush the hazelnut, they started by moving their jaw downwards, trandp®rted t
hazelnut with help from the tongue and cheeks and positioned it between the upper and lower
posterior teeth prior to crushing it. This chain of events was similar to that seen in the
manipulation and split task. The total duration of the task was isigmify longer among
subjects in the TSP (0.57 s) and ISP (0.58 s) groups compared to those with natural dentition
(0.44 s), due to more frequent slippage of the hazelnut (Study IV). The first chewing cycle
of the subjects in the TSP and ISP groups aldaah@arrower, more chopphiige pattern as
demonstrated by the mandibular movement plots enclositga®@ 33% fewer pixels than
those in the NAT group (Study IV). Further, the TSP and ISP groups also exhibited a smaller
lateral displacement, where laten@aovements were only 15% and 19%, respectively, of the
vertical movement (Study 1V). However, the subjects in the NAT group demonstrated a
lateral movement (27% of the vertical movement) which was in agreement with the previous
findings of approximately @30% during chewingProschel and Hofmann, 198Bhiga et
al., 2003 Piancino et al., 2008Subjects with fixed dental prostheses seem to have a different
pattern of movement during the first bite, which cannot be entirely explained by the shorter
dental arch in comparison with the natural dentitashii et al., 2009 Subjects with
removable dental prostheses have previously demonstrated, similar fiodigs, more
choppinglike mandibular movements duringne@wing (Tallgren et al., 1989ostic et al.,
1992. For fractionation of tough material, a wider latempproach of the mandible during
occlusal contact is suggested to be preferable for maximal chewing effi¢iemityet al.,
1976 Yamashita et al., 199Rilo et al., 2009 In line with results from previous studies, our
findings show that the natural dentate individuals exhibite¥h 66 their largest lateta
displacement during jaw closure compared t%33 those in the TSP group and?2 the
| SP group. Probably the fisafesto way of eat
information from the PMRs, is by opening the jaw and transporting the faoorsel to
between the upper and lower teeth with help from the tongue and cheeks, securing the food
morsel so it will not slip when the subject attempts to bite or crush it. The increased evidence

of slippage, and the altered jaw movement pattern ehlitny these subjects is due to lack
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of appropriate information from the PMRs. SA Il mechanoreceptors found in the skin, PMRs
included, have been proposed to be part of a general proprioceptive system that provides
kinesthetic information to the CNS regaug the position of our body in space, but also to

let us know or feel where our teeth are in relation to our (Bilgnieks et al., 2009 rulsson

and Essick, 201 rulsson et al., 2030In order for individuals in the TSP and ISP groups to

bite or crush a food morsel they must first know where teethtare. Therefore, on the basis

on these findings, we believe that the lack of sensory information and of the reference point

provided by the teeth leads to difficulties in achieving an efficient chewing stroke without

slipping
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6 CRITICAL REMARKS

Methodological concerns are typically evident in clinical and experimental studies and must
be acknowledgedOne such concerns ia Study Il wherebaseline differences split
performancebetween the experimental and control groups were obkderMowever,
previous studies have shown large variations in motor performance in the general population
and therefore such intergroup differences may be attributable to individual {#&aarar et

al., 2015 Zhang et al., 2006 Further clarificatio of such inteindividual differences is
required butn our study we circumvented the problemdwaluating theelative changes in

performancen each individual

Prior to start of the experiment we did not inspeat participants for obvious
differences with respect tdentalsurface structurer if they hadany teeth/prostheses with a
large angulatioStudy IlI). Previous studies have shown that the surface structure influences
the friction between teeth/prostheses and objects, and that new porcelain prostheses (although
having higher friction than acrylic) have a lower friction coefficient than enéstedy V)
(Tillitson et al., 1971 Koran et al., 1972Schuh etal., 2005. Nor did we calculate the
posterior buccdingual width of the prostheses, even though we know from clinical
experience that these are made narrower (reduced occlusal area) in order to minimize the
force load acting on the abutment teeth/iamplduring biting or chewin¢Study IV) (Becker
and Kaldahl, 200lineberg et al., 2007 However, we biesve that differences of th&tnd
arenegligible andnight not have affected ofindings (Study II}1V).
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7 SUMMARY OF MAJOR FINDINGS

Study |

In study | weobserved that repeated splitting of food morsels during a-sorttraining
resulted inanincreasen theaccuracy of the task performance and decrease in the occurrence
of failed splitsin natural dentatparticipantsAdditionally, we observedhat repeated splitting

of food morsels resulted in a decreased total durafitime jaw movemet phasesespecially

the contact phas&Ve believe that decrease in total duration of task after training indicates
optimizationin the linking of action phases relevant to the task, during whichnibéor
programs related to thaw movementsverelearna and the participants weable to achieve

the functioral goal of the behavioral tasasterandmoreskillfully without slipping.

Study Il
In study |1 we observed that transient depri\

dentitilmmadueantest hesi a decreases the accur ac)
a

nd increases the percentage of failed split:
i ncrease in the percentage of wunegeonceeosf plerd
splits. However, transient deprivation of the

the task performance or of the contact phas

performance exhibited wiftker aanasuhati datniton i

i mportance of spatial i nformation provided b\
afferent CN@putentuattelse yne motor control of th:
Study Il

I n study 111 it was mahs eorairadt idginaitt @ htea sk cpue rafc
significantly | ower in subjects with TSP and
(seegA) .13Additionally, the tot al duration (in
significantly shorter in subjects with TSP

Therefore, we assume that when indiva dual s

spherical candy, they subconsciously fiprol ong
and | SP groups) in order to collect the necescs

the tood hcontact and therefarceg éé mdmstkr gptee flo

and | onger total duration of the task
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Fig. 13 Performance of the
manipulation and split tas{Study
) and mandibular movements
(Study IV) performed bysubjects in
the NAT, TSP and ISBroups (A)
The outcome of thremanipuldion
and split attempts and their outcome
by one individual from each group.
(B) The mandibular movements
(plotted from a frontal view) from
the start of jaw opening (M1) to
fracture of the hazeln(@i4) during

a representative Afoi
c y c froen@ different individuals

in each grouA-B: Modified with
permissior(Svensson and Trulsson,
2016).

Study IV

In study IV, we observed that subjects with fixed teaih implantsupported prostheses
exhibited a larger number of slips in an attempt to crush the food morsel (hazelnut) than the
natural dentate group. Subjects in the TSP and ISP groups digitexk a significantly
longer total duration of the task, with narrower and more probing jaw movements compared
to the individuals in the NAT groug-{[g. 13B. On the basis on these findings we believe
that a lack of sensory information and decreasediaspadntrol by the teeth leads to

difficulties in achieving an efficient chewing stroke without slipping
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