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Purpose: The purpose of this study was to examine, on the basis of masticatory
performance (MP), total muscle work (TMW), and range of movement (RoM),
whether reduction of the profile of the cusps results in loss of the biomechanical
effectiveness of chewing by healthy dentate patients. Methods: Twenty healthy
patients (10 female, mean age: 24.1 + 1.2 years) chewed standardized silicone
particles, performing 15 masticatory cycles. Three experimental conditions were
investigated: chewing on (7) the natural dentition (ND), (2) splints with structured
occlusal profiles simulating the patient’s natural dentition (SS), and (3) splints with

a plane surface (PS). The expectorated particles were analyzed by a validated
scanning procedure. The size distribution of the particles was calculated with the
Rosin-Rammler function and the mean particle sizes (Xg,) were determined for each
experimental condition. The target variables of the experimental conditions were
compared by repeated measures analysis of variance. Results: X, values calculated
for MP differed significantly (P <.002) between PS and SS, and between ND and
SS. Conversely, no significant differences (P > .05) were observed between SS and
ND. Regarding muscle work the EMG activity of the masseter differed significantly
(P < .001) between the left and right sides, with higher values for the right (chewing)
side. No significant differences (P > .05) were observed for TMW and RoM under
the three test conditions. Conclusions: The results confirm the biomechanical
significance of structured occlusal surfaces during chewing of brittle test food by
young dentate subjects./nt J Prosthodont 2014,27:.383-389. doi: 10.11607/ijp.3793

he human masticatory system has a remarkable

capacity to comminute a wide range of food tex-
tures. Mastication is a physiologic process controlled
by the central nervous system and modulated by
sensory input from the involved tissues. The primary
objective of the chewing process is the formation of
a safe bolus.! The structures constituting the mas-
ticatory system—eg, the teeth, jaws, lips, cheeks,
masticatory muscles, and temporomandibular joints—
interact with different food textures and modulate
mastication.2 The effects of test food texture, initial
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particle size, bolus hardness, and volume of mouth-
ful on mastication have been examined in numerous
experimental settings.3-"3In addition, the modulating
effect of proprioception, salivary glands, sex, age, oc-
clusal surface, dental status, and temporomandibular
disorders on chewing has also been investigated.'*-2°
The results of these investigations have revealed the
varying effects of extrinsic and intrinsic factors on
mastication.3¢

In contrast, little information is available regarding
the adaptive behavior of the masticatory system in
response to alteration of the occlusal profiles of den-
tate subjects. Loss of the original tooth shape, and
thus loss of essential biomechanical characteristics,
can result from either natural attrition and abrasion,
which stem from parafunctional activity and nutri-
tional habits, respectively, or prosthodontic rehabili-
tation, which often results in a flatter occlusal surface.
Natural degradation is associated with long-term
wear of tooth structure, which allows gradual adapta-
tion of complex neuromuscular control mechanisms.
Prosthodontic reconstruction, on the other hand, oc-
curs over a short time period and requires immediate
adaptation. The effect of flattening the occlusal pro-
file, which implies reduction of shear occlusal forces,
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Fig1 Schematic representation of the (a) splint with a plane surface and (b) structured splint.

is not well understood for fully dentate subjects. In
vitro studies performed with single vertical loading
have indicated an essential effect of the occlusal pro-
file on the mincing process.3! However, clinical inves-
tigations of the immediate effect of a flattened tooth
profile on the kinetic behavior of the masticatory sys-
tem throughout the entire chewing cycle are missing.

This in vivo study aimed to examine, on the basis
of masticatory performance, whether reduction of the
occlusal profile results in loss of biomechanical effec-
tiveness during chewing sequences in healthy dentate
subjects. The hypothesis was that an intact occlusal
profile results in better masticatory performance than
a flattened occlusion. This study also investigated the
characteristics of the short-term neuromuscular con-
trol response to the changing occlusal profile.

Materials and Methods
Subjects

A convenience sample of 20 healthy participants (10
women and 10 men; mean age: 24.1 + 1.2 years) were
enrolled in this study. All of them were naturally, ful-
ly dentate (irrespective of the third molars), without
need for dental treatment and without any pain or dys-
function, as assessed using the Research Diagnostic
Criteria for Temporomandibular Disorders.3?> The
study was approved by the Ethics Committee of the
University Medical Centre, Heidelberg, Germany
(S-174/2011). All participants provided written con-
sent prior to the study. The experimental procedures
were conducted in accordance with the Declaration
of Helsinki. Prior to the experiments, all participants
were asked about their preferred chewing side.

Experimental Occlusion

For the experimental setup, casts of the participants
were mounted in a semi-adjustable articulator (SAM
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2PX, SAM Préazisionstechnik) using an arbitrary
facebow (Axioquick Anatomic Transferbow, SAM
Prazisionstechnik). The articulator was programmed
with individual kinematic data acquired using a tele-
metric jaw-motion registration device (JMA, Zebris
Medical). On the basis of the mounted casts, two
pairs of thin (0.3 mm) vacuum-formed copolyester
splints (Erkodent) were fabricated for both arches.
The first pair of splints followed the occlusal profile
of the patients’ natural dentition. The second pair
was produced after the posterior occlusal surface of
the mounted casts had been modified into a flat oc-
clusion by means of acrylic resin (Trim Plus, Harry J.
Bosworth). To obtain identical vertical distances be-
tween the arches for both pairs of splints, the man-
dibular splint was relined directly in the mouth with
acrylic resin. This procedure was accomplished us-
ing a removable frontal jig, which equalized the inci-
sal jaw gap for both types of splints to approximately
4 mm compared with intercuspation. Fine intraoral
adjustment ensured both pairs of splints were shaped
appropriately to guarantee chewing cycles without in-
terference. The two experimental occlusal conditions
are depicted in Fig 1.

Masticatory Performance

Standardized artificial test food (Optosil Comfort,
Heraeus Kulzer) was used to measure masticatory
performance via the assessment of particle size dis-
tribution.333% The portions comprised 15 cubes with
a 5.6-mm edge length and weight of approximately
3.04g.

Electromyographic Activity

The electromyographic (EMG) activity of the mas-
seter and temporalis anterior muscles was measured
with silver/silver chloride bipolar surface electrodes
(conducting surface diameter: 14 mm; distance
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from center to center of the two electrodes: 20 mm;
Noraxon Dual Electrodes, Noraxon; Fig 2). The cen-
ter of the muscle bulk was located by palpation, and
the electrodes were placed parallel to the longitudinal
axis of the muscle. Before electrode application, the
skin was cleaned with 70% ethanol. A single surface
electrode placed over the seventh vertebra served as
the common electrode. The EMG signals were differ-
entially amplified (Zebris EMG Bluetooth Measuring
System, Zebris Medical), recorded at a sampling rate
of 900 Hz, and saved and analyzed on a personal
computer equipped with suitable software (WinJaw
10.6.77, Zebris Medical).

Mandibular Movement

Kinematic data for the mandible were recorded
with an ultrasonic telemetric device (Jaw Movement
Analysis [JMA], Zebris Medical; see Fig 2). The labial
side of the mandibular splint was reduced to allow
attachment of the mandibular facebow to the teeth
using a special paraocclusal device. The device was
attached to the mandibular anterior teeth with cya-
noacrylate adhesive, and the measurement system
was calibrated according to the subjects’ individual
geometric anatomy. The JMA enabled the measure-
ment of the spatial displacement of any point of the
mandible; for this study, the trajectory of the point of
the incisor during movement was selected.

Experimental Procedure

Chewing was performed under three experimental
conditions: (7) chewing on natural dentition (ND), (2)
chewing on splints with structured occlusal profiles
simulating the participants’ natural dentition (SS), and
(3) chewing on splints with a plane surface (PS; see
Fig 1). The participants minced the artificial test food
with 15 chewing cycles on the right side only. The
experiments were replicated twice per experimental
condition in the same order (ND-SS-PS). The first
chewing sequence was carried out to familiarize the
participants with the test food and splint conditions;
the second chewing sequence was used for measur-
ing the particle size distribution. The sequence of the
test conditions was chosen to provide the greatest
“training” effect for the most unfamiliar condition (PS).

Data Analysis

After chewing, the particles were expelled from the
mouth and analyzed using a validated scanning pro-
cedure described elsewhere.®® The particle size dis-
tribution was computed using the Rosin-Rammler
function,3® and X, values®3 were determined for each
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Fig2 Schematic representation of the experimental setup for
assessment of the mandibular kinematics and EMG activity
of the temporalis anterior and masseter muscles. US = ultra-
sound.

of the experimental conditions. The X, value is the
median particle size or the size of the aperture of a
theoretical sieve (in millimeters) through which 50%
of the volume of chewed particles can pass. Optical
scanning can be used to estimate the particle size
by applying specially developed image-analysis al-
gorithms that calculate geometrically defined par-
ticle volumes, thus avoiding time-consuming sieving
procedures.3®

The raw EMG data obtained from the four muscles
were rectified using the root-mean-square algorithm.
The individual cycles were identified using semiau-
tomatic software developed in-house,®” which also
computed the sum under the curve (integral) for each
chewing burst of a specific muscle; the values ob-
tained were added together to determine the specific
muscle work (SMW). The target variable was the to-
tal muscle work (TMW) for all muscles investigated,
representing the area under the curve of the rectified
EMG recordings. The total amount of time (TT) needed
for the 15 chewing cycles was also determined.

The cumulative length of the incisor point move-
ment path (IMP) during the 15 chewing cycles was
selected as a global target variable for the kinematic
behavior of the neuromuscular system. This variable
is considered the most appropriate measure of the
movement effort of the mandible.
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Table 1a Total Muscle Work (TMW) and X, Values for
Each Experimental Condition

X (Mm) TMW (pV X s)
Range  Mean (SD) Mean (SD)
ND 3.80-5.14 4.53(0.37) 640.75-3013.75 1276.04 (528.39)
SS 3.80-493 4.55(0.31) 694.25-3364.25 1313.87 (573.21)
PS  4.26-527 4.77(0.31) 604.5-2913.25 1259.63 (500.24)

ND = natural dentition; SS = structured splint; PS = plane splint.

Range

Table 1b Total Time (TT) and Incisor Point Movement
Path (IMP) Values for Each Experimental

Condition
IMP (mm) TT(s)
Range Mean (SD) Range Mean (SD)
ND  490.1-926.6 682.75(119.59) 9.08-18.68 15.12(2.39)
SS 474.0-962.0 678.65 (134.91) 11.35-20.02 14.67 (2.18)
PS 491.9-999.6 676.22 (144.99) 10.22-19.06 14.36 (2.56)

ND = natural dentition; SS = structured splint; PS = plane splint.

Statistics

The target variables (primary variable: X, ; secondary
variables: TMW, TT, IMP) for the different test condi-
tions were compared by one-way repeated-measures
analysis of variance (ANOVA). The SMW values for the
homonymous muscles and three test conditions were
analyzed by one-way repeated-measures ANOVA. Data
distribution was assessed with the Kolmogorov-Smirnov
test. The statistical power was evaluated post hoc.

Results

The results for all variables analyzed under the ex-
perimental conditions are summarized in Tables 1a
and 1b. All data were normally distributed, and the
post hoc power for the target variable (X, value) was
greater than 0.80. Approximately 80% of the study
participants preferred chewing on their right side; the
rest had no chewing side preference.

The X, values for masticatory performance differed
significantly (P < .002) between PS and SS and between
ND and PS. Conversely, no significant differences
(P > .05) were observed between SS and ND.

Regarding SMW, the EMG activity of the masseter
differed significantly (P < .001) between the left and
right sides, with higher values for the right side. This
difference between sides was not observed for the
temporalis, and no differences were detected between
the test conditions for the temporalis. As a result, no
significant differences (P > .05) were observed re-
garding TMW and TT under the test conditions. Within
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Fig 3 Specific muscle work (SMW) of the studied muscles
for each experimental condition. LTA = left temporalis anterior;
RTA = right temporalis anterior; LMAS = left masseter;
RMAS = right masseter; ND = natural dentition; SS = structured
splint; PS = plane splint. *Statistically significant difference
(P < .02).

the left masseter, however, significant differences (P
< .02) between ND and SS were detected for SMW
(Fig 3).

The IMP, selected as the kinematic target variable,
showed no significant differences (P > .05) among the
experimental conditions.

Discussion

The results confirmed the initial hypothesis, as dem-
onstrated by the numerically small but statistically
significant differences found regarding masticatory
performance. To the authors’ knowledge, these find-
ings substantiate, for the first time in a realistic in
vivo chewing experiment, the assumption that the
structured occlusal profile in young, healthy humans
is biomechanically more effective at breaking fri-
able test food particles than a flattened occlusion.
This result is in accordance with a previous in vitro
study using an identical test food, which showed that
force-deformation properties are significantly af-
fected by the cusp shape of a chewing simulator.3°
The other variables investigated (TMW, TT, and IMP),
however, did not change significantly under the dif-
ferent experimental conditions.

Methodologic Considerations

One limitation of this study is the use of occlusal splints
to simulate different occlusal surfaces in vivo. Possible
reduction of proprioceptive feedback may have com-
promised the masticatory system.3® Previous studies,

386
© 2014 BY QUINTESSENCE PUBLISHING CO, INC. PRINTING OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY.
NO PART MAY BE REPRODUCED OR TRANSMITTED IN ANY FORM WITHOUT WRITTEN PERMISSION FROM THE PUBLISHER.



Giannakopoulos et al

however, found no effect of the absence of periodon-
tal feedback in terms of kinematic and dynamic values
for mastication.3® Moreover, a previous study showed
that the consequent change of the vertical dimension
of occlusion (less than 6 mm) through the splints is
not expected to alter chewing performance.*® This
claim is in agreement with the present study, which
did not detect performance differences between the
ND and SS conditions. The EMG differences observed
between ND and SS for the left masseter while chew-
ing on the right side with the structured splint can be
attributed to the unfamiliar chewing conditions with
SS, which led to altered balancing behavior that in-
volved stiffening of the chewing system against jaw
displacement. This phenomenon disappeared gradu-
ally for the third experimental condition (PS), possibly
indicating the onset of training effects.

It could be argued that training effects are a conse-
quence of the sequentially performed tasks in this trial.
However, this experiment was intentionally designed to
avoid an unrealistic size effect of the PS profile caused
by the two unfamiliar conditions, ie, the unfamiliar test
food and drastically changed occlusal profile. In this
context, the sequential procedure should contribute to
a realistic experimental model that is comparable with
common clinical settings in prosthodontic rehabilita-
tion. Use of standardized experimental conditions (eg,
artificial test food with constant volume and particle
size, unilateral chewing, and paraocclusal application
of recording devices) may have weakened the com-
parability to natural chewing. Nonetheless, it is sug-
gested that fundamental short-term responses of the
masticatory system to intrinsic changes were modeled
sufficiently because all test conditions were affected
similarly by the experimental requirements.

Masticatory Performance, TMW, TT, and IMP

The decreased masticatory performance caused by
the flat profile, without significant changes in TMW,
TT, or IMP, must be discussed. Semiautomatic mas-
ticatory movements are controlled by neuronal pro-
grams*' and modified by peripheral feedback, which
depends on the texture and fragmentation status of
the food. Another consistent observation is that el-
derly individuals, particularly those with slightly com-
promised masticatory ability (but who still succeed in
forming a normal food bolus), adapt their masticatory
function mainly by increasing the number of chewing
cycles.'842 |n the present experiment, in which oc-
clusal changes occurred abruptly, one might have ex-
pected the force output of the masticatory system to
increase to compensate for the flat occlusion. Previous
experimental studies have shown that force genera-
tion during the individual chewing cycle depends on

the hardness and thickness of the texture'?*3 and is
modulated by the anticipation and resistance of the
texture as perceived by proprioception.** To explain
the uniform response of TMW, TT, and IMP under all
experimental conditions, the authors assume that the
biomechanical properties of the bolus did not induce
additional occlusal force to achieve the swallowing
threshold, despite less effective fragmentation pro-
duced by the flat occlusion. A possible cause could be
that the optimum cohesiveness of the bolus, which is
the crucial variable responsible for initiation of swal-
lowing,*5*6 does not provoke readjustment of the
chewing force. This explanation can be inferred from
validated computational models predicting compara-
ble numbers of chews until swallowing for foods with
different biomechanical properties.*’

A variety of kinematic data have been obtained
in experimental settings similar to that used in this
investigation. Vertical and lateral movement ampli-
tude,” duration of chewing cycles,*® and jaw veloc-
ity*® have been analyzed in previous trials.>%° These
measures characterize the proprioceptive response
of mechanoreceptors to food texture variability dur-
ing fragmentation. The present study only compared
the IMP, which is a global variable that characterizes
the kinematic performance of the masticatory system.
In accordance with the EMG performance (used as a
surrogate for the chewing force), this measure indi-
cated no significant difference between the test con-
ditions. This result, in accordance with the unaltered
TT of the chewing cycles, supports the finding that
the power output of the neuromuscular system did not
vary substantially.

Clinical Significance

This study examined the effects of altered occlusal
profiles on the masticatory performance of young,
healthy patients with excellent neuromuscular adapt-
ability. The biomechanically small (approximately 5%)
but statistically significant differences found do not
necessarily indicate a clinically relevant difference
because they do not account for the changes in the
surface, volume, and configuration of the particles,
which have a considerable impact on bioavailability
(the contact surface for enzymatic degradation). In
particular, the configuration of the particles may be
influenced by the mincing instruments, ie, the plane
or structured tooth surface.

Naturally, due to the study sample and control of the
many variables that arise in a clinical setting, the results
cannot be extrapolated to other patient or age groups or
to the long-term behavior of chewing performance. Most
notably, the short-term effects detected cannot be ap-
plied directly to the target population of most prosthetic
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rehabilitations, ie, functionally compromised elderly pa-
tients for whom occlusal force and motor adaptability
are often limited. Thus, the results of this study must be
interpreted with caution. The authors speculate, how-
ever, that the reduced performance might be even more
pronounced for elderly patients than for the sample in-
vestigated due to their age-related limited adaptive ca-
pacity. Further studies are needed to address this issue.
Additional open questions concern the long-term effect
of compromised masticatory performance caused by
flattened occlusion on the kinetic behavior of the neu-
romuscular system. Investigations addressing this issue
are in progress.

Conclusions

Within the limitations of this study, the results con-
firmed the short-term biomechanical significance of
structured occlusal surfaces during the chewing of a
friable artificial test food by young dentate study par-
ticipants. The structured occlusal profile led to signifi-
cantly superior masticatory performance compared
to the flattened occlusal profile. The neuromuscular
control of mastication did not vary significantly be-
tween the test conditions, demonstrating that neuro-
muscular motor behavior tailored for a specific food
texture is not influenced by the biomechanical defi-
ciency induced by occlusal flattening.
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University at Buffalo, The State University of New York
Clinical Assistant or Associate Professor (HS), Assistant or Associate Professor (HS)

The Department of Restorative Dentistry, School of Dental Medicine at the University at Buffalo is seeking
applicants for multiple positions in Operative Dentistry and/or in Prosthodontics. Positions are full-time,

clinical or tenure-track.

Must have for all positions: (7) D.D.S. or D.M.D. or equivalent degree, (2) eligibility for licensure
in NYS and (3) teaching and clinical experience. Must have for the prosthodontist position: (7) a certificate from
an ADA accredited advanced program in prosthodontics at the time of employment, (2) training in implant
dentistry and (3) board certification or serious intent toward board certification in Prosthodontics.
For tenure track: evidence of scholarly activity and an established independent research program.

An MS degree or higher preferred for all positions.

Salary and rank are commensurate with the candidate’s qualifications and experience. A faculty practice

opportunity is available for NYS licensed individuals.

Interested applicants should submit a letter of intent on-line with CV and 3 letters of reference from individuals
who are familiar with the applicant’s career. Positions available immediately.

All applications must be completed on-line at the following website:
www.ubjobs.buffalo.edu/applicants/Central?quickFind=57124

Any questions, please contact Jill Uebelhoer in Restorative Dentistry at
(716) 829-2862 or e-mail at: jgu@buffalo.edu.

The University at Buffalo is an Equal Opportunity/Affirmative Action Employer/Recruiter.
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