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Abstract

Objective To investigate the effects of food hardness on chewing behavior in children compared with adults.

Materials and methods Healthy children (3—17 years) were equally divided into five groups based on their dental eruption stages.
Each participant ate soft and hard viscoelastic test food models (3 each), while the three-dimensional jaw movements and
electromyographic (EMG) activity of the bilateral masseter muscles were recorded. The data from the children were compared
with a control group of healthy adults (1835 years). The data were analyzed with nonparametric tests.

Results There was no significant difference in the number of chewing cycles and the duration of the chewing sequence between
children groups and adults. Children with primary dentition (3—5 years) showed shorter lateral jaw movement and higher muscle
activity at the end of the chewing sequence, compared with adults. Further, children’s age-groups (3—14 years) failed to adapt
their jaw muscle activity to food hardness. However, at the late-permanent dentition stage (15—17 years), children were capable of
performing adult-like chewing behavior.

Conclusions Overall, it seems that children as young as 3-year-old are quite competent in performing basic chewing function
similar to adults. Yet, there are differences in the anticipation or adaption of jaw muscle activity and jaw kinematics to food
hardness.

Clinical relevance The study may have clinical implication in the diagnosis and management of children with chewing impair-
ment associated with dental malocclusions and other orofacial dysfunctions.

Keywords Jaw kinematics - Jaw muscle activity - Mastication - Viscoelastic food - Child - Development

Introduction

Chewing behavior can be stated as the complex and dynamic
action of cutting the food and preparing it for swallowing.
Previous studies have indicated that chewing behavior is
closely related to the functional state of the mouth and teeth
(for review, see [1]). Normal chewing behavior is integral in
enhancing the taste of the food, initiating the process of diges-
tion, stimulation of saliva secretion, and facilitating the safe-
swallow process [2]. Studies have shown that compromised
oral health, either due to infection or impaired chewing

>< Nabeel Almotairy
nabeel.almotairy @ki.se

Unit of Oral Rehabilitation, Division of Oral Diagnostics and
Rehabilitation, Department of Dental Medicine, Karolinska
Institutet, Box 4064, Alfred Nobels Allé 8, 141

04 Huddinge, Sweden

Department of Orthodontics and Pediatric Dentistry, College of
Dentistry, Qassim University, Buraidah, Saudi Arabia

function, is an essential determinant of nutrition [3].
Impaired chewing function substantially influences the food
eating habits [4] and the supply of key ingredients required for
maintaining bodily functions and oral health-related quality of
life [5].

Chewing movements are initiated by specialized neural
circuits in the brain stem called the central pattern generator
[6]. The chewing movements can also be initiated by the pri-
mary motor cortex and the primary somatosensory cortex [7].
The regulation and fine-tuning of the chewing movements,
however, require sensory feedback from several mechanore-
ceptors impeded in different orofacial structures such as the
periodontium, masticatory muscle, and temporomandibular
joint [8]. The central nervous system, thus, assimilates and
integrates the sensory inputs obtained from these receptors,
which are used to regulate the chewing movements. The sen-
sorimotor regulation of the chewing movements has been de-
scribed in detail in adults [9—15]. It has been shown in a series
of well-controlled studies that the jaw muscle activity and jaw
kinematics during chewing adapt to the changes in food hard-
ness [9-15] and to the changing mechanical properties of the
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bolus [10]. Aging was associated with a decline in masticatory
muscle mass, reduced bite forces, and reduced salivary flow
rate and the number of oral sensory receptors (for review [14,
16]). However, it has little effect on the ability to pulverize the
food bolus into smaller pieces in healthy old adults with good
oral state [14, 15]. It was suggested that these people main-
tained their chewing ability by increasing the number of
chewing cycles and adapted their jaw kinematics and muscle
activity to the increased food hardness [14, 15].

Growing children exhibit substantial morphological chang-
es in the orofacial structures responsible for the act of
chewing. The changes in the orofacial structures may exert a
substantial challenge in the sensorimotor regulation of the
chewing behavior. Thus, it may indicate that growing children
should learn and adapt their chewing behavior in response to
the changes in the orofacial structures. In our previous work,
we comprehensively reviewed the age-related changes in jaw
sensorimotor regulation and objective parameters of chewing
in healthy children [17]. Consequently, it was shown that
chewing parameters such as maximum bite force, jaw muscle
activity, and jaw kinematics gradually change with the devel-
opment of the orofacial structures and were mainly influenced
by the dentition status [5]. Notably, studies on jaw kinematics
during chewing showed that children with primary dentition
exhibit shorter and broader jaw trajectories in comparison
with adults [18]. A simple “meta-analysis” suggested a tran-
sition to an “adult-like” regulation of bite forces, jaw kinemat-
ics, and jaw muscle activity during the late-mixed to early-
permanent dentition stages. We, therefore, hypothesize that
the chewing behavior in children will show age-related chang-
es, where a shift to an adult-like chewing behavior will occur
during the late-mixed to early-permanent dentition stages. We
also hypothesize that young, healthy children will show signs
of difficulty in regulating their jaw muscle activity in relation
to the food hardness as compared with adults. This study aims
to investigate the effects of food hardness on the jaw kinemat-
ics and jaw muscle activity during the chewing sequence in
children compared with adults.

Material and methods
Participants

The present study involved human participants and was
conducted in accordance with the ethical standards of
the institutional and/or national research committee and
with the 1964 Helsinki declaration and its later amend-
ments or comparable ethical standards. This study was
approved by the Swedish Ethical Review Authority,
Stockholm, Sweden (Dnr: 2018/726-31/2). The experi-
ment was introduced to children with their parents/legal
guardians who came to regular dental check-ups in the
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Pedodontics Specialist Clinics at Karolinska Institutet,
Sweden. The sample size was calculated prior to the
study based on previous studies of similar behavioral
tasks [9, 11-13] using G*Power software (version 3.1;
Heinrich Heine University Diisseldorf, Diisseldorf,
Germany). For 95% confidence level («=0.05; S=
80%) and effect size of 0.45, a sample of 13 partici-
pants is needed per group. However, among the
seventy-two healthy children (3—17 years) that were re-
cruited for this study, fifty children performed the task
(see limitations). The participating children were catego-
rized into five age-groups based on their dental eruption
stages (primary dentition; early-mixed dentition; late-
mixed-dentition; early-permanent; late-permanent). The
five children age-groups were compared with a control
group of 10 healthy adults (Table 1). All the partici-
pants had average general health and body mass index
with no known systematic health conditions or painful
disorders. Further, the participants were free from active
dental caries, history of dental trauma, restorations or
crowns, moderate to severe malocclusion, active ortho-
dontic treatment, or fixed retainers. Written informed
consent was obtained before the start of the experiment
from all the participants or, if the participants are under
18 years, from a parent and/or legal guardian.

Recording jaw movements and muscle activity

The detailed specifications of the equipment used in the cur-
rent study were reported in our previous publications [9,
11-13]. Briefly, the three-dimensional movements of the low-
er jaw in reference to the upper jaw were measured using a
custom-built apparatus (Umed University, Physiology
Section, IMB, Umed, Sweden). A small magnet (10 x 5 x
5 mm) was secured below the chin by a tissue-friendly tape
(Leukoplast® adhesive tape). A lightweight frame equipped
with an array of multiple magnetic sensors (accuracy: 0.1 mm;
bandwidth: 0—100 Hz) was attached to the participant’s head
in a spectacle-like manner to track in three dimensions the
position of the magnet. The frame was strapped to the head
(Fig. 1a). Bipolar surface electromyography (EMG) was used
to record the bilateral masseter muscle activity (diameter:
2 mm; 12 mm apart; bandwidth: 6 Hz-2.5 kHz). Each partic-
ipant was asked to clench 2—3 times to palpate and locate the
prominent (central) part of the masseter muscle. The elec-
trodes were then placed over the skin in parallel to the direc-
tion of the muscle fibers [19, 20]. Before the placement of the
electrodes, an electrode gel was applied, and the skin over the
masseter muscle was gently cleansed with alcohol. The data
was acquired and stored offline and analyzed with customized
software (SC/Zoom, Umea University, Physiology Section,
IMB, Umea, Sweden).
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Table 1 Shows the number and

age of the participating children #  Group* Number of participants ~ Age range (years) ~ Mean age (years)  SD

and adults (boys/men 3 girls/

women ) 1 Primary dentition 104 3;69) 3.0-5.9 5.3 0.3
2 Early-mixed dentition 1053:59) 6.0-8.9 8.0 0.7
3 Late-mixed dentition 1083:29) 9.0-11.9 11.0 0.8
4 Early-permanent dentition 10 (4 336 Q) 12.0-14.9 13.2 0.9
5 Late-permanent dentition 1083;29) 15.0-17.9 16.3 0.7
6 Adult control 106354 9) 18.0-35.0 259 4.1

*Group classification criteria:

Group 1: defined as when the primary dentition is completed

Group 2: defined as when the permanent first molars and permanent incisors erupted in the mouth

Group 3: defined as when either the permanent first and second premolars and canines erupted in the mouth
Group 4: defined as when the eruption of all the permanent teeth is completed except the permanent second and

third molars

Group 5: defined as when the all the permanent teeth except third molars are present in the mouth

Group 6: defined as when the eruption of all the permanent teeth is completed

Experimental protocol and procedure

The edible elastic food models were produced in our labora-
tory following the recipe described in previous studies [9, 10]
in order to optimize the control of the rheological properties of
the food, and thus avoiding variations in the measured param-
eters caused by food inconsistencies. Accordingly, two grades

EMG
electrode

Magnetic
sensors

Fig. 1 A Graphic depiction of the apparatus setup (a) which consists of
customized jaw tracker equipped with bilateral four magnetic sensors. A
permanent magnet was secured below the chin of each participant using a
tissue-friendly adhesive tape. In addition, the masseter EMG signals were
recorded bilaterally using custom-made bipolar electrodes. (b) Shows an
example of a chewing sequence of vertical jaw movement and masseter
muscle EMG activity. The whole chewing sequence was divided into
three segments (beginning, middle, and end (gray areas)). (¢) Shows a

Permanent
magnet

of gelatin were used: one with 25 g of 150 bloom (soft) and
one with 41.5 g of 250 bloom (hard). The two grades were
mixed with 132 g glucose, 111 g sugar, 84 g water, and citric
acid. To distinguish the two types of food, the food was col-
ored yellow for soft food and green for hard food. The food
was prepared under a water path at 80 °C for 2 and 4 h for the
soft and hard food, respectively. The mixtures were then
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close-up view of the middle chewing segment where individual chewing
cycles were divided into three chewing phases: an opening phase where
the jaw opens 1 mm or more from the occlusal state and ends at the peak
jaw opening; a closing phase when the jaw returned to the same vertical
position where the jaw opening phase began, and an occlusal phase which
starts at the end of the closing phase and ends when the opening phase of
the next cycle begins
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poured into cylindrical Plexiglas models for 24 h and in an
airtight box for 72 h. Each food model was 10 mm high and
20 mm in diameter.

The volunteers participated in a single experimental ses-
sion. Before the start of the experiment, the participating chil-
dren were shown a video clip of a child demonstrating the
chewing task. During the experiment, each participant was
asked to chew and swallow the soft and hard viscoelastic test
food models (3 trials each). The participants were asked to
choose their preferred chewing side and were instructed to
chew only on that side throughout the experiment (i.e., the
chewing side). The test food was presented to participants in
random order. Before each trial, the test food was visually
concealed from the participants’ view and placed on the ex-
tended tongue of the participants. Then, the participants were
instructed to close their teeth into intercuspation and keep the
test food between the tongue and the palate. After 24 s, the
participants were signaled to chew the test food and were
instructed to close back their teeth into intercuspation once
they have finished chewing and swallowing the food.
Between the trials, the participants were free to rest, speak,
drink water, and rinse their mouth.

Data analysis

The entire chewing sequence for each food model was divided
into three segments: beginning, middle, and end (Fig. 1b). Each of
these segments was the average of three consecutive chewing
cycles. Each chewing cycle was divided into a jaw opening phase,
jaw-closing phase, and occlusal phase (Fig. 1¢). The jaw opening
phase starts when the jaw opens 1 mm or more from the occlusal
state and ends at the peak of the jaw opening. The jaw-closing
phase starts when the jaw returns to the same vertical position
where the jaw opening phase began, while the jaw occlusal phase
starts at the end of the closing phase and ends when the opening
phase of the next cycle begins.

The EMG signals were sampled at 3.2 kHz and processed
by a root mean square (+ 31 ms moving window). The EMG
signals were time-varying between the participants.
Therefore, the time-variable EMG signals were normalized
while preserving the temporal information for each phase by
dividing the EMG signals in each phase to the average activity
during all the chewing cycles for each participant (see [9]).
The EMG activity of the masseter muscle between the
chewing side versus the non-chewing side showed no statisti-
cal differences for each age-group (p >0.05). Therefore, the
EMG activity obtained from the chewing and non-chewing
sides was integrated and used for analysis in the current study.

Statistical analysis

The outcome parameters of the current study are described as
chewing sequence, jaw kinematics, and EMG activity of the
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masseter muscle. The chewing sequence is described in terms
of the number of chewing cycles, chewing sequence duration,
and chewing rate. While the jaw kinematics are described in
terms of the jaw opening and closing velocity, vertical and
lateral amplitude of the jaw movement, and the duration of
the jaw opening, closing, and occlusal phases. Similarly, the
EMG activity of the masseter muscle was described in terms
of root mean square values during the jaw-closing and occlu-
sal phases. The data from the abovementioned parameters
were assessed with the Shapiro-Wilks test and histogram
plots. The data appeared to violate the assumption of data
normal distribution. Hence, nonparametric tests were used to
analyze between-group (age-group) differences and within-
group (i.e., food: hard/soft and chewing sequence: begin-
ning/middle/end) differences.

Accordingly, all the abovementioned parameters were sub-
jected to the Kruskal-Wallis H test to analyze between-group
differences with pairwise post hoc comparison using Dunn-
Bonferroni correction. Further, the Wilcoxon Matched Pairs
Test was used to analyze the differences between the soft and
hard food at the beginning of the chewing sequence for each
of the outcome parameters within each group. Friedman
ANOVA and Kendall Coefficient of Concordance test were
used to analyzing the differences between the three segments
of the chewing sequence (beginning, middle, and end) of each
of the outcome parameters within each age-group. The tests’
significance level was marked at a p value of less than 0.05.

Results

Sixty participants (50 children and 10 adults) were recruited
and were equally divided into six age-groups (Table 1). The
median (interquartile range) of the outcome parameters of the
chewing behavior obtained from the children and adults are
presented in Table 2. The major findings of each outcome
variable were presented below (please refer to Table 3 for
detailed statistical results). For each of the outcome parame-
ters, we have first presented the results of between-group dif-
ferences, followed by food differences (soft and hard food)
within each group. Then, the results are presented for the
progression of chewing sequence (beginning, middle, and
end) while eating the soft or the hard food within each group.

Chewing sequence

There were no significant differences in the number of
chewing cycles and duration of the chewing sequence be-
tween the children and the adult group neither while eating
hard nor while eating soft food (Fig. 2a and b). However, the
children in the late-mixed dentition group exhibited a higher
chewing rate compared with adults during eating hard food
(p = 0.044) but not soft food (Fig. 2c¢).
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Table 2 Median (interquartile range) of all the outcome parameters obtained during the chewing of soft and hard viscoelastic test food models
performed by the participating children and adults

Variable Food Segment Primary Early-mixed  Late-mixed Early- Late- Adults
permanent permanent
Chewing cycle (n) Soft 22.67 20 20.67 17.33 19.33 19.83
(17.75-26) (17.75-24) (19.67-28.92) (12.67-19.58)  (17.5-26.67)  (16.67-24.75)
Hard 26.5 18.33 22 20.5 23.17 24.83
(20.42-36.33)  (15.25-22.08) (18.25-34.42) (11.17-25) (17.5-24.83)  (22.42-31.75)
Chewing duration (s) Soft 15.63 13.22 13.77 10.58 15.74 13.32
(12.37-18.40)  (11.49-15.65) (10.56-17.38) (8.93-13.02) (14.61-17.83)  (11.32-19.86)
Hard 17.24 12.24 11.70 11.60 14.55 18.18
(11.20-23.59) (9.89-15.83) (10.97-17.28) (7.30-17.59) (12.45-18.85) (13.51-23.61)
Chewing rate (Hz) Soft 1.43 1.44 1.67 1.55 1.31 1.51
(1.24-1.58) (1.31-1.68)  (1.56-1.88) (1.35-1.72) (1.21-1.55) (1.28-1.59)
Hard 1.60 1.52 1.74 1.62 1.40 1.51
(1.57-1.64) (1.34-1.61)  (1.69-1.87) (1.48-1.73) (1.26-1.67) (1.28-1.63)
Vertical amplitude (mm) Soft Begin 11.93 12.35 11.24 13.37 11.47 13.48
(9.38-12.87)  (11.38-16.98) (10.69-12.53) (10.95-15.12)  (9.32-13.01)  (10.39-17.85)
Middle 10.84 11.30 10.52 11.96 11.19 11.91
(8.99-11.95)  (9.83-15.75) (8.87-12.62)  (11.19-12.93)  (9.69-13.19)  (9.36-15.94)
End 9.22 10.25 9.32 10.78 10.88 11.73
(7.07-11.67)  (9.17-14.79) (8.46-10.16)  (9.59-11.96) (8.138-11.60) (8.31-13.59)
Hard Begin  12.08 12.77 11.31 12.83 12.37 14.11
(10.64-14.52)  (11.97-16.75) (10.50-13.07) (11.09-15.78)  (11.21-14.56) (10.92-18.29)
Middle 10.47 11.46 10.95 12.747 11.52 13.63
(7.89-12.97)  (10.41-14.87) (9.10-12.53)  (10.09-14.40)  (10.15-12.54) (9.67-16.49)
End 9.97 11.29 9.66 10.77 10.07 11.53
(7.29-10.78)  (9.98-13.89) (7.87-11.32)  (9.86-12.69) (7.99-12.03)  (8.16-14.08)
Lateral amplitude (mm) Soft Begin 4.89 7.19 6.47 6.64 6.60 8.45
(4.01-5.59) (5.58-7.92)  (4.98-8.39) (6.11-7.96) (6.25-9.25) (7.15-9.04)
Middle  4.98 7.17 6.76 6.70 7.04 8.45
(4.72-5.12) (6.31-7.44)  (5.37-7.02) (5.76-7.04) (5.60-9.31) (6.99-9.23)
End 4.56 6.63 5.29 6.08 5.35 7.49
(3.61-5.12) (5.73-7.10)  (4.93-7.07) (5.39-6.75) (4.65-7.78) (6.27-8.18)
Hard Begin 447 7.53 6.31 7.26 7.36 8.36
(3.73-5.58) (5.88-7.94)  (5.36-7.22) (6.89-8.79) (6.27-9.89) (7.37-10.35)
Middle  4.82 7.51 6.21 7.23 6.88 8.80
(3.76-5.47) (6-7.83) (5.76-7.37) (6.39-8.16) (5.76-9.49) (6.70-9.71)
End 3.77 7.19 498 6.67 5.64 7.18
(3.25-4.72) (6.64-7.63)  (4.65-6.69) (5.20-7.22) (4.94-7.06) (5.51-8.76)
Jaw opening velocity (mm/s) Soft Begin  65.40 68.30 56.83 70.36 60.19 62.71
(49.31-83.91)  (65.53-70.58) (54.60-75.60) (61.72-77.48)  (56.93-70.23) (48.66-110.47)
Middle 64.30 61.8 58.42 65.22 57.76 54.52
(48.62-79.84)  (59.91-72.26) (47.90-73.61) (51.41-72.51)  (45.19-75.37) (43.01-94.20)
End 52.63 57.79 47.96 53.01 49.90 51.90
(33.28-60.37)  (49.78-73.15) (43.56-58.65) (46.04-63.38) (34.38-54.48) (42.04-62.23)
Hard Begin  84.38 69.14 64.75 69.69 71.42 72.53
(59.42-100.84) (64.53-76.56) (58.87-82.98) (59.40-71.56)  (64.13-85.26) (50.23-114.79)
Middle 68.93 66.51 62.29 64.19 62.95 66.35
(51.89-74.43)  (60.37-73.19) (52.05-75.45) (59.63-72.67)  (55.43-74.85) (51.57-111.62)
End 66.28 61.95 55.22 60.05 4530 50.89
(40.55-71.5)  (53.08-70.27) (43.45-65.06) (52.92-65.69)  (35.05-65.57) (46.25-62.79)
Jaw-closing velocity (mm/s) Soft Begin 53.05 69.30 62.74 77.67 56.97 69.84
(41.73-68.86)  (56.28-88.67) (51.56-71.39) (48.51-81.18) (51.14-61.78) (44.55-110.33)
Middle 52.54 58.36 61.58 58.53 59.64 64.69
(44.34-75.39)  (52.08-73.36) (47.60-67.35) (52.18-71.72)  (55.90-63.03) (46.50-98.87)
End 46.66 48.27 48.13 47.66 49.57 63.93
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Table 2 (continued)

Variable Food Segment Primary Early-mixed  Late-mixed Early- Late- Adults
permanent permanent
(28.31-65.70)  (44.66-69.36) (40.42-54.12) (37.42-60.39)  (42.89-52.11) (40.14-79.19)
Hard Begin  60.72 74.97 66.60 65.41 72.98 73.97
(53.18-83.96) (58.86-93.97) (57.64-76.84) (54.52-79.85)  (66.14-79.50) (47.26-112.68)
Middle 62.53 64.70 62.61 62.35 64.29 77.69
(47.36-68.21)  (53.90-77.08) (54.602-78.22) (53.24-72.56)  (55.51-70.95) (51.25-111.83)
End 49.42 55.83 52.07 54.17 46.52 60.65
(33.97-56.26)  (49.11-69.76) (41.29-57.50) (47.27-58.01)  (41.75-51.50) (37.46-72.37)
Occlusal duration (s) Soft Begin 0.25 0.26 0.22 0.23 0.32 0.26
(0.21-0.31) (0.24-0.29)  (0.20-0.27) (0.20-0.27) (0.26-0.37) (0.23-0.28)
Middle  0.28 0.27 0.22 0.26 0.30 0.29
(0.22-0.34) (0.22-0.30)  (0.20-0.28) (0.20-0.32) (0.27-0.34) (0.23-0.32)
End 0.33 0.26 0.23 0.23 0.30 0.30
(0.26-0.44) (0.23-0.30)  (0.23-0.28) (0.21-0.30) (0.25-0.34) (0.25-0.33)
Hard Begin 0.23 0.24 0.22 0.24 0.28 0.28
(0.20-0.25) (0.22-0.27)  (0.20-0.25) (0.18-0.28) (0.27-0.34) (0.21-0.31)
Middle  0.27 0.26 0.23 0.24 0.28 0.28
(0.229-0.30)  (0.24-0.30)  (0.20-0.25) (0.22-0.31) (0.26-0.30) (0.24-0.34)
End 0.29 0.28 0.24 0.26 0.29 0.27
(0.28-0.53) (0.27-0.31)  (0.24-0.27) (0.21-0.30) (0.26-0.35) (0.23-0.36)
Opening duration (s) Soft Begin 0.20 0.23 0.21 0.23 0.21 0.26
(0.16-0.26) (0.18-0.27)  (0.17-0.22) (0.20-0.29) (0.19-0.27) (0.21-0.28)
Middle  0.24 0.24 0.19 0.19 0.22 0.24
(0.19-0.29) (0.22-0.26)  (0.16-0.24) (0.18-0.25) (0.20-0.28) (0.20-0.27)
End 0.21 0.22 0.22 0.23 0.24 0.28
(0.17-0.27) (0.18-0.25)  (0.18-0.27) (0.20-0.28) (0.20-0.27) (0.24-0.34)
Hard Begin 0.16 0.22 0.18 0.22 0.20 0.23
(0.14-0.17) (0.18-0.27)  (0.16-0.22) (0.20-0.29) (0.17-0.26) (0.20-0.27)
Middle  0.17 0.21 0.17 0.18 0.19 0.22
(0.15-0.21) (0.19-0.25)  (0.17-0.19) (0.17-0.25) (0.16-0.22) (0.18-0.25)
End 0.16 0.21 0.18 0.21 0.23 0.26
(0.15-0.19) (0.21-0.23)  (0.16-0.26) (0.20-0.22) (0.22-0.26) (0.21-0.31)
Closing duration (s) Soft Begin 0.24 0.25 0.21 0.21 0.24 0.25
(0.20-0.28) (0.22-0.27)  (0.17-0.23) (0.19-0.25) (0.22-0.26) (0.20-0.27)
Middle  0.21 0.22 0.17 0.18 0.21 0.21
(0.17-0.24) (0.21-0.25)  (0.15-0.20) (0.17-0.25) (0.17-0.26) (0.19-0.23)
End 0.24 0.26 0.20 0.22 0.25 0.24
(0.23-0.30) (0.21-0.28)  (0.17-0.22) (0.20-0.27) (0.23-0.27) (0.21-0.25)
Hard Begin 0.23 0.23 0.19 0.23 0.22 0.23
(0.18-0.25) (0.21-0.28)  (0.17-0.21) (0.20-0.26) (0.15-0.29) (0.21-0.26)
Middle  0.18 0.20 0.17 0.21 0.18 0.20
(0.14-0.20) (0.19-0.25)  (0.15-0.18) (0.17-0.23) (0.16-0.26) (0.18-0.23)
End 0.21 0.22 0.23 0.20 0.25 0.23
(0.20-0.23) (0.20-0.26)  (0.22-0.25) (0.18-0.22) (0.19-0.29) (0.21-0.25)
EMG activity (closing phase) Soft Begin 1.35 1.40 1.35 1.52 1.80 1.42
(1.14-1.57) (1.29-1.68)  (1.0-1.51) (1.21-1.70) (1.56-2.18) (1.26-1.59)
Middle  1.31 1.0 0.84 1.10 1.142 0.92
(0.93-1.46) (0.92-1.05)  (0.75-0.97) (0.96-1.24) (1.0-1.38) (0.81-1.02)
End 0.70 0.58 0.46 0.73 0.57 0.34
(0.41-1.54) (0.34-0.69)  (0.37-0.57) (0.54-0.77) (0.49-0.65) (0.29-0.41)
Hard Begin 1.55 1.68 1.77 1.29 1.44 1.92
(1.31-1.83) (1.27-2.26)  (1.53-2.28) (1.14-1.53) (1.08-1.52) (1.77-2.02)
Middle 133 1.166 1.18 0.97 0.85 1.07
(1.02-1.55) (1.0-1.48) (1.01-1.39) (0.83-1.08) (0.67-1.0) (1.02-1.14)
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Table 2 (continued)

Variable Food Segment Primary Early-mixed  Late-mixed Early- Late- Adults
permanent permanent
End 0.81 0.66 0.53 0.54 0.38 0.31
(0.52-1.46) (0.53-0.74)  (0.47-0.69) (0.35-0.75) (0.26-0.46) (0.27-0.51)
EMG activity (occlusal Soft Begin 0.51 1.35 141 1.35 1.73 1.37
phase) (0.39-1.17) (1.24-1.54)  (0.95-1.46) (1.09-1.65) (1.49-2.10) (1.22-1.56)
Middle  0.68 0.94 0.81 0.97 1.09 0.89
(0.39-0.84) (0.86-0.99)  (0.67-0.92) (0.81-1.15) (0.96-1.32) (0.74-1.0)
End 0.48 0.55 0.43 0.62 0.52 0.31
(0.34-0.71) (0.30-0.64)  (0.30-0.54) (0.50-0.69) (0.46-0.61) (0.26-0.36)
Hard Begin 0.98 1.63 1.73 1.21 1.31 1.87
(0.50-1.77) (1.22-2.09)  (1.48-2.19) (1.04-1.45) (0.99-1.44) (1.71-1.93)
Middle  0.77 1.11 1.16 0.87 0.72 1.03
(0.60-1.17) (0.96-1.36)  (0.98-1.30) (0.76-1.0) (0.53-0.95) (0.98-1.11)
End 0.61 0.60 0.50 0.42 0.35 0.28
(0.42-0.86) (0.47-0.70)  (0.44-0.63) (0.31-0.55) (0.19-0.42) (0.24-0.47)

It was observed that all the children groups chewed both the
hard and soft food with an equal number of chewing cycles and
chewing duration. However, the children in the primary dentition
group and the adult group chewed with a higher number of
chewing cycles, while eating hard food as compared with soft
food (p <0.01). Moreover, the adult group chewed hard food for
a longer duration than soft food (p = 0.009).

Jaw kinematics

The velocity of the jaw opening and jaw-closing did not differ
between the children and the adult groups. There were also no
differences in the vertical jaw amplitude between the children
and the adult groups, neither while eating hard nor while eat-
ing soft food. However, the lateral jaw amplitude was signif-
icantly shorter in the primary dentition group compared with
adults while eating both hard and soft food throughout the
chewing sequence (p < 0.05; Fig. 2f). The jaw-opening dura-
tion was significantly shorter in the primary dentition group as
compared with the adult group, while eating hard food, at the
beginning and the end of the chewing sequence (p = 0.015 and
p=0.009 for the two chewing segments, respectively;
Fig. 2d). However, no between-group differences were found
for the jaw-closing and occlusal duration while eating neither
hard nor soft food.

The late-permanent dentition group and the adult group
showed slower jaw-opening velocity and jaw-closing velocity
while eating soft food than while eating hard food (p < 0.03).
Also, the jaw-opening velocity in the primary dentition group
and the jaw-closing velocity in the early-mixed dentition
group were slower while eating soft food (p=0.022 and p =
0.007, respectively). Both the vertical and lateral jaw ampli-
tudes remained the same for both the food types. Further, the

jaw-opening duration in the primary dentition group was
shorter while eating hard food (p = 0.037); yet there were no
differences in the jaw-closing duration in any of the groups.
The occlusal duration was also significantly shorter in the
primary and the early-mixed dentition while eating hard food
than soft food (p=0.001 and p=10.022 for the two age-
groups, respectively; Fig. 2e).

The primary dentition group showed no differences in the
jaw-opening velocity with the progression of chewing se-
quence (beginning, middle, and end) while eating soft food.
However, the jaw-opening velocity decreased with the pro-
gression of the chewing sequence, while eating both the hard
and the soft food for all the other groups (p < 0.05). Similarly,
the jaw-closing velocity also decreased with the progression
of the chewing sequence, while eating both hard and soft food
for all the groups (p < 0.05). There was a decrease in the
vertical jaw amplitude with the progression of the chewing
sequence while eating both the hard and the soft food for all
the groups. Whereas, the lateral jaw amplitude in the late
permanent dentition and the adult group decreased with the
progression of chewing sequence while eating both hard and
soft food (p < 0.05). However, the late-mixed dentition group
showed a decrease in lateral jaw amplitude with the progres-
sion of chewing sequence while eating hard food only (p =
0.008). The occlusal duration in the primary-, early-, and late-
mixed dentition groups increased with the progression of
chewing sequence while eating hard food only (p =0.008,
p=0.045, and p =0.008 for the age-groups, respectively).

EMG activity

The EMG activity of the masseter muscle during the jaw-
closing phase was significantly higher in the primary dentition

@ Springer



1210 Clin Oral Invest (2021) 25:1203-1216

Table 3 Summary of the results obtained for each of the outcome Concordance analysis of the differences between the three segments of
parameter during the Kruskal-Wallis H analysis of between-group differ- the chewing sequence (beginning, middle, and end) of each of the out-
ences and the Friedman ANOVA and Kendall Coefficient of come parameters within each age-group

Outcome parameter Food Chewing Between-Group Within-group difference?
segment difference’
Primary Early- Late- Early- Late- Adults
mixed mixed permanent  permanent
Chewing cycle (n) Soft NS NA * NA NA NA NA Na*
Hard NS NA * NA NA NA NA Na*
Chewing duration (s) Soft NS NA NA NA NA NA Na*
Hard NS NA NA NA NA NA Na*
Chewing rate (Hz) Soft NS NA * NA NA NA Na* Na*
Hard p=0.0419 NA * NA NA NA Na* Na*
Vertical amplitude Soft  Begin NS p=0.0247 p=0.0001 p=0.0273 p=0.0003 p=0.0022  p=0.0007*
(mm) Middle NS
End NS
Hard Begin NS p=0.0017 p=0.0003 p=0.0202 p=0.0034 p=0.00123  p=0.0007*
Middle NS
End NS
Lateral amplitude (mm) Soft Begin p=0.0181 NS NS NS NS p»=0.0018 p=0.0273
Middle p=0.0063
End p=0.0267
Hard Begin p=0.0123 NS NS p=0.0075 NS p=0.0075  p=0.0451
Middle p=0.0046
End p=0.0004
Jaw opening velocity Soft  Begin NS NS* p=0.0136 p=0.0451 p=0.0082 p=0.0003* p=0.0136*
(mm/s) Middle NS
End NS
Hard Begin NS p=0.0136% p=0.0136 p=0.0451 p=0.0136 p=0.0075*%  p=0.0055*%
Middle NS
End NS
Jaw-closing velocity Soft  Begin NS p=0.0451 p=0.0012% p=0.0075 p=0.0055 p=0.0202% p=0.0451*
mm/s) Middle NS
End NS
Hard Begin NS p=0.0006 p=0.0075* p=0.0082 p=0.0034 p=0.0004* p=0.0082*
Middle NS
End NS
Occlusal duration (s) Soft  Begin NS NS* NS* NS NS NS NS
Middle NS
End NS
Hard Begin NS p=0.0075*% p=0.0451* p=0.0075 NS NS NS
Middle NS
End NS
Opening duration (s) Soft  Begin NS NS* NS NS p=0.0451 NS NS
Middle NS
End NS
Hard Begin p=0.0149 NS* NS NS NS p=0.0202 NS
Middle NS
End »=0.0099
Closing duration (s) Soft  Begin NS NS NS p=0.0451 NS NS p=0.0247
Middle NS
End NS
Hard Begin NS NS NS p=0.0012 NS NS NS
Middle NS
End NS
EMG activity (closing  Soft Begin p=0.0474 NS p=0.0001 p=0.0001 p=0.0001 p=0.0001* p=0.0001*
phase) Middle p=0.0232
End p»=0.0110
Hard Begin p=0.0168 NS »=0.0001 p=0.0001 p=0.0001 p»=0.0002* p=0.0001*
Middle p=0.0075
End p=0.0054
EMG activity (occlusal Soft  Begin p=0.0202 NS p=0.0001 p=0.0001 p=0.0007 p=0.0001*%  p=0.0001%*
phase) Middle »=0.0309
End p=0.0241
Hard Begin p=0.0049 NS p=0.0001 p=0.0001 p=0.0001 p=0.0012% p=0.0001*
Middle p=0.0039
End p=0.0108

(1) Between-group differences were analyzed with Kruskal-Wallis H test with pairwise post hoc comparison using Dunn-Bonferroni correction. (2)
Friedman ANOVA and Kendall Coefficient of Concordance test were used to analyze within age-group differences of the three segments of the chewing
sequence (beginning, middle, and end) of each of the outcome parameter. Wilcoxon Matched Pairs Test was used to analyze the within-group differences
between the soft and hard viscoelastic food at the beginning of the chewing sequence; significant results indicated by asterisk (*) placed on both the two
types of food. The significance level was set at 0.05 for all the statistical tests. NS indicates a p value > 0.05 and (NA) indicates no applicable within-
group difference in the outcome variable with the chewing progression
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group compared with the adult group, while eating both hard
and soft food (p=0.002 and p=0.025 for the two types of
food, respectively; Fig. 3). The early-permanent dentition
group showed higher EMG activity during the occlusal phase
compared with the adult group while eating soft food only
(p=0.009). However, these differences in the EMG activity
of the masseter muscles both during the jaw-closing and the
occlusal phases were evident only at the end of the chewing
sequence.

The EMG activity in the adult group was higher while
eating hard food than soft food during both the jaw-closing
and the occlusal phases (p =0.005 for the two phases).
Further, the EMG activity in the late-permanent dentation
group was lower while eating the hard food than the soft food
(p=0.047 and p =0.037 for the closing and occlusal phases,
respectively). However, all other age-groups showed no dif-
ferences in the EMG activity while eating both the hard and
the soft food.

The EMG activity during the jaw-closing and occlusal
phases decreased with the progression of the chewing se-
quence while eating both hard and soft food for all the groups
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(p < 0.05). However, the primary dentition group showed no
differences in the EMG activity with the progression of the
chewing sequence, while eating both the hard and soft food.

Discussion

During childhood, the sensorimotor control governing the jaw
motor actions must adapt to substantial morphological chang-
es due to growth. Studies on chewing behavior suggest that
children have a characteristic pattern that differs from adults
and that certain movement parameters change with age.
However, current knowledge about the age-related changes
in the sensorimotor system controlling the jaw motor actions
is yet to be fully elucidated [17]. Therefore, the current study
investigated the age-related changes in jaw kinematics and
jaw muscle activity while eating viscoelastic food with differ-
ent hardness. The results revealed that children with primary
dentition had shorter lateral jaw movement and higher muscle
activity at the end of the chewing sequence, in comparison
with adults. While the chewing sequence duration was not
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Fig. 3 Box plots of the normalized masseter muscle activity during jaw-
closing (A), and jaw-occlusal (B) phases for the soft and hard viscoelastic
test food models performed by each of the six age-groups: primary (1),
early-mixed (2), late-mixed (3), early-permanent (4), and late-permanent
(5) dentition groups and adults (6). Significant results of between-group
differences and for the chewing progression within-group difference were
denoted (* =p < 0.05; **=p <0.01; ***=p <0.001)

affected by food hardness in the primary dentition group, yet
they increased the number of chewing cycles and the chewing
rate while eating hard food compared with soft. However, this
group of children failed to adapt (increase) their jaw muscle
activity to food hardness similar to children in the early-
mixed, late-mixed, and early-permanent dentition groups (3—
14 years). It was also observed that children in the late-
permanent dentition stage (15 to 17 years) were capable of
performing adult-like chewing behavior. To our best knowl-
edge, this is the first study to evaluate masticatory jaw kine-
matics and muscle activity in growing healthy children in
comparison with adults.

Variation in food properties such as texture, size, and
weight can influence chewing behavior [21]. Most studies
used natural food to investigate the adaptation of chewing
behavior to food hardness. However, it is difficult to distin-
guish if the response of the masticatory system to the natural
food is due to food hardness or due to other textural properties
(such as elasticity, plasticity, stickiness, brittleness to name a
few) [21]. Therefore, in order to avoid any variations in
chewing parameters caused by food inconsistencies, an edible
viscoelastic food with controlled properties was developed
[10, 22]. In the current study, the same viscoelastic food was
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produced into two grades of hardness, which had the same
rheological properties [10, 22].

Age-related differences in chewing behavior

While some studies on healthy children have shown that the
number of chewing cycles and the duration of chewing se-
quence decreased with age, others showed an increase with
age (for review see [17]). However, in the current study, there
was no difference in the number of chewing cycles and the
duration of the chewing sequence between children groups
and adults. Further, our results showed age-group differences
in the lateral jaw amplitude and jaw opening duration. Both
the lateral jaw amplitude and jaw-opening duration were
shorter in the primary dentition group compared with the
adults. Previous studies showed that the jaw opening duration
during chewing is shorter in healthy children than adults
[23-26], though other studies reported conflicting results
concerning the influence of age on the lateral jaw movement
during chewing behavior [23, 26, 27]. In particular, two stud-
ies showed that the lateral jaw amplitude is similar between
children and adults [26, 27], whereas another study found that
children eat with shorter lateral jaw amplitude compared with
adults [23]. However, we believe that the shorter lateral jaw
movement in the primary dentition group is due to differences
in the jaw dimensions in the children compared with adults.
The shorter lateral jaw movement might also explain the
shorter jaw-opening duration observed in the primary denti-
tion group than adults.

During the progression of the chewing sequence, the parti-
cle size is reduced, and the food is pulverized, which typically
leads to a reduction in jaw muscle activity [9, 10, 28].
However, in the current study, it was observed that children
in the primary dentition group (3—6 years) did not decrease
their muscle activity with the progression of chewing se-
quence as compared with adults. This observation in the chil-
dren with primary dentition could be attributed to the histo-
logical features of the jaw-closing muscles and the food phys-
ical properties [29]. It was previously shown that the fiber
diameter of the masseter muscle in adults is almost twice the
size of the masseter muscle in young children (3—7 years) [29].
The differences in fiber diameter between young children and
the adult may indicate differences between children and adults
in regard to the contractile properties of the masseter muscle,
such as power and strength [30]. It has been suggested that the
unchanged jaw muscle activity with the progression of the
chewing sequence can be due to the physical properties of
the food [31]. It was shown that jaw muscle activity is influ-
enced by food adhesiveness and cohesiveness [31]. It was also
suggested that food morsels with higher cohesion and adhe-
sion properties require more chewing efforts to break the food
down into smaller pieces [32] and that the mouthful volume of
the food morsel can influence appropriate food bolus
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formation [33]. In the current study, as the food boli formation
was not evaluated, yet it was observed that all the participants
were able to chew and swallow the test food models with no
visible difficulties. Based on these observations from the pre-
vious studies and the current study, a number of speculations
can be drawn. For example, although children with the prima-
ry dentition were able to eat the viscoelastic food with a sim-
ilar number of cycles and duration as adults; yet we assume
that the volume of the food bolus formed before swallowing
was “quite a mouthful.” The bolus thus formed would have
needed to be divided into smaller boli before swallowing,
leading to no change in the EMG activity with the progression
of chewing sequence. Also, it could be assumed that children
end up swallowing larger food particles compared with adults.
Taken all together, the age-related histological differences in
the masseter muscle, the cohesion and adhesion properties of
the test food models, and the mouthful volume of test food
models may explain the unchanged jaw muscle activity with
the chewing progression in the primary dentition group com-
pared with adults.

Age-related changes in food hardness adaptation
during natural chewing

Adults, in the current study, reliably increased both the num-
ber of chewing cycles and chewing sequence duration in rela-
tion to food hardness. Specifically, the adults showed a higher
number of chewing cycles and longer chewing sequence du-
ration while eating hard food than soft food. However, the
children groups (3—17 years) did not show any such differ-
ences in the number of chewing cycles and/or chewing se-
quence duration between different food hardness. It has been
suggested that a lesser number of chewing cycles or shorter
chewing sequence duration may not be good indicators of
chewing performance [34]. A good masticatory performance
could be assessed as the “right” texture of the boli and the right
time where the food has been adequately pulverized, and an
“ideal” agglomeration of the bolus is achieved. Food proper-
ties such as size, hardness, elasticity, and dryness of the food
morsel could affect the pulverization or the agglomeration of
the food morsel [10, 35]. However, in the present study, it was
observed that while the adults were able to adapt to the food
hardness by increasing the number of chewing cycles and the
duration of chewing sequence while eating hard food, none of
the children groups showed any such behavior.

The children groups (3—14 years) did not adapt their jaw
muscle activity to food hardness at the beginning of the
chewing sequence. Typically, during the initial tooth/food
contact, a major fraction of the jaw muscle activity (also
known as additional muscle activity) is used to overcome
the resistance of the food [36]. Therefore, in people with nat-
ural dentition, a typical observation is an increase in the EMG
activity during the initial tooth/food contact, and this increase

is more prominent while chewing hard food than soft food
[9-13]. Hence, there is an adaptation of jaw muscle activity
according to the specifics of the task demands in particularly
chewing different types of food. The current study suggests
that this adaptation to food hardness is “immature” in the
abovementioned children groups.

The occlusal duration of the chewing cycle while eat-
ing hard food increased with the progression of the
chewing sequence in children groups 3—11 years. A series
of studies have established that periodontal mechanore-
ceptors (PMRs) signal vital information about the initial
tooth/food contact [8, 9]. This vital information is used by
the central nervous system to execute jaw motor actions.
It was observed that when the sensory information from
the PMRs is perturbed (such as due to local anesthesia or
lack of PMRs as in implants), the participants showed
impaired chewing behavior compared with people with
natural dentition [9, 12, 13, 37-44]. Specifically, these
patients demonstrated an increase in the occlusal cycle
duration while eating hard food [9, 12, 13, 37-41]. It
was also shown that patients with dental implant showed
signs of weaker muscle adaptation with the increased food
hardness [9]. Further, the dental implant patients showed
poor adaptation of the jaw muscle activity with the pro-
gression of the chewing sequence (i.e., when the food is
pulverized) [9]. It was also suggested that the lack of
adaptation of the jaw muscle activity to the food hardness
observed in these groups of individuals was mostly prom-
inent at the beginning of the chewing sequence. While
children do not have similar sensory disruption from the
PMRs, yet they showed an increased occlusal duration
and failure to adapt the jaw muscle activity to food hard-
ness. This observation could be supported by the histolog-
ical findings of the PMRs from the animal studies.
Accordingly, the histological development of the PMRs
during the changing dentition from childhood to adult-
hood is unknown in humans. Animal studies, on the other
hand, showed that the primary teeth in cats had reduced
PMRs density in comparison with permanent teeth [45].
Further, an association was shown between the PMRs
morphological changes and tooth eruption and also the
development of teeth occlusion [46]. If the results of an-
imal studies can be extrapolated into humans, it may be
speculated that there is inadequate (immature) sensory in-
put from the PMRs in the primary/mixed dentition com-
pared with the permanent dentition. This inadequate sen-
sory input resulted in increased occlusal duration as ob-
served in the current study, where the children groups (3—
11 years) took a longer time to collect the sensory infor-
mation from the PMRs. The longer occlusal time was also
shown in healthy young adults during a sudden depriva-
tion of sensory input from periodontium due to anesthesia
[13]. Recently, it was observed that children between 3
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and 14 years showed higher and more variable forces
when manipulating a food morsel between their front
teeth [47]. This increased force magnitude and variability
were attributed to immature sensorimotor control during
an oral fine motor task.

Study limitations and strengths

Methodological considerations are quite evident and
should be acknowledged in scientific research. The under-
powered sample of the current study is one such method-
ological constraint. Thus, to minimize the likelihood of
increasing false-positive results with statistical analysis
due to the underpowered sample, nonparametric tests
were used, which are more conservative than the more
robust parametric tests. Another methodological limitation
was the number of dropouts from the present study. In
this study, we followed an elaborate procedure to recruit
the children. Accordingly, all the children who fulfilled
the inclusion/exclusion criteria were approached by the
attending clinician. The clinician gave the selected chil-
dren and their legal representatives oral information about
the study. Once they agreed to participate, they were
approached by the principal investigator (NA). The labo-
ratory, where the experiment took place, was customized
to be more “child-friendly.” The children especially were
allowed enough time to familiarize and be comfortable
with the lab environment before the start of the study.
However, a relatively large number of younger children
(22 children; mean age 5.8 years, SD: 2.5) showed signs
of apprehension; therefore, we were unsure if they could
perform the task legibly. Thus, only the remaining chil-
dren who cooperated and performed the experiment in a
reliable manner were finally recruited for the data collec-
tion. Future studies may include a separate familiarization
session to expose and acquaint the children to the lab
environment and the experimental protocol. This was not
feasible to be applied in the current study due to the re-
stricted timeframe of children’s parents/legal guardians.
Further, previous literature indicated that the development
of chewing parameters such as bite force, jaw muscle
activity, and jaw kinematics was mainly influenced by
the dentition status (for review see [17]). Thus, in the
current study, the participating children were categorized
according to their dental status, which illustrates five tran-
sitory stages of dental eruption. Nonetheless, we believe
that the number of occluding contacts is another variable
in chewing development. However, due to the relatively
small sample size in the current study, this was not ex-
plored, and future research may be directed to investigate
the influence of the number of occluding teeth or sex,
particularly, on the development of chewing behavior in
healthy children.
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Clinical implication

While growth reference values for body weight, length, and
head circumference are available, such reference values for
the development of the chewing behavior are lacking.
Hence, the current study aimed to establish the developmental
milestones of chewing behavior in healthy children. The ob-
tained knowledge will help us to identify children who are at
risk of chewing impairment due to several orofacial dysfunc-
tions. A prime example of such dysfunctions is dental/skeletal
malocclusion in children with orthodontic treatment needs. It
was suggested that children with malocclusion were shown to
have reduced bite forces and poor masticatory performance
than children with normal occlusion [48]. Therefore, identify-
ing the developmental milestones of chewing behavior in
healthy children will help us compare, diagnose, and evaluate
the success of the orthodontic/orthognathic treatment in chil-
dren with malocclusions.

Conclusions

Overall, it seems that jaw motor functions in children as young
as 3—6 years is quite competent in performing basic chewing
function similar to adults. Yet, there were differences in the
anticipation/adaption of jaw muscle activity and jaw kinemat-
ics to food hardness. These subtle, yet significant, differences
could be attributed to the anatomy of the masticatory system,
such as jaw dimensions. Further, the differences can also be
attributed to the inadequate (immature) sensory input from the
PMRs, while the teeth shift from primary to mixed dentition
and finally to permanent dentition with a complete tooth root
formation and occlusal table. Recently, we have suggested
that the contribution of PMRs to jaw muscle activity is about
20% during chewing [13]. We think that because of the re-
duced PMRs density in children compared with adults, the
contribution of PMRs in jaw muscle activity is rather affected
in young children, which leads to the differences in chewing
behavior.
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