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SUMMARY It has been suggested that feeding a soft

diet could possibly inhibit normal development of

the masticatory function. However, the

consequences of such changes in the alimentary

habits have yet to be fully clarified. Therefore, the

aim of this study was to determine whether a soft

diet prevents the development of masticatory

function and whether a critical period for

programming the masticatory system exists. To

examine these hypotheses, we used a three-

dimensional jaw-movement tracking device and

jaw muscle electromyography (EMG) to analyse

masticatory function changes in mice. Jcl:ICR mice

were divided into three groups, with the normal

group fed a hard diet, the hypofunctional group

fed a soft diet, and the rehabilitation group first

fed a soft diet that was then changed to a hard

diet. Our results showed that the excursion and

duration of late-closing phase (occlusal phase) of

the chewing cycle and EMG activity in the

masseter muscle were not only reduced in the

hypofunctional but also in the rehabilitation group

as compared with the normal group. These results

suggest that optimisation of the chewing pattern

and acquisition of appropriate masticatory

function are impeded by feeding a soft diet during

the animal’s growth period and that no catch-up

effect of the masticatory function is observed

when there is a prolonged period of time prior to

changing the diet from soft to hard. In conclusion,

masticatory function can only be fully developed

through a learning process such as exposure to

chewing various kinds of foods with different food

textures.
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Introduction

Mastication is one of the most fundamental functions

for the conservation of life, with many organs

involved in the complex ingestive process (1–5).

While sucking is an inborn reflex in mammals that

enables a baby to intake milk, mastication is a postna-

tally acquired function and goes through a series of

developmental steps early in life (6, 7). During the

weaning period, the main feeding system changes

from sucking to chewing, and subsequently, there are

extensive morphological changes and maturation of

the nervous system. In addition, exposure to chewing

various kinds of foods with different food textures is

considered important in helping children develop

masticatory functions after weaning. On the contrary,

prolonged feeding of a soft diet may potentially

impede normal development of the masticatory func-

tion, as sensory stimulation while feeding is particu-

larly important during the critical period (8).

Although many animal studies have investigated

the effects of a soft diet on the growth of the craniofa-

cial skeleton (9–11) and masticatory muscles (12, 13),

few studies have focused on the development of sto-

matognathic function. Liu et al. (14) examined the

functional aspects and reported that the electromyo-

graphic (EMG) activity of the jaw muscles was

affected by the consistency of the daily diet. However,
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there have been no reports that analysed jaw-move-

ment patterns due to the difficulty of performing such

studies.

The aim of our current study was to test the

hypotheses that soft diets can impede the acquisition

of appropriate masticatory function, and there exists a

critical period representing a phase in the lifespan

during which the development of the neural mecha-

nism of mastication is activated. To test these hypoth-

eses, we recorded both the three-dimensional jaw-

movement trajectories and the EMG activities of the

jaw muscles. These findings were then used to evalu-

ate the changes in the development of the masticatory

function in three groups of mice fed a hard diet, a soft

diet and a diet that was changed from soft to hard at

15 weeks of age to determine whether there was a

catch-up effect of the masticatory function.

Materials and methods

The experimental protocol of this study was approved

by the Animal Welfare Committee of Nagasaki Uni-

versity based on the Animal Care Standards of this

institution (No. 0309120322-2, 2008). Every possible

effort was taken to minimise animal suffering.

Experimental animals

At the age of 3 weeks, 36 male Jcl:ICR mice* were

randomly divided into three groups that included a

normal group (n = 13) that was fed a hard diet (chow

pellet only; CE-2*), a hypofunctional group (n = 11)

that was fed a soft diet that consisted of only finely

powdered pellet (<0�02 mm in diameter), and a reha-

bilitation group (n = 12) in which the mice were first

fed a soft diet (pellet powder) until 15 weeks of age,

with the diet then changed to a hard diet (chow pel-

let) that continued from 15 until 20 weeks of age to

determine whether there was functional rehabilitation

of their masticatory system. Mice were weighed every

week during the entire experimental period.

Functional recordings

The three-dimensional jaw movements and EMGs of

the bilateral masseter muscles and unilateral digastric

muscle were recorded at 20 weeks of age, while the

animals were eating chow pellets (hard food) or pow-

dered pellets mixed with water shaped into balls that

were 3 mm in diameter (soft food), respectively. This

methodology has been described in detail in previ-

ously published articles (15–17).

Data analysis

Table 1 lists the parameters used to analyse the jaw

movements. Mean values for each parameter were

calculated from 10 chewing cycles for each animal. In

a previous study, we determined that jaw closing

from the occlusal view could be divided into two

phases: early-closing and late-closing (17). The late-

closing phase is considered the occlusal phase of the

chewing cycle and the time when most of the food

grinding and possibly some tooth contact takes place.

Electromyography activities in the masseter and digas-

tric muscles were analysed in terms of burst duration

and area (integrated EMG). Spike 2 software† aided in

the data analysis.

Statistical analysis

Significant differences between the three groups were

determined by an analysis of variance (ANOVA), with a

paired t-test used to examine the differences between

the hard and soft food chewing. P values < 0�05 were

considered statistically significant. All values are dis-

played as means � standard error of the mean.

Results

Body weight

There was no significant difference in the body weight

among the three groups throughout the experimental

period.

Jaw movements

Figure 1 shows examples of jaw-movement trajecto-

ries during the chewing of the hard or soft food in

the normal, rehabilitation or hypofunctional group.

The paths of three-dimensional jaw movements when

*Clea, Tokyo, Japan. †Cambridge Electronic Design, Cambridge, UK.
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chewing hard or soft food were reconstructed in two

dimensions by projecting on the sagittal, frontal and

occlusal planes, respectively (Fig. 2).

Major differences in the paths of the jaw move-

ments among the three groups were observed when

chewing hard food. Although there was a significantly

smaller excursion of the late-closing phase during

hard food chewing in the hypofunctional and the

rehabilitation groups compared to the normal group,

no significant difference was observed when chewing

soft food (Table 2). Comparison of the excursion of

the late-closing phase between hard and soft food

chewing demonstrated that there was a significantly

larger excursion when chewing hard food versus soft

food in the normal group (Table 3). No significant dif-

ferences were observed in the hypofunctional and

rehabilitation groups.

Similar results were observed for the chewing

rhythm properties. For the total cycle duration, both

the duration and excursion of the late-closing phase,

they were significantly longer during the hard food

chewing versus the soft food chewing in the normal

group. However, there were no significant differences

for these parameters in the hypofunctional and reha-

bilitation groups when chewing either hard or soft

food. A significantly larger number of chewing cycles

in the masticatory sequence were observed in the

hypofunctional and rehabilitation groups when chew-

ing hard food, while there were no significant differ-

ences among the three groups when chewing soft

food (Fig. 3).

Jaw muscle activity

Figure 1 shows examples of the jaw muscle activity

during hard or soft food chewing. The masticatory

sequence was divided into food intake and chewing

periods based on the rhythm of the mandibular

movement and the pattern of muscle activity. The

area and the duration of the masseter activities were

significantly larger and longer, respectively, in the

normal group versus both the hypofunctional and the

rehabilitation groups when chewing hard food

(Table 2). On the other hand, no statistically signifi-

cant differences were found for the activities of the

digastric muscle among the three groups.

Comparison of the EMG activities for the different

foods demonstrated that the area and the duration of

the masseter burst were significantly larger and longer

when chewing hard food versus soft food in the nor-

mal group (Table 3). In contrast, no statistically signif-

icant differences were observed in the masseter

muscle activities between the hard and soft food

chewing in the hypofunctional and the rehabilitation

groups. There were also no significant differences for

the area and the duration of the digastric muscle

activities between hard and soft food chewing in any

of the three groups.

Discussion

Influence of a soft diet on the development of masticatory

function

To investigate the effect of feeding a soft diet on the

development of masticatory function, we first com-

pared the results obtained from a normal group fed a

hard diet with those from a hypofunctional group fed

a soft diet. Although the duration and excursion of

the late-closing phase, which corresponds to the

occlusal phase, were significantly longer when chew-

ing hard food versus chewing soft food in the normal

Table 1. Definitions of parameters used to analyse the jaw movements

Parameters Definition

(1) Gape size (GAPE) Opening/closing excursion between maximum opening and maximum closing

(2) Late-closing phase excursion (L-CL excursion) Distance along the curvature corresponding to the late-closing phase

(3) Total cycle duration (TC) Time between one point of maximum jaw-opening and the next

(4) Opening phase duration (OP) Time between maximum closing and the next maximum opening

(5) Closing phase duration (CL) Time between maximum opening and the next maximum closing

(6) Early-closing phase duration (E-CL) Time between the maximum opening and the point at which closing paths

converge

(7) Late-closing phase duration (L-CL) Time between the point at which closing paths converge and maximum closing

(8) Number of chewing cycles Need to swallow standardized portions
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group, we found no significant differences for either

parameter when foods of different hardness were

examined in the hypofunctional group. These results

indicate the capacity to perceive the food consistency

is reduced in mice fed a soft diet. In our previous

study, we found that the duration and excursion of

the late-closing phase increased when chewing hard

food as compared to chewing soft food in the normal

mice (17). From this previous study, we concluded

that mice fed a hard diet were capable of modifying

their chewing pattern by increasing the excursion of

the late-closing phase. As a result, these mice were

able to extend the grinding path at the occlusal phase

to increase the masticatory efficiency when chewing

hard food versus when chewing soft food. We also

found that mice raised on a soft diet were not able to

regulate their chewing pattern in accordance with the

food consistency. Furthermore, in the present study,

we found that mice in the hypofunctional group did

not show any significant difference in masseter activ-

ity when chewing either hard or soft food, although

we did observe an enhancing effect of the masseter

activity when mice chewed hard food versus soft food

in the normal group.

These results suggest that control of the masticatory

force in response to changes in food hardness might be

more difficult in mice that have been raised on a soft

diet. Previous studies have shown that changes in food

hardness are responsible for much of the variability in

mastication and that sensory afferents such as muscle

spindles and periodontal mechanoreceptors provide

hardness-related feedback that modifies the mastica-

tory central pattern generator (mCPG) output (18, 19).

Thus, the decreased masticatory demands in our hypo-

functional group may have resulted in an immaturity

of the sensory receptors or an impaired sensory feed-

back mechanism based on underdeveloped mCPG.

Effect of dietary change on the catch-up tendency of the

masticatory function

To investigate the effect of daily diet changes from

soft to hard diet on the subsequent catch-up of the

masticatory function development and to verify

whether a critical period exists for appropriate acquisi-

tion of masticatory function during the growth period,

we compared the results obtained from the rehabilita-

tion group with those from the normal or the hypo-

functional group.

(a) (b)

Fig. 1. Typical masticatory sequence. (a) chewing of hard food,

(b) chewing of soft food. Upper three traces illustrate jaw move-

ments in the vertical (Vert), horizontal (Horz) and antero-posterior

(A-P) direction. The lower three traces show electromyographies

(EMGs) of the right digastric muscles (R-DIG), left masseter (L-

MAS) and right masseter (R-MAS). The sequence was divided into

food intake and chewing.
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Fig. 2. Jaw-movement trajectories

of the normal (upper), rehabilitation

(middle) and hypofunctional

(lower) groups in the sagittal (left),

frontal (centre) and occlusal (right)

planes when chewing hard or soft

food. Tracings show 10 consecutive

chewing cycles superimposed.
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No statistically significant differences were observed

in the masseter activity between the hard and soft

food chewing in the rehabilitation as well as the hyp-

ofunctional group. However, there was a significant

difference observed in the normal group. Similarly,

there were no statistically significant differences for

the total cycle duration, or for the duration and

excursion of the late-closing phase when chewing

either hard or soft food in the rehabilitation as well as

hypofunctional group, although there was a signifi-

cant difference in the normal group. A previous study

(20) that examined normally developed animals

reported that the total cycle duration was longer

when chewing hard food versus soft food due to the

lengthening of the duration of the occlusal phase.

This indicates that when a harder food bolus is pres-

ent between the grinding surfaces of the upper and

lower teeth, the jaw movement becomes slower in

the late-closing phase, which would extend the total

cycle length. Therefore, the results in our current

study indicate that mice in our rehabilitation group

have greater difficulty in controlling the masticatory

force or optimisation of the chewing patterns in

accordance with the food consistency. Thus, these

findings suggest that the lower sensory inputs due to

a lack of experience with solid diet mastication during

Table 2. Comparison of jaw movements, cycle durations and muscle activity between the experimental groups. (A) Hard food chew-

ing. (B) Soft food chewing. Differences between the three experimental groups (normal, rehabilitation and hypofunctional) were

investigated using an analysis of variance (ANOVA)

Variables

ANOVA

Significance, PNormal Rehabilitation Hypofunctional

A

Jaw movements (lm)

1. GAPE 2123 � 454** 1913 � 221 1653 � 139** 0�003
2. L-CL excursion 822 � 215**,* 543 � 136** 511 � 107* <0�001
Cycle duration (ms)

3. TC 247�6 � 18�7** 230�0 � 26�3 220�2 � 20�0** 0�014
4 OP 121�1 � 14�9 110�0 � 13�1 112�4 � 15�8 0�153
5. CL 126�6 � 14�2** 119�9 � 21�1 107�8 � 10�4** 0�024
6. E-CL 75�0 � 14�1** 91�7 � 19�5**,* 74�1 � 11�4* 0�014
7. L-CL 51�6 � 7�1**,* 28�3 � 4�7** 33�7 � 4�5* <0�001
Masseter muscle activity

8. EMG Duration (ms) 75�2 � 15�7**,* 63�2 � 12�4** 64�3 � 8�6* 0�002
9. EMG area (AD per units) 0�0066 � 0�0023**,* 0�0042 � 0�0019** 0�0036 � 0�0014* <0�001
Digastric muscle activity

10. EMG duration (ms) 112�4 � 23�7 127�8 � 20�6 107�9 � 21�8 0�090
11. EMG area (AD per units) 0�0081 � 0�0040 0�0048 � 0 0029 0�0063 � 0�0038 0�096
B

Jaw movements (lm)

1 GAPE 2348 � 449 2338 � 350 2013 � 212 0�051
2 L-CL excursion 447 � 117 454 � 97 478 � 124 0�789
Cycle duration (ms)

3. TC 224�1 � 18�9 229�8 � 22�1 213�2 � 18�1 0�143
4. OP 125�1 � 21�1 128�1 � 28�3 108�4 � 19�5 0�111
5. CL 98�9 � 11�4 101�7 � 19�9 104�8 � 12�4 0�638
6. E-CL 67�4 � 11�8 71�5 � 18�5 76�4 � 14�6 0�355
7. L-CL 31�6 � 6�5 30�3 � 4�7 28�4 � 5�8 0�410
Masseter muscle activity

8. EMG duration (ms) 66�2 � 6�7 59�6 � 9�0 62�1 � 14�0 0�074
9. EMG area (AD per units) 0�0053 � 0�0025** 0�0045 � 0�0018 0�0035 � 0�0018** 0�013
Digastric muscle activity

10. EMG duration (ms) 116�3 � 27�4 129�9 � 25�0 115�1 � 21�6 0�288
11. EMG area (AD per units) 0�0089 � 0�0051 0�0059 � 0�0031 0�0072 � 0�0041 0�219

**,*Denotes statistically significant pair-wise differences (post hoc comparisons).
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the growing period may have affected the develop-

ment of the sensory afferents or mCPG in our hypo-

functional and rehabilitation groups. This inadequate

development of the masticatory function is also

reflected by the increased number of chewing cycles

in the rehabilitation group as well as in the hypofunc-

tional group as compared with the normal group. It is

entirely possible that a loss of masticatory efficiency

will be compensated for by increasing the number of

chewing cycles, and thus, animals with a lower masti-

catory efficiency in our rehabilitation group will never

be able to catch-up to the levels seen in the normal

group. Moreover, our findings suggest that the matu-

rity of the masticatory function will never reach nor-

mal levels if the daily diet is changed from soft to

hard after the optimum learning period for oral motor

behaviour.

In both the rehabilitation and the hypofunctional

groups, EMG activity in the masseter decreased as

compared with the normal group. Kiliaridis and Shyu

(21) found that the tetanic tension was weaker in rats

raised on a soft versus a hard diet. These findings

indicate that appropriate growth and functional matu-

ration of the masticatory muscles may be impeded

due to less muscle usage. Even after a rehabilitation

of 5 weeks, a catch-up tendency in terms of the

intensity of masseter muscle activity was not observed

in these animals.

Previous study reported the correlation between food

consistency and tooth wear (22). However, relationship

between tooth wear and jaw movements is still contro-

versial (23, 24). Therefore, further studies are needed

to explore the effect of tooth wear on jaw movements

and EMG activities in mice fed different diets.

Table 3. Comparison of jaw movements, cycle durations and muscle activity between hard and soft food chewing in each of the

three experimental groups. (A) Jaw movements and cycle durations. (B) Muscle activity. Values are presented as the standard error of

the mean of each group. Individual differences were tested using a paired t-test

A

Jaw movements (lm) Cycle duration (ms)

GAPE L-CL excursion TC OP CL E-CL L-CL

Normal

Hard food 2123 � 454 822 � 215 247�6 � 18�7 121�1 � 14�9 126�6 � 14�2 75�0 � 14�1 51�6 � 7�1
Soft food 2348 � 449 447 � 117 224�1 � 18�9 125�1 � 21�1 98�9 � 11�4 67�4 � 11�8 31�6 � 6�5
Significance * * * NS * NS *

Rehabilitation

Hard food 1913 � 221 543 � 136 230�0 � 26�3 110�0 � 13�1 119�9 � 21�1 91�7 � 19�5 28�3 � 4�7
Soft food 2338 � 350 454 � 97 229�8 � 22�1 128�1 � 28�3 101�7 � 19�9 71�5 � 18�5 30�3 � 4�7
Significance * NS NS * NS * NS

Hypofunctional

Hard food 1653 � 139 511 � 107 220�2 � 20�0 112�4 � 15�8 107�8 � 10�4 74�1 � 11�4 33�7 � 4�5
Soft food 2013 � 212 478 � 124 213�2 � 18�1 108�4 � 19�5 104�8 � 12�4 76�4 � 14�6 28�4 � 5�8
Significance * NS NS NS NS NS NS

B

EMG duration (ms) EMG area (AD per units)

MAS DIG MAS DIG

Normal

Hard food 75�2 � 15�7 112�4 � 23 7 0�0066 � 0�0023 0�0081 � 0�0040
Soft food 66�2 � 6�7 116�3 � 27�4 0�0053 � 0�0025 0�0089 � 0�0051
Significance * NS * NS

Rehabilitation

Hard food 63�2 � 12�4 127�8 � 20�6 0�0042 � 0�0019 0�0048 � 0�0029
Soft food 59�6 � 9�0 129�9 � 25�0 0�0045 � 0�0018 0�0059 � 0�0031
Significance NS NS NS NS

Hypofunctional

Hard food 64�3 � 8�6 107�9 � 21 8 0�0036 � 0�0014 0�0063 � 0�0038
Soft food 62�1 � 14�0 115�1 � 21�6 0�0035 � 0�0018 0�0072 � 0�0041
Significance NS NS NS NS

*P < 0�05; NS indicates not significant.
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The conversion from sucking to mastication occurs

regardless of whether mice are fed a hard or soft diet.

However, mice raised on a soft diet only acquire mas-

ticatory function at a much lower functional level. As

these mice were adapted to eating only softer foods,

they were incapable of modulating their chewing pat-

tern or masticatory force during hard food chewing

even if the diet was changed from soft to hard at

15 weeks of age. Therefore, these results suggest that

there might be a critical period for the development

of masticatory function during the several weeks after

weaning and that feeding a soft diet during this time

may inhibit the acquisition of the higher level of

motor performance. Masticatory function will only

properly develop concomitantly with the maturation

of the peripheral sensory receptors in the oro-facial

area and relevant central nervous system. As it is also

well known that periodontal mechanoreceptors and

jaw muscle spindles provide positive feedback (25),

the present study results suggest the sensory feedback

mechanism may be impaired in mice raised on a soft

diet.

In conclusion, reduced masticatory stimuli, namely

a lack of chewing experience with a hard diet, can

impede optimisation of the chewing pattern and the

acquisition of a more complex masticatory function

during the growing period. Furthermore, when there

is a delay in the onset of specific learning for chewing

various kinds of food with different consistencies

beyond the critical period, the masticatory system

cannot develop to reach a higher level of function.

Additional studies that investigate whether immatu-

rity of the peripheral receptors or underdevelopment

of mCPG can cause impairment of the appropriate

development of masticatory function will need to be

undertaken in the future.
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