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Relationship between masticatory performance and heart rate
variability: A pilot study
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Abstract
Objective. Little information is available on how impaired masticatory performance relates to heart-rate variability (HRV).
The aim of this study was to investigate the relationship between HRV indices and masticatory performance. Materials and
methods. Sixty-five subjects (19 men and 46 women, 66.1 ± 9.9 years old) who had received periodontal maintenance care at
the Clinic of Preventive Dentistry of Okayama University Hospital were selected for the study. All subjects completed written
questionnaires, a chewing (colour-changing gum) test for masticatory performance and measurement of occlusal force and
HRV as well as oral examination. Results. The high sympathetic activity (LF ‡ 49.6) group showed a significantly lower level
of masticatory performance (a* value) than the low sympathetic activity group (p < 0.05). There were also significant
correlations of masticatory performance with LF and LF/HF (p < 0.05). Conclusion. These findings suggest that there is
relationship between masticatory performance and HRV indices and impaired masticatory performance may be a risk factor for
inducing high sympathetic activity.
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Introduction

Beyond its primary functions of food intake and diges-
tion, mastication has related to general health [1,2].
For example, in a case-control study, a negative
correlation was found between chewing ability and
depressive status in elderly people (mean age ± SD,
76.6 ± 7.1 years) [3]. In animal studies, nitric oxide
levels in the rat brain are increased by restraint stress
and this increase is prevented by biting behaviour [4].
In rats, biting produces an anti-stress effect and para-
functional masticatory activity plays an important role
in coping with stressful events [5]. Furthermore,
immobilization stress induces activation of the sympa-
thetic nervous system and chewing can ameliorate
sympathetic hyperactivity during the stress in rats
[6]. The sympathetic hyperactivity is a potent stimulus
for ventricular tachyarrhythmias and sudden cardiac
death, especially in patients with cardiovascular
diseases [6]. These studies suggest a possible relation-
ship between masticatory performance and activation
of the autonomic nervous system (ANS).

Measurement of heart rate variability (HRV) can be
used to investigate ANS function [7]. Measurement
of HRV provides information on the systems that
influence heart rate, especially the sympathetic
and vagal divisions of the ANS, and includes a
time domain, such as the standard deviation of the
mean R-R interval (SDRR) [8] or root mean square of
successive differences (RMSSD) [9], and a frequency
domain, such as low frequency band power (LF,
0.04–0.15 Hz), high frequency band power (HF,
0.15–0.4 Hz) and their ratio (LF/HF) [7]. Vagal
activity is a major contributor to the HF component.
The LF component represents either sympathetic
modulation or a combination of sympathetic and
vagal influences. The LF/HF ratio is considered a
measure of sympathovagal balance.
Normal masticatory performance modulates HRV

indices, such as LF, HF or LF/HF [6,10-12]. How-
ever, there is little information on how impaired
masticatory performance relates to HRV indices.
Therefore, we hypothesized that impairment of
masticatory performance would lead to reduced
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HRV and be a possible risk factor for reduced HRV.
The aim of this study was to investigate the relationship
between HRV indices and masticatory performance.
Among the various objective assessments, colour-
changing chewing gum has been reported to be a useful
test material for evaluating chewing ability and masti-
catory performance [13–16]. Thus, we used the
chewing test to evaluate masticatory performance.

Materials and methods

Study sample

We enrolled 65 patients (19 males and 46 females;
66.0 years [median], [60.5, 72.5] [25%, 75%]) who
had received periodontal maintenance care at the
Clinic of Preventive Dentistry of Okayama University
Hospital. The study was conducted from September
2010 to February 2011 and was approved by the
Ethics Committee of Okayama University Graduate
School of Medicine, Dentistry and Pharmaceutical
Sciences. After obtaining written informed consent,
subjects completed written questionnaires regarding
personal health and the State-Trait Anxiety Inventory
(STAI) and then underwent an examination of mas-
ticatory performance, an oral examination and HRV
indices.

STAI

Subjects completed the Japanese version of the STAI
consisting of 20 items each for state and trait of anxiety
[17]. The items on the sub-scale are answered on a
4-point Likert scale from 1 (not at all) to 4 (very much
so). The state sub-scale is a widely used instrument for
measuring fluctuating levels of anxiety.

Oral examination

Three dentists examined participants’ teeth. Clinical
measurements included probing pocket depth (PPD),
clinical attachment level (CAL), bleeding on probing
(BOP), tooth mobility, the presence of a prosthesis,
number of teeth and occluding pairs of teeth using
Eichner’s index [3,18,19]. PPD and CAL, rounded
to the nearest 1 mm, were measured at six sites in
each tooth (mesio-buccal, mid-buccal, disto-buccal,
mesio-lingual, mid-lingual and disto-lingual) using a
colour-coded probe (CP-8; Hu-Friedy, Chicago, IL)
[19]. The CAL was determined as the distance from
the cemento-enamel junction to the bottom of the
periodontal pocket. BOP was defined as the presence
of bleeding after gentle probing with 25 g of probing
force. The intra- and inter-examiner agreement, eval-
uated with kappa statistics, of the PPD and CAL was
more than 0.8. Eichner’s index is based on the
existence of occlusal contacts of the premolars and
the molars, called the ‘supporting zones’ [3,18].
A maximum of four supporting zones can exist where

at least one tooth must be in contact with an antago-
nist in both the molar and premolar areas.

Colour-changing chewing gum test

To evaluate masticatory performance, we used
Masticatory Performance Evaluating Gum (Xylitol�;
70 mm � 20 mm � 1 mm, 3.0 g, Lotte Co., Ltd.,
Saitama, Japan). The gum base contains red, yellow
and blue dyes, citric acid and xylitol [16]. The
chewing gum is originally yellowish-green because
of the presence of yellow and blue pigments. When
the chewing gum is mixed with saliva during the
mastication process, the pH inside the chewing
gum increases because of the excretion of the citric
acid into the saliva. Simultaneously, elution of the
yellow and blue pigments changes the colour of the
chewing gum from yellowish-green to red. There is a
strong correlation between the colour change and
masticatory performance, suggesting that the
colour-changing chewing gum is useful for assessing
masticatory performance [3]. Subjects were asked to
normally chew the colour-changing chewing gum for
2 min. After chewing, the colour of the gum samples
were photographed on a slide glass using a specially
constructed device to keep a standardized distance
between the digital camera (Canon Inc, Tokyo,
Japan) and the specimen. The images were imported
and evaluated in an L* a* b* colour system using
Adobe Photoshop CS2� (Adobe Systems Inc., San
Jose, CA). The L* a* b* colour system was developed
by the Commission Internationale de l’Eclairage for
measuring perceived colour and colour differences.
The three basic co-ordinates represent the lightness of
the colour (L*), its position between red/magenta and
green (a*) and its position between yellow and blue
(b*). In this study, a* values were used to represent
masticatory ability, because higher a* values have
been shown to be well-correlated with chewing per-
formance [3].

Measurement of biting ability

Biting ability, including occlusal force, occlusal con-
tact area and occlusal pressure was measured using a
pressure-sensitive sheet (Dental Prescale, Type-R
50H, Fuji Film, Tokyo, Japan) and analysed by an
image scanner (Occluzer, FPD-707, Fuji Film) [19].
The microcapsules in the pressure-sensitive sheet are
broken to react with a colour-developing material
when the sheet is bitten. Different colour densities
are formed according to the magnitude of the pressure
applied. The occlusal force and occlusal contact area
were calculated after scanning the sheet with an image
scanner (Occluzer). The occlusal force (N) was auto-
matically determined as the sum of the degree
of colouration and the area at each contact point.
The area discoloured by biting was recorded as the
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occlusal contact area (mm2). The occlusal pressure
(N/mm2) is the occlusal force per 1 mm2 of occlusal
contact area [19].
Subjects were seated with their heads upright and in

an unsupported natural head position and then the
sheet was placed into the patient’s mouth so that
the midline of the arch coincided with the midline
of the sheet [19]. Each subject was instructed to bite
as forcefully as possible for ~ 3 s.

HRV indices

All assessments took place between 09:00 h and
11:00 h. The acquisition of HRV was done by a pulse
frequency meter (Pulse Analyzer Plus; YKC Corpo-
ration, Tokyo, Japan) for 5 min before all other
measurements [20]. The power spectrum of R-R
intervals was obtained by means of fast Fourier trans-
formation (Tas9; YKC Corporation, Tokyo, Japan).
The area under the spectral peaks within the ranges
0.033–0.04, 0.04–0.15, 0.15–0.4 and 0.033–0.4 Hz
were defined as very low frequency (VLF), LF, HF,
and total power (TP), respectively. The normalized
LF (normalized unit [n.u.]) and HF (n.u.) powers
were calculated by 100 � LF/(TP VLF) and 100 �
HF/(TP VLF), respectively. The LF/HF, considered
an index of sympathovagal balance, was also
calculated.

Evaluation of body mass index (BMI)

BMI was computed as weight in kilograms divided by
square height in metres, as HRV decreases with
augmented BMI [20].

Statistical analysis

All data were analysed using SPSS 15.0 J forWindows
(SPSS Japan, Tokyo, Japan). Subjects with high
sympathetic activity were diagnosed as those who
showed an LF ‡ 49.6 in HRV indices. This cut-off
value for sympathetic activity was based on the
median of the present results, because the absolute
cut-off value of LF for high sympathetic activity is still
unclear. The Mann-Whitney U-test or chi-square est
was used to compare parameters between high and
low sympathetic activity groups. The statistical signi-
ficance of associations among variables was deter-
mined using the Spearman’s correlation coefficient.
A p-value < 0.05 was considered significant.

Results

The age and gender distribution of subjects are shown
in Table I. Almost all the variables examined did not
differ significantly between the high (LF ‡49.6) and
low (LF <49.6) sympathetic activity group, except for
the masticatory performance. The masticatory perfor-
mances (a* value) in the low sympathetic activity

group were greater than those in the high sympathetic
activity group (p < 0.05) (Table II).
The correlations between the HRV indices and

each of the parameters are shown in Table III.
Significant correlations were observed between LF,
LF/HF and the masticatory performance (a* value)
(p < 0.05).

Discussion

In the present study, subjects with high sympathetic
activity showed a significantly lower level of mastica-
tory performance than those with low sympathetic
activity. A significantly negative correlation was also
observed between LF and masticatory performance.
These findings indicate that impaired masticatory
performance could attenuate HRV and lead to
sympathetic hyperactivity. Mastication produces an
anti-stress effect and impaired masticatory perfor-
mance plays an important role in coping with stressful
events [5]. Stress induces activation of the sympa-
thetic nervous system and chewing can ameliorate
sympathetic hyperactivity during the stress in rats
[6]. These findings support our hypothesis that
impaired masticatory performance may be a possible
risk factor for reduced HRV and decrease coping
ability with stress thorough sympathetic hyperactivity.
Some studies have investigated the influence of

chronic stress on HRV. Decreased HF and increased
LF/HF have been associated with mental stress and a
lack of ability to respond to physiological variability
and complexity [21]. A reduced HF level is related to
chronic stress [22]. LF and LF/HF increases in
patients with symptoms of chronic psychological
stress [22,23]. These trends in HRV shift were similar
to our results.
However, there was no significant difference in

STAI score between high and low sympathetic activity
groups. The STAI is one of the most useful tools for
specificmeasures of anxiety. However, some studies on
chronic stress have reported that there is no relation-
ship between chronic stress and state of anxiety in
STAI or that the STAI score decreases to baseline
levels during long-term follow-up [24,25]. It is possible
that STAI may not be suitable for measuring chronic

Table I. Age and gender distribution of subjects.

Age group (years) Males Females Total

30–39 1 0 1

40–49 1 3 4

50–59 1 7 8

60–69 7 23 30

70–79 4 12 16

80–89 5 1 6

Total 19 46 65
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stress in this study, although the reason for this is
unclear, or that subjects with sympathetic hyperactivity
may be under stress at a sub-clinical level.
Chronic stress is associated with increased arterial

pressure and impaired autonomic regulation of
cardiovascular functions [22]. To understand the
possible link, a two closed-loop model of the barore-
flex system is proposed [26]. One loop involves heart
rate and blood pressure control systems and the other
involves vascular tone and blood pressure control
systems. The blood pressure control system is a
common link to both loops. For example, anxiety
disorders involve dysfunctional reactions, which are
related to the hypothesized domain of baroreflex
modulation [26]. The current relationship between
masticatory performance and HRV indices might be
involved in the model of the baroreflex system. How-
ever, the mechanism of relationship between HRV

indices and masticatory performance may be complex
and further studies are required.
We used the chewing test to evaluate masticatory

performance because colour-changing chewing gum
has been reported to be a useful test material for
evaluating objective chewing ability and masticatory
performance [13–16]. As described in a recent review
[27], a wide variety of methods have been used to
determine masticatory performance, for example,
measuring colour changes in chewing gum [13–16],
sugar loss from chewing gum [28], a colourimetric
method to determine the release of dye when chewing
raw carrots [29], photometric methods to quantify
changes in colour [30,31], optical scanning of chewed
particles [32,33], the degree of breakdown of a food
determined by sieving the comminuted food [34,35]
and the ability to mix and knead two-coloured chew-
ing gum [36,37] or paraffin wax [38]. On the other

Table II. Comparison of parameters between high and low sympathetic activity groups.

Parameter
High (LF ‡49.6)

(n = 33)
Low (LF <49.6)

(n = 32) Total (n = 65) p-value

General information

Age (years)b 66.0 (61.5, 75.5)a 66.5 (60.3, 71.0) 66.0 (60.5, 72.5) 0.753

Body mass index (kg/m2)b 22.6 (21.4, 23.9) 21.6 (20.5, 23.4) 22.1 (20.8, 23.9) 0.105

Gender (% of men)c 39.4 18.8 29.2 0.102

Take part in regular physical activity (%)c 54.5 65.3 60.0 0.568

Hypertension (%)c 33.3 21.9 27.7 0.408

Hyperlipidaemia (%)c 12.1 6.3 9.2 0.672

Diabetes mellitus (%)c 3.0 6.3 4.6 0.613

Heart disease (%)c 3.0 15.6 9.2 0.196

Habitual alcohol drinking (%)c 27.3 34.8 30.8 0.598

Tobacco exposure (%)c 24.2 9.4 16.9 0.277

Number of teethb 24.0 (14.0, 26.5) 24.5 (18.0, 26.8) 24.0 (16.0, 26.5) 0.554

Mean probing pocket depthb 1.8 (1.7, 2.1) 1.8 (1.6, 2.2) 1.8 (1.7, 2.2) 0.839

Mean clinical attachment levelb 2.3 (2.0, 2.9) 2.5 (1.9, 3.3) 2.5 (1.9, 3.2) 0.906

% of mobile teethb 0.0 (0.0, 16.3) 0.0 (0.0, 8.2) 0.0 (0.0, 10.4) 0.893

% of sites with bleeding on probingb 2.2 (0.3, 7.4) 2.4 (1.4, 9.2) 2.2 (0.7, 9.2) 0.388

% of teeth with restorations on the
occlusal surface of
pre-molars and molarsb

38.5 (24.8, 47.8) 36.2 (27.8, 44.3) 38.1 (27.4, 47.1) 0.880

Total occlusal contact area (mm2)b 7.0 (4.8, 19.8) 9.6 (5.8, 17.2) 8.3 (5.6, 17.4) 0.351

Biting pressure (force per mm2

occlusal contact area)b
32.0 (26.8, 35.1) 31.1 (27.0, 36.4) 31.7 (27.1, 35.7) 0.798

Total biting force (N)b 205.8 (146.4, 506.1) 294.8 (176.8, 532.4) 267.5 (156.7, 530.3) 0.332

Occluding pairs of teeth (Eichner’s index)b 2.0 (1.0, 2.0) 1.5 (1.0, 2.0) 3.0 (0.0, 4.0) 0.316

Masticatory performance (a* value) 29.2 (20.5, 37.1) 37.8 (31.7, 43.7) 0.011

State-Trait Anxiety Inventory (STAI)

State of anxiety in STAIb 35.0 (30.0, 42.5) 36.0 (27.0, 44.0) 35.0 (28.5, 42.5) 0.773

Trait of anxiety in STAIb 39.0 (30.5, 48.0) 40.0 (34.0, 47.8) 40.0 (34.0, 48.0) 0.793

aMedian (25%, 75%).
bMann-Whitney U-tests were performed.
cx2 tests were performed.
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hand, the number of occluding (pre) molar teeth and
bite force could explain 70% of the variance in mas-
ticatory performance [27]. In this study, there were
correlations between masticatory performance (a*
value), and total biting force and occluding pairs of
teeth (Eichner’s index). These findings strongly sup-
port that masticatory performance assessed by the a*
value using colour-changing chewing gum has reli-
ability and validity.
Using a non-invasive approach based on spectral

analysis of short-term cardiovascular variability, we
showed that low masticatory performance in humans
appears to be associated with impaired HRV indices
or autonomic regulation of cardiovascular functions.
Sympathetic predominance and vagal withdrawal
might represent the autonomic counterpart of the
complex psychophysiological changes underlying
the increase in cardiovascular risk associated with
chronic stress [22]. As preventing cardiovascular
diseases at the sub-clinical level is important by con-
trolling risk factors, monitoring of HRV indices might
be useful. Moreover, optimizing the autonomic
profile by improving masticatory performance might
represent a new strategy to reduce not only chronic
stress but also the future incidence of hypertension or
cardiovascular diseases [39].
Our study has some limitations. First, all subjects

were recruited from among patients at Okayama
University and the number of subjects was small.
This may limit the ability to extrapolate these findings
to the general population. Second, this study was
cross-sectional. It is therefore still uncertain as to
whether low masticatory performance is the cause

of reduced HRV. Intervention studies will be needed
to examine the causal relationship between mastica-
tory performance and HRV. Third, the role of other
factors (e.g., diet and genetic factors) that have been
shown to affect HRV indices were not considered in
our study. To the best of our knowledge, this is the
first study that showed the relationship between
masticatory performance and HRV in humans in spite
of these limitations.
In conclusion, there was a relationship betweenmas-

ticatory performance and HRV indices and impaired
masticatory performance may be a risk factor for indu-
cing high sympathetic activity.

Acknowledgements

This work was supported by Grants-in-Aid for
Scientific Research (22592331, 23792512) from the
Ministry of Education, Culture, Sports, Science and
Technology, Tokyo, Japan. We are grateful to Ms
Sayuri Yamada (Okayama University, Okayama,
Japan) for helping data entry.

Declaration of interest: The authors report no
conflicts of interest. The authors alone are responsible
for the content and writing of the paper.

References

[1] Nakata M. Masticatory function and its effects on general
health. Int Dent J 1998;48:540–8.

[2] Miura H, Miura K, Mizugai H, Arai Y, Umenai T, Isogai E.
Chewing ability and quality of life among the elderly residing
in a rural community in Japan. J Oral Rehabil 2000;27:731–4.

Table III. Spearman’s correlation coefficients of parameters associated with HRV indices.

Low frequency
(LF) (n.u.)

High frequency
(HF) (n.u.) LF/HF

Parameter r p-value r p-value r p-value

General information

Age (years) 0.096 0.446 0.104 0.409 0.126 0.319

Body mass index (kg/m2) 0.200 0.110 0.198 0.114 0.190 0.130

Oral information

Number of teeth 0.016 0.898 0.022 0.862 0.032 0.800

Mean probing pocket depth 0.048 0.704 0.037 0.768 0.003 0.979

Mean clinical attachment level 0.068 0.593 0.062 0.624 0.056 0.656

% of mobile teeth 0.013 0.921 0.028 0.822 0.017 0.894

% of sites with bleeding on probing 0.063 0.062 0.052 0.684 0.020 0.873

% of teeth with restorations on the occlusal surface
of pre-molars and molars

0.010 0.940 0.011 0.933 0.003 0.980

Total occlusal contact area (mm2) 0.021 0.869 0.027 0.828 0.014 0.914

Biting pressure (force per mm2 occlusal contact area) 0.046 0.718 0.045 0.722 0.047 0.711

Total biting force (N) 0.002 0.987 0.008 0.948 0.009 0.940

Occluding pairs of teeth (Eichner’s index) 0.006 0.959 0.009 0.943 0.015 0.906

Masticatory performance (a* value) 0.247 0.048 0.240 0.055 0.252 0.043

Mastication and HRV 811



[3] Okada K, Enoki H, Izawa S, Iguchi A, KuzuyaM. Association
between masticatory performance and anthropometric mea-
surements and nutritional status in the elderly. Geriatr Ger-
ontol Int 2010;10:56–63.

[4] Miyake S, Takahashi SS, Yoshino F, Todoki K, Sasaguri K,
Sato S, et al. Nitric oxide levels in rat hypothalamus are
increased by restraint stress and decreased by biting. Redox
Rep 2008;13:31–9.

[5] Okada S, Hori N, Kimoto K, OnozukaM, Sato S, Sasaguri K.
Effects of biting on elevation of blood pressure and other
physiological responses to stress in rats: biting may reduce
allostatic load. Brain Res 2007;1185:189–94.

[6] Koizumi S, Minamisawa S, Sasaguri K, Onozuka M, Sato S,
Ono Y. Chewing reduces sympathetic nervous response to
stress and prevents poststress arrhythmias in rats. Am J Physiol
Heart Circ Physiol 2011;301:1551–8.

[7] Task Force of the European Society of Cardiology and the
North American Society of Pacing and Electrophysiology.
Heart rate variability: standards of measurement, physiological
interpretation and clinical use. Circulation 1996;93:1043–65.

[8] Berntson GG, Bigger JT Jr, Eckberg DL, Grossman P,
Kaufmann PG, Malik M, et al. Heart rate variability: origins,
methods, and interpretive caveats. Psychophysiology 1997;34:
623–48.

[9] Berntson GG, Lozano DL, Chen YJ. Filter properties of root
mean square successive difference (RMSSD) for heart rate.
Psychophysiology 2005;42:246–52.

[10] Shiba Y, Nitta E, Hirono C, Sugita M, Iwasa Y. Evaluation of
mastication-induced change in sympatho-vagal balance
through spectral analysis of heart rate variability. J Oral Reha-
bil 2002;29:956–60.

[11] Hasegawa Y, Sakagami J, Ono T, Hori K, Zhang M,
Maeda Y. Circulatory response and autonomic nervous acti-
vity during gum chewing. Eur J Oral Sci 2009;117:470–3.

[12] Ekuni D, Tomofuji T, Takeuchi N, Morita M. Gum chewing
modulates heart rate variability under noise stress. Acta Odon-
tol Scand 2012. [Epub ahead of print].

[13] Hayakawa I, Watanabe I, Hirano S, Nagao M, Seki T.
A simple method for evaluating masticatory performance
using a color-changeable chewing gum. Int J Prosthodont
1998;11:173–6.

[14] Anastassiadou V, Heath MR. The development of a simple
objective test of mastication suitable for older people, using
chewing gums. Gerodontology 2001;18:79–86.

[15] Hirano K, Takahashi Y, Hirano S, Hayakawa I, Seki T.
A study on measurement of masticatory ability using a color
changeable chewing gum with a new coloring reaction. J Jpn
Prosthodont Soc 2002;46:103–9.

[16] Kamiyama M, Kanazawa M, Fujinami Y, Minakuchi S. Vali-
dity and reliability of a Self-Implementable method to evaluate
masticatory performance: use of color-changeable chewing
gum and a color scale. J Prosthodont Res 2010;54:24–8.

[17] Nakamura H, Iwamoto M, Washida K, Sekine K, Takase M,
Park BJ, et al. Influences of casein hydrolysate ingestion on
cerebral activity, autonomic nerve activity, and anxiety.
J Physiol Anthropol 2010;29:103–8.

[18] Eichner K. Ber eine gruppeneinteilung der lückengebisse für
die prothetik. Deutsche Zahnärztliche Zeitschrift 1955;10:
1831–4.

[19] Takeuchi N, Ekuni D, Yamamoto T, Morita M. Relationship
between the prognosis of periodontitis and occlusal force
during the maintenance phase–a cohort study. J Periodontal
Res 2010;45:612–17.

[20] Ekuni D, Takeuchi N, Furuta M, Tomofuji T, Morita M.
Relationship between malocclusion and heart rate variability
indices in young adults. A pilot study. Methods Inf Med 2011;
50:358–63.

[21] Horsten M, Ericson M, Perski A, Wamala SP, Schenck-
Gustafsson K, Orth-Gomér K. Psychosocial factors and heart
rate variability in healthy women. Psychosom Med 1999;61:
49–57.

[22] Lucini D, Di Fede G, Parati G, Pagani M. Impact of chronic
psychosocial stress on autonomic cardiovascular regulation in
otherwise healthy subjects. Hypertension 2005;46:1201–6.

[23] Lucini D, Norbiato G, Clerici M, Pagani M. Hemodynamic
and autonomic adjustments to real life stress conditions in
humans. Hypertension 2002;39:184–8.

[24] Kawai T, Morita K, Masuda K, Nishida K, Shikishima M,
Ohta M, et al. Gene expression signature in peripheral blood
cells from medical students exposed to chronic psychological
stress. Biol Psychol 2007;76:147–55.

[25] Kurokawa K, Tanahashi T, Murata A, Akaike Y, Katsuura S,
Nishida K, et al. Effects of chronic academic stress on mental
state and expression of glucocorticoid receptor a and b iso-
forms in healthy Japanese medical students. Stress 2011;14:
431–8.

[26] Vaschillo E, Lehrer P, Rishe N, Konstantinov M. Heart rate
variability biofeedback as a method for assessing baroreflex
function: a preliminary study of resonance in the cardio-
vascular system. Appl Psychophysiol Biofeedback 2002;27:
1–27.

[27] van Der Bilt A. Assessment of mastication with implications
for oral rehabilitation: a review. J Oral Rehabil 2011;38:
754–80.

[28] Heath MR. The effect of maximum biting force and bone loss
upon masticatory function and dietary selection of the elderly.
Int Dent J 1982;32:345–56.

[29] Käyser AF, van der Hoeven JS. Colorimetric determination of
the masticatory performance. J Oral Rehabil 1977;4:145–8.

[30] Gunne HS. Masticatory efficiency. A new method for deter-
mination of the breakdown of masticated test material. Acta
Odontol Scand 1983;41:271–6.

[31] Nakasima A, Higashi K, Ichinose M. A new, simple and
accurate method for evaluating masticatory ability. J Oral
Rehabil 1989;16:373–80.

[32] Shi CS, Ouyang G, Guo TW. Comparison of food particle
distribution masticated by subjects wearing complete dentures
and with natural teeth. J Oral Rehabil 1990;17:611–15.

[33] van der Bilt A, van der Glas HW, Mowlana F, Heath MR.
A comparison between sieving and optical scanning for
the determination of particle size distributions obtained by
mastication in man. Arch Oral Biol 1993;38:159–62.

[34] van der Bilt A, Olthoff LW, Bosman F, Oosterhaven SP. The
effect of missing postcanine teeth on chewing performance in
man. Arch Oral Biol 1993;38:423–9.

[35] Fontijn-Tekamp FA, Slagter AP, Van Der Bilt A,
Van’t Hof MA, Witter DJ, et al. Biting and chewing in over-
dentures, full dentures, and natural dentitions. J Dent Res
2000;79:1519–24.

[36] Schimmel M, Christou P, Herrmann F, Müller F. A two-
colour chewing gum test for masticatory efficiency: develop-
ment of different assessment methods. J Oral Rehabil 2007;
34:671–8.

[37] van der Bilt A, Mojet J, Tekamp FA, Abbink JH. Comparing
masticatory performance and mixing ability. J Oral Rehabil
2010;37:79–84.

[38] Speksnijder CM, Abbink JH, van der Glas HW, Janssen NG,
van der Bilt A. Mixing ability test compared with a commi-
nution test in persons with normal and compromised masti-
catory performance. Eur J Oral Sci 2009;117:580–6.

[39] Matthews KA, Katholi CR, McCreath H, Whooley MA,
Williams DR, Zhu S, et al. Blood pressure reactivity to
psychological stress predicts hypertension in the CARDIA
study. Circulation 2004;110:74–8.

812 N. Takeuchi et al.


