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Summary

Background/Objectives: The peri-oral muscles—including orbicularis oris—are critical in
maintaining equilibrium in tooth position. Lip incompetence (LI) can thus be a factor in
malocclusion. We therefore aimed to validate a technique to evaluate not only muscle activity via
electromyography (EMG) but also muscle endurance and fatigue via blood flow (BF) for LI.
Subjects/Methods: Subjects were classified into increased muscle tension/lip incompetent
(experimental) and normal muscle tension/lip competent (control) groups. Each subject then exerted
force on a custom-made traction plate connected to a tension gauge. Using laser speckle imaging
and electromyographic measurements, we characterized muscle activity and corresponding BF
rates in these subjects in various states of resting, loading, and recovery.

Results: Results showed a significant difference between the experimental and control groups,
notably in the rate of change in BF to the inferior orbicularis oris muscle under conditions of
increasing load (graded exertion). Furthermore, the data suggested that the muscles in the control
group undergo a more prolonged (and therefore presumably more complete) recovery than
muscles in the experimental group. These factors of reduced BF and short recovery may combine
to accelerate muscle fatigue and produce LI.

Limitations: The sample used here was controlled for malocclusion (including open bite) to
eliminate this type of confounding effect.

Conclusions/Implications: From these findings, we conclude that reduced BF and inadequate
recovery in the orbicularis oris muscles may be more significant than EMG activity in the
assessment of LI.

Introduction (4). For example, patients with dysfunctional orbicularis oris muscle
activity may present with lip incompetence (LI), which affects the
dental arch and dentofacial morphology (3, 6).

Clinically, subjects with LI are diagnosed on the basis of vis-

‘Equilibrium theory’ posits that, together with the tongue, the
perioral muscles—including the orbicularis oris muscle—maintain
equilibrium in tooth position (1-3). Rogers reported that most ; . o . .
. . ual inspection of muscular tension in the mental region (7), with
orthodontic complications result from a lack of balance between

the opposite forces exerted by the perioral and intra-oral muscles much of the published literature on the pathology of this condition

© The Author(s) 2017. Published by Oxford University Press on behalf of the European Orthodontic Society 304
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/

licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited.

For commercial re-use, please contact journals.permissions@oup.com


mailto:mjmort@tmd.ac.jp?subject=

J.-i. Takada et al.

305

founded on such observations. A more quantitative method of anal-
ysis measures activity within the superior and inferior orbicularis
muscle using electromyography (EMG) (7-10). Such studies have
reported significantly increased inferior orbicularis muscle activity
(9), significant differences in muscle activity in actions such as swal-
lowing (10), muscle activity, and muscle blood flow (BF) differences
between subjects with and without LI (11), poor endurance in the
orbicularis oris muscle in subjects with LI (12, 13), and evidence
that lip endurance training with LI subjects increases endurance with
increased training time (14). However, there have been no studies
comparing muscle endurance in LI and healthy subjects using any
parameters other than time.

In the extremities, measurement of muscle endurance is a com-
mon method for evaluating muscle conditioning, using various
parameters such as analysis of BF during the recovery period imme-
diately after loading (15-19), since BF increases during muscle load-
ing and returns to resting levels after a recovery period post-loading
(17). There is a close relationship between muscle endurance and
muscle BF during the loading and recovery phases (18) and the
recovery period in durable muscles is significantly prolonged com-
pared to that of less durable muscles (19). Thus, measuring BF from
the loading phase to the recovery period is an effective means for
measuring muscle endurance in the extremities.

Muscle fatigue, defined as ‘a state of exhaustion or loss of
strength or endurance’ (20), can also characterize muscle capacity,
considering the ‘point of fatigue’ as synonymous with the ‘limit of
endurance’ (21). Several studies have reported on muscle fatigue in
the extremities by measuring BF during graded exertion (22-27),
one of which found a significant negative correlation between the
rates of change in BF volume and muscle fatigue (27), with muscle
fatigue increasing as the rates of change in BF volume decrease dur-
ing graded exertion. These imply the importance of evaluating BF
not only during the recovery period but also during graded exertion.

To apply these findings to facial muscles like the orbicularis oris,
validated techniques of measuring not only muscle activity but also
muscle capacity (endurance and fatigue) in this region are necessary.
Our study aimed to measure BF during graded exertion and recovery
in subjects with and without LI using laser speckle imaging and to
evaluate endurance and fatigue in relation to BF in the orbicularis
oris. Demonstrating consistent differences between subjects with and
without LI is the first step to assessing the clinical efficacy of treat-
ments to change oral habits that contribute to LI and mouth breath-
ing, influence relapse after orthodontic treatment (28), and possibly
cause skeletal morphology and dental arch changes in childhood
(29).

Material and methods

Subjects

One hundred healthy adult subjects were recruited, including dental
students and staff members of the hospital. Exclusion criteria were: 1.
any nasal deformity, infection, allergy or nasal disease; 2. congenital
malformation including clefting and temporomandibular joint dys-
function; and 3. current use of medications that affect muscle activity.
Prior to the experiment, we confirmed that there was no significant
difference in BF or EMG activity between the right and left hemi-
spheres of the orbicularis oris muscle. Subjects were classified into
two subgroups, namely those with and without distinct muscular
tension, manifesting as dimpling of the skin in the mental region dur-
ing lip sealing at the mandibular rest position (7). Classification was
performed by three examiners certified by the Japanese Orthodontic

Society (J.T., J.J.M., and K.M.) (7). Accordingly, 15 subjects (4 male
and 11 female; mean age: 29.0 = 1.3) with elevated muscular tension
were assigned to an experimental group, and 15 sex-matched subjects
were selected for a control group (with no observable elevation in
muscle tension; mean age: 29.6 = 1.1 years) by simple randomized
sampling of the remaining 85 subjects (36 male, 49 female) using
a random number table. All procedures in this study were in com-
pliance with the Code of Ethics of the World Medical Association
(Declaration of Helsinki) and the standards established by the Ethical
Review Board of our institution, which specifically approved this
study (#587). Procedures were fully explained to all participants, who
each provided written informed consent before the study.

The sample size was estimated to be 30 subjects for an effect
size of 1 (30) for the 70%RM and 50%RM groups variable, with a
power calculation of 0.80 and an alpha of 0.05 (G* Power, version
3.1.9.2; 31).

Data acquisition

The anteroposterior relation of the dentition (overjet) and the verti-
cal relation (overbite) were measured in each subject using a study
model. Prior to the experiment, a custom-made traction plate was
fabricated from 0.75-mm thick plastic and applied to the upper and
lower oral vestibules in each subject (Imprelon S, Scheu-Dental Co.,
Iserlohn, Germany). This traction plate was designed to have the
same height as that between the upper and lower incisor cervical
areas, and the same inter-canine width. To avoid negative pressure
from the oral vestibules, the plate was punctuated with 5-mm holes.
Subjects were placed in an upright sitting position with the head
fixed such that the Frankfort horizontal plane was parallel to the
floor, and instructed to breathe nasally. Traction plates were inserted
in the upper and lower oral vestibules, and the maximum contractile
tension of the orbicularis oris muscle (single repetition of maximal
output: 1-RM) was measured by pulling against the plate connected
to the tension gauge (LT6-5S; SSK Co. Ltd., Tokyo, Japan) using
a custom-made traction device until the plate is pulled out of the
mouth (Figure 1). Accurate 30, 50 and 70 per cent load values were
then calculated based on this maximum contractile tension for each
subject.

Blood flow in the superior and inferior orbicularis oris was
measured using a laser speckle imager (moorFLPI Full-Field Laser
Perfusion Imager; Moor Instruments, Axminster, UK). The sensor
was positioned 30 cm from the upper lip, producing high-resolution
images with a display rate of 25 Hz, time constant of 1.0 s, and cam-
era exposure time of 20 ms. The target areas were the superior and
inferior orbicularis oris muscles, with two regions of interest (ROIs)
defined for each muscle in each image (Figure 2). Mean blood per-
fusion was estimated based on perfusion values in an area 3 mm
x 3 mm (144 pixels). EMG activity was simultaneously recorded
under the same conditions as for BF recording, using bipolar surface
electrodes of 8.0 mm in diameter (Nihon Kohden, Tokyo, Japan)
attached to the skin contralateral to the ROIs for the BF measure-
ments (Figure 3). The surface electrodes were attached to the skin
20 mm apart on the upper lips and 15 mm apart on the lower lips,
according to the relevant anatomical orientation (9, 11). To exclude
inter-examiner error, the same examiner attached the electrodes in
each subject. The signal from the electrodes was amplified using a
biophysical preamplifier, digitized at a sampling frequency of 2000
Hz using data acquisition software (Lab chart, AD Instruments,
Australia), and stored on a personal computer.

As described in previous studies (12, 13), the maximum achievable
tension was defined as 1-RM and experimental loads subsequently
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Figure 1. Muscle activity was measured by pulling against a traction plate connected to a tension gauge. (a) Oblique view of the tension gauge connected to the

custom-made traction machine during exercise period. (b) Schematic illustration of the intraoral traction plate.
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Figure 2. Images showing BF in defined regions of interest (ROIs). Two ROls on the perioral muscles were defined in each image. ROls were set according to the
same regions of electrodes as those used for EMG activity measurement. ROI1 denotes the superior orbicularis oris muscle, whereas ROI2 indicates the inferior
orbicularis oris muscle. (a) Typical laser speckle perfusion image of a control group subject. (b) Typical laser speckle perfusion image of an experimental group
subject. For each image series, the left-hand, middle and right-hand panels represent the rest, exercise and recovery periods, respectively.

calculated as 30, 50, and 70 per cent of 1-RM. Three recording ses-
sions were performed at each loading condition. Each session con-
sisted of a rest period, exercise period, and recovery period. The rest
period was defined as the habituation time (>5 min) after plate inser-
tion. The exercise period comprised an alternating pattern of twenty
5-s periods of load separated by twenty 5-s periods without load. The
BF and EMG were recorded simultaneously for the superior and infer-
ior orbicularis oris. The recovery period was the 25-s period imme-
diately post-exercise. Each participant rested for 10 min without a
traction plate in a sitting position prior to measurement, and again
between sessions. Total experimental duration was approximately 1 h.

Data analysis

Data are, unless otherwise stated, shown as mean = SD. For the rest
period, a stable record (5-s duration) of raw EMG signals at two tar-
get areas at each load were processed through full-wave rectification
and integration, and the mean EMG activity was calculated. Likewise,
a stable 5-s record of BF at the two target areas at each load were
randomly selected to calculate mean BE. An identical procedure was
used to measure EMG and BF in the exercise period, except that the

mean EMG activity and BF values were calculated from five randomly
selected 3-s stable signals. Finally, mean BF was measured for each 5 s
block in the 25-s recovery period (Figure 4; RO, 0-5 s; R1, 6-10 s; R2,
11-15 s;R3,16-20 s; R4,21-25 s). For all BF and EMG activity meas-
urements, the smallest number of trials meeting the criteria (ICCs2
0.80, SEM %< 25%) was identified, indicating the minimum number
to trials required for sufficient repeatability and reliability (32, 33).

Statistical analysis
The Mann-Whitney U test was used to compare the maximum
tension, overjet and overbite, the rate of change in BF volume, and
the BF and EMG activity in the exercise period between the con-
trol and experimental groups. The Wilcoxon signed-rank test with
Bonferroni correction was used to detect differences in BF and EMG
activity in the exercise period at each different load. The Steel test
was used to compare BF data for each recovery period (R0O-R4) to
those from the rest period.

All procedures were performed with commercial statistical soft-
ware (SPSS Release 13.0, Chicago, Illinois, USA). All tests were two-
tailed, with P<0.05 considered to be statistically significant.
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Results

Laser speckle imaging

Typical examples of laser speckle images of BF in the control and
experimental groups during the rest, exercise, and recovery periods
are shown in Figure 2.

Dental evaluation

Based on study model analysis, the mean overjet was 4.3 =+ 1.5 mm in
the experimental group and 2.3 = 1.2 mm in the control group, a stat-
istically significant difference. The mean overbite was 2.2 + 1.7 mm
in the experimental group and 2.0 = 1.9 mm in the control group,
which was not statistically significantly different.

Comparison of the maximum tension of

the orbicularis oris muscle in control and

experimental groups

In 8 male and 22 female subjects, the average maximum tension was
1477 = 344 kgf and 1153.9 = 264 kgf, respectively. Moreover, the
average maximum tension was 1247 = 364 kgf for the control group
and 1232 = 364 kgf in the experimental group. Neither of these dif-
ferences were statistically significant.

Comparison of BF and EMG activity at each load
condition

Figure 5 shows the changes in BF and EMG activity for each load con-
dition. Significant differences in BF between loading conditions were
observed for both superior and inferior orbicularis oris in the control
group. In contrast, in the experimental groups, there were significant
differences in BF between the 30%RM and 50%RM conditions, and
similarly between the 30%RM and 70%RM conditions for the super-
ior and inferior orbicularis oris, but not between the 50% RM and

Figure 3. Positioning of the bipolar surface electrodes. Both lateral and
medial electrodes were set in both experimental and control groups (1:
superior orbicularis oris; 2: inferior orbicularis oris).
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70% RM conditions for only the inferior orbicularis oris. Significant
differences in EMG activity between different loading conditions were
observed in both superior and inferior orbicularis oris in the control
group. Similarly, in the experimental groups, there were also signifi-
cant differences in EMG activity between each loading condition for
the superior and inferior orbicularis oris. Furthermore, there were no
significant differences in the BF and EMG activity between the control
and experimental groups. Additionally, there were no significant dif-
ferences in the BF and EMG activity between male and female subjects
in the control and experimental groups.

Comparison of the rate of change in BF volume and
EMG activity at different loading conditions

Figure 6 shows the rate of change in BF volume through the super-
ior and inferior orbicularis oris in the control and experimental
groups. Significant differences were found in the inferior orbicularis
oris between the 70%RM and 30%RM groups, and between the
70%RM and 50%RM groups. No other significant differences were
found for either BF or muscle activity.

Comparison of BF rates in the rest and recovery
periods

Figure 7 shows the changes in BF in the rest and recovery peri-
ods. Compared with BF during rest in all muscles in the control
group, there were significant differences in BF during each recovery
period (RO, R1, R2, and R3). However, in the experimental group,
there were no significant differences in BF from recovery period
R2 onwards. Significant differences were observed for BF during
the recovery period in both the superior and inferior orbicularis
oris in the control group at RO, notably between the 30%RM and
70%RM, and 50%RM and 70%RM conditions. Conversely, in the
experimental group, there were no significant differences in BF at
RO. There was no significant difference between the groups in terms
of BF in the RO recovery period.

Discussion

Our study is, to our knowledge, the first to show a significant dif-
ference in the rate of change in BF to the inferior orbicularis oris
muscle during graded exertion between subjects with and without
LI Moreover, we have shown that the increased BF during the recov-
ery period of both orbicularis oris muscles is more prolonged in the
control group than in the experimental group.

Measurement conditions

It has been reported in previous studies that the orientation and pos-
ition of the electrodes affects the reproducibility of EMG measurements.
Thus, in this study, the positioning of the bipolar electrodes was in
accordance with that described in previous studies to allow direct com-
parison (9, 11, 34, 35). A recent study documents the optimal placement
strategy for monopolar electrodes in the inferior orbicularis oris, but

L
Rest period

Exercise period

Recovery period

Figure 4. Study design. Rest period consists of at least 5 min of habituation after plate insertion. The Exercise period follows, with solid and open blocks
indicating the ‘loaded’ and ‘unloaded’ phases, respectively. The recovery period is the 25 s immediately after exercise, and is sub-divided into five blocks of 5 s.
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Figure 5. EMG and BF values at different loading conditions in the control and experimental groups. Box-and-whisker plots show the distribution of BF (a) and
EMG activities (b) in the control group (open bars) and experimental group (hatched bars) at different loading conditions. The line in each box represents the
median of 30 subjects. The lower and upper boundaries of the box indicate the 25th and 75th percentiles. Error bars represent the 1.5-fold interquartile range.
*Denotes a significant difference between the indicated loading conditions (P < 0.05 with the Bonferroni correction).

a) Superior orbicularis oris muscle b) Superior orbicularis oris muscle
(%) (%)
200 - 300 —
150 —
b o
7 T % $ ﬁ = $
100
50 —
0 0 | i
50/30 70/50 70/30 50/30 70/50 70/30
Inferior orbicularis oris muscle Inferior orbicularis oris muscle
(%) (%)
200 — 300

150 —

100

50 —

o S &

*
| —

s

200 —

100 —

Ly &, O

50/30

70/50

70/30

50/30 70/50 I 70/30

Figure 6. Rate of change in BF volume and EMG activity. Box-and-whisker plots show the distribution of the rate of change in BF (a) and EMG activities (b) in
the control group (open bars) and experimental group (hatched bars) at different loading conditions. The line in each box represents the median of 30 subjects.
The lower and upper boundaries of the box indicate the 25th and 75th percentiles. Error bars represent the 1.5-fold interquartile range. *Denotes a significant
difference between the indicated groups (P < 0.05).
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Figure 7. Changes in BF between the rest and recovery periods. Data are mean + SD of the change in BF in the superior and inferior orbicularis oris muscle
between the rest and recovery periods in (a) the Control group and (b) the Experimental group. RP: rest period; RO, R1, R2, R3, and R4 correspond to the periods
at0-56's,6-10 s; 11-15s, 16-20 s, and 21-25 s after exercise, respectively. *P < 0.05 denotes a significant difference between RP and the groups indicated.

not for the superior oris (36). Comparing our study and this previous
report, the centre of the bipolar electrodes for the inferior orbicularis
oris muscle was within the optimal range in the horizontal position, but
not for vertical or angular positions. This was largely unavoidable since
the vertical and angular position of the electrodes was dependent on
the position of the lower lip vermilion, and placement was restricted by
the need to not overlap the lower lip. Previous study noted high inter-
individual variability in electrode placement relative to muscle fibre
orientation and position in the inferior orbicularis oris muscle. Thus,
in this study, a single examiner positioned the electrodes to maintain
consistency in electrode positioning relative to muscle fibre orientation.

Several previous studies have reported investigations of BF meas-
urements in muscle of the extremities, but only of these used the laser
speckle imager (11). Our study thus used an identical protocol to
that study to measure muscle BF in the orbicularis oris. When using
laser speckle imaging to measure BE, it is necessary to ensure that the
resting BF is stable before measurement, and that the patient makes
no distinct movements during measurement (37). We confirmed the
position of the ROIs in accordance with a previous study that used
laser Doppler perfusion imaging (11). In our pilot study, we evalu-
ated the accuracy and reliability of BF and EMG activities on both
sides and found no significant difference.

Previous studies have suggested that EMG activity in the superior
orbicularis oris muscle increases in subjects with LI, a large overjet
and an anterior open bite (38). Conversely, others have reported that
EMG activity in superior orbicularis oris muscle is not correlated
with overjet, overbite, or incisor inclination in subjects with a Class
II malocclusion (39). In the present study, the sample contained no
subjects with any open bite, and there were no significant differences
in the average overbite in each group. Although the overjet in the
experimental group was significantly greater than that in the control
group, there were no significant differences in BF and EMG activity
between the groups during the rest period, indicating that the overjet
has negligible impact on these parameters.

BF and EMG activity during orbicularis oris muscle
exercise

In the control group, the BF and EMG activity of the superior and
inferior orbicularis oris were significantly different at each load con-
dition, with the general trend being that BF and EMG activity were
positively correlated with the load. However, in the experimental
group, although there were significant differences in EMG activity
of the superior and inferior orbicularis oris muscles between some
load conditions, this was not the case for BF between the 50%RM
and 70%RM groups (i.e. in high load conditions) for the inferior
orbicularis oris. Significant differences were found in the rate of
change in BF to the inferior orbicularis oris between the 70%RM and
30%RM groups, and between the 70%RM and 50%RM groups. In
peripheral skeletal muscles, it is known that BF changes in response
to muscular contraction relative to muscular fatigue (18). Douglas
et al. (40) reported that rapid muscle fatigue during training results
from reduced BE. Moreover, Sugaya et al. (27) measured changes in
BF and muscle fatigue in different loading conditions and concluded
there were significant negative correlations between muscle fatigue
and the rate of change in BF volume. They stated that muscle fatigue
increased in subjects where muscle BF was inadequate relative to
the load exerted. Thus, it is suggested that rapid muscle fatigue in
the inferior orbicularis oris of subjects with LI in high-load condi-
tions might be caused by reduced blood supply rather than reduced
effort. In this study, the significant difference in the rate of change
in BF during graded exertion between subjects with and without LI
was observed only in the inferior orbicularis oris muscle. Previous
studies have suggested that the lower lip plays an active role in lip
sealing while the upper lip plays a passive role in anterior lip sealing
(41, 42). Another study noted that additional effort was needed in
the inferior orbicularis oris muscles to hold the lips in contact in
subjects with LI (9). Accordingly, the inferior orbicularis oris muscle
may be more fatigable than superior orbicularis oris muscle.
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BF during the recovery period

Generally, BF during the rest period after a period of loading rap-
idly restores baseline levels of metabolites such as lactic acid (40,
43). Several previous studies have characterized BF to peripheral
skeletal during recovery (17-19) and found that—in the quadriceps
muscle—load-tolerant muscles are more congested and have more
prolonged increases in BF during rest than that recorded in load-
intolerant muscles (18, 19). In the present study, BF to all orbicula-
ris oris muscles during the recovery period was more prolonged in
the control group than in the experimental group. Therefore, our
study suggests that orbicularis oris muscles in the control group are
more load-tolerant than those in the experimental group. Thus, sub-
jects with LI appear to exhibit low endurance and rapid fatigue in
their inferior orbicularis oris muscles compared with those subjects
without LI, whose muscles are relatively load-tolerant and slow to
fatigue. Furthermore, this correlation indicates that the measure-
ment of BF during exertion and recovery (e.g. capacity of muscle)
may be valid for the assessment of treatment outcomes following
myofunctional therapy (MFT).

Limitations

The sample used here was controlled for malocclusion (including
open bite) to eliminate this type of confounding effect. Moreover,
we acknowledge that the regulation of orbicularis oris muscle activ-
ity is multi-factorial, being differentially influenced by oral habits,
occlusal conditions, and the vertical and sagittal facial dimensions. It
remains unclear whether BF in subjects with LI is improved by MFT,
and further studies are required to clarify the relative influence of
morphological (i.e. maxillofacial anatomy) and functional (i.e. BF
and EMG activity) factors pre- and post-MFT.

Conclusions

We found significant differences in the rate of change in BF to the
inferior orbicularis oris during graded exertion between subjects
with and without LI. Moreover, the prolongation of BF during the
recovery period in the control group relative to that in the experi-
mental group leads us to conclude that BF is a key factor in endur-
ance and fatigue in the orbicularis oris muscles and is thus a relevant
determinant of lip competency.
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