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Abstract
Some muscles have demonstrated a differential recruitment of their motor units in relation

to their location and the nature of the motor task performed; this involves functional compart-

mentalization. There is little evidence that demonstrates the presence of a compartmentali-

zation of the superficial masseter muscle during biting. The aim of this study was to

describe the topographic distribution of the activity of the superficial masseter (SM) mus-

cle’s motor units using high-density surface electromyography (EMGs) at different bite force

levels. Twenty healthy natural dentate participants (men: 4; women: 16; age 20±2 years;

mass: 60±12 kg, height: 163±7 cm) were selected from 316 volunteers and included in this

study. Using a gnathodynamometer, bites from 20 to 100%maximum voluntary bite force

(MVBF) were randomly requested. Using a two-dimensional grid (four columns, six elec-

trodes) located on the dominant SM, EMGs in the anterior, middle-anterior, middle-posterior

and posterior portions were simultaneously recorded. In bite ranges from 20 to 60%MVBF,

the EMG activity was higher in the anterior than in the posterior portion (p-value = 0.001).

The center of mass of the EMG activity was displaced towards the posterior part when bite

force increased (p-value = 0.001). The topographic distribution of EMGs was more homoge-

neous at high levels of MVBF (p-value = 0.001). The results of this study show that the su-

perficial masseter is organized into three functional compartments: an anterior, a middle

and a posterior compartment. However, this compartmentalization is only seen at low levels

of bite force (20–60%MVBF).

Introduction
The masseter muscle is involved in complex motor tasks such as swallowing, biting and talking.
Anatomically, it consists of two portions, superficial and deep [1, 2], which function
differently in mandibular movements [3]. Heterogeneity in the activation of motor units has
been observed in these portions, thereby configuring functional compartmentalization [3–6].
In the deep masseter muscle, two functional compartments, an anterior and a posterior, have
been clearly identified [3]. However, in the superficial masseter muscle, results have been
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inconclusive. One of the factors responsible for these inconclusive results could be the re-
cording technique used. Previous studies [3, 6] have used fine-wire electrodes, which have a
reduced recording area, only depicting the activity of small areas of the muscle [7]. By con-
trast, in high-density surface electromyography (HDEMGs) [8, 9], surface electrodes are
used. These electrodes are arranged in a two-dimensional matrix that provides a broad re-
cording area and covers much of the total area of a superficial muscle, thus making it possible
to record the activity of many motor units (MUs) in different parts of the same muscle. In
combination with new evidence obtained in vivo that supports the presence of functional
compartmentalization of the human superficial masseter (SM), this research could help facil-
itate a better understanding of this muscle´s function in addition to the associated motor
control mechanisms. This evidence could potentially be useful in the evaluation of normal
and dysfunctional conditions and rehabilitation. Furthermore, availability of data regarding
muscle activation of the SM in its various portions may be useful in modeling techniques
when it is not feasible to collect in vivo data, such as in the case of virtual anthropology re-
search [10–12].

The aim of this study was to describe the topographic distribution of the activity of the SM
muscle motor units using non-invasive EMG at different levels of bite force (BF) to evaluate
the following hypothesis: “the SM has a functional compartmentalization in vivo, as measured
withHDEMGs, with regard to the magnitude of the BF”.

Methods

Participants
Samples were obtained following the procedure shown in Fig. 1. All volunteers were asked to
complete the Goldberg anxiety-depression questionnaires [13] and the temporomandibular
disorders questionnaire [14], which were used to identify any participants who had symptoms
or signs of temporomandibular disorders. A dental clinical examination based on the Research
Diagnostic Criteria for Temporomandibular Disorders was applied to volunteers without
symptoms and signs (Score = cero in both questionnaires) [15] to rule out the presence of
temporomandibular disorders. Twenty volunteers (men: 4; women: 16; age: 20 ± 2 years old;
mass: 60 ± 12 kg; height: 163 ± 7 cm; mean ± standard deviation) were selected. The Bioethics
Committee of the Universidad de Los Andes approved the study. All participants provided
written informed consent. The experiment was performed according to the principles and
guidelines of the Declaration of Helsinki (1975).

Experimental protocol
Each volunteer sat in a dental chair with the backrest inclined to 110° with a head support and
a slight head-neck extension of 10°. Volunteers were asked to make three bites on a gnathody-
namometer with maximum voluntary bite force (MVBF). Each bite lasted five seconds with
one minute rest in between. The magnitude of the MVBF was defined as the maximum force
value recorded in the three bites. Then, volunteers performed four submaximal voluntary bites
(SMVBF) equivalent to 20, 40, 60 and 80% of the MVBF, randomly. Each repetition lasted
15 seconds, with a five minute rest period in between. Volunteers received real-time visual
feedback of the dominant side BF with a bar graph displayed on a monitor in front of them to
help control its magnitude. Prior to all records, participants performed a series of tests in order
to become familiar with the procedure. During the maximum voluntary bite force and submax-
imal voluntary bites tests, both BF and EMG activity were simultaneously recorded and stored
for further analysis.
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Figure 1. Study design.RDCTMD: Research diagnostic criteria for temporomandibular disorders. MVBF: Maximal voluntary bite force. SMVBF:
Submaximal voluntary bite force. HDEMGs: High density surface electromyography.

doi:10.1371/journal.pone.0116923.g001
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Bite Force registration
The BF was isometrically assessed at the level of first molars at an interocclusal distance (IOD)
of eight millimeters using a gnathodynamometer similar to that used in a previous study [16],
which contained two stainless steel handles, each one with a strain gauge type sensor (KFG-
2N-120-C1–11L1M2R: One Omega Drive. Stamford. USA). Both handles were linked by an
arch-shaped bridge. BF records were bilateral and simultaneously performed. The interocclusal
contact surface of the gnathodynamometer was covered by leather, which has proven to facili-
tate a good reproducibility rate of MVBF [17]. The entire gnathodynameter was covered with a
disposable polyethylene bag. To avoid cross-infections, both the leather covers and the bag
were replaced for each participant’s assessment. The gnathodynamometer signals were ampli-
fied with a gain of 162 and filtered using a fourth-order Butterworth low-pass filter, 450 Hz
(Nidaq2: Kinetecnics. Santiago. Chile). This device had a linear range between 0 and 1.5 kN
(r² = 0.99) and was shown to have a high reproducibility rate (intraclass correlation coeffi-
cient = 0.95).

Electromyographic record
The dominant side, defined as the chewing side preference, was selected to obtain EMG rec-
ords; on that side, the skin was cleaned with an abrasive paste (Everi: Spes Medica s.r.l. Batti-
pagglia (SA), Italy) to improve the quality of the EMG records. The orientation of the fibers of
the SM was determined by a straight line between the gonion and the cantus [18] and was cor-
roborated by examining the direction of propagation of motor action potentials with a linear
array of 16 surface electrodes (with an inter-electrode distance [IED] of 2.5 mm). Next, a flexi-
ble array of 24 surface electrodes was installed, and they were arranged in four columns of six
electrodes each, with an IED of ten millimeters. The columns of the matrix were parallel to the
muscle fibers. Thus, the EMG activity was recorded in four sites of the SM, which from the an-
terior to posterior part corresponded to the following columns: Anterior (A), Middle-Anterior
(MA), Middle-Posterior (MP) and Posterior (P) (Fig. 2a). From the 24 electrodes, 20 bipolar
EMG signals were amplified, distinguishing the records according to the columns. Signals were
amplified with a gain of 2000 and digitized at a sampling frequency of 2048 Hz at a 12 bit reso-
lution (EMG-USB2: OTBiolettronica Turin. Italy. 3 dB bandwidth 10–500 Hz). The matrix
was fixed with a hypoallergenic adhesive, and the space between the electrodes and the skin
was filled with a conductive cream (AC Cream: Spes Medica s.r.l. Battipagglia (SA). Italy).

EMG signal Processing
All stored EMG signals were subjected offline to a second-order Butterworth digital filter with
a bandwidth of 20–400 Hz (OT BioLab 1.7: OTBioelettronica. Turin. Italy). The amplitude of
the signals was calculated using the root mean square (RMS). For the signals recorded during
SMVBF, a window without overlap of 500 ms was used; in the signals of MVBF, a window of
50 ms was used. This window width was used to obtain a higher resolution in the search for a
maximum value during MVBF. The maximum values for each one of the 20 signals recorded
during the MVBF were determined. These values were considered to be the maximum EMG
amplitudes produced voluntarily. Subsequently, the 20 signals recorded during the bites at
SMVBF were normalized to their respective maximum values and expressed as percentages.
For analysis of the signals recorded during the SMVBF, only the central five seconds from the
recorded 15 seconds were considered. This was done to obtain data in a stable state; thus, fluc-
tuations associated with reaching the force level during the first five seconds and the possible
effects of muscle fatigue during the final five seconds were discarded. For the 20 signals, in each
one of the BF levels, ten normalized EMG amplitude values (corresponding to the five seconds
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of analysis) were obtained. These ten values were averaged for each signal, and the averages of
the five signals corresponding to each column were then averaged. This was done for each BF
level, providing a normalized amplitude value representing the level of activation of motor
units pertinent to the territory of each column (A, MA, MP and P). To describe changes in the
topographical distribution of the SM EMG activity at different bite levels, the position of a
center of mass (COM) was calculated from the normalized amplitude values, and the anterior-
posterior (COMx) and cephalocaudal (COMy) positions were considered. A modified entropy
index [19] was used to describe the uniformity degree in the distribution of the EMG activity.
The entropy index measures the uniformity of a data set in arbitrary units. This index is maxi-
mized when the data of the set have the same values, describing a consistency between them.
When the index is at the minimum, there is excessive variation in the data. Therefore, this
index was used to characterize the level of homogeneity or heterogeneity between the activation
levels of the different regions of the SM. Farina et al. [19] have described the entropy rate
ranges between five and six arbitrary units.

Topographic maps were constructed to describe the distribution of the EMG activity in
the SM (Fig. 2b). The maps were constructed with the RMS amplitude values standard for
each channel and with the position coordinates of the channels within the grid of electrodes.
Both data sets were multidirectionally interpolated with an eight factor. This procedure was
performed using a signals analysis software application (IgorPro 6.0: WaveMetrics Inc. Port-
land, USA).

Statistical analysis
A descriptive statistical analysis (mean and standard deviation) of the normalized amplitude
variables of each column (A, MA, MP and P) of the COMx and COMy positions, the entropy
indices, and the MVBF was performed. Moreover, the type of distribution of these variables
was studied using the Shapiro-Wilk test. To determine the possible differences in the level of
activation of the various portions of the SM, a comparison of the amplitude values between the
four columns within each SMVBF level was performed. Entropy values and COMx and COMy

Figure 2. Show the matrix of electrodes used and the topographic maps of the amplitude of the EMG activity of the superficial masseter. (A) Matrix
of 24 surface electrodes arranged in four columns: anterior (A), middle-anterior (MA), middle-posterior (MP) and posterior (P) columns. C: cantus, G: gonion.
(B) Examples of topographic maps of the amplitude of the EMG activity of the superficial masseter recorded during bites at 20, 40, 60 and 80% of voluntary
maximum bite force (VMBF). Maps were constructed in windows of 500 ms and with an interpolation factor of 8. Amplitude values of each map are expressed
as a percentage of the maximum value of each one. �: electrode positions. *: location of center of mass. *: location of center of mass at 20% of VMBF.

doi:10.1371/journal.pone.0116923.g002
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positions between the different SMVBF levels were also contrasted. All comparisons were per-
formed by using a one-way analysis of variance and a pairwise Bonferroni post hoc test. All
analyses were performed as two-tailed tests with a significance level of 95% (STATA/SE 12.1.
StataCorp. College Station. USA).

Results
All analyzed variables showed a normal distribution (p<0.0001), and they are expressed as
their means and standard deviations (SD), as shown in Table 1. Fig. 3a shows the normalized
EMG amplitude values for the anterior (A), middle-anterior (MA), middle-posterior (MP) and
posterior (P) columns at different percentages of MVBF. At the level of 20%, the amplitude for
A was higher in relation to the posterior columns, P (p<0.0001) and MP (p = 0.001). In this
same parameter, MA showed a higher value than P (p = 0.01). At 40%MVBF, A also showed a
higher amplitude than P (p<0.0001) and MP (p = 0.001). For the 60%MVBF, the amplitude
of A was higher than the amplitude of P (p = 0.001). The activation difference between A and P
is shown in Fig. 3a. COMx was displaced to the posterior part of the SM as the percentage of
the MVBF increased. COMx positions at 60% (p = 0.001), 80% (p<0.0001) and 100%MVBF
(p<0.0001) were more posterior than those recorded at 20% (Fig. 3c). For COMy, no signifi-
cant changes were observed. The average MVBF was 292 Newton (SD = 77 N). Entropy indices
recorded at 60% (p = 0.001), 80% (p<0.0001) and 100%MVBF (p<0.0001) increased in com-
parison to that observed at 20% (Fig. 3b).

Discussion
This study showed a difference in the motor unit’s recruitment of the anterior and posterior
portions of the SM during bite at low levels of submaximal force. This result supports the pres-
ence of functional compartmentalization of the SM.

Our results indicate that during a bite at a low level of MVBF (20–60%), the MUs located in
the anterior parts of the SM are recruited more than those of the posterior parts. From the bio-
mechanical point of view, during a static bite with a vertical dimension close to the intercuspal
position, the axis of jaw rotation is located in the condyles of the temporomandibular joints.
Therefore, the MUs of the anterior portion have a stronger lever arm than the posterior MUs
[6, 20]. This factor provides a mechanical advantage to the anterior MUs, and possibly, for that
reason, they have a lower activation threshold. In this study, the IOD was constant; therefore,
we cannot guarantee that the behavior of the anterior MUs in relation to posterior MUs is
maintained at different IODs, as recently observed using bipolar electrodes [21]. Furthermore,

Table 1. Means and standard deviation of normalized electromyographic amplitude for four recording sites of the superficial masseter muscle
during bites at different percentages of maximal voluntary bite force by healthy volunteers (n = 20).

Columns 20% 40% 60% 80% 100%

Anterior 29.5(5.6)A,B 46.9(6.4)A,B 60.1(6.0)A 84.1(9.8) 97.7(2.5)

Middle-Anterior 26.9(4.4)C 42.8(6.8) 58.2(6.2) 82.2(9.0) 98.3(1.6)

Middle-Posterior 24.5(3.2)B 39.5(7.1)B 56.0(6.1) 80.6(7.1) 98.4(1.6)

Posterior 22.4(2.9)A,C 37.3(4.9)A 53.4(6.3)A 80.3(7.4) 97.3(2.7)

%: percent of maximal voluntary bite force.
AStatistically significant difference between the Anterior and Posterior columns (p-value <0.05).
BStatistically significant difference between the Anterior and Middle-posterior columns (p-value = 0.001).
CStatistically significant difference between the Middle-anterior and Posterior columns (p-value = 0.01).

doi:10.1371/journal.pone.0116923.t001
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one bite at a submaximal level requires a finer control of force development. The results of this
study show that during submaximal levels of BF, the EMG activity was higher in the anterior
part than in the posterior part. This EMG activity is proportional to the number of active MUs.
Thus, at low levels of BF, anterior MUs are recruited more than posterior ones. The higher acti-
vation of these MUs may be interpreted as a greater participation of these MUs in performing
fine motor tasks [22]. Possibly, at low levels of BF, the function of the posterior portion of the
SM is related to mandibular stabilization; however, this should be investigated in further stud-
ies. One finding from this study that supports this idea is that when the bite is taken to maxi-
mum levels of 80–100%MVBF (i.e., a grosser control task is performed), no differences in the
recruitment of MUs between regions of the SM were observed.

Differences in the levels of activity between the superficial and deep region of the human
masseter muscle during different tasks have been observed. The contribution of MUs in pro-
ducing bite force is not uniform in the masseter muscle; different activation patterns between
the jaw muscles and also between the superficial and deep masseter muscles are observed [23].
Furthermore, in data recently obtained by the authors of this study (unpublished) in relation to
the SM, variation in recruitment of the anterior and posterior MUs during chewing of different
types of food was observed, demonstrating that the compartmentalization observed in SM dur-
ing submaximal static contractions persists in isotonic contractions.

Figure 3. Masseter muscle electromyographic parameters at different levels of masticatory force. a) Amplitude in columns: Anterior (A), Middle-
Anterior (MA), Middle-Posterior (MP) and Posterior (P). b) Values of entropy. c) Position of the center of mass in X. d) position of the center of mass in Y. The
level of masticatory force is expressed as a percentage of MVBF. The differences are indicated by bars with their respective p-values.

doi:10.1371/journal.pone.0116923.g003
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The composition of the fibers of the jaw-elevator muscles has undergone evolutionary
changes in vertebrates. These changes have an adaptive origin depending on the diet of each
species [24]. In higher mammals, when comparing modern humans, great apes and monkeys,
there is a large difference in the size of the masticatory muscles. At the histological level, it has
been observed that the diameter of the type I muscle fibers between humans and monkeys
(Macaca fascicularis) do not differ in diameter [25]. Nevertheless, type II fibers from humans
would only have 1/8 of the diameter observed in these monkeys [25]. Thus, the mutation of
certain genes (MYH16) may be related to the reduction of the diameter of type II fibers [25]. In
addition to these differences and given the more complex functions that are performed by
these muscles in non-human primates, such as language, it is presumed that the structure of
the jaw-elevator muscles is more complex in humans than in primates. This complexity could
indicate the existence of functional compartmentalization.

The various levels of activation of the MUs located in the different SM recording sites
(A, MA, MP and P) could be related to a functional specialization of MUs depending on their
location. This functional specialization may be related to the heterogeneous distribution of the
type of muscle fibers within the SM. In masticatory muscles of animals, it has been observed
that in the most anterior and deepest regions, they contain more type I muscle fibers, while the
more superficial and posterior regions contain more type IIa fibers [26]. However, the topic is
controversial in humans. While some researchers have reported that the SM has a larger num-
ber of type IIa fibers [27], others argue that there would be a predominance of hybrid fibers
[28]. Furthermore, there are reports of a higher percentage of type I fibers in the anterior por-
tion of the SM [29]. Our results are consistent with those obtained previously by other authors
[3], given that during the bite at submaximal force, the MUs of the anterior part were more re-
cruited at low levels of the masticatory force than the MUs located in the posterior portion.
This would indicate that MUs of the SM would have different activation thresholds depending
on their location in the muscle. Previously, the differences in the activation thresholds of MUs
have been explained by the size principle [30], which describes the recruitment of MUs during
the development of progressive muscle force. At low force levels, the small MUs (motoneurons
of small soma size with fewer muscular fibers) are first recruited, while larger MUs (motoneu-
rons of larger soma size with more muscular fibers) are recruited as the demand of force is in-
creased. In most skeletal muscles, small MUs have slow contraction fibers or type I fibers, while
large MUs are formed by fast contraction fibers or type II fibers [20]. Our results indicate that
the MUs of the anterior portion of the SM have a lower activation threshold than those of the
posterior portion, which according to the size principle, suggests that the MUs located in the
anterior portion of the SM would be small MUs. In this direction, histological studies have
shown that type I muscle fibers are predominant in the anterior portion of the SM [29]. Inter-
estingly, these muscle fibers are larger in diameter than type II fibers [27, 29]; however, it has
been established that this larger size of the slow fibers does not imply a larger size of these
motor units [31]. To that end, our results would indicate that the recruitment of MUs in the
SM would not be in accordance with the size principle. Additionally, there is evidence that sug-
gests that in some special situations, the recruitment of MUs in the SM would not correspond
to the size principle [32]; therefore, there is a need for future research on the recruitment strate-
gies of the MUs in the SM under different conditions. Our results indicate that the MUs of the
SM are progressively recruited from the anterior towards the posterior portion. This assertion
is supported by the COMx behavior during the different levels of BF (Fig. 1c). At low levels of
BF, the COMx was located towards the anterior portion of the SM, and it moved towards the
posterior portion as BF increased. This can be interpreted as an increase in the recruitment of
the MUs located in the posterior portion of the SM when the demand of BF increases. This
conclusion implies that at low levels of BF, there is greater variation in recruiting MUs, and as
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the demand of BF increases, the MUs’ activity becomes more homogeneous. This statement is
supported by the entropy index behavior (Fig. 1b), which is consistent with that previously re-
ported by other authors [33].

One of the major limitations of this research was the sampling of a cohort of extremely
healthy individuals, which is not a common factor in the general population, from a dental per-
spective. Thus, we used a small sample consisting of young, healthy subjects with an ideal cra-
niofacial system growth and development. While perhaps our results cannot be extrapolated to
the general population, the selection of this sample allowed for the control of confounding fac-
tors associated with adaptive and/or pathological states of the masticatory system.

Regional differences in the level of activation were mainly observed at low levels of BF and
between the MUs located in A and P, not between those located in MA and MP; this could be
attributed to the fact that MUs located in these regions would be MUs with intermediate func-
tional characteristics compared to those located in A and P.

The results of this study show that motor units of the SM have different levels of activation
in relation to their location and developed BF level. The findings suggest that the superficial
masseter is organized into three functional compartments: an anterior, a middle and a poste-
rior compartment; however, this compartmentalization is only seen at low levels of BF
(20–60% MVBF).

Author Contributions
Conceived and designed the experiments: RG-V JB. Performed the experiments: RG-V JB JFB.
Analyzed the data: RG-V JB JFB. Contributed reagents/materials/analysis tools: RG-V JB JFB.
Wrote the paper: RG-V JB JFB.

References
1. Yoshikawa T, Suzuki T (1969) The comparative anatomical study of the masseter of the mammal (3).

Anat Anz 125(4):363–87. PMID: 4983375

2. Gaspard M, Laison F, Mailland M (1973) [Architectural organization and texture of the masseter muscle
in primates and man]. J Biol Buccale (1: ):7–20. PMID: 4517446

3. Blanksma NG, Van Eijden TM, Weijs WA (1992) Electromyographic heterogeneity in the humanmas-
seter muscle. J Dent Res 71(1):47–52. PMID: 1740556

4. McMillan AS, Hannam AG (1992) Task-related behavior of motor units in different regions of the human
masseter muscle. Arch Oral Biol 37(10):849–57. PMID: 1444895

5. Blanksma NG, van Eijden TM (1995) Electromyographic heterogeneity in the human temporalis and
masseter muscles during static biting, open/close excursions, and chewing. J Dent Res 74(6):1318–27.
PMID: 7629340

6. Blanksma NG, van Eijden TM, van Ruijven LJ, Weijs WA (1997) Electromyographic heterogeneity in
the human temporalis and masseter muscles during dynamic tasks guided by visual feedback. J Dent
Res 76(1):542–51. PMID: 9042076

7. Merletti R, Parker P (2014) Electromyography Physiology, Engineering and Noninvasive Applications.
Hoboken, New Jersey. Published by JohnWiley & Sons, Inc.

8. Masuda T, Sadoyaa T (1991) Distribution of innervation zones in the human biceps brachii. J Electro-
myogr Kinesiol. 1(2):107–15. doi: 10.1016/1050-6411(91)90004-O PMID: 20870500

9. Merletti R, Holobar A, Farina D (2008) Analysis of motor units with high-density surface electromyogra-
phy. J Electromyogr Kinesiol. 18(6):879–90. doi: 10.1016/j.jelekin.2008.09.002 PMID: 19004645

10. Groning F, Fagan M, O'Higgins P (2012) Modeling the human mandible under masticatory loads: which
input variables are important? Anat Rec 295(5):853–63. doi: 10.1002/ar.22455 PMID: 22467624

11. Fitton LC, Shi JF, Fagan MJ, O'Higgins P (2012) Masticatory loadings and cranial deformation in
Macaca fascicularis: a finite element analysis sensitivity study. J Anat 221(1):55–68. doi: 10.1111/j.
1469-7580.2012.01516.x PMID: 22690885

12. Shi J, Curtis N, Fitton LC, O'Higgins P, Fagan MJ (2012) Developing a musculoskeletal model of the pri-
mate skull: predicting muscle activations, bite force, and joint reaction forces using multibody dynamics

Compartmentalization of the Superficial Masseter

PLOS ONE | DOI:10.1371/journal.pone.0116923 February 18, 2015 9 / 10

http://www.ncbi.nlm.nih.gov/pubmed/4983375
http://www.ncbi.nlm.nih.gov/pubmed/4517446
http://www.ncbi.nlm.nih.gov/pubmed/1740556
http://www.ncbi.nlm.nih.gov/pubmed/1444895
http://www.ncbi.nlm.nih.gov/pubmed/7629340
http://www.ncbi.nlm.nih.gov/pubmed/9042076
http://dx.doi.org/10.1016/1050-6411(91)90004-O
http://www.ncbi.nlm.nih.gov/pubmed/20870500
http://dx.doi.org/10.1016/j.jelekin.2008.09.002
http://www.ncbi.nlm.nih.gov/pubmed/19004645
http://dx.doi.org/10.1002/ar.22455
http://www.ncbi.nlm.nih.gov/pubmed/22467624
http://dx.doi.org/10.1111/j.1469-7580.2012.01516.x
http://dx.doi.org/10.1111/j.1469-7580.2012.01516.x
http://www.ncbi.nlm.nih.gov/pubmed/22690885


analysis and advanced optimisation methods. J Theor Biol 310:21–30. doi: 10.1016/j.jtbi.2012.06.006
PMID: 22721994

13. Araya R, Wynn R, Lewis G (1992) Comparison of two self administered psychiatric questionnaires
(GHQ-12 and SRQ-20) in primary care in Chile. Soc Psychiatry Psychiatr Epidemiol 27(4):168–73.
PMID: 1411744

14. DeLeeuw R (2008) Orofacial Pain, Guidelines for Assessment Diagnosis, and Manegement. Fourth
Edition. Chicago. USA.

15. Dworkin SF, LeResche L (1992) Research diagnostic criteria for temporomandibular disorders: review,
criteria, examinations and specifications, critique. J Craniomandib Disord 6(4):301–55. PMID:
1298767

16. van Kampen FM, van der Bilt A, CuneMS, Bosman F (2002) The influence of various attachment types
in mandibular implant-retained overdentures onmaximum bite force and EMG. J Dent Res 81(3):170–3.
PMID: 11881630

17. Serra CM, Manns AE (2013) Bite force measurements with hard and soft bite surfaces. J Oral Rehabil
40(8):563–8. doi: 10.1111/joor.12068 PMID: 23692029

18. Castroflorio T, Farina D, Bottin A, Debernardi C, Bracco P, Merletti R, et al (2005) Non-invasive assess-
ment of motor unit anatomy in jaw-elevator muscles. J Oral Rehabil 32(10):708–13. PMID: 16159347

19. Farina D, Leclerc F, Arendt-Nielsen L, Buttelli O, Madeleine P (2008) The change in spatial distribution
of upper trapezius muscle activity is correlated to contraction duration. J Electromyogr Kinesiol 18-
(1):16–25. PMID: 17049273

20. Korfage JA, Koolstra JH, Langenbach GE, van Eijden TM (2005) Fiber-type composition of the human
jaw muscles-(part 1) origin and functional significance of fiber-type diversity. J Dent Res 84(9):774–83.
PMID: 16109984

21. Arima T, Takeuchi T, Honda K, Tomonaga A, Tanosoto T, Ohata N, et al (2013) Effects of interocclusal
distance on bite force and masseter EMG in healthy participants. J Oral Rehabil 40(12):900–8. doi: 10.
1111/joor.12097 PMID: 24033381

22. Osterlund C, Thornell LE, Eriksson PO (2011) Differences in fibre type composition between human
masseter and biceps muscles in young and adults reveal unique masseter fibre type growth pattern.
Anat Rec 294(7):1158–69. doi: 10.1002/ar.21272 PMID: 21634018

23. Ogawa T, Kawata T, Tsuboi A, Hattori Y, Watanabe M, Sasaki K (2006) Functional properties and re-
gional differences of humanmasseter motor units related to three-dimensional bite force. J Oral Rehabil
33(10):729–40. PMID: 16938101

24. Hoh JF (2002) 'Superfast' or masticatory myosin and the evolution of jaw-closing muscles of verte-
brates. J Exp Biol 205(Pt 15):2203–10. PMID: 12110654

25. Stedman HH, Kozyak BW, Nelson A, Thesier DM, Su LT, Low DW, et al (2004) Myosin gene mutation
correlates with anatomical changes in the human lineage. Nature 428(6981):415–8. PMID: 15042088

26. Sano R, Tanaka E, Korfage JA, Langenbach GE, Kawai N, van Eijden TM, et al (2007) Heterogeneity
of fiber characteristics in the rat masseter and digastric muscles. J Anat 211(4):464–70. PMID:
17692082

27. Serratrice G, Pellissier JF, Vignon C, Baret J (1976) The histochemical profile of the humanmasseter.
An autopsy and biopsy study. J Neurol Sci 30(1):189–200. PMID: 10353

28. Korfage JA, Koolstra JH, Langenbach GE, van Eijden TM (2005) Fiber-type composition of the human
jaw muscles-(part 2) role of hybrid fibers and factors responsible for inter-individual variation. J Dent
Res 84(9):784–93. PMID: 16109985

29. Sciote JJ, Rowlerson AM, Hopper C, Hunt NP (1994) Fiber type classification and myosin isoforms in
the humanmasseter muscle. J Neurol Sci 126(1):15–24. PMID: 7836942

30. Henneman E, Somjen G, Carpenter DO (1965) Excitability and inhibitability of motoneurons of different
sizes. J Neurophysiol 28(3):599–620. PMID: 5835487

31. Scutter SD, Turker KS (2000) Estimating relative motoneurone size in human masseter muscle.
Arch Oral Biol 45(7):617–20. PMID: 10785527

32. Yang J, Turker KS (2001) Distribution of periodontal afferent input to motoneurons of humanmasseter.
Arch Oral Biol 46(11):989–96. PMID: 11543705

33. Castroflorio T, Falla D, Wang K, Svensson P, Farina D (2012) Effect of experimental jaw-muscle pain
on the spatial distribution of surface EMG activity of the humanmasseter muscle during tooth clenching.
J Oral Rehabil 39(2):81–92. doi: 10.1111/j.1365-2842.2011.02246.x PMID: 21848526

Compartmentalization of the Superficial Masseter

PLOS ONE | DOI:10.1371/journal.pone.0116923 February 18, 2015 10 / 10

http://dx.doi.org/10.1016/j.jtbi.2012.06.006
http://www.ncbi.nlm.nih.gov/pubmed/22721994
http://www.ncbi.nlm.nih.gov/pubmed/1411744
http://www.ncbi.nlm.nih.gov/pubmed/1298767
http://www.ncbi.nlm.nih.gov/pubmed/11881630
http://dx.doi.org/10.1111/joor.12068
http://www.ncbi.nlm.nih.gov/pubmed/23692029
http://www.ncbi.nlm.nih.gov/pubmed/16159347
http://www.ncbi.nlm.nih.gov/pubmed/17049273
http://www.ncbi.nlm.nih.gov/pubmed/16109984
http://dx.doi.org/10.1111/joor.12097
http://dx.doi.org/10.1111/joor.12097
http://www.ncbi.nlm.nih.gov/pubmed/24033381
http://dx.doi.org/10.1002/ar.21272
http://www.ncbi.nlm.nih.gov/pubmed/21634018
http://www.ncbi.nlm.nih.gov/pubmed/16938101
http://www.ncbi.nlm.nih.gov/pubmed/12110654
http://www.ncbi.nlm.nih.gov/pubmed/15042088
http://www.ncbi.nlm.nih.gov/pubmed/17692082
http://www.ncbi.nlm.nih.gov/pubmed/10353
http://www.ncbi.nlm.nih.gov/pubmed/16109985
http://www.ncbi.nlm.nih.gov/pubmed/7836942
http://www.ncbi.nlm.nih.gov/pubmed/5835487
http://www.ncbi.nlm.nih.gov/pubmed/10785527
http://www.ncbi.nlm.nih.gov/pubmed/11543705
http://dx.doi.org/10.1111/j.1365-2842.2011.02246.x
http://www.ncbi.nlm.nih.gov/pubmed/21848526

