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A B S T R A C T

The periodontal ligaments are very important sensory organ for our daily life such as perception of food size or
hardness, determination of jaw position, and adjustment of masticatory strength. The sensory properties of the
periodontal ligament, especially those of the maxillary and mandibular molars, have not yet been fully investi-
gated. Somatosensory evoked magnetic fields (SEFs) can be measured and evaluated for latency and intensity to
determine the sensory transmission characteristics of each body parts. However, previous reports on SEFs in the
oral region have only reported differences in upper and lower gingival and lip sensations. In this study, the aim
was to clarify these sensory characteristics by measuring SEFs during mechanical stimulation of the periodontal
ligament in the maxillary and mandibular first molars. Somatosensory evoked magnetic fields were measured in
the contralateral hemispheres of 33 healthy volunteers. Mechanical stimulation of the maxillary and mandibular
right first molars, and the left wrist was performed with a specific handmade tool. The first peak latency for the
mandibular first molars was 41.7 � 5.70 ms (mean � SD), significantly shorter than that for the maxillary first
molars at 47.7 � 7.36 ms. The peak intensity for the mandibular first molars was 13.9 � 6.06 nAm, significantly
larger than that for the maxillary first molars at 7.63 � 3.55 nAm. The locations in the contralateral hemispheres
showed no significant difference between the maxillary first molars and mandibular first molars. These locations
were more anteroinferior and exterior than that of the wrist, as suggested by the brain homunculus. Neural signals
from the mandibular periodontal ligaments pass faster and more intensely to the central nervous system than
those from the maxillary periodontal ligaments, and may preferentially participate in adjustment of the occlusal
force and the occlusal position.
1. Introduction

Somatosensory responses of the periodontal ligaments are extremely
important in our daily life. The responses to mechanical stimulus provide
tactile, pressure, andvibratory senseswhichhelphumans todetect the size
or hardness of foods [1, 2], and recognize occlusionpoints [3]. In addition,
the integrated senses from the masticatory muscles and temporoman-
dibular joint allow the adjustment of the force of occlusion and mastica-
tion [4, 5]. Thehomunculusmodel of somatotopic functional organization
of the primary somatosensory cortex (S1) includes the periodontal liga-
ments [6]. Previous studies have investigated the responses and locations
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of projections in the brain to the oral senses using various experimental
methods and devices, with procedures depending on the specific design.
Animal experiments have involvedmechanical or electrical stimulation of
the teeth, tongue, lips, and other areas, and have identified the somato-
topic organizations of the oral senses in S1 [7, 8, 9, 10].

Human studies have used electrical stimulation of various oral organs,
and brain waves were measured by electroencephalography (EEG) to
investigate the related brain activities. The initial and second peaks of the
responses around 13 ms and 18 ms, called N13 and P18, were found by
electrical stimulation of the tongue, and upper and lower gums [11, 12].
Somatosensory evoked potentials (SEPs) were measured with electrical
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stimulation to the upper right gums, and suggested that the intensity was
larger in the contralateral than in the ipsilateral hemisphere [13]. The
superior spatial resolution of functional magnetic resonance (MR) imag-
ing has revealed the somatotopic organization of the oral senses [14, 15,
16]. Mechanical stimulation of the maxillary right and left central incisors
and canines by the von Frey filaments identified response locations in S1
and secondary somatosensory cortex (S2) [17]. The cortical projections in
S1 were bilateral with slight contralateral predominance for 75% of ca-
nines. Periodontal sensations from the teeth are transmitted through the
trigeminal ganglion and the trigeminal mesencephalic nucleus. Peri-
odontal sensations through the trigeminal ganglion are known to project
to S1, whereas periodontal sensations through the trigeminal mesence-
phalic nucleus project to the main sensory nucleus [18], but not to the S1.
However, functional near-infrared spectroscopy and EEG studies have
failed to detect any significant difference between the maxillary and
mandibular periodontal ligaments in latency and intensity [19, 20].

Magnetoencephalography (MEG) is a noninvasive brain imaging
technique, with high temporal resolution but also superior spatial reso-
lution to EEG. MEG can detect somatosensory responses and locations by
recording the weak magnetic fields around human brains caused by
neural activity. The oral somatosensory system has been extensively
investigated [21, 22, 23, 24], but few reports have compared the oral
senses, especially of the maxillary andmandibular periodontal ligaments.

MEGmeasurement of Somatosensory evoked magnetic fields (SEFs) to
electrical stimulation of 24 points in the maxillary and mandibular oral
organs found no significant difference between the maxillary and
mandibular gums, or between themaxillary andmandibular lips, in latency
and location, but the mandibular gum and lip tended to have shorter la-
tencies than the maxillary gum and lip [21]. Similarly, the latency of the
lower lip tended to be shorter than that of the upper lip to electrical stim-
ulation of oral organs [25]. Therefore, the senses of the mandibular peri-
odontal ligaments will pass neural signals to the somatosensory system
faster than the maxillary periodontal ligaments. In addition, all response
locations in S1 are presumably almost the same. However, no MEG study
has yet measured SEFs to mechanical stimulation of the maxillary and
mandibular periodontal ligaments, or identified any differences.

Studies using MEG have shown that by observing the latency and
intensity of SEFs, it is possible to objectively evaluate the sensory
transduction characteristics [26] of each body part and changes in sen-
sory reception due to age and disease [24, 27, 28]. The present MEG
study measured the SEFs to mechanical stimulation of the maxillary and
mandibular first molar periodontal ligaments, and investigated the re-
sponses and locations of activity in S1 passed through the trigeminal
ganglion. The study tried to establish whether the mandibular first molar
periodontal ligaments send neural signals to the S1 faster and stronger
than the maxillary first molar periodontal ligaments, and to discover any
significant difference in the response location.

2. Materials and methods

2.1. Subjects

Thirty-three healthy, right-handed volunteers (10 females and 23
males, mean age 22.7 years) participated in the experiment. Handedness
was evaluated using the Edinburgh Handedness Inventory. No subjects
had received orthodontic treatment, had significant skeletal disharmony,
or had a history of neurological disease. The study was approved by the
Ethic Committee of Tohoku University Graduate School of Dentistry
(protocol number: 26–39), and written informed consent was obtained
from each subject.

2.2. Stimulation

Mechanical stimulation of the maxillary and mandibular right first
molars, and left wrist was performed with a handmade tool based on the
brush stimulator [17]. The stimulus tool consisted of a resin handle,
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silicone cap, and two optic fibers (E32-DC200F4R, Omron Corp., Kyoto,
Japan) (Figure 1). The fibers were attached along the resin handle, and
the tip of the fibers was positioned in the silicone cap of the tip of the
resin handle used to tap the occlusal surface of the teeth. The optic fibers
were connected to a photoelectric switch (E3X-NA41F 2M, Omron
Corp.). One of the fibers emitted red light, and the other fiber detected
the reflected light. The photoelectric switch recognized the trigger point
as the moment reflected light was not detected as the silicone cap con-
tacted the tooth surface.

The maxillary and mandibular right first molars, and the left wrist
were stimulated to compare the cortical responses. The stimulus intensity
was around 100 g, and the interstimulus interval was 0.5–1.0 s to each
tooth, depending on the speed or distance of the stimulus tool. The
stimulation to the teeth was considered a constant force because all
stimulating sessions were carried out by an experienced dentist. Before
the measurement, the dentist performed 50 mechanical stimulation ses-
sions in training, and the average stimulus intensity was 102.02g. No
subjects complained of any tooth pain during the stimulation.

2.3. MEG recordings

MEG data were recorded using a whole-head 200-channel MEG sys-
tem (PQA160C, Ricoh Co., Ltd., Tokyo, Japan) in a magnetically shielded
room. The head shape of each subject was digitized using a 3D digitizer
(Fast SCAN Cobra, Polhemus Inc., Colchester, VT) and co-registered with
individual structural MR images acquired using a 3 T MR system (Ach-
ieva, Philips, Best, the Netherlands). The MEG signals were recorded
from 50 ms prestimulus to 300 ms after the trigger point, and were band-
pass filtered between 20 Hz and 500 Hz, and digitized at 1000 Hz.

2.4. Data analysis

The source location corresponding to peak latency was estimated
individually using the single equivalent current dipole (ECD) model as
calculated by analysis software (MEG Laboratory, Ricoh Co., Ltd.) The
ECD model identified the source of the magnetic signals assuming a
spherical conductor based on Sarvas law [29]. The locations of the signal
sources were evaluated in the right and left hemispheres separately. The
resulting data were averaged based on about 300 stimulations after
removing typical noise based on visual judgment. The dipole positions
were superimposed on the MR images, and the ECDs located on the
central sulcus with goodness-of-fit value of 85% were extracted. The
averaged wave, root mean square wave, was used to assess the peak la-
tencies. The latencies, intensities were compared between the maxillary
and mandibular right first molars by independent Student's t-tests. The
latencies and intensities of the left wrist were shown in the figure as the
references, and they were not statistically compared with the latencies
and intensities of the maxillary and mandibular first molars. The location
of the ECDs were compared between the maxillary and mandibular right
first molars and the left wrist by ANOVA.

3. Results

The first responses in the contralateral hemispheres to stimulation of
the maxillary and mandibular right first molars, and left wrist were
detected in 10/33, 15/33, and 30/33 hemispheres, respectively. Figure 2
show the waveforms and latencies for the maxillary andmandibular right
first molars, and the left wrist.

The first peak latency in the central sulcus of contralateral hemi-
spheres occurred at 47.7 � 7.36 ms (mean � SD) for the maxillary right
first molar, 41.7 � 5.70 ms for the mandibular right first molar, and 45.2
� 12.1 ms for the left wrist (Figure 3A). The latency for the mandibular
first molar was significantly shorter than that for the maxillary first molar
(p ¼ 0.0374). The latency for the left wrist showed no significant dif-
ference with those for the maxillary (p ¼ 0.566) and mandibular first
molars (p ¼ 0.217).



Figure 1. (A) Special handmade stimulus tool consisted of a
resin handle, silicone cap, and two optic fibers. The fibers
were attached along the resin handle, and the tip of the fibers
was positioned in the silicone cap of the tip of the resin handle
used to tap the occlusal surface of the teeth. The optic fibers
were connected to a photoelectric switch. One of the fibers is
the emitter, and the other fiber is the receiver. The photo-
electric switch recognized the trigger point as the moment
reflected light from the emitter was not detected by the
receiver as the silicone cap contacted the tooth surface. (B)
Maxillary first molar was mechanically stimulated by the tool.
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The intensities of the first peaks in the contralateral hemispheres
were 7.63 � 3.55 nAm for the maxillary right first molar, 13.9 � 6.06
nAm for the mandibular right first molar, and 16.5 � 6.67 nAm for the
left wrist (Figure 3B). The intensity for the mandibular first molar
was significantly larger than that for the maxillary first molar (p ¼
0.0099).

Figure 4A shows the isofield maps and Figure 4B shows the ECD lo-
cations for the maxillary and mandibular right first molars in the
contralateral hemispheres of the same subject (29-year-old male). The
location for maxillary right first molar periodontal ligament stimulation
was x: -50.9� 9.56 mm, y: 13.5 � 8.07 mm, z: 61.9 � 7.07 mm, and that
for mandibular right first molar periodontal ligament stimulation was x:
-48.5� 8.32 mm, y: 12.2� 9.52 mm, z: 63.8� 6.27 mm. In the left wrist
stimulation, the signal was x: 35.2 � 8.57 mm, y: 0.133 � 8.86 mm, z:
86.7 � 8.54 mm. The x-axis values of the maxillary and mandibular right
first molar were taken as absolute values for comparison, and the loca-
tions showed no significant difference between the maxillary right first
molar and mandibular right first molar (x: p¼ 0.525, y: p¼ 0.724, z: p¼
0.509) (Figure 5). The locations for the left wrist showed significant
differences with those of the maxillary right first molars and mandibular
right first molars along all axes (maxillary vs. wrist, x: p < 0.0001, y: p ¼
0.0002, z: p< 0.0001; mandibular vs. wrist, x: p< 0.0001, y: p¼ 0.0002,
z: p < 0.0001).
3

4. Discussion

The present study is the first to investigated SEFs to mechanical
stimulation of the maxillary and mandibular first molars. The findings
showed that the periodontal ligaments of the mandibular first molar sent
neural signals to the contralateral S1 faster than those of the maxillary
first molar, but the locations in S1 showed no significant difference be-
tween the maxillary and mandibular first molars.

4.1. Validity of the experimental procedure

Previous studies showed the peak latency was 43–56 ms by me-
chanical stimulation to the fingers and wrist [22, 30, 31]. In the present
study, mechanical stimulation of the middle nerves in the left wrist
evoked a peak around 45 ms. Compared with the previous studies, the
present results show that the responses in S1 were caused by the tactile
stimulation.

The tactile detection threshold of the first molar is 7.5 � 3.1 g [32],
and human periodontal ligament sensory receptors show a markedly
curved relationship between firing rate and force amplitude, with the
greatest sensitivity to changes in tooth load occurring below 1 N for in-
cisors and below 4 N for molars [33]. For this reason, Habre-Hallage et al.
used fMRI to investigate the response of the cerebral cortex during



Figure 2. Waveforms for the maxillary and mandibular right first molars, and the left wrist in the contralateral hemisphere of a subject (29-year-old male). Arrows
indicate the first peak latency.
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periodontal ligament mechanical stimulation. They performed peri-
odontal ligament mechanical stimulation at 100 g and 180 g to the
anterior teeth, and they detected responses in the primary and secondary
somatosensory cortices [17]. When stimulating teeth, if the stimulus
intensity is too small even beyond the threshold, SEFs may not be able to
detect sufficient responses. In this study, around 100 g was exerted based
on these reports. The mechanical stimulation force of around 100 g
caused no pain, but evoked neural signals from the Aβ fibers. The Aβ
nerve fibers pass signals from the mechanoreceptors in the periodontal
ligaments. In contrast, the Aδ and C nerve fibers pass signals from the
nociceptors. The diameter of the Aβ nerve fiber is greater than those of
the Aδ and C nerve fibers, and the nerve conduction velocity of the Aβ is
3–4 times faster than that of Aδ and C. Since painful orofacial stimulation
through Aδ and C fibers have latencies of around 100 ms [34, 35], the
early component within 100 ms of the SEFs was targeted to increase the
sensitivity of measurement of the signals from the Aβ fibers. In addition,
the first peak latency was considered to reflect the time from the
4

stimulation point to the response in the central sulcus, allowing com-
parison of the responses of the periodontal ligaments of the maxillary and
mandibular first molars.

4.2. Importance of the contralateral hemispheres in the primary SEFs and
selection of the first molars

The present study focused on the responses in the contralateral
hemisphere to the stimulation. Basically, the right hemisphere corre-
sponds to sensation of the left side of the body, and the left hemisphere to
the sensation of the right side of the body. Electrical stimulation of the
maxillary right lips and gums was used to measure SEPs [13]. The in-
tensity of the waveform showed contralateral predominance. Electrical
stimulation of the pulp of the maxillary right premolar was used to
investigate SEFs [23]. The early component was detected only in the
contralateral hemispheres. Mechanical stimulation of the maxillary right
and left central incisors and canines by the von Frey filaments was used to



Figure 3. (A) First peak latencies for the maxillary and mandibular right first molars, and the left wrist in the contralateral hemisphere. Asterisks indicate significant
differences at p < 0.05. (B) Intensities of the first peaks for the maxillary and mandibular right first molars, and the left wrist in the contralateral hemisphere. Asterisks
indicate significant differences at p < 0.01.
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measure the locations of the responses in the somatosensory cortex by
functional MR imaging [17]. The bilateral responses for all stimulated
teeth were located in S1 and S2, and the responses showed no significant
differences between the right and left hemispheres for the central in-
cisors, whereas contralateral predominance was significant for 3 of 4
stimulated canines only in S1. Therefore, slight contralateral predomi-
nance for the teeth may be located at a certain distance from the midline
in S1. Consequently, measurement of the SEFs in the contralateral
hemisphere in S1 was performed in the present study.

Brain activities for vibratory stimulation to each tooth were compared
by functional near-infrared spectroscopy, which detects changes in
5

cerebral blood flow in the somatosensory cortex [20]. Brain activation
was significantly stronger for stimulation of the first molars than for
other teeth. The present study was intended to compare the brain ac-
tivities for stimulation of the maxillary and mandibular teeth, so the first
molar with the strongest brain activations was chosen as stimulation site.

4.3. Differences in the responses of the maxillary and mandibular
periodontal ligaments

Studies stimulating teeth and gums to measure SEPs suggested the
latency tended to be slightly shorter in the maxillary structures [12, 19],



Figure 4. (A) Isofield maps and (B) ECD locations for the maxillary and mandibular right first molars in the contralateral hemispheres of the same subject (29-year-old
male). The ECD (circle) and the direction of the neural signal (attached bar) in the maxillary (red dipole) and mandibular first molars (blue dipole).

Figure 5. Locations (x, y, z) in the contralateral hemispheres. The x axis values of the maxillary and mandibular right first molars are absolute values. The diagonal
line, dots, and white boxes indicate the maxillary first molar, mandibular first molar, and left wrist, respectively. Asterisks indicate significant differences at p < 0.01.
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but it showed the opposite trend in SEFs [21]. The present study showed
that the latency for the mandibular was significantly shorter than that for
the maxillary periodontal ligaments. Both EEG and MEG provide high
time resolution. MEG is much better than EEG for detecting signals in the
tangential direction to the head shape. In addition, EEG measures the
associated wave only in the whole brain, whereas MEG can detect the
waves in the separate hemispheres. Consequently, the present study
could observe the difference in latency because only the responses in the
contralateral hemisphere were measured.

Latency differences in the trigeminal SEFs could be explained by the
peripheral conduction time, the central conduction time, and the central
processing time within the cortex [21]. In this study, the difference in
latency may be due to the difference in peripheral receptors. The peri-
odontal ligaments are innervated by many sensory nervous, and there are
two types of receptors for these sensory nerves: rapid adapting receptors,
which increase in threshold over time as the stimulus is received, and
slow adapting receptors, which continue to respond while the stimulus is
received. In cats, the latencies during stimulation of fast adapting re-
ceptors and slow adapting receptors were 10.7 ms and 7.3 ms, respec-
tively, and the latency during stimulation of slow adapting receptors was
reported to be shorter than rapid adapting receptors [36]. In this study,
the latency of mandibular first molar stimulation was shorter than that of
maxillary first stimulation, suggesting that the density of slow adapting
receptors in the periodontal ligaments of mandibular molars may be
large, and that these receptors continue to transmit stimuli to the center,
contributing to the control of jaw position and occlusal force. However,
no study has examined the density of nerve endings receptors in human
maxillary and mandibular molars, and further research is needed to
prove this.

Few studies have investigated the differences in the brain responses of
the maxillary and mandibular periodontal ligaments. Study of quantita-
tive vibratory stimulation did not detect any significant difference in the
response intensity between the right and left somatosensory cortices to
stimulation of the maxillary and mandibular first molars [20]. In
contrast, the present study showed a significant difference in the in-
tensity between the maxillary and mandibular periodontal ligaments.
TheMEG intensity was larger for the lower than the upper lip to vibratory
stimulation [37]. The lower lip was suggested to be richer than the upper
lip in masticatory and phonatory functions. In addition the sensitivities
were presumably higher in the mandibular in the maxillary periodontal
ligaments as the mandibular teeth normally contact with the tongue. The
sensation of the periodontal ligaments is important for control of tongue
movement [38, 39]. The present study found the latencies were shorter
and the intensities were larger for the mandibular than the maxillary
periodontal ligaments, presumably because the mandibular periodontal
ligaments recognize tongue movement at all times and might be more
involved in control of tongue movements. Sakamoto et al. summarized
several reports of SEPs and SEFs measurements during tongue stimula-
tion [40]. According to them, the first observed latency varied 10–55 ms.
However, considering that most of the reports indicate that the first peak
latency was observed within 20 ms, the latency of the tongue is probably
shorter than that of the periodontal ligaments. The difference in latency
may be caused by whether the sensory receptors on the tongue surface
transmit stimuli directly or whether the periodontal ligament sensory
receptors indirectly transmit stimuli transmitted through the teeth to the
brain.

No differences were found in the response locations between the
maxillary and mandibular first molars. However, the response locations
of the maxillary and mandibular first molars both showed significant
differences in x (absolute value), y, and z axes compared with the
response location of the left wrist. These locations were more ante-
roinferior and exterior than that of the wrist, as suggested by the brain
homunculus [6]. In addition, electrical stimulation of the wrist and the
pulp of the maxillary first premolar showed significant differences of the
location in the x, y, and z axes in the S1 [23]. The locations were ante-
roinferior and exterior to that for the wrist. The findings of the present
7

study agree with previous conclusions. Presumably complex jaw move-
ments can be controlled despite the close proximity of the response lo-
cations of the maxillary and mandibular first molars.
4.4. Importance of the maxillary and mandibular periodontal ligaments to
the oral functions

Investigation of the main occlusion area by biting a small piece of
dental putty identified three main groups: normal occlusion, mandibular
prognathism, and mandibular prognathism corrected by orthodontic
surgery [41], and was reported that the mandibular first molar is more
important in the main occlusion area than the maxillary first molar, and
even the anteroposterior jaw relationship is different. The reports using
Electromyography (EMG) showed the mandibular periodontal ligament
was more important than the maxillary periodontal ligament for
adjusting jaw position during exertion of relatively weak occlusal force
[42], and the unit EMG activities were smaller in the muscle of masti-
cation under anesthesia of the mandibular periodontal ligament than
under no anesthesia and anesthesia of the maxillary periodontal liga-
ments [43].

In the present study, the first peak latency for the response of the
mandibular periodontal ligament was significantly shorter than for the
maxillary periodontal ligament. Therefore, the mandibular periodontal
ligament sends neural signals faster to the central nervous system than
the maxillary periodontal ligament in the early stage of occlusion, and
preferentially participates in adjustment of the occlusal force and the
decision making of the occlusal position.

Declarations

Author contribution statement

Eriya Shimada: Conceived and designed the experiments; Performed
the experiments; Analyzed and interpreted the data; Wrote the paper.

Hiroyasu Kanetaka: Conceived and designed the experiments; Per-
formed the experiments; Contributed reagents, materials, analysis tools
or data; Wrote the paper.

Hiroki Hihara: Performed the experiments.
Akitake Kanno: Performed the experiments; Analyzed and interpreted

the data.
Ryuta Kawashima: Contributed reagents, materials, analysis tools or

data.
Nobukazu Nakasato: Analyzed and interpreted the data; Contributed

reagents, materials, analysis tools or data.
Kaoru Igarashi: Conceived and designed the experiments; Contrib-

uted reagents, materials, analysis tools or data; Wrote the paper.
Funding statement

This work was supported by JSPS KAKENHI (JP 15K11337 and JP
18K09851).
Data availability statement

The data that has been used is confidential.
Declaration of interests statement

The authors declare no conflict of interest.
Additional information

No additional information is available for this paper.



E. Shimada et al. Heliyon 8 (2022) e09464
Acknowledgements

I was deeply grateful to Professor Hiroyuki Ichikawa, Professor
Takashi Sasano, and Assistant Professor Rui Wang of the Graduate School
of Dentistry, Tohoku University, and to Mr. Taekjin Lee of the Graduate
School of Engineering, Tohoku University for their assistance. The au-
thors declare no potential conflicts of interest with respect to the
authorship and/or publication of this article.

References

[1] L. Mioche, M.A. Peyron, Bite force displayed during assessment of hardness in
various texture contexts, Arch. Oral Biol. 40 (5) (1995) 415–423.

[2] H. Kirimoto, Y. Seki, K. Soma, Differential roles of periodontal mechanoreceptors of
working-side posterior teeth in triggering nonworking-side temporalis activities,
J. Med. Dent. Sci. 50 (2003) 47–52.

[3] A.R.H. LeBlanc, R.R. Reisz, Periodontal ligament, cementum, and alveolar bone in
the oldest herbivorous tetrapods, and their evolutionary significance, PLoS One 8
(9) (2013), e74697.

[4] M. Trulsson, R.S. Johansson, Encoding of tooth loads by human periodontal
afferents and their role in jaw motor control, Prog. Neurobiol. 49 (1996) 267–284.

[5] L.J. Goldberg, Masseter muscle excitation induced by stimulation of periodontal
and gingival receptors in man, Brain Res. 32 (1971) 369–381.

[6] W. Penfield, E. Boldrey, Somatic motor and sensory representation in the cerebral
cortex of man as studied by electrical stimulation, Brain 60 (4) (1937) 389–443.

[7] L.D. Lin, G.M. Murray, B.J. Sessle, Functional properties of single neurons in the
primate face primary somatosensory cortex. I. Relations with trained orofacial
motor behaviors, J. Neurophysiol. 71 (6) (1994) 2377–2390.

[8] N. Jain, H.X. Qi, K.C. Catania, J.H. Kaas, Anatomic correlates of the face and oral
cavity representations in the somatosensory cortical area 3b of monkeys, J. Comp.
Neurol. 429 (3) (2001) 455–468.

[9] T. Toda, M. Taoka, Converging patterns of inputs from oral structures in the
postcentral somatosensory cortex of conscious macaque monkeys, Exp. Brain Res.
158 (1) (2004) 43–49.

[10] C.M. Cerkevich, H.X. Qi, J.H. Kass, Thalamic input to representations of the teeth,
tongue, and face in somatosensory area 3b of macaque monkeys, J. Comp. Neurol.
521 (17) (2013) 3954–3971.

[11] G. Findler, M. Feinsod, Sensory evoked response to electrical stimulation of the
trigeminal nerve in humans, J. Neurosurg. 56 (4) (1982) 545–549.

[12] S.R. Maloney, W.L. Bell, S.C. Shoaf, D. Blair, E.P. Bastings, D.C. Good, L. Quinlivan,
Measurement of lingual and palatine somatosensory evoked potentials, Clin.
Neurophysiol. 111 (2) (2000) 291–296.

[13] G.R. Barker, A.J. Bennett, D.G. Watell, Normative studies of the TSEP, Int. J. Oral
Maxillofac. Surg. 16 (5) (1987) 586–592.

[14] D.A. Ettlin, H. Zhang, K. Lutz, T. J€armann, D. Meier, L.M. Gallo, L. J€ancke, S. Palla,
Cortical activation resulting from painless vibrotactile dental stimulation measured
by functional magnetic resonance imaging (fMRI), J. Dent. Res. 83 (10) (2004)
757–761.

[15] J.J. Miyamoto, M. Honda, N.D. Saito, T. Okada, T. Ono, K. Ohyama, N. Sadato, The
representation of the human oral area in the somatosensory cortex: a functional
MRI study, Cerebr. Cortex 16 (5) (2005) 669–675.

[16] M. Trulsson, T.S. Francis, R. Bowtell, F. McGlone, Brain activation in response to
vibrotactile tooth stimulation: a psychophysical and fMRI study, J. Neurophysiol.
104 (4) (2010) 2257–2265.

[17] P. Habre-Hallage, L. Dricot, R. Jacobs, D. van Steenberghe, H. Reychler,
C.B. Grandin, Cortical activation resulting from the stimulation of periodontal
mechanoreceptors measured by functional magnetic resonance imaging (fMRI),
Clin. Oral Invest. 18 (8) (2014) 1949–1961.

[18] Y. Shigenaga, K. Doe, S. Suemune, Y. Mitsuhiro, K. Tsuru, K. Otani, Y. Shirana,
M. Hosoi, A. Yoshida, K. Kagawa, Physiological and morphological characteristics
of periodontal mesencephalic trigeminal in the cat–intra-axonal staining with HRP,
Brain Res. 505 (1) (1989) 91–110.

[19] T. Torikai, K. Nojima, Y. Isshiki, [Somatosensory evoked potentials following tooth
stimulation: early and late components evoked by mechanical and electrical
stimulations], Shikwa Gakuho 101 (7) (2001) 635–647. Japanese.
8

[20] T. Shimazaki, T. Otsuka, S. Akimoto, K.Y. Kubo, S. Sato, K. Sasaguri, Comparison of
brain activation via tooth stimulation, J. Dent. Res. 91 (8) (2012) 759–763.

[21] H. Nakahara, N. Nakasato, A. Kanno, S. Murayama, K. Hatanaka, H. Itoh,
T. Yoshimoto, Somatosensory-evoked fields for gingiva, lip, and tongue, J. Dent.
Res. 83 (4) (2004) 307–311.

[22] V. Jousm€aki, N. Nishitani, R. Hari, A brush stimulator for functional brain imaging,
Clin. Neurophysiol. 118 (12) (2007) 2620–2624.

[23] K. Kubo, Y. Shibukawa, M. Shintani, T. Suzuki, T. Ichinohe, Y. Kaneko, Cortical
representation area of human dental pulp, J. Dent. Res. 87 (4) (2008) 358–362.

[24] H. Hihara, H. Kanetaka, A. Kanno, S. Koeda, N. Nakasato, R. Kawashima, K. Sasaki,
Evaluating age-related change in lip somatosensation using somatosensory evoked
magnetic fields, PLoS One 12 (6) (2017), e0179323.

[25] Y. Tamura, Y. Shibukawa, M. Shintani, Y. Kaneko, T. Ichinohe, Oral structure
representation in human somatosensory cortex, Neuroimage 43 (1) (2008)
128–135.

[26] H. Maezawa, Y. Hirai, H. Shiraishi, M. Funahashi, Somatosensory evoked magnetic
fields following tongue and hard palate stimulation on the preferred chewing side,
J. Neurosci. 347 (1-2) (2014) 288–294.

[27] J. Huttunen, H. Wikstr€om, O. Salonen, R.J. Ilmoniemi, Human somatosensory
cortical activation strengths: comparison between males and females and age-
related changes, Brain Res. 818 (1999) 169–203.

[28] M. Iwasaki, N. Nakasato, A. Kanno, K. Hatanaka, K. Nagamatsu, Y. Nagamine,
T. Yoshimoto, Somatosensory evoked fields in comatose survivors after severe
traumatic brain injury, Clin. Neurophysiol. 112 (2001) 205–211.

[29] J. Sarvas, Basic mathematical and electromagnetic concepts of the biomagnetic
inverse problem, Phys. Med. Biol. 32 (1) (1987) 11–22.

[30] N. Forss, R. Salmelin, R. Hari, Comparison of somatosensory evoked fields to airpuff
and electric stimuli, Electroencephalogr. Clin. Neurophysiol. 92 (6) (1994)
510–517.

[31] M.P. Rossini, G. Deuschl, V. Pizzella, F. Tecchio, A. Pasquarelli, E. Feifel,
L.G. Romani, C.H. Lücking, Topography and sources of electromagnetic cerebral
responses to electrical and air-puff stimulation of the hand, Electroencephalogr.
Clin. Neurophysiol. 100 (3) (1996) 229–239.

[32] T. Ogawa, T. Suzuki, N. Oishi, X. Zhang, I. Naert, K. Sasaki, Tactile sensation and
occlusal loading condition of mandibular premolars and molars, Odontology 99 (2)
(2011) 193–196.

[33] M. Trulsson, Sensory-motor function of human periodontal mechanoreceptor,
J. Oral Rehabil. 33 (2006) 262–273.

[34] R. Hari, E. Kaukoranta, K. Reinikainen, T. Huopaniemie, J. Mauno, Neuromagnetic
localization of cortical activity evoked by painful stimulation in man, Neurosci. Lett.
42 (1983) 77–82.

[35] N. Matsuura, Y. Shibukawa, T. Ichinohe, T. Suzuki, Y. Kaneko, Ketamine Inhibits
Pain-SEFs Following CO2 Laser Stimulation on Trigeminally Innervated Skin
Region: a Magnetoencephalographic Study 1270, 2004, pp. 121–125.

[36] H. Nishiura, T. Tabata, M. Watanabe, Response properties of slowly and rapidly
adapting periodontal mechanosensitive neurons in the primary somatosensory
cortex of cat, Arch. Oral Biol. 45 (2000) 833–842.

[37] A. Mogilner, M. Nomura, U. Ribary, R. Jagow, F. Lado, H. Rusinek, R. Lilin�as,
Neuromagnetic studies of the lip area of primary somatosensory cortex in humans:
evidence for an oscillotopic organization, Exp. Brain Res. 99 (1) (1994) 137–147.

[38] E. Tolu, M.A. Caria, M. Pugliatti, Responses of hypoglossal motoneurons to
mechanical stimulation of the teeth in rats, Arch. Ital. Biol. 131 (2-3) (1993)
191–200.

[39] S. Yagi, E. Fukuyama, K. Soma, Involvement of sensory input from anterior teeth in
deglutitive tongue function, Dysphagia 23 (3) (2008) 221–229.

[40] K. Sakamoto, H. Nakata, M. Yumoto, R. Kakigi, Somatosensory processing of the
tongue in humans, Front. Physiol. 136 (1) (2010) 1–10.

[41] M. Kurokawa, H. Kanzaki, H. Tokiwa, H. Handa, K. Nakaoka, Y. Hamada, H. Kato,
Y. Nakamura, The main occluding area in normal occlusion and mandibular
prognathism, Angle Orthod. 86 (1) (2016) 87–93.

[42] H. Ohmori, [The influence of craniofacial form on bite force and the EMG activity of
masticatory muscles. IV-2. The direction of bite force under intraligamentary
anesthesia of the upper, lower and upper/lower first molar], Nippon. Hotetsu Shika
Gakkai Zasshi 39 (3) (1995) 464–474. Japanese.

[43] T. Ito, [The influence of craniofacial form on bite force and the EMG activity of
masticatory muscles. IV-3. The EMG activity of masticatory muscle under intra-
ligamentary anesthesia of the upper, lower and upper/lower first molar], Nippon.
Hotetsu Shika Gakkai Zasshi 40 (2) (1996) 304–315. Japanese.

http://refhub.elsevier.com/S2405-8440(22)00752-6/sref1
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref1
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref1
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref2
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref2
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref2
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref2
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref3
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref3
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref3
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref4
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref4
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref4
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref5
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref5
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref5
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref6
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref6
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref6
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref7
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref7
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref7
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref7
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref8
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref8
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref8
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref8
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref9
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref9
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref9
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref9
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref10
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref10
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref10
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref10
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref11
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref11
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref11
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref12
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref12
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref12
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref12
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref13
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref13
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref13
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref14
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref14
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref14
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref14
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref14
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref14
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref14
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref15
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref15
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref15
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref15
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref16
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref16
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref16
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref16
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref17
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref17
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref17
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref17
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref17
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref18
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref18
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref18
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref18
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref18
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref19
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref19
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref19
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref19
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref20
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref20
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref20
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref21
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref21
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref21
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref21
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref22
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref22
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref22
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref22
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref23
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref23
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref23
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref24
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref24
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref24
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref25
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref25
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref25
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref25
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref26
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref26
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref26
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref26
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref27
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref27
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref27
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref27
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref27
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref28
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref28
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref28
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref28
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref29
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref29
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref29
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref30
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref30
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref30
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref30
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref31
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref31
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref31
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref31
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref31
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref32
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref32
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref32
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref32
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref33
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref33
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref33
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref34
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref34
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref34
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref34
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref35
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref35
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref35
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref35
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref36
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref36
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref36
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref36
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref37
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref37
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref37
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref37
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref37
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref38
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref38
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref38
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref38
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref39
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref39
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref39
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref40
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref40
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref40
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref41
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref41
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref41
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref41
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref42
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref42
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref42
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref42
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref42
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref43
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref43
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref43
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref43
http://refhub.elsevier.com/S2405-8440(22)00752-6/sref43

	Somatosensory evoked magnetic fields caused by mechanical stimulation of the periodontal ligaments
	1. Introduction
	2. Materials and methods
	2.1. Subjects
	2.2. Stimulation
	2.3. MEG recordings
	2.4. Data analysis

	3. Results
	4. Discussion
	4.1. Validity of the experimental procedure
	4.2. Importance of the contralateral hemispheres in the primary SEFs and selection of the first molars
	4.3. Differences in the responses of the maxillary and mandibular periodontal ligaments
	4.4. Importance of the maxillary and mandibular periodontal ligaments to the oral functions

	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interests statement
	Additional information

	Acknowledgements
	References


