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Abstract
Background: In order to achieve a complete clinical evaluation of mastication, an in-depth neurophysiopathological 

assessment of masticatory muscles control is needed. Electromyography technique (EMG) is widely used for this 
purpose but failed to give convincing results. 

The aim of this work was to describe our quantitative objectivation of the motor control of the masticatory muscles 
and to verify the hypothesis to consider the bilateral Root Motor Evoked Potentials as an electrophysiological 
normalization factor. 

Methods: 25 healthy people (15 males, 10 females; mean age 29 years ± 5) with normal occlusion and no history 
of temporomandibular disorders and orofacial pain underwent a transcranical electrical stimulation that allowed a direct 
bilateral stimulation of the motor roots of the trigeminal motor system called bilateral Root Motor Evoked Potentials (bR-
MEPs). The maximal Absolute Neural Evoked Energy, symmetry and synchrony properties of the resulting bR-MEPs 
were studied using measures like latency, amplitude and integrated area of the collected signal. An Artificial Neural 
Network computational model was used to estimate the correlation coefficient with the EMG values of each of both 
sides to predict the values from the right side by inputting values from the left side.

Results: With regard to the descriptive statistical aspect the mean and SD values were   for onset latency (1.96 
msec ± 0.18 msec vs. 2.01 msec ± 0.21 msec), amplitude (5.76 mV ± 2.01 mV vs. 5.89 mV ± 2.51 mV) and integral area 
(11.09 mV/msec ± 4.45 mV/msec vs. 11.27 mV/msec ± 4.34 mV/msec) for right and left masseter muscle, respectively.

The Kruskal-Wallis test shows not statistically significant difference between the medians (confidence level 95%) in 
fact the P–value was 0.33, 0.96 and 0.86 between sides for latency, amplitude and the EMG integral area, respectively 
for the bR-MEPs. The similarity between sides of the data sampled, studied in terms of mean squared error and 
correlation coefficients for latency (R2=0.955, SME=0,032) amplitude (R2=0.948, SME=0.162) and integrated area 
(R2=0.947, SME=0.212), indicates an organic symmetry of the trigeminal motor nervous system. 

Conclusion: These results show the high efficiency in terms of symmetry and stability of the bR-MEPs as a 
normalization factor.
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Introduction
For a correct evaluation of masticatories functions, a precise 

knowledge of the forces involved in the action and the resulting 
movements are needed. Although these can be easily and accurately 
measured with many different kind of instrumentation, the real 
underlying problem is represented by the masticatory muscles control 
assessment from a neuro-physiopathological point of view. 

(EMG) technique has been extensively used in this domain but 
there is still a series of concerns regarding the reliability of EMG-based 
measures for the level of muscles activation’s assessment and even the 
symmetry and synchrony of muscles’ activation on the two sides [1].

Neither the conventional analysis of Integrated electromyographic 
activity (IEMG) and the Root Mean Square of EMG of masticatory 
muscles (RMSEMG), nor the unconventional analysis based upon the 
trigeminal reflexes, known as the jaw jerk, masseteric inhibitory silent 
period, masseteric inhibitory recovery cycle etc., can be reliably used 
for this purpose due to the methodological errors and also because 
many conditions in health and disease may affect the resulting EMG 
signal.

That’s why most of the studies performed so far, aimed at showing 
a possible correlation between EMG signals with Temporomandibular 

Disorders (TMD), Orofacial Pain (OP) or Incorrect Occlusion (IO), 
failed to give convincing results [2-6]. It should also be noted that in 
a very small proportion of OP patients visited by dental specialists, 
some neurological diseases as intracranial cancers, multiple sclerosis 
and so on are the underlying symptomatological cause of TMD or OP. 
These patients, who actually suffer from misunderstood neurological 
symptoms, may undergo unnecessary dental interventions before the 
correct diagnosis is made, often too late [7,8].

EMG signal is still the technical method used to study these patients. 
However many pathophysiological phenomena and the nature of 
the signal influence the measure and create an hard barriers against 
a reliable application of this findings. These errors are compounded 
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by the counterintuitive effects that some system parameters can have 
on the EMG signal like the phenomenon of crosstalk, amplitude 
cancellation and the non-stationary of the EMG signal [9].

Although there are many traditional methods as well as innovative 
methods for EMG’s signal elaboration, a precise correlation between 
EMG and health condition of the underlying neurological structures is 
still difficult to obtain [10]. 

To have an insight into how the nervous system is controlling the 
masticatory system, the EMG is one of the most prominent techniques. 
EMG signals acquired on the skin surface maybe used to assess the 
intensity and timing of a voluntary, involuntary or reflex contraction. 
There are at least two main orders of motivations regarding the 
reliability of the EMG like bioengineering and anatomic arguments. 
Regarding to bioengineering argumentation, the quantity of the so-
called “Neural Energy” [11,12], namely the total electrical signal sent 
from the central nervous system to muscle [13] and that now we call 
maximal Absolute Neural Evoked Energy “mANEE”, variations in the 
central command or in the central drive to motoneurons [14-17] were 
often estimated by IEMG or RMSEMG or by their changes.

The second argumentation for the unreliability of EMG lies in the 
neuroanatomy and neurofunctionality itself of the masticatory system 
and in particular way of the trigeminal motor system. 

The cortical projections to trigeminal motoneurons are generally 
believed to be bilateral and symmetric and by means of electrical or 
magnetic brain stimulation through the intact scalp [18,19] it is possible 
to evoke Motor responses in masticatory muscles. 

Evoking a response on masticatory muscles by transcranial 
magnetic stimulation with the coil placed on the vertex of the scalp, 
it is possible to elicitate a cortical potential called Cortex-MEPs 
(C-MEPs) relatively symmetrical between sides with a latency of 
about 6 msec and maximum amplitude which reaches only 30% of the 
M-wave. In addition, the C-MEPs are evoked only in the presence of 
facilitation exerted by a voluntary contraction of the subject like ask 
to clench the teeth moderately in order to facilitate the trigeminal 
cortical motoneurons. The C-MEPs, therefore, it can be considered as 
a functional response of the trigeminal nervous system and absolutely 
not suitable as a normalization factor, because there are too variables 
modulated by the peripheral and central drive.

In the ipsilateral masseter, the electrical Transcranial Stimulation 
(eTCS) is able to evoke a large, short-latency potential in the relaxed as 
well as the active muscles. The features of the ipsilateral MEPs did not 
change in relaxed or active conditions. The mean onset latency is about 
2 ms, peak latency 3.9 ms, and amplitude 5.4 mV and there is no latency 
variability. For the hemiplegic patients, symmetric ipsilateral MEPs 
were obtained between sides, identical to those recorded in healthy 
subjects. These motor potentials, considered secondary to excitation 
of the trigeminal motor root, were called Root- MEPs (R-MEPs) to 
differentiate them from M waves and C-MEPs [20].

The R-MEPs, therefore, could be considered an organic response 
because not modulated neither by central nor peripheral drive and 
shows an absolute stability giving important information about the 
anatomical integrity of the trigeminal motor system.

According to this stability, the R-MEPs may be considered as a 
normalization organic factor. In this work we studied the muscular 
evoked potentials on the masseters muscles after the direct bilateral 
stimulation of the motor roots of the trigeminal motor system called 
bilateral Root Motor Evoked Potentials (bR-MEPs) by transcranial 

electrical stimulation. The mANEE, symmetry and synchrony properties 
of the resulting bR-MEPs were studied using measures like latency, 
amplitude and integrated area of the signal. This technique could allow 
us, from the neurphysiopathological point of view, a better assessment 
of masticatory function and to verify the possibility to consider the bR-
MEPs as a normalization landmark. This technique will implement the 
already widely used electrophysiological standardized methods, like 
conventional EMG techniques (IEMG or RMSEMG) and unconventional 
trigeminal reflexes.

Methods
Twenty-five people including 15 males (mean age 30 ± 5 years) 

and 10 females (mean age 27 ± 4 years) with normal occlusion and 
no history of OP and TMDs underwent to bR-MEPs of the trigeminal 
motor system. As exclusion criteria we used to include only those 
subjects that are not entered in the classification RDC/TMD. The RDC/
TMD is a biaxial diagnostic tool composed of a clinical exam based on 
a detailed physical evaluation of the mouth opening pattern, vertical 
extension of mandibular movement, noises in the TMJ upon palpation 
during vertical movement, excursive mandibular movements and 
noises in the Temporomandibular Joint (TMJ) upon palpation during 
lateral excursion and protrusion. The RDC/TMD questionnaire is 
made up of 31 items addressing general health, oral health, history of 
facial pain, mouth opening limitation, joint noises, habits, bite, ringing 
in the ears, health conditions in general, joint problems, headache, 
current behaviour and social and economic profile [21]. 

The study was approved by the Human Research Ethics Committee 
at the Sassari University. Each participant released and signed an 
informed consent.

Electrophysiological procedure

As above mentioned, the transcranial electrical stimulation (eTCS) 
of both trigeminal roots induced a neuromuscular response called 
“bilateral Root-Motor-Evoked Potential” (bR-MEPs). It was performed 
by an electromyographic device (Nemus -NGF, EBNeuro, Firenze, 
Italy) [22,23].

Considering the safety limitations [24], we computed the energy 
delivered for each single pulse in our application through this formula: 
E=P · ΔT=R · I2 · ΔT=2.5 mJ per pulse. Since 2 stimulators were used, 
the limits were ten times lower than those stated in the IEC regulation.

The electrodes were arranged as described below. A common anode 
to the 2 electrostimulators was placed at the vertex, while a cathode 
electrode was placed on each side at 12-13 cm along the line joining 
the vertex to the acoustic meatus in the parietal region. The electrical 
stimulus consisted of a square wave lasting 250 µsec at a voltage of ≅ 
300 V and maximum current of 100 mA.

To show the distribution of the electric field inside the intracranial 
brain tissue we report in Figure 1 an analysis performed through 
a generic Finite Element process (FE, SimNibs method), only as a 
descriptive model (data not reported) [25]. 

Briefly, FE models consisted of around 1.7 million tetrahedra. 
Mesh resolution was selectively enhanced in Gray Matter (GM), White 
Matter (WM), skull and the Cerebro Spinal Fluid (CSF) regions with 
an average tetrahedron volume of 1 mm3. Electrical conductivities were 
assigned to different tissue types [26] where σskin=0.465 S/m, σskull=0.010 
S/m, σCSF=1.654 S/m, σGM=0.276 S/m, and σWM=0.126 S/m [27].

Figure 1 shows the electrode’s arrangement (Figure 1A), the 
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maximum current will spread below the cathodes (in red color) in the 
parietal cortex (Figure 1B), while in the region of the skull base close 
to the trigeminal motor root reaches only a small amount of current 
(Figure 1C, black arrows). Figure 1D shows the current density that 
spreads below the skull.

We underline how minimal is the amount of electric current 
inside the brain tissue required to saturate the motor trigeminal root 
compared to the amount of current need to evoke a response by the 
trigeminal motor cortex below the cathode and this is one of the reasons 
that led us to choose this type of evoked response (mainly peripheral) 
rather than cortical (with higher threshold and less stability in term of 
neuromuscular response).

We recorded simultaneously the motor-evoked potentials of both 
the right and left trigeminal roots from the right and left masseter 
muscles through 2 paired surface electrodes. The EMG device has been 
set with 20 msec time-window width, with 2 mV per division and a 
filter bandwidth of 2 Hz-2 kHz. 

The onset latency, the peak-to-peak amplitude, and the integral area 
of    ten trials of motor-evoked potentials for each side of each subject 
were analysed and reported as a mean of the ten trials in Table 1.

The onset latency was marked at the first negative deflection of the 
EMG trace after about 2 msec. The average amplitude corresponded 
to the positive and negative peak and is calculated in mV, while the 
measurement of the integral area corresponding to the area below the 
EMG trace was considered in 3 time divisions (6 msec) from the onset 
latency and was measured in millivolts per millisecond (mV/msec).

Statistical analysis 

The statistical analysis follows a conventional process aimed at 
the quantification of the “mANEE”, which essentially indicates the 
maximum absolute value delivered by the motor trigeminal nervous 
system and an unconventional process focused mainly on the symmetry 

Figure 1: The figure shows the arrangement of the electrodes on the skull and the distribution of electric fields inside the intracranial brain tissue.

Patients

Right
Onset 

Latency

Left
  Onset

 Latency

Right 
Amplitude

Left  
Amplitude

Right
 Integral 

Area

Left
 Integral 

Area

(msec) (mVolt) (mVolt/msec)
1 2.04 2.12 5.7 6.9 10.2 13.3
2 2.12 2.08 4.8 5.1 10.1 10.7
3 1.96 1.92 5.2 4.8 6.8 7
4 1.88 1.9 8.2 7.1 15.4 18.3
5 1.8 1.95 8.3 7.1 20.6 15
6 2.24 2.48 5 4.8 8.2 10.1
7 1.88 1.88 5.5 5.7 7.5 7.3
8 2.04 2 10 9 14.3 13.4
9 1.88 1.92 7.7 8.8 15.8 16.7
10 1.84 1.9 7.5 8.5 19.9 17.2
11 2.04 2.16 6.6 6.3 12.6 11.9
12 1.8 1.92 4.3 4.3 7.9 8.8
13 2 2 5.5 5.5 11.4 10.9
14 1.8 1.8 9.3 14 16.8 22
15 1.72 1.72 1.8 1.5 3.9 3.7
16 2.04 2.08 5 5.3 10 9.3
17 1.92 1.96 5.9 4.2 13.5 10
18 2.28 2.12 4.9 5.1 11.6 12.9
19 2 2.04 4 3.6 6.5 6.5
20* 1.76 1.8 6.1 6.6 9.7 10.8
21 1.8 1.8 6.5 6 11.3 12.1
22 2.36 2.48 2.1 1.9 4.5 4.2
23 1.76 1.84 4.2 5.3 7.6 8.9
24 2.32 2.56 3.4 3.5 6.6 7.8
25 1.8 1.92 6.5 6.5 14.7 13

Table shows the raw EMG values for the onset latency, amplitude and integral area 
of the bR-MEPs. (*)  Indicates EMGvalues of the subject considered as example 
in results section.

Table 1: Descriptive Statistics of the bR-MEPs
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analysis between the sides of the bR-MEPs.

We performed descriptive statistic on the raw EMG values for 
the computation of mean, standard deviations, analysis of sample’s 
distribution. The comparison between the two sides for the latencies, 
amplitudes and EMG integral areas was performed by Kruskal-Wallis 
test. Significance was set at a p values<0.05. 

Artifical neural network model 

An artificial neural network (ANN) is a general mathematical 
computing paradigm by which the geometry and functionality of the 
ANN have been linked to the biological neural system and one of the 
most interesting characteristic of this paradigm is the self-learning 
propriety.

The ANN computational model has been used to estimate the 
correlation coefficient with the EMG values of one side. With the 
ANNs, we can determine the correlations that describe input/output 
formulation in a dataset or a system [28,29].

If organic symmetry exists, there would be a correlation coefficient 
between the EMG values of the right and left muscles. To test this 
assumption, we adopt the ANN model. First we created, configured, 
and initialized our multi-layer ANN [29].

We assumed that each layer is composed of a number of predefined 
neurons. The neurons in the input layer perform as a buffer which divide 
into portions and dispense the input signals xi to the next neurons in 
the hidden layer without degrading the signal. Each neuron j in the 
hidden layer sums the input signals xi, after weighting them with the 
strengths wi,j of the respective connections from the input layer, and 
calculates its output yj as a function f of the sum 

∑
=

=
N

i
iijij xwy

1

       
                                                        Eqn 1

Where, wi,j is the weight of the ith and jth connection and xi is the ith 
input signal. f is the activation function which is needed to transform 
the weighted sum of all signals influencing a neuron [28].

In our ANN model, has been chosen a radial basis function 
(RBF) as activation function f. In the field of mathematical modelling, 
an  artificial neural network  that uses  RBF  as  activation functions it 
is properly called a  radial basis function network. The output of this 
network is a  linear combination  of RBF of the inputs and neuron 
parameters. RBF has many application, and we choose this one because 
is specific for function approximation tasks.

We decided to initialize two layers and define ten neurons in 
the hidden layer in order to increase the power of our network. We 
equipped our ANN with the Levenberg-Marquardt (LM) algorithm as 
training function to be used and trained with the normalized features 
computed from the EMG of the left muscles. With the LM algorithm, 
we were able to achieve the rapid execution of the network [29].

The back-propagation method was used in the algorithm, which 
uses a training procedure to adjust the connection weights of a multi-
layer ANN. Mainly, the LM algorithm can be described as a least-
squares estimation algorithm.

The features are onset latency, peak-to-peak amplitude, and 
integral area of the EMG (Ons_lat, Amp, and Int_A, respectively, are 
used as abbreviations in the following equations).

For proper values to be obtained for the ANN, all column values 
in Table 1 should be normalized according to Equation 2. Because the 

features computed from the EMG traces of the left muscles were used 
as input to the ANN, only normalized features for the left muscles were 
used. After normalization, all data were regenerated from 0 to 1.

Original Value - Minimum Value in the Column
Maximum Value in the Column - Minimum Value in the Column

           Eqn 2

If values computed from Equation 2 are used as input to the ANN, 
inferences can be drawn according to the column with the highest 
correlation. Although the correlation is lower, the other columns show 
correlation well. If ANN equipped using only the highest correlation, 
the correlation of the other columns will be ignored. To prevent this 
kind of guidance, all the row values were normalized according to 
Equations 3.1, 3.2, and 3.3 for the features computed from the EMG 
traces of the left muscles, were the subscript n indicates the normalized 
value. After the first normalization, there was no unit belonging to 
a specific feature, and the second normalization procedure could be 
applied. 

( )
n

2 2 2

Ons_latOns_lat 
Ons_lat Amp Int_A

=
+ +    Eqn 3.1

( )
n

2 2 2

AmpAmp 
Ons_lat Amp Int_A

=
+ +

   Eqn 3.2

( )
n

2 2 2

Int_AInt_A 
Ons_lat Amp Int_A

=
+ +

   Eqn 3.3

The correlation coefficients (CC) were computed based on raw 
EMG values in Equations 4.1, 4.2 and 4.3, to obtain characteristics of 
the ANN output. 

_ __ _
_ _

=
Right Onset LatencyCC Onset Latency
Left Onset Latency   Eqn 4.1

__
_

=
Right AmplitudeCC Amplitude
Left Amplitude

                    Eqn 4.2

_ __ _
_ _

=
Right Integrated AreaCC Integrated Area
Left Integrated Area

   Eqn 4.3

Therefore we first defined the characteristics of the network, 
defined the appropriate input and desired output (called target into 
the ANN) of the network. Then we adopted the LM algorithm to 
train the network as described above. But we used the ANN to test the 
correlation between the EMG values of the right and left muscles. 

When the training was completed, we wanted to check and analyze 
Neural Network Performance. At this aim, we used the mean squared 
error (MSE) and the coefficient of determination (R2). The MSE is 
the most common measurement for evaluation of the dissimilarity 
between the outcomes of a model such as the ANN and true values. If 
the MSE value is small, it means that the model can estimate the true 
value with almost zero errors. The MSE value was computed according 
to Equation 5:

2
, ,

1

1 ( )
=

= −∑
N

i e i t
i

MSE CC CC
N

     
                                                                                                  Eqn 5

Where, CCi,e is the ith estimated value and CCi,t is the ith true value. 
For a more reliable test evaluating the model’s success, the R2 was added 
as a statistical measure. The most important reason for computing R2 
is to obtain a measure of how well upcoming outcomes are likely to be 
estimated by the model. The R2 value is an indication of the relationship 
between the outputs and targets. If R2=1, this indicates that there is 
an exact linear relationship between ANN outputs and targets. If R2 is 
close to zero, then there is no linear relationship between outputs and 

http://en.wikipedia.org/wiki/Computational_model
http://en.wikipedia.org/wiki/Mathematical_modeling
http://en.wikipedia.org/wiki/Artificial_neural_network
http://en.wikipedia.org/wiki/Radial_basis_function
http://en.wikipedia.org/wiki/Activation_function
http://en.wikipedia.org/wiki/Linear_combination
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targets. The R2 value was computed according to Equation 6: 

2
, ,

2 1

2
,

1

( )

1

( )

=

=

−

= −

−

∑

∑

N

i e i t
i
N

i e e
i

CC CC

R

CC CC

      
              Eqn 6 

Where, CCi,e is the ith estimated value, CCi,t is the ith true value, 
and 

eCC  is the mean of the estimated values. 

Results
The Table 1 shows the list of raw EMG values which were 

subsequently normalized and weighed in order to train – as input – the 
ANN. In Table 2 we report the descriptive and comparative statistical 
results. With regard to the descriptive statistical aspect we can consider 
the mean and SD values   for onset latency (1.96 msec ± 0.18 msec vs. 
2.01 msec ± 0.21 msec), amplitude (5.76 mV ± 2.01 mV vs. 5.89 mV ± 
2.51 mV) and integral area (11.09 mV/msec ± 4.45 mV/msec vs. 11.27 
mV/msec ± 4.34 mV/msec) for right and left masseter, respectively.

The Kruskal-Wallis test shows not statistically significant difference 
between the medians (confidence level 95%) in fact we obtained p–
value as 0.33, 0.96 and 0.86 between sides for latency, amplitude and 
the EMG integral area, respectively for the bR-MEPs (Table 2).

In this study, ANN is used to predict the values of the right side 
by inputting values from the left side. Then the left- and right-side 
values are combined in a ratio called as correlation coefficient. Then 
the correlation coefficient is computed for the actual observed values 
(right/left) and then also for the ratio of the ANN-derived right/left. 

The MSE and the R2 were computed to test the ANN. If the ANN 
estimated the correlation coefficients with zero error, MSE must be 
0 and the R2 must be 1. In comparison of the correlation coefficients 
which computed from the EMG signals of the right and the left muscles 
and the outcomes of the ANN (Table 3) which were trained with the 
normalized features computed from the EMG of the left muscles, it can 
be seen that the outcomes of the ANN are closest to the correlation 
coefficients (Table 4), and that ANN is able to compute correlation 
coefficients, based on features of only the left muscles, with almost zero 
errors. 

Therefore, it can be concluded that there is an organic symmetry 
between the left and right sides of the trigeminal motor system.

Figure 2 shows the neuromuscular responses of patient #20 (Table 
1) with the measurements of latency (+), peak-to-peak amplitude 
(*), and integral area (x). The high symmetry of the bR-MEPs can be 
observed.

Parameters
Onset Latency Amplitude Integral Area

Right Left Right Left Right Left
[ msec ] [ mVolt ] [ mVolt / msec ]

Mean 1.96 2.01 5.76 5.89 11.09 11.27
S.D. 0.18 0.21 2.01 2.51 4.45 4.34
Standard Asymmetry 1.59 2.74* 0.29 2.45* 0.97 1.02
Median 1.92 1.95 5.50 5.50 10.20 10.80
25%      75% 1.80     2.04 1.89   2.10 4.55     7.05 4.55     7.00  7.55         14.50   8.30   13.35
Standard Kurtosis -0.31 1.44 0.04 3.59** -0.34 0.35
Mean Absolute Difference 0.07 0.72 1.53
Median Absolute Difference 0.04 0.40 0.90
p - value 0.33 0.96 0.86

In the table are reported statistically descriptive data and p-values between sides for onset latency, amplitude and integral area of the bR-MEPs. 
Standardized asymmetry (*) and Standardized Kurtosis (**) outside -2 to +2 range indicate significant deviations from normality and could compromise the validity of many 
statistical procedures. 

Table 2: Descriptive and comparative statistics of the bR-MEPs.

Control
Participants

Correlation Coefficients Correlation Coefficients 
Computed by ANN

Onset
Latency Amplitude Integral

Area
Onset

Latency Amplitude Integral
Area

1 0.962 0.826 0.767 0.963 0.932 0.814
2 1.019 0.941 0.944 1.017 1.022 0.988
3 1.021 1.083 0.971 0.985 1.062 1.016
4 0.989 1.155 0.842 1.010 1.205 1.031
5 0.923 1.169 1.373 0.929 1.084 1.092
6 0.903 1.042 0.812 0.903 1.098 0.786
7 1.000 0.965 1.027 1.000 1.013 0.974
8 1.020 1.111 1.067 1.010 1.123 0.993
9 0.979 0.875 0.946 0.979 0.874 1.017

10 0.968 0.882 1.157 0.994 0.890 1.021
11 0.944 1.048 1.059 0.944 0.974 0.783
12 0.938 1.000 0.898 0.938 1.036 1.060
13 1.000 1.000 1.046 1.000 1.008 1.103
14 1.000 0.664 0.764 1.017 0.694 0.737
15 1.000 1.200 1.054 1.000 1.040 1.044
16 0.981 0.943 1.075 0.951 1.078 1.000
17 0.980 1.405 1.350 0.930 1.176 1.100
18 1.075 0.961 0.899 1.076 1.162 0.885
19 0.980 1.111 1.000 0.981 1.211 1.041
20 0.978 0.924 0.898 0.983 0.908 0.907
21 1.000 1.083 0.934 0.999 0.999 0.924
22 0.952 1.105 1.071 0.952 1.015 1.010
23 0.957 0.792 0.854 0.957 0.905 0.964
24 0.906 0.971 0.846 0.892 1.081 0.857
25 0.938 1.000 1.131 0.935 1.029 1.123

This table shows the correlation coefficients, which can be computed with 
Equations 3.1, 3.2, and 3.3, and the correlation coefficients computed by ANN.

Table 3: Analysis of Correlation Coefficients.

MSE R2

Onset Latency 0.032 0.955
Amplitude 0.162 0.948
Integral  Area 0.212 0.947

This table shows the MSE and R2 values, which were computed to test the output 
of the ANN. MSE values, are very close to zero, and R2 values are very close to 1: 
our ANN is well able build up a good model starting from our inputs.

Table 4: Performance Measurement for the ANN.
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The close correspondence between the values calculated by ANN 
for right masseter starting from the left masseter is irrefutable index of 
organic symmetry of the trigeminal motor system.

The similarity between sides of the data sampled of the bR-MEPs 
(p-value>0.05), the tendency to 0-value for the mean squared error 
(MSE=0.032, 0.162, 0.212) and the trend to 1-value for the coefficient 
of determination (R2=0.955, 0.948, 0.947) for the latency, amplitude 
and integral area respectively, confirm the high efficiency in terms of 
the symmetry and stability of the bR-MEPs as a normalization factor.

This normalization model implies to a series of requirements such 
as the stability of the neuromuscular responses, the assessment of 
“mANEE” and the symmetry between sides of this last parameter.

Discussion
As we have seen above, our results show that, for the normalization 

factor, we have tested at least three characteristics: the maximal 
absolute value of the neural evoked energy (mANEE), the stability and 
synchronicity of the neuromuscular responses. The electrophysiological 
symmetry between sides basically indicates an organic symmetry of the 
motor of the trigeminal nervous system.

The following discussion will focus first on the concept and models 
of normalization factors, second on the discussion regarding the 
stability of the mANEE and third on the organic symmetry of the bR-
MEPs. 

EMG normalization
Normalization is computed by dividing the EMG from a specific 

task or event by the EMG from a reference contraction of the same 
muscle [30]. Additionally, in healthy individuals, normalizing EMGs 
by using the EMG recorded from a maximal voluntary contraction 
(MVC), as the reference value may allow the electromyographer to 
assess what percentage of the maximal activation capacity of the muscle 
is represented by the EMG task [31]. 

One first criticism could be that this method yields outputs that 
are in excess of unity or one hundred percent [30] particularly during 
rapid and forceful contractions or muscle lengthening. For this reason, 
Yang [32] advocated the use of EMGs arising from contractions which 
are less than 80% of MVC in order to provide a more stable reference 
value. 

To avoid the MVC limitations described above, another EMG 
model has been proposed as normalization factor.

In a recent article [33], the authors confirmed that the results of 
their study support the use of P-P amplitude of the maximum M-wave 
as a methodological control in H-reflex studies and as a normalization 
factor for voluntary EMG. 

Regarding the masticatory system we can evoke both an H wave 
and a T-wave, also called jaw-stretch reflex.

The jaw-stretch reflex is the short-latency excitatory response in 
the jaw-closing muscles after the application of a sudden stretch. It 
is considered the trigeminal equivalent of the monosynaptic spinal 
stretch reflex in limb muscles [34]. The simplest way to provoke a jaw 
stretch reflex is by tapping the chin with a reflex hammer [35,36].

Some authors have tried to test the hypothesis that normalization 
of the jaw-stretch reflex amplitude with respect to the voluntary EMG 
activity preceding the reflex stimulus (EMG pre-stimulus) makes 
the amplitude more independent by the electrode location over the 
masseter muscle. In this experimental study, the reflex amplitude was 
also normalized with respect to the mean pre-stimulus EMG activity 
[37]. 

Unfortunately, the proposed model gave us few neurophysiological 
indications being the P-P amplitude of the jaw in excess, respect to 
unity or 100% as aforementioned [30]. Why not use the masseteric 
M-wave as a normalization factor, higher in amplitude and more stable 
than the MVC?[38]

The technical execution of M-wave for the trigeminal nervous 
system is much more painful and invasive than that of the spinal 
cord. To evoke a direct response from the masseter muscle, in fact, it 
is necessary to insert an insulated in-tip needle electrode about 2 cm 
deep in the temporal fossa and this makes the technique not clinically 
applicable, although it could obtain more detailed information for the 
neurophysiological interpretation data. 

maximalAbsolute Neural Evoked Energy (mANEE)

As already mentioned, the electromyographic signals show high 
complexity, and the mechanisms underlying the generation of EMG 
signals appear to be non-linear or even chaotic in nature. Researchers 
are trying, however, to improve the systems of mathematical filtering 

Figure 2: Motor evoked potentials elicited by transcranial electrical stimulation of both trigeminal roots. Note the perfect symmetry in the onset latency, markers 1A and 
2A (+), in the amplitude, markers 1B-1C and 2B-2C (*) and integral area, markers 1A-1D and 2A-2D (x).
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like in the most recent Wavelet algorithm [39], but it still remains very 
difficult, if not impossible in some cases, to separate the EMG signal 
from the unavoidable noise.

In this model of normalization, the purpose is not the 
decomposition of the signal/noise ratio, that we prefer to consider as an 
entropic phenomenon [40], but to decouple the contents of the central 
drive [41] from the peripheral drive [42,43] by normalizing them with 
the organic content extrapolated from the bR-MEPs.

For this reason, first of all we prefer a phasic signal (R-MEPs) to an 
asynchronous signal (interference EMG pattern) as the MVC.

Hence the first procedure is to check for the saturation of the motor 
trigeminal fiber response. At 20 mA, 30 mA and 40 mA we can see a 
recorded onset latency of 2.4 msec, 2.4 msec and 2.3 msec respectively 
and even increasing the amperage we can observe a decrease in latency 
up to 2.1 msec to 50 mA, 2 msec to 70 mA and 1.9 msec to 80 mA, 90 
mA and 100 mA (Figure 3).

These differences in latency up to the maximal current density 
depend on the capacitive components of the tissues encountered by the 
intracranial current flow [25-27]. The signal saturation of the root is the 
first step to be performed, even before clinically interpreting a delay in 
latency [44-47].

The saturation of the root with respect to amplitude gives the same 
results. In fact, at delivered amperage of 80 mA, 90 mA and 100 mA, 
the P-P amplitude remains at 4.6 mV (Figure 3).

The amplitude value of 4.6 mV (of course the amplitude can be 
chosen to be equivalent to the integral area, depending on the purpose 
of the study) and the onset latency of 1.9 msec would correspond to the 
maximum absolute values of neural energy elicited by the motor of the 
trigeminal nervous system already called “ mANEE”. 

bR-MEPs stability and synchronicity 

Another essential element to support the proposed normalization 
factor is its stability and synchronicity in the neuromuscular response.

The Root-MEPs behave in the same way as the M-wave in terms 
of stability, conceptually differing only in the technical procedures 
and the site of stimulation in addition to the clinical indications more 
favourable for the bR-MEPs.

Even the Root-MEPs could change under some conditions 

including post-tetanic potentiation, release from ischemia and so on 
[38]. Conditions that, substantially, are due to a peripheral phenomenon 
inducing changes in the amplitudes of the Compound Motor Action 
Potential underlying the changes in the profile of intracellular action 
potential (IAP).

We have to add to these biases an even more limiting phenomenon 
than the intracranial current distribution with vectorial summation 
and collision current phenomena. However, the morphology of the 
bR-MEPs (Figure 2) and the difference in latency and amplitude (0.04 
msec and 400 μV, respectively) reported in Table 2, confirm the high 
stability and synchronicity of the bR-MEPs. Keep in mind that, in order 
to extract the maximum efficiency from the normalization model 
proposed, any functional tests, such as trigeminal reflexes, must be 
performed in the same session and, therefore, with the same electrode 
arrangement. This way it will significantly reduce distortion due to the 
recording geometry.

Organic symmetry 

To share the concept of organic symmetry of the trigeminal motor 
system, it is necessary to address some fundamental points about the 
masticatory system functionality according to the experimental animal 
studies as well.

A reflex opening of the jaw, resulting from the simultaneous 
relaxation of jaw closers and contraction of jaw openers, not only 
helps to avoid injuries to the oral tissues, but also could contribute 
to coordinating rhythmic masticatory movements [48]. The stimulus 
applied to one side evokes the reflex bilaterally in a nearly symmetrical 
fashion. The symmetrical output is characteristic of most of the jaw 
movements induced by sensory signals both from the peripheral tissue 
and from those generated by signals coming from the cerebral cortex. 

Previous studies [49] have shown that peripheral stimulation 
evokes inhibitory postsynaptic potentials (IPSPs) in bilateral jaw-
closer motor neurons. This bilateral inhibition is mediated, at least in 
part, by supra- and juxta-trigeminal neurons with bifurcating axons 
projecting to both the right and the left masseter motor neurons. The 
goal of a recent study [50] was to morphologically analyse how the 
functional symmetry of the masticatory system might be reflected in 
the organisation of pre-motor neurons and how it could be able to 
mediate excitation of jaw-opener motor-neurons.

 It has been demonstrated that in the masticatory system, where 

Figure 3: The figure shows the signal saturation of the root with respect to latency and amplitude.
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symmetrical motor output is the rule, employing neurons with 
bifurcating axons as a pre-motor element might be a common strategy 
for mediation of both peripheral and central signals.

The concept of organic symmetry is not restricted solely to the 
masticatory system but can be found in complex neuronal processes in 
which the output is the result of the sensorimotor drive of the central 
and peripheral nervous systems.

The vestibular system is a sensorimotor system where a 
sophisticated phenomenon of symmetry can be found. Recently, 
spatially related symmetry groups were viewed as anatomical and 
physiological organisers of the central vestibular system (CVS) [51] 
and according to this concept, the author has demonstrated that there 
are discrete rotational symmetries in the neck-canal pathway and in 
the canal pathway to the uvula-nodulus. Since the sensory receptors, 
neuronal pathways and muscles are discrete, these discrete rotations 
can be considered the skeleton of the nervous system for Noether 
symmetries [52].

The H-wave is certainly the most reliable index used in clinical 
practice and randomised drug trials. It is obtained by direct stimulation 
of the afferent fibre of the nerve trunk, short-circuiting the muscle 
spindle so as to obtain a reflex response similar to that evoked by a 
physiologically stretched tendon. In an interesting study, analysis of 
the data obtained by the simultaneous stimulation of both legs showed 
a high degree of symmetry of the spinal reflex circuits [53].

The neuromuscular responses of the masseter to a strong acoustic 
stimulation have also been described as two bilateral and symmetrical 
short-latency waves: the first at high threshold (p11 and n15) of saccular 
origin and the second (p16 and n21) of cochlear origin. It is interesting 
to note the high level of p11 symmetry between the sides [54].

Conclusions 
The present study shows that synchronicity, symmetry, and the 

maximum value of the neural energy evoked are essential parameters in 
order to consider the bR-MEPS a reliable organic normalization factor. 
The amplitude of the muscular potential in combination with the high 
symmetry can provide indications about the trigeminal nervous system 
integrity. It could be employed in odontology disciplines and in the 
field of orofacial pain as well for a more rapid differential diagnosis. 
Obviously, the purpose of this article is also to challenge some of the 
current scientific assumptions. Even though the route is difficult and 
complex, further studies will be necessary, either of randomised types 
or of case reports analysis and considerable courage in changing such 
philosophies will be needed to confirm the validity of the organic 
normalisation factor here presented.
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