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Mirror activity is an involuntary activation of a muscle when the respective contralateral muscle is contracting.
This phenomenon has been described primarily in children and in disease states, and, more recently, also in
healthy adults. Different ways of assessing mirror activity have been described.

In this work we propose a simple protocol for quantifying the amount of mirror activity during a brief isolated
full force isometric contraction of a given muscle. The signal was analyzed by a custom-built algorithm that
detects the beginning and the end of muscle contraction. The amount of EMG signal on the mirror muscle in
relation to the amount of EMG signal of the active muscle is then calculated.

We studied 57 right-handed healthy subjects. Mirror activity was evaluated in the Abductor digiti minimi
(ADM) and Tibialis anterior (TA) muscles during a 2-3 s full force isometric contraction. The intensity of mirror
movement was represented as a percentage of the signal from maximal voluntary contraction.

The performance of the algorithm for the detection of the beginning of muscle contraction was very good,
when compared to 2 human operators. Intraclass correlation coefficient was excellent (0.998). The Bland-Altman
plots showed similar performances of the algorithm and the human operators.

We found a significant correlation of mirror activity with intensity and age. There was significantly more
intense mirror activity in the left limbs (non-dominant) when compared to the right limbs.

The upper limits of normality for mirror EMG signal was 27.4% for right ADM, 15.4% for left ADM, 10.4% for
right TA and 2.1% for left TA.

This simple protocol allows for an objective measurement of the amount of mirror activity. We propose this
technique for investigation of neurological disorders.

1. Introduction

During unilateral contraction of a given muscle, involuntary acti-
vation of the contralateral homologous muscle can occur [6,13]. This
phenomenon has been named in several different ways — motor over-
flow, mirror activity or mirror movements. Although first thought to
occur only in healthy children and in several neurological conditions
[6,10,13], the presence of this mirror activity has since been described
in normal adults [5,11,27], albeit to a much lesser extent [5,21].

Two possible pathophysiological mechanisms have been proposed
for this phenomenon [8,28]. One possible explanation relies on an
uncrossed corticospinal projection from the voluntarily activated motor

cortex to the ipsilateral lower motor neuron [10,20]. Another possibility
proposed is the activation of the contralateral motor cortex through
transcallosal pathways, due to reduced interhemispheric inhibition
[14].

Assessment of this mirror activity has been reported either by clinical
observation [15,16,31], by force transduction measurements [5,29], or
by recording surface electromyographic (EMG) signal [6,7,14,15,30]. In
patients, mirror movements have been described mainly in the hands
[10,26], although there have been reports of the presence of this activity
in the lower limbs [9,19].

Most EMG recording paradigms reported for the assessment of mirror
movements are based on phasic hand muscles activation or execution of
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complex finger sequences, while recording muscle activation from the
contralateral (mirror) hand. Some protocols require some degree of
contraction, around 10% to 20% of maximum voluntary contraction, of
the mirror hand [8].

In this work, we developed a simple mathematical algorithm to
quantify EMG mirror activity during short isometric maximum volun-
tary contractions of the abductor digiti minimi (ADM) and the tibialis
anterior (TA) muscles. Based on our data, we also propose normative
values for these measurements.

2. Methods
2.1. Subjects

Fifty-seven subjects (42 females; mean age 56.9 + 13.8 SD; 20-83)
were recruited. In 41 subjects, the upper limbs were studied. In a subset
of 16 subjects, all 4 limbs were evaluated. Subjects with a history of
neurological disease or who were taking drugs that could alter central
nervous system excitability were excluded. Subjects gave their informed
consent, and all experiments were performed according to the Decla-
ration of Helsinki.

The protocol was approved by the local Ethics Commission.

All subjects were right-handed, according to the Edinburgh Hand-
edness Inventory [24].

2.2. Motor task and EMG recordings

Subjects were lying supine, in a quiet room, with arms stretched
along the body, and hands resting comfortably on the bed, while trying
to relax as much as possible. They were instructed to perform brief, 2 to
3 s, isometric full force contractions of only one hand (finger abduction)
or one foot (foot dorsiflexion). This was considered the active muscle.
No instruction was given regarding the contralateral limb, which was
considered the mirror muscle. Three trials were performed considering
one side as active, followed by three consecutive recordings with the
other side as active. Order (right-left and hand-foot) was randomly
chosen between subjects. An interval of 5 to 10 s was allowed for resting
between each trial.

Surface electrodes (reference 9013L0203, Natus Inc) were used for
recording EMG activity. For the upper limb, recordings were made with
the active electrode over the belly of the ADM muscle, while the refer-
ence electrode was placed on the volar side of the proximal inter-
phalangeal joint of the 5th finger. The ground electrode was placed on
the wrist. For the lower limb, recordings were performed with the active
electrode over the belly of the TA muscle and the reference electrode
5-7 cm distally, over the tibial bone. The ground electrode was placed
on the ankle. Standard amplifier filter settings of 30-Hz and 10-kHz were
used. Signals were digitized at sampling frequencies of 3 kHz and 24 kHz
in order to assess the algorithm performance in commonly used ranges
of sampling frequencies in clinical neurophysiology. Recordings were
made on a 10 s window and stored for offline analysis.

Additionally, two experienced neurophysiologists (JC and IdeC),
independently marked the beginning of muscle activation, for compar-
ison with the proposed algorithm.

2.3. Mathematical Algorithm for signal analysis

The signals obtained were stored and exported as txt files, which
were then analyzed offline using a custom built MatLab algorithm
(MatLab R2018a, The Mathworks, Inc., Natick, Massachusetts).

The calculations of the starting and finishing points of muscle acti-
vation were based on a mathematical formula previously described in
the literature [12]. In a small percentage of signals analyzed (6%), it was
necessary to apply a 50 Hz band pass filter to the signal due to the
presence of electrical artifacts. Latency determinations were defined by
the algorithm and both operators who were blind to the algorithm
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results and to the other operator determination.

The MatLab trapz function was used to estimate the amount of EMG
signal in both sides, by calculating the area under the curve of the ab-
solute value of the raw EMG signal during the estimated active muscle
contraction. To control for differences in force across subjects, the
amount of EMG signal in the mirror muscle during the motor task was
defined as a percentage of the EMG signal of the active muscle according

. . __ EMGsignalofthemirrormuslce
to the formula: MirrorEMG = EMGsignalofthetargetmuscle x100.

An example of the custom function output can be seen in Fig. 1.
The detailed code used for the construction of the algorithm, along
with comments, can be found in the supplementary material.

2.4. Statistical analysis

Descriptive data is shown with mean values and standard deviations,
or median with interquartile range (IQR), as appropriate. Inter-rater
reliability was assessed with a two-way mixed model Intraclass Corre-
lation Coefficient (ICC (2,k); Absolute Agreement) [23]. ICC reliability
was considered poor for values lower than 0.5, moderate for values
between 0.5 and 0.75, good for values 0.75-0.9 and excellent for values
higher than 0.9 [25].

We used the 95% Limits of Agreement, as proposed by Bland and
Altman [18], to evaluate the mean differences in the latency of the
beginning of muscle activation as marked by the proposed algorithm
and by the two neurophysiologists.

Regarding the amount of mirror EMG signal, the Shapiro-Wilk test
was applied to test for the normality of data distribution. Given that the
data was not normally distributed, non-parametric tests were used.
Differences in gender and sides were assessed with a Mann-Whitney U
test. Correlation of mirror activity with age was evaluated with a
Spearman rank-order correlation. A p value < 0.05 was considered
statistically significant.

For calculations of normative data, we performed a logarithmic
transformation log(x + 1) of the mirror muscle signal amplitudes [22].
The resulting data followed a normal distribution. After the analysis, the
data was back-transformed, in order to obtain meaningful values.

All analyses were performed in IBM SPSS for Microsoft Windows,
Version 26.0 (Armonk, NY: IBM Corp).

3. Results

Recordings were obtained from bilateral ADM and TA muscles at
sampling frequencies of 3 and 24 Hz, as detailed in Table 1.

3.1. Latency measurements

ICC values for the onset latency (proposed algorithm and both op-
erators), were calculated for the ADM muscles, considering all re-
cordings done in both sampling frequencies. For both 3 Hz and 24 Hz,
the ICC value was 0.998 (p < 0.001). Concordance between the ADM
measurements of the Algorithm against both operators, for the two
frequencies, can be seen in Figure S5 (Supplementary material).

Bland-Altman plots were constructed in order to further evaluate the
agreement in measurements. We compared measurements from one
operator (JC) against the other operator (IdC) and against the Algorithm
for both frequencies (Fig. 2).

The limits of agreement were very similar for both comparisons JC vs
IdeC 82.9 ms and JC vs Algorithm 88.4 ms for 24 Hz and JC vs IdeC 63.9
ms and JC vs Algorithm 83.5 ms for 3 Hz.

3.2. Amplitude measurements

Given the similar results in latency measurements between both
frequencies analyzed, amplitude measurements were evaluated in 3 Hz
signals. For each subject, the amplitude considered was the mean of the
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Fig. 1. Example of our custom algorithm output; RMS — root mean square.

Table 1
Number of muscles recorded in each sampling frequency; Age values are mean
and SD; ADM - Abductor digiti minimi; TA — Tibialis anterior.

3 Hz 24 HZ
Right Left Right TA Left Right Left
ADM ADM TA ADM ADM
Gender 29914 3 1096 & 29912 g8
Age 56.6 53.8 57.3
(15.1) (17.2) (12.5)
Muscles 43 43 16 16 41 41

three recordings. The amount of EMG mirror signal for each muscle as a
percentage of the full contraction signal is displayed in Table 2.
There was no difference in amplitude of the mirror activity between
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genders. A Spearman’s rank-order correlation was run to assess the
relationship between age and the amount of mirror activity. Preliminary
analysis showed that all relationships were monotonic, as assessed by
visual inspection of a scatterplot. There was a statistically significant,
moderate positive correlation between age and mirror activity in the
ADM (5(86) = 0.300, p = 0.005) and in the TA (r(32) = 0.475, p =
0.006) muscles (Fig. 3). Regarding difference between sides, there was
significantly more mirror activity in the right muscles (when the left
muscle was active). Differences between mirror activity, regarding the
active side, were assessed with the Mann-Whitney U test. In the upper
limbs, median mirror activity in the right ADM (6.4%) was significantly
higher than in the left ADM (2.6%), U = 577, z = -3.002, p = 0.003. In
the lower limbs, median mirror activity in the right TA (2.1%) was
significantly higher than in the left TA (0.8%), U = 64.5, 2 =-2.399,p =
0.016 (Fig. 4).

AldeC - JC 24Hz

000 100000 150000 200000 20000

AldeC -JC 3Hz

%00 100000 1500 0000 20000
Mean IdeC -JC 3Hz

Fig. 2. Bland-Altman plots of the difference in latency as marked by the custom algorithm vs one operator (JC) as well as one operator (JC) vs other operator (IdeC),
for both sampling frequencies. Solid lines represent the mean difference; Upper dashed lines represent the mean differences + 1.96 SD (with upper 95% CI — dotted
line), and lower dashed lines represent the mean differences — 1.96 SD (with lower 95% CI — dotted line).
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Table 2

Median and IQR of the amount of mirror activity; Mean =+ standard deviation
and 95% limits of normality for both the transformed and the exponentiated
variables (all values are in % of the amount of EMG from the active muscle);
ADM - Abductor digiti minimi; TA — Tibialis anterior.

Mirror
activity
Mirror EMG Logarithmic scale  After
(%) (%) exponentiation (%)
Mirror Right 6.43.0-10.2 0.83 + 6.8 + 2.01.7-27.4
muscle ADM 0.310.09-1.19
Left 2.61.6-5.0% 0.64 + 44+191.2-15.4
ADM 0.280.22-1.44
Right 2.10.8-4.0 0.49 + 0.29- 3.1 +£1.90.8-10.4
TA 0.08-1.06
Left TA 0.80.5-1.2 0.26 + 1.8+1.31.1-21
0.120.02-0.50

Given the non-normality of the amount of mirror signal distribution,
we performed a logarithmic transformation of the data, for the calcu-
lation of normative data.

We chose a log10 transformation for this purpose. Given the small
amount of mirror EMG signal in some subjects, we opted for a log(x + 1),
to avoid the approach to negative infinity as x approached 0. The
resulting variables were approximately normally distributed (Shapiro-
Wilk test p > 0.01, Skewness and Kurtosis < 1).

Normative data was calculated as Mean + 1.96SD in the transformed
data. Values in logarithmic scale and after exponentiation are presented
in Table 2. The upper limit of normality for mirror EMG signal in our
group was 27.4% for right ADM, 15.4% for left ADM, 10.4% for right TA
and 2.1% for left TA.

4. Discussion

In this work, we describe a simple algorithm to quantify the amount
of EMG activity in a muscle (mirror) when performing an isometric full
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force contraction of the contralateral muscle (active).

The performance of the algorithm regarding latency was excellent,
with very high ICC values between automated and manual measure-
ments. The analysis of the Bland-Altman plots showed that the 95%
limits of agreement between the algorithm and an experienced human
operator were very similar to those comparing two experienced human
operators. The performance of the algorithm was similar for both sam-
pling frequencies tested. Despite this good performance, there were a
small number of issues with latency markings, particularly when the
beginning of the contraction was not very well defined. This is a limi-
tation of this method since in cases where the subject starts activating
the muscle with a low degree of force before the full contraction, erro-
neous results can be obtained. In contrast, in cases where there was
incomplete relaxation or spontaneous muscle activity, e.g., fascicula-
tions, the algorithm ignored this unwanted activity and correctly iden-
tified the beginning of muscle contraction.

For amplitude measurement, we evaluated the mean of three re-
cordings, in order to diminish interindividual variability of the re-
cordings [17]. Given that we measured mean EMG values, the window
length used for the RMS (150 ms in our algorithm), had a very small
impact on the results [17]. We found no correlation in our data between
the amount of mirror activity and gender. There were significant posi-
tive correlations with age, as expected, since it has been suggested that
this mirror phenomenon may reappear in older adults [2]. When
comparing sides, we found that when the left muscles were active, the
amount of mirror activity was significantly greater. Given that all our
subjects were right-handed, our findings are in accordance with what
has been already reported, supporting a higher dominant-to-non domi-
nant hemispheric inhibition [4,5]. Armatas et al [4], postulate that
asymmetry in callosal interconnectivity, a possible result of hemisphere
specialization [1], could account for this difference in mirror activity in
the hands. Our study extends these findings, demonstrating that there is
higher dominant-to-non dominant hemispheric inhibition in the lower
limbs. From a physiological, and clinical, point of view, it would be
interesting to integrate these findings with Transcranial Magnetic
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Fig. 3. Scatterplots of Age and mirror activity in the ADM and TA muscles. Values are represented as a percentage of the amount of EMG signal of the active muscle;
ADM - Abductor digiti minimi; TA — Tibialis anterior; Trend lines were generated using loess modeling (90% of points fit, Epanechnikov kernel).
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Fig. 4. Boxplot of the amount of mirror activity; Values are represented as a percentage of the amount of EMG signal of the active muscle; ADM — Abductor digiti

minimi; TA — Tibialis anterior.
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Stimulation (TMS), both in healthy subjects as well as in diseases that
affect transcallosal inhibitory control, like motor neuron diseases.

In our data, the upper limit of normality for mirror activity is 27.4%
for the right ADM, 15.4% for the left ADM, 10.4% for the right TA and
2.1% for the left TA.

Our study has some limitations. We did not measure the force of
muscle contraction. However, we made every effort to encourage sub-
jects to perform maximum contraction. Additionally, the number of
muscles studied is not very large, particularly TA muscles, hindering the
definition of normal values per age group.

In this study we chose to analyze a simple isometric full force
contraction given a lack of normative values of mirror activity for use in
a clinical setting. Despite the recommendation for using more advanced
kinematic paradigms for studying motor overflow [2], the use of a
sustained strong effort has been shown to facilitate the presence of
mirror activity [3] in healthy subjects. The proposed algorithm performs
significantly well in defining the initiation of muscle contraction and
allows for an objective measurement of the mirror activity in healthy
subjects.

Electromyographic quantifying measurements of mirror activity, in
both upper and lower limbs, will be interesting not only in patients with
congenital mirror movements, but also in less well-defined motor
overflow syndromes, as well as in patients with neurological diseases
that might affect transcallosal inhibition. We propose that this protocol
could be applied in future studies of various neurological disorders.
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