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Objective. To perform a preliminary test of a new rehabilitation treatment (FIT-SAT), based on mirror mechanisms, for gracile
muscles after smile surgery. Method. A pre- and postsurgery longitudinal design was adopted to study the eﬃcacy of FIT-SAT.
Four patients with bilateral facial nerve paralysis (Moebius syndrome) were included. They underwent two surgeries with free
muscle transfers, one year apart from each other. The side of the face ﬁrst operated on was rehabilitated with the traditional
treatment, while the second side was rehabilitated with FIT-SAT. The FIT-SAT treatment includes video clips of an actor
performing a unilateral or a bilateral smile to be imitated (FIT condition). In addition to this, while smiling, the participants
close their hand in order to exploit the overlapped cortical motor representation of the hand and the mouth, which may
facilitate the synergistic activity of the two eﬀectors during the early phases of recruitment of the transplanted muscles (SAT).
The treatment was also aimed at avoiding undesired movements such as teeth grinding. Discussion. Results support FIT-SAT as
a viable alternative for smile rehabilitation after free muscle transfer. We propose that the treatment potentiates the eﬀect of
smile observation by activating the same neural structures responsible for the execution of the smile and therefore by facilitating
its production. Closing of the hand induces cortical recruitment of hand motor neurons, recruiting the transplanted muscles,
and reducing the risk of associating other unwanted movements such as teeth clenching to the smile movements.

1. Introduction
Moebius syndrome (MBS) is a rare neurological disorder
characterized by bilateral nonprogressive congenital palsy
of the facial (VII cranial) and abducens (VI cranial) nerves.
Researchers estimate that the condition aﬀects 1 in 50,000
to 1 in 500,000 newborns worldwide [1, 2]. In Italy, it is estimated that 5-6 individuals are born with MBS every year,
yielding a total of about 500-600 aﬀected patients [3].
Patients with MBS present facial and ocular symptoms at

birth including reduced or absent facial expressiveness,
incomplete eye closure, inability to perform lateral eye movements, and diﬃculty in sucking. Patients with MBS cannot
perform movements such as closing their lips, pronouncing
some language sounds, smiling symmetrically, closing their
eyelids, or wiggling their eyebrows. They also present labial
incompetence (i.e., drooling due to inability to eﬀectively
contain saliva) and diﬃculties in closing the eyelids, which
may cause corneal ulcers or infections [4]. Other cranial
nerves such as the glossopharyngeal and spinal accessory
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may be involved, and patients may also present limb abnormalities (i.e., clubbed feet, congenital hand anomalies, and
pectoral anomalies) in up to 15%-25% of cases [5]. Most
importantly, the absence of facial mimicry hinders nonverbal
communication, interfering greatly with social interactions
and leading to psychological repercussions such as social
stigma, marginalization, and depression [1, 6].
To date, the only available treatment to partially overcome facial palsy in MBS is surgical. Facial paralysis reconstruction (i.e., smile surgery) is aimed at achieving
symmetry at rest and during dynamic facial movements, thus
creating some degree of mobility in the lower face to produce
facial expressions [7]. Depending on the origin of the facial
palsy and on its evolution over time, patients may require a
muscle transfer (free functional muscle transfer, FFMT) [3].
For patients with bilateral paralysis such as MBS, FFMT is
the standard procedure aimed at restoring facial animation
[8, 9] (for further details on FFMT, see supplementary online
material). Rehabilitation requires a prolonged period after
surgery, with the patient spending many months exercising
facial movements under the guidance of a speech therapist
[10]. At present, no consensus guidelines for the rehabilitative protocol are available for such forms of facial palsy. Nevertheless, once the muscle begins to show evidence of
producing the ﬁrst contractions, clinicians have found it
eﬀective to train patients to produce muscle contractions
through a teeth clenching trigger under mirror feedback
[11]. Although teeth clenching has proved eﬀective in rapidly
recruiting the transplanted muscles [12], clinicians also
report diﬃculties in dissociating the movements of muscles
for chewing from those of smiling. Therefore, long periods
of rehabilitation are required before patients learn to move
facial muscles independently and to dissociate the motor circuits involved in chewing and smiling [13]. Moreover, some
patients report discomfort in observing their image reﬂected
in a mirror, resulting in poor compliance during home training. Indeed, it is well known that facial palsy has negative
consequences for self-perception [14, 15] due to facial asymmetry and absence of facial mimicry.
The purpose of the present study was to evaluate the feasibility of a new rehabilitation treatment after smile surgery.
We propose a treatment based on action observation therapy
(AOT) [16], which has been shown to have clinical and rehabilitative relevance [17–20], and which exploits the visuomotor coupling properties of the mirror neuron system (MNS)
[21] as well as the motor synergies between the hand and
the mouth present at a cortical level [22–26] to facilitate the
recruitment of transplanted muscles in MBS patients.
1.1. Theoretical Assumptions of Facial Imitation Treatment
(FIT). Mirror neurons were discovered in the ventral premotor region F5 of the macaque monkey more than twenty-ﬁve
years ago [27, 28]. This class of neurons ﬁres both when individuals execute a speciﬁc motor act and when they observe
the same or a similar act performed by another individual
[29–31]. The mirror mechanism is widely believed to support
social cognitive functions such as action and emotion understanding by mapping perceived actions onto internal motor
representations [32, 33]. Evidence suggests that mirror neu-
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rons are recruited in tasks requiring observation and imitation of actions and facial expressions [30, 33–36], empathy
[37–40], and intentions [23, 41] and in language perception
[42, 43]. These properties of mirror mechanisms can be
exploited in neurorehabilitative treatments. For instance, in
patients with motor deﬁcits due to vascular brain injury or
other neurological insults, the observation of a movement
might improve movement recovery, reinforcing the activation of motor circuits which have been weakened due to the
lesion [6, 17, 44]. This mechanism is the basis of AOT which
combines exercises aimed at reducing the motor deﬁcit with
rehabilitation sessions whereby patients simultaneously
observe the same exercises performed by the rehabilitator
[16, 18].
In this study, we applied the principles underlying AOT
to smile rehabilitation. According to embodiment theories
[18, 30, 32, 43, 45], during the observation of emotional faces,
aﬀective and motor neural systems are activated together [1,
46–48] and people would react with congruent muscle activations (unconscious facial mimicry [49]) when looking at
emotional facial expressions. This covert motor simulation
of emotional faces [50] is supported by a broad network of
regions with mirroring properties [49] that reﬂect an internal
simulation of the perceived emotional expression. Consequently, perceiving another person displaying a facial expression would result in increased neural activity in the
perceiver’s motor, emotional, and somatosensory areas [49,
51]. Thus, we hypothesized that by observing an actor who
is smiling, the neural circuits that control the smile in the
MBS patient may facilitate the recruitment of the transplanted muscle (Figure 1 [21]).
1.2. Synergistic Activity Treatment (SAT): Theoretical
Assumptions. The concept of synergy has been proposed to
explain the functional modules that control hand shaping
while an individual is grasping objects of diﬀerent sizes. Classic somatotopic theories postulate that distinct clusters of
neuronal populations are associated with speciﬁc hand muscles, ﬁngers, or ﬁnger movements [52, 53] and that the organization of such movements is somatotopically organized in
the motor cortex [22], which is known to be somatotopically
organized in a set of subregions that control diﬀerent segments of the body [52]. More recent views suggest that movements are represented in motor areas as clusters of neurons
coding for diﬀerent action types or goals [54]. For instance,
Graziano and Aﬂalo [55] demonstrated that electrical stimulation of the rostral precentral gyrus evokes coordinated
movements of the hand and mouth and that these movements seem to be present even within the restricted repertoire of behaviors of infant primates. In general, preset
motor repertoires for ethologically relevant actions have been
demonstrated in the monkey cortex by mapping studies with
microstimulation of motor cortical areas [56]. These results
are consistent with recent neuroanatomical studies of the
human brain, which have shown that representations of the
hand and mouth in the human motor cortex are contiguous
and show a high degree of overlap [22]. This organization
is generally believed to produce adaptive movements by optimizing neural resources associated to eﬀectors that are jointly
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Figure 1: Modiﬁed from Ferrari et al. [21]: FIT-SAT theoretical assumptions. (a) FIT combined action observation with the direct eﬀects of
action execution suggesting that activation of motor areas by action observation becomes reinforced by the concomitant active execution of
the observed actions19; (b) the synergistic activity of hand closing while smiling should facilitate the activation of the cortical areas connected
to the mouth. We hypothesized that hand contraction would facilitate the recruitment of the gracilis muscle as a consequence of the activity of
mouth motor neurons in motor cortical areas.

involved in coordinated actions. For instance, we often close
our hands to grab edible objects with the aim of bringing food
to the mouth. At the cortical level, the grasping movement
and the mouth opening movement are represented as motor
synergies for which the closure of the hand is accompanied
by the opening of the mouth. These hand/mouth movements
are synchronous and coordinated to maximize their eﬃcacy.
It has been demonstrated that during electrical stimulation of
the sensorimotor cortex, the mouth starts to open while the
closing hand moves towards the face [22]. Furthermore,
numerous kinematics studies by Gentilucci and colleagues
show that the movement of the hand during grasping simultaneously aﬀects the kinematics of the mouth during diﬀerent motor tasks [23, 25, 26]. As a consequence, we have
assumed that the synergistic activity of hand closing while
smiling should facilitate the activation of the cortical areas
connected to the mouth, facilitating the recruitment of the
gracilis muscle without grinding of the teeth (synergistic
activity therapy, SAT, Figure 1 [21]).
1.3. FIT-SAT at Home. The FIT-SAT treatment includes
videos containing instructions and daily exercises to be performed at home for up to six months (Figure 2(a)). The protocol is divided into two phases. The ﬁrst (unilateral) phase is
aimed at increasing muscle strength with unilateral exercises
avoiding teeth grinding and begins when the patient starts to
recruit the transplanted muscle. This phase consists of a
series of video clips of an actor performing only unilateral
smiles which are then imitated by the patient. Each video clip
contains instructions concerning both the coactivation of the
hand closed as a ﬁst and the speciﬁc number of repetitions
that the MBS patient must perform each day. The duration
of the ﬁrst phase varies from patient to patient depending
on the muscle recruitment. The second phase of the treatment begins only after the patient is able to perform multiple
repetitions of the unilateral movement maintaining the posture for at least three seconds. The second (bilateral) phase
is aimed at synchronizing the contraction of both sides in
order to obtain a harmonious movement and a natural smile.
This is achieved by presenting clips of an actor smiling bilat-

erally and by giving instruction about the coactivation of the
hands. Bilateral exercises include modulation tasks in which
the patient is asked to perform maximum and small (gentle)
smiles8 in order to train and control the contraction force of
the transplanted muscle/s.
One of the most complex aspects of home training is
ensuring that patients perform the exercises correctly. To this
aim, FIT-SAT’s video clips start with instructions describing
the exercises and during execution include auditory feedback
in the form of an external voice that marks the timing of the
observed smile to help the patient appreciate the rhythm of
the smile to be performed. Thus, video clips help to sustain
patient performance during home training. At each clinical
assessment, patients are provided with clip materials according to their clinical status.
1.4. Assessing the Eﬃcacy of FIT-SAT: Kinematic
Acquisitions. The aim of the present study was to compare
the eﬃcacy of FIT-SAT with that of the traditional treatment.
All patients underwent a two-stage surgery procedure
(FFMT), spaced at least 9-12 months apart. They rehabilitated the right side of the face with traditional treatment
[11, 15] ﬁrst and about one year later the left side with FITSAT. We planned two kinematic acquisitions, one at the
beginning of FIT-SAT (T1) and one at the end of treatment
(T2, Figure 2(b)), to measure the three-dimensional motion
of the patients’ smile excursion. To compare the two treatments, we assessed maximal mouth aperture in the bilateral
task between T1 and T2 to test how much the movement
on one side of the face was the same as the movement on
the other side. Speciﬁcally, we calculated the Euclidian distances between the left and right lip corner markers and the
nose marker (Figure 3(b)). These parameters extrapolated
from the bilateral smile provide an indirect measure of the
left and right excursions, and their comparison may support
the eﬃcacy of the FIT-SAT treatment. Speciﬁcally, if the
excursion of the left side at T2 was not diﬀerent to that
observed in the right side at T1, this would be evidence that
FIT-SAT permitted a muscle recruitment as much as the traditional treatment [11]. Furthermore, we assess the eﬃcacy of
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Figure 2: FIT-SAT treatment. (a) The FIT-SAT treatment was performed at home for about 6 months. After the ﬁrst surgery, the right side of
the face was rehabilitated by teeth clenching and mirror feedback. After the second surgery, the FIT-SAT treatment started as soon as the
patient began to recruit the muscle. (b) The FIT-SAT treatment was divided into two phases: in the ﬁrst (unilateral) phase, patients
performed unilateral exercises in order to recruit the left transplanted muscle as soon as possible. The second (bilateral) phase started only
after the patient was able to perform multiple repetitions of the unilateral left movement maintaining the posture for at least three
seconds. From now on, the patient had to learn to coordinate the two sides of the face performing bilateral exercises. (c) Experimental
condition: (1) no smile observation and no-hand contraction (baseline condition, BC), (2) no smile observation but hand contraction
(HC), (3) smile observation but no-hand contraction (SO), and (4) smile observation and hand contraction (SO-HC).

FIT-SAT to improve left muscle recruitment at the beginning
of the treatment and to reduce asymmetry at the end of the
treatment.

2. Material and Methods
2.1. Design and Participants. A small sample, pre- and postsurgery experimental design was adopted to study the eﬃcacy of FIT-SAT. Four bilateral patients with MBS were
included. Each patient was surgically treated from 2016 to
September 2018 (right and left sides of the face, respectively)
at the maxillofacial surgical unit at the University of Parma
Hospital. Inclusion criteria were (1) a certiﬁed diagnosis of
congenital and bilateral facial paralysis; (2) a transplanted
segment of the gracilis muscle in both sides of the face and
the motor nerve to the masseter muscle used for innervation;
(3) recruitment of the right gracilis muscle subject to traditional treatment using teeth clenching; (4) recruitment of
the left gracilis muscle subject to FIT-SAT treatment; (5)
absence of congenital hand malformations; (6) absence of
any psychiatric or physical illness at the time of participation;
(7) age greater than 6 years.
All participants ﬁrst underwent an operation on the right
side of the face. For the rehabilitation of the right transplanted muscle, they underwent traditional treatment with
teeth clenching (Pavese et al., 2016). After about one year,
participants underwent a second surgery on the left side of
the face. The patients underwent FIT-SAT treatment [21]
after this second surgery (Table 1). Consequently, the ﬁrst
operated side (the right one) can be considered a “control

side” as it represents activation of the gracilis muscle using
traditional treatment. Clinical practice did not allow us to
randomize the side subjected to the FIT-SAT. This can represent a potential limitation as facial expressions are more
intensely expressed in the left side of the face [57], and previous works found a main eﬀect of sidedness of the face on aesthetic judgments of pleasantness with the left hemiface
usually more expressive [58]. However, for the purposes of
this study, we were evaluating only the excursion of the smile
and its symmetry while further studies will be needed to evaluate the expressiveness of the face.
Written consent was obtained after full explanation of the
research procedure, in agreement with the Declaration of
Helsinki. The treatment was approved by the Joint Ethics
Committee of the Parma Department of Medicine and Surgery and of the Parma Hospital on 12nd October 2016 (Prot.
34819).
2.2. Procedure. When the left transplanted muscle innervated
by the masseteric nerve gave signs of activation (approximately 2-3 months after the second surgery), the patients
started FIT-SAT treatment at home and underwent the ﬁrst
kinematic acquisition (T1). The second kinematic acquisition (T2) occurred at the end of FIT-SAT (about 8-9 months
after the second surgery) to measure the patients’ progress in
recruiting the transplanted muscle (Figure 2(a)).
Kinematic data were obtained by means of an optoelectronic system for motion analysis (SMART-DX-100 system,
BTS Bioengineering). This system consists of four digital
infrared cameras (with a frequency of 100 Hz), which detect

Neural Plasticity

5
%MMA
RM

LMM

RMM

MMA baseline

Bilateral smile

mm

% left/right side

62
61
60
59

Smile
Baseline
0

1

2

3

4

5

6

7

8

Time (s)
Video start

Visual stimulus
onset

Left and right smile

Side baseline

Video end

(a)

(b)

Figure 3: Kinematic parameters. (a) Example of one trial. The black line represents the excursion of the markers placed on the participant’s
mouth. The movement began after the participants observed the actress’s smile and maintained the posture for about three seconds. The
baseline is shown in gray. In this phase, the subject did not perform any movement. (b) Three reﬂective passive markers were placed on
the participant’s face (left mouth marker, LMM; right mouth marker, RMM; and reference marker, RM). Bilateral smile amplitude was
calculated as the maximum Euclidian distance (MMA) in millimeters between the two lip corner markers (LMM and RMM). This
measure was expressed as a percentage of the MMA at baseline (%MMA). Similarly, left/right side parameters were calculated as the
Euclidian distances in millimeters between LMM or RMM lip corner marker and the nose marker (RM). Left/right side parameters were
expressed as the percentage of side baseline (left or right, respectively, before movement onset).
Table 1: Patient classiﬁcation: demographics and clinical characteristics of patients.
ID_
num

Sex Age

Patients
classiﬁcation

Type of paralysis

Type of smile
surgery

MBS01

f

11

Bilateral
Moebius

Complete bilateral
paralysis

Free muscle
transfer

MBS02

f

40

Bilateral
Moebius

Complete bilateral
paralysis

Free muscle
transfer

MBS03

f

7

Bilateral
Moebius

Complete bilateral
paralysis

MBS04 m

8

Bilateral
Moebius

Complete bilateral
paralysis

Free muscle
transfer
Free muscle
transfer

the 3D movement of passive markers reﬂecting infrared rays
emitted by illuminators with a spatial accuracy of at least
0.2 mm under the experimental conditions. Two markers
were applied at the corners of the mouth (right and left
mouth markers, RMM and LMM, respectively) and a further
additional marker was placed on the nose (nose marker or
reference point, RM, Figure 3(a)). Kinematic parameters
were computed from each tracked trial using a custom program developed in RStudio 1.0.136 (https://www.rstudio
.com/.).

Transplanted
muscle

1° smile
surgery

2° smile
surgery

Right side: gracile Right side
Left side
Left side: gracile 12-05-2015 21-01-2016
Right side: gracile Right side
Left side
Left side: gracile 03-02-2016 21-04-2017
Right side: gracile Right side
Left side
Left side: gracile

11-06-2016 31-08-2017

Right side: gracile Right side
Left side
Left side: gracile 01-07-2015 18-01-2017

FIT-SAT
duration
235
205

167

147

Each kinematic acquisition consisted of 2 blocks: (1) imitation block in which an actress performed the smiles to be
imitated by the patient; (2) no-imitation block in which an
actress did not smile but provided the rhythm of the smiles
during patients’ assessment. Each block consisted of 40 repetitions of bilateral smiles and unilateral “half smiles.” After
FFMT, patients have active movement excursion bilaterally,
but they are able to move each side of their mouth independently. Thus, we asked the participants to perform a left half
smile (unilateral task) to measure mouth excursion in the
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side rehabilitated with FIT-SAT. In both the imitation and
no-imitation block, four experimental conditions were
assessed:
(1) Smile observation and hand/s contraction (SO-HC):
patients ﬁrst observed a video clip in which an actress
executed unilateral or bilateral smiles and then
smiled while simultaneously closing their ipsilateral
hand or both hands.
(2) Smile observation and no hand/s contraction (SO):
patients observed/imitated unilateral or bilateral
smiles maintaining their hand/s relaxed in a prone
position
(3) No smile-observation and hand contraction (HC): the
actor was visible on the screen and provided auditory
feedback that marked the timing of the patients’
smiles. Following the instructions of the actress on
the video, the patients performed unilateral or bilateral smiles while simultaneously closing their ipsilateral hand or both hands.
(4) No smile observation and no hand contraction (BC):
patients simply performed unilateral or bilateral
smiles. We refer to this condition as the baseline condition (Figure 2(b)).
Patients performed 40 left and 40 bilateral smiles (10 repetitions for each experimental condition), 80 smiles in total.
Each video lasted six seconds, three seconds of instruction
followed by three seconds for performing the exercise
(Figure 2(b)). Between each trial, patients could pause if they
so desired. The order of the blocks was randomized among
subjects.
2.3. Kinematic Parameters. Bilateral smile amplitude was calculated as the maximum Euclidian distance (MMA) in millimeters between the two lip corner markers (Figure 3(b)).
This measure was expressed as a percentage of the MMA at
baseline (%MMA), the MMA baseline corresponding to the
Euclidian distance between the lip corner markers before
movement onset (0 to 2.5 seconds, Figure 3(b)). For all trials,
the %MMA was therefore calculated as follows:

%MMA =

MMA – MMA baseline
∗ 100:
MMA baseline

ð1Þ

In unilateral blocks (unilateral task), left %MMA was the
Euclidian distance in millimeters between the two lip corner
markers expressed as a percentage of the MMA at baseline.
Left (or right) smile excursions (left/right side) were also
calculated as the Euclidian distances in millimeters between
the left (right) lip corner marker and the nose marker
(Figure 3(b)). Left/right side parameters were expressed as
the percentage of side (% left/right side) with respect to the
left/right side baseline (the Euclidian distance between the
lip corner markers measured before movement onset (0 to
2.5 seconds, Figure 3(a))). For all trials, % left/right side

was therefore calculated as follows:
%Lef t side =
%Right side =

Lef t side − Lef t side baseline
∗ 100,
Lef t side baseline
Right side – Right side baseline
∗ 100:
Right side baseline
ð2Þ

We also calculated the asymmetry index of the bilateral
blocks (bilateral task) (%AI), which provides information to
evaluate the attainment of a harmonious and natural movement. The AI was calculated with the following formula:
%AI =



max¯MMA − min¯MMA
∗ 100:
max¯MMA + min¯MMA

ð3Þ

A smile will be symmetrical as the value approaches 0%
asymmetric as the value tends to 100% [59].
2.4. Statistical Analysis. The aim of this study was to compare
the eﬃcacy of standard treatment with FIT-SAT. Right and
left sides of the face were operated in two phases (about
one year apart). As a result, one side was rehabilitated before
the other. All patients rehabilitated the right side of the face
with traditional treatment [11] ﬁrst and about one year later
the left side with FIT-SAT. The main objectives were the
following:
(1) to assess the excursion of the left half smile (Left
%MMA) among experimental conditions at T1
(2) to assess an improvement in symmetry (%AI reduction) between T1 and T2
(3) to compare participants’ maximal mouth aperture
between % right side at T1 and % left side at T2
We used linear mixed-eﬀect models ﬁt by maximum likelihood (LMM) to test the eﬃcacy of the FIT-SAT treatment
on the rehabilitation of the patients’ smile. To select the best
model that yields our data, we used the Akaike information
criterion (AIC), which oﬀers a principled balance between
goodness-of-ﬁt and model complexity [60]. The principal
characteristic of this approach is the inclusion of random
subject eﬀects into regression models in order to account
for the inﬂuence of subjects on their repeated observations.
The information criteria (AIC values) together with loglikelihood statistics are reported and provide a way to assess
the ﬁt of a model based on its optimum log-likelihood value
(Tables 2–4). Data analyses were performed using RStudio
1.3.1093 (https://www.rstudio.com/.) using the “Ime” function in the “nlme” package. The threshold for statistical signiﬁcance was set at p < 0:05 for all analyses.

3. Results
3.1. Unilateral Task. To test the FIT-SAT conditions in facilitating the unilateral left excursion (ﬁrst phase) at the beginning of the treatment, we entered left %MMA as the
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Table 2: FIT-SAT treatment eﬃciency: best ﬁt mixed-eﬀect models (unilateral smile in T1).

Parameters

Model

df

AIC

BIC

LogLik

Test

L. ratio

p value

Left %MMA

m0_T1
m1_T1
m2_T1

2
3
4

700.4
589.9
581.3

706.5
598.9
599.4

-348.2
-291.9
-284.8

m0_T1 vs. m1_T1
m1_T1 vs. m2_T1

112.6
14.5

<0.001
<0.002

Table 3: FIT-SAT treatment eﬃcacy: best ﬁt mixed-eﬀect models. Information of the mixed-eﬀect models used for diﬀerent kinematic
parameters.
Parameters

Model

df

AIC

BIC

LogLik

Test

L. ratio

p value

%MMA

m0
m1
m2
m3
m4

2
3
4
7
10

1445.9
1285.4
1234.9
1230.4
1229.3

1453.2
1296.3
1249.4
1255.8
1265.5

-721.0
-639.7
-613.4
-608.2
-604.6

m0 vs. m1
m1 vs. m2
m2 vs. m3
m3 vs. m4

162.5
52.5
10.5
7.2

<0.001
<0.001
0.015
0.066

%AI

m0
m1
m2
m3
m4

2
3
4
7
10

1595.7
1509.1
1402.9
1408.0
1413.2

1602.9
1519.8
1417.2
1432.9
1448.9

-795.9
-751.5
-697.5
-697.0
-696.6

m0 vs. m1
m1 vs. m2
m2 vs. m3
m3 vs. m4

88.7
108.2
1.0
0.8

<0.001
<0.001
0.813
0.859

% left side

m0
m1
m2
m3
m4

2
3
4
7
10

1337.5
1267.1
1121.8
1125.9
1130.8

1344.7
1277.9
1136.3
1151.3
1167.0

-666.7
-630.5
-556.9
-556.0
-555.4

m0 vs. m1
m1 vs. m2
m2 vs. m3
m3 vs. m4

72.4
147.2
1.9
1.2

<0.001
<0.001
0.598
0.764

% right side

m0
m1
m2
m3
m4

2
3
4
7
10

1331.0
1123.3
1093.2
1091.4
1093.1

1338.2
1134.2
1107.7
1116.7
1129.4

-663.5
-558.7
-542.6
-538.7
-536.6

m0 vs. m1
m1 vs. m2
m2 vs. m3
m3 vs. m4

209.7
32.2
7.8
4.2

<0.001
<0.001
0.050
0.238

Table 4: FIT-SAT treatment eﬃciency: best ﬁt mixed-eﬀect models (bilateral smile, % left vs. right side).
Parameters

% left/right side

Model

df

AIC

BIC

LogLik

Test

L. ratio

p value

m0
m1
m2
m3
m4

2
3
4
7
10

2678.1
2440.9
2418.3
2397.6
2238.3

2686.7
2453.8
2435.6
2419.2
2264.2

-1337.0
-1217.4
-1205.2
-1193.8
-1113.1

m0 vs. m1
m1 vs. m2
m2 vs. m3
m3 vs. m4

239.2
24.6
22.7
161.3

<0.0001
<0.0001
<0.0001
<0.0001

dependent variable and compared the ﬁt of a generalized
least squares (GLS) null model (m0_T1, y ~ 1) with ﬁxed
intercept with that of a null model with random intercept
(m1_T1, y ~ ð1 subjectsÞ). m1_T1 provided a superior ﬁt than
m0_T1 (AICm0 T1 = 700:4 and AICm1 T1 = 589:9; p < 0:001).
We then added the factor “condition” as a ﬁxed eﬀect to
m1, generating m2_T1 (y ~ condition + ð1 subjectsÞ). The
comparison between models revealed that m2_T1 provided
a better ﬁt (AICm2 T1 = 581:3; p < 0:002, see Table 2).
Post hoc tests (Dunnett’s) were performed to test the
condition eﬀects. We observed a signiﬁcant increase in SOHC (5:55 mm ± 0:4) in comparison to BC (4:47 mm ± 0:4, p

= 0:005, Figure 4). No other comparisons were found to be
signiﬁcant (p > 0:05).
3.2. Bilateral Task. On average, %MMA increased at the end
of FIT-SAT treatment (T2) with respect to the beginning T1
(T1 = 12:59 mm ± 0:19, T2 = 14:66 mm ± 0:32; Figure 5(a))
whereas %AI decreased (T1 = 10:45 mm ± 0:52, T2 = 5:59
mm ± 0:24; Figure 5(b)). Similar to %MMA, in T2, the % left
side increased in the percentage of excursion in comparison
to T1 (T1 = 0:616 mm ± 0:11, T2 = 3:593 mm ± 0:24;
Figure 5(c)) whereas the average values of the % right side
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Figure 4: Results of unilateral task at T1. Left %MMA was the
Euclidian distance in millimeters between the two lip corner
markers expressed as a percentage of the MMA at baseline. All the
experimental conditions are represented: smile observation
followed by imitation of the same smile movement and ipsilateral
hand contraction (SO-HC), smile observation followed by
imitation of the same smile movement but without hand
contraction (SO), no smile observation but hand contraction
(HC), and no smile observation and no hand contraction (BC).
Error bars represent SE (standard errors of the means).

show a slight decrease (T1 = 3:544 mm ± 0:28, T2 = 2:39
mm ± 0:15; Figure 5(d)).
We run LMM with a random intercept to account for the
interindividual variability, and we compared models using
the likelihood-ratio test. We entered all kinematic parameters
as the dependent variables and compared the ﬁt of a generalized least squares (GLS) null model (m0, y ~ 1) with ﬁxed
intercept with that of a null model with random intercept
(m1, y ~ ð1 subjectsÞ). In %MMA, m1 provided a superior
ﬁt than m0 (AICm0 = 1445:9 and AICm1 = 1285:4; p < 0:001
). We then added the factor “acquisition” as a ﬁxed eﬀect to
m1, generating model 2 (m2, y ~ acquisition + ð1 subjectsÞ).
The comparison between models revealed that m2 provided
an even better ﬁt (AICm2 = 1234:8; p < 0:001), suggesting that
mouth maximal aperture increased as a function of time.
Finally, we added the factor “condition” as a ﬁxed factor
(m3, y ~ acquisition + condition + ð1 subjectsÞ) and interaction (m4, y ~ acquisition ∗ condition + ð1 subjectsÞ). The
comparison between models revealed that m3 provided the
better ﬁt (AICm3 = 1230:4; p < 0:015, see Table 3). Dunnett’s
comparisons were performed comparing each FIT-SAT condition (HC, SO, and SO-HC) with the control condition
(BC). We observed a signiﬁcant increase in SO-HC condition
(14:19 mm ± 0:37) in comparison to BC (13:36 mm ± 0:39,
p = 0:045, Figure 6). No other diﬀerences were found
(p > 0:05).
We performed the same comparisons between models in
the %AI variable. We observed a lower AIC values in both
m0 vs. m1 and m1 vs. m2 comparisons (AICm0 = 1595:7
and AICm1 = 1509, p < 0:001; AICm2 = 1402:9, p < 0:001;
Table 3). Speciﬁcally, the factor “acquisition” improves the
quality of the ﬁt compared to m0 and m1 suggesting that,
in T2 patients, smiles were more symmetrical than in T1
patients. Thus, the best explanation for the improvement in
the quality of patients’ smile was accounted by the factor

“acquisition” which, in turn, reﬂects the eﬀect of the FITSAT treatment over time (Figure 5(b)). Instead, model comparisons indicated that m3 and m4 did not improve the ﬁtting (p > 0:05, Table 3).
To analyze the eﬀect of the FIT-SAT treatment in activating the left muscle without teeth clenching, we further
employed a LLM for left and right sides separately. Once
again, the best model that yields our data in the excursion
of % left side was accounted for by the acquisition factor
(AICm2 = 1121:8; p < 0:001, Figures 5(c) and 5(d)). The
AIC values for each comparison between models are shown
in Table 3.
3.3. Traditional vs. FIT-SAT Treatment Comparison. To
examine the two treatments, we compared the % left side
and % right side parameters at T1 and T2. The analysis procedure follows the previous one. The comparison between
models revealed that m4 provided the better ﬁt
(AICm4 = 2238:3; p = 0:001, see Table 4).
Dunnett’s comparisons were performed comparing %
right side T1 with the other conditions. We found a signiﬁcant diﬀerence between % right side T1 and % left side T1
(3:54 ± 0:28 and 0:62 ± 0:11, respectively; p < 0:001,
Figure 7) and % right side T2 (1:17 ± 0:21, p < 0:001). No difference was found between % right side T1 and % left side T2
(p > 0:05).

4. Discussion
Peripheral facial palsy, involving a lesion of cranial nerves
involved in facial mimicry, is typically correlated to important functional and aesthetic deﬁcits. Patients with congenital
unilateral or bilateral facial palsy show reduced or absent
expressivity; they either cannot smile (when aﬀected bilaterally) or ﬁnd it very diﬃcult to smile (unilateral paralysis).
In addition, they cannot grimace or close their eyes normally.
Finally, because of the lack of strength in their lip muscles,
they also have problems with chewing, swallowing, and
speaking. Surgical interventions are aimed at reducing the
symptoms and restoring a degree of facial mobility (i.e., facial
reanimation [7]). Despite the strong negative impact of facial
palsy on psychosocial functioning and quality of life [61],
however, current approaches to postsurgery treatment
remain largely unsatisfactory. Following muscle transplant,
traditional rehabilitation programs are aimed at activating
newly formed motor circuits under the control of the masseteric nerve. Thus, patients are initially encouraged to practice
biting in front of a mirror [11]. However, the practice of teeth
clenching, although extremely eﬀective in recruiting the
transplanted muscles [12], leads to diﬃculties in separating
chewing from smiling and remains divorced from mimicry
processes, which play an important part in social interactions. As an additional problem, clinicians report poor compliance with prescriptions involving home training under
mirror feedback, presumably due to the negative consequences of facial palsy for self-perception [14].
Here, we tested a new neurorehabilitative protocol (FITSAT) that exploits the properties of the mirror system as well
as hand-mouth synergies [22, 55] related to the somatotopic
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Figure 5: The graphs show the results of the bilateral analysis between the ﬁrst (T1) and the last acquisition (T2). The parameters considered
were (a) %MMA (the maximum Euclidian distance in millimeters between the two lip corner markers), (b) %AI (asymmetry index), (c) % left
side (the Euclidian distances in millimeters between the left lip corner marker and the nose marker), and (d) right side (the Euclidian distances
in millimeters between the right lip corner marker and the nose marker). Error bars represent SE (standard errors of the means).
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Figure 6: The graph shows the results of the bilateral task in both
acquisitions considering the FIT-SAT conditions. Speciﬁcally,
%MMA (the maximum Euclidian distance in millimeters between
the two lip corner markers) increased in SO-HC (smile
observation and hand contraction) with respect to the baseline
(BC). Error bars represent SE (standard errors of the means).

organization of the motor cortex. Our results support the feasibility of FIT-SAT as an alternative to mirror feedback therapy. Speciﬁcally, we analyzed the excursion of the lips in four
patients with bilateral paralysis. The patients rehabilitated
the right side of the face with the traditional treatment
involving teeth clenching [11], whereas they rehabilitated
the left side with FIT-SAT [21]. Using 3D kinematic acquisitions, the recruitment of the left transplanted muscle was
monitored by the second intervention onwards. A beneﬁcial
eﬀect of the SO-HC condition was observed in the unilateral
task at the ﬁrst acquisition. Speciﬁcally, smile observation
(SO) associated to hand contraction (HC) was eﬀective in
recruiting the transplanted muscle in the early phase of the
treatment (unilateral phase) resulting in a greater left side
excursion with respect to the baseline (BC).

Bilateral smile at the end of
rehabilitation

4
3
2
1
0
Traditional treatment (right side)
FIT-SAT treatment (left side)

Figure 7: The graph shows the results between the % right side and
the % left side (the Euclidian distances in millimeters between the
left/right lip corner marker and the nose marker, Figure 3(b)) at
the ﬁrst acquisition (T1, blue) and at the last acquisition (T2,
orange), respectively. Error bars represent SE (standard errors of
the means).

The unilateral phase of the FIT-SAT treatment ﬁnished
when patients were able to recruit the transplanted muscle
even in the absence of hand contraction. Once the ﬁrst unilateral phase was completed and the muscle of the left side
had been fully recruited, the second bilateral phase began.
This second phase was aimed at synchronizing the contraction of both sides in order to obtain a harmonious movement
and a natural smile. The most important result observed in
the bilateral task was the improvement in smile symmetry
at the end of the treatment.
In the bilateral task, we also observed a condition eﬀect.
Speciﬁcally, results showed an increase in the maximal
mouth aperture in SO-HC in comparison to BC suggesting
that the hand (eﬀective in early muscle recruitment) was still
useful at the end of the treatment by increasing lip excursion
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during smiling when associated with smile observation. Nevertheless, it should be noted that the maximal mouth aperture is not the parameter that can best describe an
improvement in the smile quality, and a greater maximal
mouth aperture does not necessarily imply that the patient
achieved a more harmonious and natural smile. As an example, an excessive excursion might rather indicate poor quality
of modulatory control of muscles.
Finally, in the bilateral task, we did not ﬁnd signiﬁcant
diﬀerences comparing the excursion of the right side at T1
(side of the face rehabilitated with traditional treatment)
and the left side at T2 (side of the face rehabilitated with
FIT-SAT treatment). This last result supports the conclusion
that FIT-SAT treatment may be as eﬀective as the traditional
treatment in recruiting muscles involved in smiling after
smile surgery. Notably, we found a signiﬁcant decrease in
right side excursion between T1 and T2. This eﬀect could
depend on FIT-SAT treatment. In fact, in the second phase
of the FIT-SAT, bilateral exercises of modulation were
included. This may have resulted in better smile control making the subject aware of the force of muscle contraction.
These results, although promising, will require further investigations; in particular, it will be interesting to verify the modulatory eﬀects of the FIT-SAT treatment over time.
One of the foremost goals for MBS patients undergoing
postsurgical rehabilitation is to achieve a smile that is as harmonious and natural as possible. Our results indicate that
FIT-SAT may be helpful in this respect as well, as we
observed that smile symmetry improved between the ﬁrst
and last acquisitions. Thus, the combined use of smile observation, smile reproduction, and contingent hand contraction
resulted in a reduction of the anomalous asymmetry.
A ﬁnal consideration is in order in relation to the social
function of smiling. The absence of a spontaneous smile is
what brings most problems to patients suﬀering from facial
paralysis since it impairs communication and social interaction [62]. In these patients, smile production cannot be controlled by a sensitive nerve, which means that they must
control the smile consciously. Nevertheless, some authors
have reported that, over time, some MBS patients develop
an ability to activate their smile in social situations, especially
if they underwent smile surgery at an early age [63, 64]. These
reports have been used to propose that greater brain plasticity in younger patients leads to the achievement of a spontaneous smile after neural reorganization of involved motor
processes [63, 64]. We speculate that FIT-SAT could favor
this process. The motor and premotor cortexes have been
demonstrated to be part of a visuomotor coupling mechanism (i.e., the mirror neuron system [65]). During the observation of an action/gesture, our motor system resonates with
that of the model because the observer is automatically
recruiting the same motor programs of the model. Motor resonance mediated by the above-mentioned sensorimotor mirror system could support basic functions such as action
perception, understanding, and imitation of the observed
agent [66], including mimicry which normally occurs during
face-to-face interactions [67].
Here, both SO and SO-HC conditions exploit the principles of AO [16] to facilitate the recruitment of the trans-
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planted muscle. Speciﬁcally, two mechanisms intervene:
one is linked to the voluntary production of the smile, involving motor areas that provide awareness to the movement; the
other one is based on activities of the MNS, an observationexecution matching system activated both during the execution of a motor act and during the passive observation of
other people performing the same movement [29, 39]. In
other terms, we map what we observe onto our own neural
motor representations for a speciﬁc action, sensation, or
emotion [1, 47, 48]. In fact, MNS is thought to crucially subserve emotion recognition processes. Not by chance, the temporary reversible lesion of the MNS (due to repetitive
transcranial magnetic stimulation) is associated with performance deﬁcits on tasks requiring the recognition of facial
expressions of emotion [68]. To date, how voluntary and
automatic processes interact is not entirely clear. Investigations conducted by Caruana et al. [69] by means of electrical
stimulation during brain surgery supported the role of frontal operculum (FO) in both observation and the voluntary
control of facial expressions. Its stimulation in patients that
underwent brain surgery induced the production of a smile.
Moreover, previous brain imaging studies have reported the
activation of the FO both during the voluntary imitation
and during the passive observation of a smile [70–72]. Thus,
thanks to its connectivity pattern with other brain structures
involved in emotion processing, FO would result in a sort of
“gate” between the voluntary motor system and the emotional network and crucially subserving facial expression
production and recognition in the context of social interactions. Thus, FIT-SAT may improve not only the recovery of
motor function but also the spontaneity of the smile normally occurring in everyday social situations. In fact, when
the patient smiles at another person who responds with eye
contact [73, 74] and by smiling back, there is a powerful reinforcement both consciously and unconsciously, which likely
aids the learning process as the patient can realize that the
movement was indeed recognized as a smile. Such a speculation is supported by studies on mother-infant interactions,
showing that infants tend to increase social expressiveness
when their mothers mirror their facial expressions [75].
Moreover, such mother mirroring has an impact on the
development of cortical motor circuits involved in facial
expression perception [76]. However, at the moment, we
have no actual evidence of the eﬃcacy of FIT-SAT treatment
in the production of a spontaneous smile, and future followup studies are needed to investigate the validity of this
hypothesis.
4.1. Limitations of the Study. Because of the rarity of the
syndrome, we could only include a small number of participants, and this precludes generalization of our results.
For future studies, the research question should be
addressed in a larger sample. For reasons related to clinical
practice, it was not possible to randomize the side of the
face rehabilitated with the FIT-SAT. Future studies will
need to consider this aspect in order to obviate possible
eﬀects caused by hemispheric lateralization in emotion
processing [58].
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5. Conclusion
Our results indicate that hand contraction and smile observation may be as eﬃcacious as traditional teeth clenching treatment, while bypassing patients’ diﬃculties in working with
the mirror and allowing a correct dissociation between chewing and smiling. To the best of our knowledge, this study is
the ﬁrst to apply an AOT-based rehabilitation approach
[17, 18, 77] to patients with facial paralysis who undergo
smile surgery [7, 78] and to integrate knowledge derived
from neuroscience such as hand-mouth synergy with the
clinical rehabilitation needs of these patients [22, 23, 43,
54]. Although this preliminary data is encouraging, further
conﬁrmation will be necessary with a greater number of
patients and with experimental designs including assessments of FIT-SAT after the ﬁrst muscle transplant.

Abbreviations
MBS:
FFMT:
FIT:
SAT:
AOT:

Moebius syndrome
Free functional muscle transfer
Facial imitation treatment
Synergistic activity therapy
Action observation therapy.

Data Availability
Data are available upon request.

Conflicts of Interest
The authors declare that there is no conﬂict of interest.

Acknowledgments
This research was supported by Fondazione Cariparma, Centro Diagnostico Europeo Dalla Rosa Prati e Fondazione
Filippo Bassignani. We are especially grateful to the children
and their families who undertook numerous visits and long
trips from all over Italy to reach us. We thank them all for
their patience and enormous eﬀorts to help our research.
We are grateful to Zishan Jooma for proofreading the manuscript and Stefano Uccelli for his help in analyzing data. We
would also like to thank the Associazione Italiana Sindrome
di Moebius for their continued work and support for our
research.

Supplementary Materials
Free functional muscle transfer (FFMT) description.
(Supplementary Materials)

References
[1] E. De Stefani, Y. Nicolini, M. Belluardo, and P. F. Ferrari,
“Congenital facial palsy and emotion processing: the case of
Moebius syndrome,” Genes, Brain, and Behavior, vol. 18,
no. 1, article e12548, 2019.

11
[2] O. Picciolini, M. Porro, E. Cattaneo et al., “Moebius syndrome:
clinical features, diagnosis, management and early intervention,” Italian Journal of Pediatrics, vol. 42, no. 1, p. 56, 2016.
[3] B. Bianchi, A. Ferri, B. Brevi et al., “Orthognathic surgery for
the complete rehabilitation of Moebius patients: principles,
timing and our experience,” Journal of Cranio-Maxillo-Facial
Surgery, vol. 41, no. 1, pp. e1–e4, 2013.
[4] L. Sjögreen, J. Andersson-Norinder, and C. Jacobsson, “Development of speech, feeding, eating, and facial expression in
Möbius sequence,” International Journal of Pediatric Otorhinolaryngology, vol. 60, no. 3, pp. 197–204, 2001.
[5] J. K. Terzis and E. M. Noah, “Dynamic restoration in Möbius
and Möbius-like patients,” Plastic and Reconstructive Surgery,
vol. 111, no. 1, pp. 40–55, 2003.
[6] W. Briegel, “Self-perception of children and adolescents with
Möbius sequence,” Research in Developmental Disabilities,
vol. 33, no. 1, pp. 54–59, 2012.
[7] B. Bianchi, C. Copelli, S. Ferrari, A. Ferri, and E. Sesenna,
“Facial animation in patients with Moebius and Moebius-like
syndromes,” International Journal of Oral and Maxillofacial
Surgery, vol. 39, no. 11, pp. 1066–1073, 2010.
[8] B. Bianchi, F. Zito, G. Perlangeli et al., “Long-term results of
facial animation surgery in patients with Moebius syndrome,”
Journal of Cranio-Maxillo-Facial Surgery, vol. 48, no. 12,
pp. 1132–1137, 2020.
[9] R. M. Zuker, C. S. Goldberg, and R. T. Manktelow, “Facial animation in children with Möbius syndrome after segmental
gracilis muscle transplant,” Plastic and Reconstructive Surgery,
vol. 106, no. 1, pp. 1–8, 2000.
[10] L. Kim and P. J. Byrne, “Controversies in contemporary facial
reanimation,” Facial Plastic Surgery Clinics of North America,
vol. 24, no. 3, pp. 275–297, 2016.
[11] C. Pavese, M. Cecini, A. Lozza et al., “Rehabilitation and functional recovery after masseteric-facial nerve anastomosis,”
European Journal of Physical and Rehabilitation Medicine,
vol. 52, no. 3, pp. 379–388, 2016.
[12] A. W. Murphey, W. B. Clinkscales, and S. L. Oyer, “Masseteric
nerve transfer for facial nerve paralysis: a systematic review
and meta-analysis,” JAMA Facial Plastic Surgery, vol. 20,
no. 2, pp. 104–110, 2018.
[13] R. T. Manktelow, L. R. Tomat, R. M. Zuker, and M. Chang,
“Smile reconstruction in adults with free muscle transfer
innervated by the masseter motor nerve: eﬀectiveness and
cerebral adaptation,” Plastic and Reconstructive Surgery,
vol. 118, no. 4, pp. 885–899, 2006.
[14] S. E. Coulson, N. J. O’dwyer, R. D. Adams, and G. R. Croxson,
“Expression of emotion and quality of life after facial nerve paralysis,” Otology & Neurotology, vol. 25, no. 6, pp. 1014–1019, 2004.
[15] C. Pavese, M. Cecini, N. Camerino et al., “Functional and
social limitations after facial palsy: expanded and independent
validation of the Italian version of the facial disability index,”
Physical Therapy, vol. 94, no. 9, pp. 1327–1336, 2014.
[16] A. Molinaro, S. Micheletti, F. Pagani et al., “Action observation
treatment in a tele-rehabilitation setting: a pilot study in children with cerebral palsy,” Disability and Rehabilitation, pp.
1–6, 2020.
[17] G. Buccino, “Action observation treatment: a novel tool in
neurorehabilitation,” Philosophical Transactions of the Royal
Society B: Biological Sciences, vol. 369, no. 1644, 2014.
[18] G. Buccino, A. Solodkin, and S. L. Small, “Functions of the
mirror neuron system: implications for neurorehabilitation,”

12

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]
[31]

[32]

[33]

Neural Plasticity
Cognitive and Behavioral Neurology, vol. 19, no. 1, pp. 55–63,
2006.
D. Ertelt, S. Small, A. Solodkin et al., “Action observation has a
positive impact on rehabilitation of motor deﬁcits after
stroke,” NeuroImage, vol. 36, Suppl 2, pp. T164–T173, 2007.
G. Sgandurra, A. Ferrari, G. Cossu, A. Guzzetta, L. Fogassi, and
G. Cioni, “Randomized trial of observation and execution of
upper extremity actions versus action alone in children with
unilateral cerebral palsy,” Neurorehabilitation and Neural
Repair, vol. 27, no. 9, pp. 808–815, 2013.
P. F. Ferrari, A. Barbot, B. Bianchi et al., “A proposal for new
neurorehabilitative intervention on Moebius Syndrome
patients after 'smile surgery'. Proof of concept based on mirror
neuron system properties and hand-mouth synergistic activity,” Neuroscience & Biobehavioral Reviews, vol. 76, Part A,
pp. 111–122, 2017.
M. Desmurget, N. Richard, S. Harquel et al., “Neural representations of ethologically relevant hand/mouth synergies in the
human precentral gyrus,” Proceedings of the National Academy of Sciences of United States of America, vol. 111, no. 15,
pp. 5718–5722, 2014.
M. Gentilucci, F. Benuzzi, M. Gangitano, and S. Grimaldi,
“Grasp with hand and mouth: a kinematic study on healthy
subjects,” Journal of Neurophysiology, vol. 86, no. 4,
pp. 1685–1699, 2001.
M. Gentilucci, “Grasp observation inﬂuences speech production,” The European Journal of Neuroscience, vol. 17, no. 1,
pp. 179–184, 2003.
M. Gentilucci, G. C. Campione, E. De Stefani, and
A. Innocenti, “Is the coupled control of hand and mouth postures precursor of reciprocal relations between gestures and
words?,” Behavioural Brain Research, vol. 233, no. 1,
pp. 130–140, 2012.
E. De Stefani, D. De Marco, and M. Gentilucci, “The eﬀects of
meaning and emotional content of a sentence on the kinematics of a successive motor sequence mimiking the feeding of a
conspeciﬁc,” Frontiers in Psychology, vol. 7, p. 672, 2016.
G. di Pellegrino, L. Fadiga, L. Fogassi, V. Gallese, and
G. Rizzolatti, “Understanding motor events: a neurophysiological study,” Experimental Brain Research, vol. 91, no. 1,
pp. 176–180, 1992.
V. Gallese, L. Fadiga, L. Fogassi, and G. Rizzolatti, “Action recognition in the premotor cortex,” Brain, vol. 119, no. 2,
pp. 593–609, 1996.
M. Fabbri-Destro and G. Rizzolatti, “Mirror neurons and mirror systems in monkeys and humans,” Physiology, vol. 23,
no. 3, pp. 171–179, 2008.
G. Rizzolatti and L. Craighero, “The mirror-neuron system,”
Annual Review of Neuroscience, vol. 27, no. 1, pp. 169–192, 2004.
G. Rizzolatti and L. Fogassi, “The mirror mechanism:
recent ﬁndings and perspectives,” Philosophical Transactions of the Royal Society B: Biological Sciences, vol. 369,
no. 1644, 2014.
G. Rizzolatti and C. Sinigaglia, “The mirror mechanism: a
basic principle of brain function,” Nature Reviews Neuroscience, vol. 17, no. 12, pp. 757–765, 2016.
A. Tramacere, T. Pievani, and P. F. Ferrari, “Mirror neurons in
the tree of life: mosaic evolution, plasticity and exaptation of
sensorimotor matching responses,” Biological Reviews of the
Cambridge Philosophical Society, vol. 92, no. 3, pp. 1819–
1841, 2017.

[34] N. Nishitani and R. Hari, “Temporal dynamics of cortical representation for action,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 97, no. 2, pp. 913–
918, 2000.
[35] L. Carr, M. Iacoboni, M.-C. Dubeau, J. C. Mazziotta, and G. L.
Lenzi, “Neural mechanisms of empathy in humans: a relay
from neural systems for imitation to limbic areas,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 100, no. 9, pp. 5497–5502, 2003.
[36] M. Iacoboni, “Imitation, empathy, and mirror neurons,”
Annual Review of Psychology, vol. 60, no. 1, pp. 653–670, 2009.
[37] L. Christov-Moore and M. Iacoboni, “Self-other resonance, its
control and prosocial inclinations: brain-behavior relationships,” Human Brain Mapping, vol. 37, no. 4, pp. 1544–1558,
2016.
[38] P. F. Ferrari, “The neuroscience of social relations. A
comparative-based approach to empathy and to the capacity
of evaluating others’ action value,” Behaviour, vol. 151, no. 23, pp. 297–313, 2014.
[39] P. F. Ferrari and G. Rizzolatti, “Mirror neuron research: the
past and the future,” Philosophical Transactions of the Royal
Society B: Biological Sciences, vol. 369, no. 1644, 2014.
[40] B. Wicker, C. Keysers, J. Plailly, J. P. Royet, V. Gallese, and
G. Rizzolatti, “Both of us disgusted in my insula: the common
neural basis of seeing and feeling disgust,” Neuron, vol. 40,
no. 3, pp. 655–664, 2003.
[41] G. Di Cesare, E. De Stefani, M. Gentilucci, and D. De Marco,
“Vitality forms expressed by others modulate our own motor
response: a kinematic study,” Frontiers in Human Neuroscience, vol. 11, p. 565, 2017.
[42] F. Pulvermüller and L. Fadiga, “Active perception: sensorimotor circuits as a cortical basis for language,” Nature Reviews
Neuroscience, vol. 11, no. 5, pp. 351–360, 2010.
[43] E. De Stefani and D. De Marco, “Language, gesture, and emotional communication: an embodied view of social interaction,” Frontiers in Psychology, vol. 10, p. 2063, 2019.
[44] S. L. Small, G. Buccino, and A. Solodkin, “Brain repair after
stroke–a novel neurological model,” Nature Reviews Neurology, vol. 9, no. 12, pp. 698–707, 2013.
[45] G. Buccino, F. Binkofski, and L. Riggio, “The mirror neuron
system and action recognition,” Brain and Language, vol. 89,
no. 2, pp. 370–376, 2004.
[46] P. M. Neidenthal, M. Brauer, J. B. Halberstadt, and Å. H.
Innes-Ker, “When did her smile drop? Facial mimicry and
the inﬂuences of emotional state on the detection of change
in emotional expression,” Cognition and Emotion, vol. 15,
no. 6, pp. 853–864, 2001.
[47] E. De Stefani, M. Ardizzi, Y. Nicolini et al., “Children with
facial paralysis due to Moebius syndrome exhibit reduced
autonomic modulation during emotion processing,” Journal
of Neurodevelopmental Disorders, vol. 11, no. 1, p. 12,
2019.
[48] Y. Nicolini, B. Manini, E. De Stefani et al., “Autonomic
responses to emotional stimuli in children aﬀected by facial
palsy: the case of Moebius syndrome,” Neural Plasticity,
vol. 2019, Article ID 7253768, 13 pages, 2019.
[49] K. U. Likowski, A. Mühlberger, A. B. M. Gerdes, M. J. Wieser,
P. Pauli, and P. Weyers, “Facial mimicry and the mirror neuron system: simultaneous acquisition of facial electromyography and functional magnetic resonance imaging,” Frontiers
in Human Neuroscience, vol. 6, p. 214, 2012.

Neural Plasticity
[50] M. Jabbi and C. Keysers, “Inferior frontal gyrus activity triggers anterior insula response to emotional facial expressions,”
Emotion, vol. 8, no. 6, pp. 775–780, 2008.
[51] S. Borgomaneri, C. Bolloni, P. Sessa, and A. Avenanti, “Blocking facial mimicry aﬀects recognition of facial and body
expressions,” PLoS One, vol. 15, no. 2, article e0229364, 2020.
[52] W. Penﬁeld and E. Boldrey, “Somatic motor and sensory representation in the cerebral cortex of man as studied by electrical stimulation,” Brain: A Journal of Neurology., vol. 60, no. 4,
pp. 389–443, 1937.
[53] W. Penﬁeld and T. Rasmussen, The Cerebral Cortex of Man; a
Clinical Study of Localization of Function, Macmillan, 1950.
[54] M. S. A. Graziano, “Ethological action maps: a paradigm shift
for the motor cortex,” Trends in Cognitive Sciences, vol. 20,
no. 2, pp. 121–132, 2016.
[55] M. S. A. Graziano and T. N. Aﬂalo, “Mapping behavioral repertoire onto the cortex,” Neuron, vol. 56, no. 2, pp. 239–251,
2007.
[56] M. S. A. Graziano, “Progress in understanding spatial coordinate systems in the primate brain,” Neuron, vol. 51, no. 1,
pp. 7–9, 2006.
[57] N. T. Alves, S. S. Fukusima, and J. A. Aznar-Casanova,
“Models of brain asymmetry in emotional processing,” Psychology and Neuroscience, vol. 1, no. 1, pp. 63–66, 2008.
[58] K. Blackburn and J. Schirillo, “Emotive hemispheric diﬀerences measured in real-life portraits using pupil diameter
and subjective aesthetic preferences,” Experimental Brain
Research, vol. 219, no. 4, pp. 447–455, 2012.
[59] M. Błażkiewicz, I. Wiszomirska, and A. Wit, “Comparison of
four methods of calculating the symmetry of spatialtemporal parameters of gait,” Acta of Bioengineering and Biomechanics, vol. 16, no. 1, pp. 29–35, 2014.
[60] M. R. E. Symonds and A. Moussalli, “A brief guide to model
selection, multimodel inference and model averaging in
behavioural ecology using Akaike’s information criterion,”
Behavioral Ecology and Sociobiology, vol. 65, no. 1, pp. 13–
21, 2011.
[61] L. Strobel and G. Renner, “Quality of life and adjustment in
children and adolescents with Moebius syndrome: evidence
for speciﬁc impairments in social functioning,” Research in
Developmental Disabilities, vol. 53-54, pp. 178–188, 2016.
[62] A. L. Ho, A. M. Scott, A. F. Klassen, S. J. Cano, A. L. Pusic, and
N. Van Laeken, “Measuring quality of life and patient satisfaction in facial paralysis patients: a systematic review of patientreported outcome measures,” Plastic and Reconstructive Surgery, vol. 130, no. 1, pp. 91–99, 2012.
[63] B. Hontanilla and A. Cabello, “Spontaneity of smile after facial
paralysis rehabilitation when using a non-facial donor nerve,”
Journal of Cranio-Maxillo-Facial Surgery, vol. 44, no. 9,
pp. 1305–1309, 2016.
[64] S. D. Lifchez, H. S. Matloub, and A. K. Gosain, “Cortical adaptation to restoration of smiling after free muscle transfer innervated by the nerve to the masseter,” Plastic and Reconstructive
Surgery, vol. 115, no. 6, pp. 1472–1479, 2005, discussion 14801482.
[65] G. Rizzolatti, L. Fogassi, and V. Gallese, “Neurophysiological
mechanisms underlying the understanding and imitation of
action,” Nature Reviews Neuroscience, vol. 2, no. 9, pp. 661–
670, 2001.
[66] G. Buccino, F. Binkofski, G. R. Fink et al., “Action observation
activates premotor and parietal areas in a somatotopic man-

13

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

ner: an fMRI study,” The European Journal of Neuroscience,
vol. 13, no. 2, pp. 400–404, 2001.
M. Stel and R. Vonk, “Mimicry in social interaction: beneﬁts
for mimickers, mimickees, and their interaction,” British Journal of Psychology, vol. 101, no. 2, pp. 311–323, 2010.
S. Korb, J. Malsert, V. Rochas et al., “Gender diﬀerences in the
neural network of facial mimicry of smiles – an rTMS study,”
Cortex, vol. 70, pp. 101–114, 2015.
F. Caruana, F. Gozzo, V. Pelliccia, M. Cossu, and P. Avanzini,
“Smile and laughter elicited by electrical stimulation of the
frontal operculum,” Neuropsychologia, vol. 89, pp. 364–370,
2016.
A. M. Leslie, O. Friedman, and T. P. German, “Core mechanisms in 'theory of mind',” Trends in Cognitive Sciences,
vol. 8, no. 12, pp. 528–533, 2004.
A. Hennenlotter, U. Schroeder, P. Erhard et al., “A common
neural basis for receptive and expressive communication of
pleasant facial aﬀect,” NeuroImage, vol. 26, no. 2, pp. 581–
591, 2005.
C. van der Gaag, R. B. Minderaa, and C. Keysers, “Facial
expressions: what the mirror neuron system can and cannot
tell us,” Social Neuroscience, vol. 2, no. 3-4, pp. 179–222, 2007.
F. Ferri, M. Busiello, G. C. Campione et al., “The eye contact
eﬀect in request and emblematic hand gestures,” The European
Journal of Neuroscience, vol. 39, no. 5, pp. 841–851, 2014.
L. M. Pönkänen and J. K. Hietanen, “Eye contact with neutral
and smiling faces: eﬀects on autonomic responses and frontal
EEG asymmetry,” Frontiers in Human Neuroscience, vol. 6,
2012.
L. Murray, L. De Pascalis, L. Bozicevic, L. Hawkins, V. Sclafani,
and P. F. Ferrari, “The functional architecture of motherinfant communication, and the development of infant social
expressiveness in the ﬁrst two months,” Scientiﬁc Reports,
vol. 6, no. 1, p. 39019, 2016.
H. Rayson, J. J. Bonaiuto, P. F. Ferrari, and L. Murray, “Early
maternal mirroring predicts infant motor system activation
during facial expression observation,” Scientiﬁc Reports,
vol. 7, no. 1, p. 11738, 2017.
G. Buccino, R. Gatti, M. C. Giusti et al., “Action observation
treatment improves autonomy in daily activities in Parkinson’s
disease patients: results from a pilot study,” Movement Disorders, vol. 26, no. 10, pp. 1963-1964, 2011.
B. Bianchi, C. Copelli, S. Ferrari, A. Ferri, and E. Sesenna,
“Facial animation in children with Moebius and Moebiuslike syndromes,” Journal of Pediatric Surgery, vol. 44, no. 11,
pp. 2236–2242, 2009.

