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Editorial
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In a continuum from fundamental to applied research, many
significant scientific contributions in interdisciplinary
research fields such as cognitive neuroscience, sport science,
and neurorehabilitation provided convincing evidence that
action observation (AO, the process of observing actions
performed by other people) and motor imagery (MI, the
mental execution of action without an overt motor output)
might enhance the efficacy of motor training and/or motor
recovery by stimulating the activity of the sensorimotor sys-
tem [1, 2]. The scientific rationale behind this idea is that
AO and MI activate neural substrates partially overlapped
with those activated by movement execution [3–5]. The exis-
tence of a shared neural representation would support the
hypothesis that AO and MI may promote neural plastic
changes and behavioral improvements in a way similar to
movement execution. Moreover, a growing body of evidence
in healthy adults proposed that the combination of AO and
MI with each other [6] or with central and peripheral nonin-
vasive stimulations might have a greater impact on brain
plasticity and motor learning than when these techniques
are applied alone [7–10].

In line with this emerging hypothesis, this special issue
was published. Authors from 11 countries across Europe,
Asia, America, and Australia submitted scientific papers in

the format of research article (13), clinical study (2), and
review article (2) proposing interesting new insights or
reviewing the literature on this topic in different research
fields such as neurophysiology, human neuroscience, reha-
bilitation, and sport neuroscience. The result is a collection
of 17 articles showing an increasingly widespread interest
in studying the neural mechanisms underlying AO and MI
and in applying them in combination with movement execu-
tion or other stimulation methodologies.

Four neurophysiological studies examined the combina-
tion of MI and AO with peripheral and central stimulations
and motor practice to access whether and how these
combined techniques evoked changes to the central
nervous system activity and improvements in behavioral
tasks. In particular, E. Traverse at al. investigated how MI
associated with somatosensory electrical stimulation (SS)
modulated corticospinal and spinal excitability with respect
to MI and SS applied alone. The study by E. Saruco et al.
addressed the timing-dependent effects of MI combined
with anodal transcranial direct current stimulation (a-
tDCS) on improving the performance during a postural
task. A critical view on the efficacy of AO associated with
a-tDCS in providing advantages to motor learning was
raised by the results presented by D. Apšvalka et al. who
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investigated whether a-tDCS applied over the primary
motor cortex during observational practice facilitated the
acquisition and retention of a keypress sequence learning
task compared to a sham treatment. Doubts on the efficacy
of observational practice, when compared to physical
practice, were expressed in the neurophysiological and
behavioral investigation by N. Alhajri et al., which
evaluated the degree of mu suppression in those conditions.

AO and MI also represent valuable tools to investigate
how brain activity changes as a function of age, pathological
conditions, or motor expertise. A. Mouthon et al. examined
age-related differences in cortical and subcortical activities
during AO and MI of postural tasks in an fMRI study.
Another fMRI investigation (L. P. Kirsch et al.) evaluated
how learning a complex motor skill through physical and
observational practices shapes neural and behavioural
responses among a dance-naïve sample of young and elderly
adults. Current theories on the mechanisms underpinning
mirror neuron system (MNS) activation during AO and mir-
ror visual feedback (MVF) in stroke are reported in the
review article by J. J. Q. Zhang et al. Related to this topic is
the research article from F. Bähr et al. in healthy participants,
which clarified that although video therapy andMVF applied
separately improved the motor performance, video therapy
+MVF had no additional boosting effect. Changes in recipro-
cal inhibition of the forearm during kinesthetic MI and after
an MI-based brain-machine interface training were assessed
by M. Kawakami et al. in stroke patients. The functional con-
nectivity networks formed on the sensorimotor cortex were
measured by means of EEG recordings in subjects with
incomplete spinal cord injury and healthy controls by A.
Athanasiou et al. during a task combining AO and visual
MI simultaneously. The functional difference between visual
MI perspectives, namely, internal/kinesthetic vs. external/
visual, was investigated using a mental chronometry para-
digm by S. Montuori et al. in healthy participants with differ-
ent levels of motor expertise in pilates with the aim of
offering new insights into the application of mental training
techniques in sport. Finally, a review paper from Kuehn
and Pleger extends the effect of AO on the tactile domain,
by summarizing studies assessing the role of visual cues
related to the body or to the observation of touch in boosting
tactile processing and promoting somatosensory plasticity.

Five original studies offer new evidence on the efficacy of
combining conventional rehabilitation techniques with AO
therapy (AOT) and MI practice to promote functional
recovery in neurological and orthopedic patients. The effi-
cacy of AOT applied during the rehabilitation of upper limb
motor functions in children with cerebral palsy was assessed
in the study by G. Buccino et al. through a behavioral para-
digm based on clinical scales and an fMRI investigation. E.
Pelosin et al. tested the effects of an AOT program delivered
in a group-based setting compared with standard physical
therapy in improving freezing of gait episodes and mobility
in subjects with Parkinson’s disease (PD). Improvements in
mental imagery ability, disease severity, motor and cognitive
functions were the ambitious aims of the Dynamic Neuro-
Cognitive Imagery (DNI) training administered to PD
patients by A. Abraham et al. A proof of concept by E.

Durand et al. evaluated the efficacy of personalized observa-
tion, execution, and mental imagery (POEM) therapy, a new
approach designed to integrate sensorimotor and language-
based strategies to treat verb anomia. Although AO and
MI are cognitive stimulation methodologies mostly applied
during neurorehabilitation, their efficacy was also shown in
the treatment of orthopedic patients. U. Marusic et al.
administered an AO+MI intervention combined with con-
ventional rehabilitation techniques to verify its effectiveness
in older adults after total hip arthroplasty.

In conclusion, this special issue is aimed at providing a
fresh state of the art about new means to evoke neural plas-
ticity and behavioral improvements in healthy adults and
sportsmen and suggests innovative therapeutic approaches
in addition to pharmacological and conventional treatments
during rehabilitation. This collection of papers, together
with the existing literature, prompts the use of AO and MI
in combination with other stimulation techniques and/or
motor practice as a valuable research tool for investigating
brain physiology in healthy and pathological conditions
and as a fruitful intervention methodology to cope with
behavioral and cognitive deficits. Although further studies
are necessary to elucidate the brain mechanisms underlying
these combined stimulation techniques and to address the
criticisms also discussed in this special issue in order to
improve and rationalize such a tool, the potentiality of these
methods is promising for both clinical and sport perfor-
mance applications. We hope that this special issue will
encourage scientists from different domains to deeply inves-
tigate how to boost AO and MI effectiveness with the final
aim of discovering new tools for rehabilitation and for
performance enhancements in sports.
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The impact of sensorimotor strategies on aphasia recovery has rarely been explored. This paper reports on the efficacy of
personalized observation, execution, and mental imagery (POEM) therapy, a new approach designed to integrate
sensorimotor and language-based strategies to treat verb anomia, a frequent aphasia sign. Two participants with verb
anomia were followed up in a pre-/posttherapy fMRI study. POEM was administered in a massed stimulation schedule,
with personalized stimuli, resulting in significant improvement in both participants, with both trained and untrained items.
Given that the latter finding is rarely reported in the literature, the evidence suggests that POEM favors the
implementation of a word retrieval strategy that can be integrated and generalized. Changes in fMRI patterns following
POEM reflect a reduction in the number of recruited areas supporting naming and the recruitment of brain areas that
belong to the language and mirror neuron systems. The data provide evidence on the efficacy of POEM for verb anomia,
while pointing to the added value of combined language and sensorimotor strategies for recovery from verb anomia,
contributing to the consolidation of a word retrieval strategy that can be better generalized to untrained words. Future
studies with a larger sample of participants are required to further explore this avenue.

1. Introduction

Aphasia is an acquired language impairment following
brain damage, such as stroke, whose consequences can
be devastating [1]. Anomia is the most frequent and per-
vasive symptom for people with aphasia, regardless of
the aphasia type. Anomia is described as difficulty in
retrieving words in structured tasks, such as picture nam-
ing, sentence completion, or spontaneous speech. Anomia
can affect different types of words, including nouns and
verbs. Research has long focused on noun retrieval, while
therapies targeting verb anomia remain rare [2]. This is
somewhat surprising, considering the central role of verbs
in sentence and speech production [3].

In recovery from aphasia, the attempt to compensate for
anomia may be related to the concept of neuroplasticity.
Neuroplasticity refers to a number of brain mechanisms

involved in learning and relearning and is reflected in
changes in brain activation patterns highlighted by func-
tional magnetic resonance imaging (fMRI). Two main
forms of neuroplasticity have been studied in the context
of aphasia recovery: functional reactivation, which occurs
when previously damaged and inactive areas recover their
function after a latency period, and functional reorganiza-
tion, which reflects compensation for the permanent damage
of specific brain areas by the recruitment of other areas not
previously involved in the given function [4]. Different types
of neuroplasticity may be involved in recovery from anomia;
adaptive neuroplasticity results in functional recovery,
whereas maladaptive neuroplasticity results in persistence
of errors [4, 5]. There is a long-standing debate in the anomia
recovery literature regarding functional reorganization: Is
better recovery supported by perilesional left hemisphere
(LH) language processing areas or right hemisphere (RH)
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homologues of those areas? However, the extent to which an
RH shift reflects adaptive or maladaptive neuroplasticity
remains controversial (Anglade et al., 2014). Moreover, the
impact that different therapy procedures may have on the
recruitment of canonical or noncanonical language process-
ing circuits remains to be explored.

With regard to verb anomia, therapy approaches have
been designed with reference to models of word processing
that view the phonological and semantic processing of words
as key elements for word retrieval (see [2], for a review).
Thus, phonological approaches use sound cues and rhymes
to elicit words, whereas semantic approaches use semantic
cues and reinforce the semantic features of a given word to
facilitate word naming. The efficacy of both approaches has
been proven, in particular with treated items [2]. Conversely,
poor generalization of treatment effects to untrained verbs
has been consistently reported [6–12]. Furthermore, none
of these studies have explored the neural substrates sustain-
ing recovery from verb anomia. Regarding the lack of gener-
alization of therapy effects to untrained verbs, it should be
noted that none of the publications cited took into consider-
ation the dynamic component of verb processing. The mean-
ing of an action verb includes a dynamic semantic feature
that an object does not require. This assumption—grounded
in embodied cognition theory—implies that word meaning
depends on modal experiences. Thus, semantic processing
of a given word—noun or verb—will depend upon the sen-
sory and motor modalities by which objects and actions cor-
responding to those words are learned and how this learning
impacts the functional brain networks supporting word pro-
cessing ([13, 14]; Pulvermüller et al., 1996). In other words,
the learning modality and features of a given word will deter-
mine the conceptual and brain-related substrates supporting
word retrieval; with verbs, particularly action verbs, these
should include sensorimotor features and brain processing
areas [15].

An interesting example of how word encoding influ-
ences the efficacy of a given strategy for word retrieval
comes from the work by Marangolo et al. showing that
action observation on its own can represent a useful tool
for verb retrieval [16, 17]. Action observation therapy
(AOT) principles were first developed for stroke patients
who suffered from a motor deficit affecting the upper
limbs. Several studies have consistently shown that AOT
is an effective way to enhance motor function [18–21].
Ertelt et al. [18] first showed that patients in the chronic
stage after stroke experienced significantly improved motor
function following a four-week video therapy program
compared with a control therapy; additionally, neural acti-
vations associated with the AOT showed a significant rise
in activity in areas sustaining the action observation/action
execution matching system [18]. This system includes the
mirror neuron system, which will be discussed below.

In the language rehabilitation domain, Marangolo et al.
[17] administered AOT to stroke patients who suffered
from aphasia in order to improve verb retrieval. They
compared action observation with action observation and
execution and found that the mere observation of the per-
formed action was sufficient to activate the corresponding

sensorimotor representation in the semantic system, which
served as input at the lexical level facilitating verb
retrieval. However, their results were not replicated by
another recent work [22] and the effect was restricted to
trained items. Moreover, the neural substrate underlying
recovery with AOT has not yet been investigated.

Several studies have examined the efficacy of other senso-
rimotor strategies to facilitate verb retrieval. For example,
Raymer et al. (2006) examined the effect of gesture execution
in aphasia treatment, using pantomimes paired with verbal
training for noun and verb retrieval in a group of aphasic
patients. Their results showed improved naming of trained
nouns and verbs but no generalization of treatment effects
to untrained words. Similarly, Rose and Sussmilch [23]
obtained significant results following therapy combining
verb naming and gesture production; again, the results were
restricted to trained items. In sum, observation of action
and gesture execution, both associated with verb naming,
yielded positive results with trained verbs but not with
untrained ones. None of those studies included fMRI segre-
gation analysis of areas sustaining recovery, and thus the
behavioral changes observed cannot be linked to any specific
neural substrate. Thus, while functional neuroimaging data
on verb processing have mostly been related to healthy pop-
ulations, very little is known about therapy-induced neuro-
plasticity in the recovery from verb anomia.

In healthy adults, action verb naming has been shown to
be supported by left frontal cortical areas, including the left
prefrontal cortex (Shapiro et al., 2001), the left superior pari-
etal lobule, the left superior temporal gyrus (Shapiro et al.,
2006), the left superior frontal gyrus (Shapiro et al., 2005),
and the primary motor cortex in the posterior portion of
the precentral gyrus (Porro et al., 1996, [13], and Pulvermül-
ler et al., 2005). As discussed by Durand and Ansaldo [15],
these areas have also been associated with the so-called mir-
ror neuron system (MNS), which is thought to support AOT
in motor neurorehabilitation after stroke. Mirror neurons are
a particular class of visuomotor neurons, originally discov-
ered in area F5 of the monkey premotor cortex, that dis-
charge both when a monkey does a particular action and
when it observes another monkey or a human doing a similar
action [24]. The MNS is a mechanism that unifies perception
and action, transforming sensory representations of the
behavior of others into motor representations of the same
behavior in the observer’s brain [25]. From this perspective,
some authors have suggested that language evolved from a
gestural system, first as pantomime and gradually as conven-
tional gestures, eventually developing into a symbolic code
[24, 26, 27]. This sensorimotor system is considered to be
the structure underlying vocabulary and grammar develop-
ment [26, 28]. In this view, mirror neurons are considered
to be embodied cognitive agents, as they coordinate multi-
modal information resulting from an individual’s interaction
with the environment. According to such theories, the MNS
may play a central role in the development of language in
humans [24, 26, 27] and in semantic processing, especially
action semantic processing.

Apart from the MNS, several links can be made between
vision and action. The cortical visual system is known to be
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segregated into two anatomically and functionally distinct
pathways: a ventral occipitotemporal pathway that sub-
serves object perception and a dorsal occipitoparietal path-
way that subserves object localization and visually guided
action [29–31]. Goodale and Goodale and Milner [30,
32] proposed a model in which the perceptual detection
of possible actions in the environment involves the dorsal
stream, stretching from the primary visual cortex to the
posterior parietal lobe and reaching the premotor areas
and a distributed network of areas in the caudal frontal
cortex. More than just a visual detection system, the dorsal
stream allows action selection with continuous matching
between the visual and motor areas [33]. A recent study
has shown that, along the dorsal pathway, the anterior
intraparietal area and the ventral premotor cortex extract
sensorimotor information from perceptual stimuli, making
it possible to detect action possibilities from the informa-
tion detected through the retinotopic map [33].

Recent research shows that sensorimotor processes play a
crucial role in language processing. Thus, both behavioral
studies [34] and neurofunctional studies [35–44] suggest that
the understanding of action words recruits motor areas.
Along the same lines, Tremblay and Small [44] showed that
functional specialization of specific premotor areas is
involved in both action observation and execution. More-
over, Tomasino and Rumiati (2013) showed that the involve-
ment of sensorimotor areas depends on the strategy used to
perform the task. Specifically, if the task requires a person
to imagine actions, sensorimotor areas will be involved.
Visual mental imagery allows one to obtain an internal repre-
sentation that functions as a weak form of perception [45].
Mental imagery is known to be an efficient therapy tool for
rehabilitation of motor impairments. In language rehabilita-
tion, mental imagery is a relatively new tool, though some
studies on aphasia recovery report the activation of visual
mental imagery processing areas, such as the inferior occipi-
tal gyrus [46].

Taking into account the promising but limited results
obtained with anomia therapy approaches based on action
observation, gesture, or mental imagery used separately, we
designed a new therapy approach combining three sensori-
motor strategies previously used to treat verb anomia,
namely, action observation, gesture execution, and mental
imagery, and combined the three of them in a massed prac-
tice format. Thus, personalized observation, execution, and
mental imagery therapy (POEM therapy) was designed based
on principles of experience-dependent neuroplasticity,
namely, stimulus specificity and salience, and a time/fre-
quency ratio corresponding to massed stimulation (for a
review of this issue, see [5]). Several studies have shown the
benefits of massed practice, defined as practice of a given
number of trials in a short time [47–49].

In sum, POEM therapy was developed based on evidence,
while incorporating principles of experience-dependent neu-
roplasticity and targeted, repetitive, and intensive practice of
action naming, with the purpose of contributing to strategy
development and integration [5]. Moreover, to identify the
neural substrates associated with the outcomes of POEM
therapy, we used fMRI to assess functional brain activity

before and after intervention with POEM therapy and thus
assess treatment-induced neuroplasticity.

The purpose of this study is to examine the effects of
POEM therapy on the recovery from verb anomia in the con-
text of chronic aphasia and to identify the neural changes
associated with behavioral improvement. Two participants
with chronic nonfluent aphasia were examined before and
after POEM therapy, and behavioral and event-related fMRI
measures were taken. Participants received three sessions of
POEM therapy per week over five weeks, in line with a
massed therapy approach [47, 48, 50]. Activation maps
obtained in the context of oral verb naming were obtained
before and after POEM therapy. It was expected that

(1) POEM therapy would result in significant recovery of
verb naming;

(2) a series of motor and premotor areas would sustain
the observed recovery.

2. Material and Methods

2.1. Participants. Aphasia severity and typology were deter-
mined by an experienced speech-language pathologist (SLP:
ED). Inclusion criteria were (1) a single LH stroke, (2) a diag-
nosis of moderate-to-severe aphasia according to the
Montreal-Toulouse Battery (Nespoulous et al., 1986), (3)
the presence of anomia according to a standardized naming
task [51], (4) having French as their mother tongue, and (5)
being right-handed prior to the stroke (Edinburgh Inventory;
Oldfield, 1971). Exclusion criteria were (1) the presence of a
neurological or psychiatric diagnosis other than stroke, (2)
incompatibility with fMRI testing, or (3) diagnosis of mild
cognitive impairment or dementia prior to stroke [52]. Par-
ticipants gave written informed consent according to the
Declaration of Helsinki. This study was approved by the
Ethics Committee of the Regroupement de Neuroimagerie
Québec. Table 1 contains sociodemographic information on
the two participants, and Figure 1 shows their structural
magnetic resonance imaging (MRI) results.

2.1.1. Participant 1. P1 is a 65-year-old right-handed woman,
who was 7 years postonset from a left temporal stroke, which
resulted in nonfluent aphasia and right hemiparesia. She
benefited from individual language therapy for a short time
just after the stroke; since then, she has participated in activ-
ities organized by the association for persons with aphasia. At
the beginning of the study, she was not receiving any lan-
guage therapy. Aphasia testing conducted at that point
showed moderate transcortical motor aphasia with moderate
apraxia of speech.

2.1.2. Participant 2. P2 is a 72-year-old right-handed woman,
who was 34 years postonset from a left temporal stroke,
which resulted in nonfluent aphasia and right upper limb
hemiplegia. She had received individual language therapy
intermittently over the previous 20 years, particularly during
the first years after the stroke. She often participates in activ-
ities organized by the association for persons with aphasia. At
the beginning of the study, she was not receiving any
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language therapy. Aphasia testing conducted at that point
showed severe transcortical motor aphasia with mild apraxia
of speech.

2.2. Experimental Procedure. The experimental protocol is
similar to previous studies conducted in our lab (Marcotte
and Ansaldo, 2010, 2012, and 2013). A baseline language
assessment was conducted prior to therapy, followed by an
initial fMRI session (T1), which identified the neural sub-
strate of spontaneous correct naming. Afterward, patients
received therapy from a trained SLP (ED). A second fMRI
session (T2) was performed after five weeks of therapy. This
session allowed us to identify the brain areas that subserved
therapy-induced neuroplasticity. During both fMRI sessions,
patients performed an overt naming task. (See Table 2 for the
MRI results.)

2.2.1. Language Assessment. Before therapy, the participants
were examined with subtests from Montreal-Toulouse 86
Beta version (Nespoulous et al., 1986) to assess global com-
prehension, repetition, and fluency; the kissing and dancing
test (KDT) for verb comprehension [53]; the dénomination
de verbes lexicaux (DVL38) for verb naming [51]; the test
de dénomination de Québec (TDQ) for noun naming [54];
and three subtests of the Apraxia Battery for Adults—Second
Edition [55]—to measure the presence and severity of verbal,
limb, and oral apraxia. These tests allow a complete descrip-
tion of the aphasia profile.

2.2.2. Baseline and Items for fMRI Session and Therapy.
Stimuli used for the baseline, the fMRI naming task, and
the therapy sessions were 5-second action videos (Durand
et al., in prep.). Before therapy, the participant underwent
three baseline naming assessments using 134 action videos.
Baselines were separated by at least four days; the partici-
pant had to show stable oral naming performance. In
order to provide more individualized therapy, a set of
stimuli was created for the participants on the basis of
individual performance on the baseline as follows: cor-
rectly named (spontaneous, n = 20) and incorrectly named
(n = 60). Of the incorrectly named items, only 20 were
trained and the remaining 40 items allowed us to measure
the generalization of therapy effects to untrained items. All
sets of items (spontaneous, trained, and untrained) were
matched for word frequency, number of phonemes, and
syllabic complexity. Statistical analysis of the lists showed
nonsignificant differences regarding these variables.

Before the first fMRI session, each participant took part
in a practice session in a mock scanner. They could therefore
become accustomed to the scanner noise and environment.

For the pretherapy fMRI sessions, a set of items was
developed including correctly named (spontaneous, n = 20)
and incorrectly named (n = 60) items and scrambled videos
that were optimized to fit the same parameters (motion,
colors) as the videos for the control conditions (n = 40).
For the posttherapy fMRI session, the same set was pre-
sented, but this time, the incorrectly named items (n = 60)
were divided into trained items (n = 20) and untrained items
(n = 40) to measure generalization.

During the fMRI scanning, participants were instructed
to name the randomly presented videos and to say “baba”
in response to scrambled videos. After therapy, the same set
of items was presented. Oral responses were audio-recorded
with Audacity software.

2.2.3. fMRI Sessions. Participants lay in a supine position on
the MRI scanner bed with their head stabilized by foam.
Stimuli were pseudorandomly displayed in an optimized
order projected by means of E-Prime software (Psychology
Software Tools) from a computer onto a screen at the head
of the bore and were visible in a mirror attached to the head
coil. Each video and picture was presented for 5000ms, with
an interstimulus interval (ISI) ranging from 1104 to
10,830ms. As shown in Figure 2, participants were instructed
to name each action and object, as clearly and accurately as
possible, and to say “baba” each time they saw a distorted pic-
ture, while avoiding head movements. An MRI-compatible
microphone was placed close to the participant’s mouth,
and Audacity software (http://www.audacityteam.org) was
used to record oral responses.

2.2.4. Functional Neuroimaging Parameters. Images were
acquired using a 3T MRI Siemens Trio scanner, which was
updated (Prisma Fit) during our data collection, with a
standard 32-channel head coil. The image sequence was a
T2∗-weighted pulse sequence (TR=2200ms; TE=30ms;
matrix = 64× 64 voxels; FOV=210mm; flip angle = 90°; slice
thickness = 3mm; and acquisition=36 slides in the axial

Table 1: Sociodemographic, clinical, and cognitive data for the 2
participants.

Patient ID P1 P2

Sociodemographic data

Age (years) 65 72

Gender F F

Education (years) 18 11

Clinical data

Handedness R R

Etiology Ischemia Ischemia

Months postonset 84 408

Aphasia type
Transcortical

motor
Transcortical

motor

Lesion volume (cm3) 38 132

Level of verb anomia 68% 55%

Cognitive data (CASP)

Language (max. 6) 5 6

Visuoconstructive functions
(max. 6)

6 5

Executive functions (max. 6) 6 6

Memory (max. 6) 6 6

Praxis (max. 6) 6 5

Orientation (max. 6) 4 6

Total CASP (max. 36) 33 34

CASP: Cognitive Assessment scale for Stroke Patients (Benaim et al., 2015).
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plane with a distance factor of 25% in order to scan the whole
brain, including the cerebellum). A high-resolution struc-
tural image was obtained before the two functional runs
using a 3D T1-weighted imaging sequence using an MP-
RAGE (TFE) sequence (TR=2300ms; TE=2.98ms; 192
slices; matrix = 256× 256mm; voxel size = 1× 1× 1mm; and
FOV=256mm).

2.2.5. Language Therapy with POEM. A trained SLP (ED)
provided the POEM therapy, which lasted for one hour and
was provided three times per week, over five weeks. During
each session, participants were trained to name 20 actions
presented in 5-second videos. If the participant could not
name the action within 5 to 10 s, she was asked to make the
gesture associated with this action, helped by the SLP. If she
could not name the action, the participant was asked to imag-
ine the action in a personal context. For instance, with the
action to water, the following sequence can be produced after
the action observation: the SLP says “Show me what the

person is doing with your hands,” and the participant can
imitate someone who is watering. If the action is still not
named, the SLP says “Imagine this action in your garden.”
After these prompts, the word was given to the participant,
who was asked to repeat it once.

2.3. Behavioral and fMRI Data Analysis. Responses to the
fMRI naming task were recorded and coded offline by an
experienced SLP (ED), in order to build the design matrices.
Preprocessing and statistical analyses were performed using
SPM12 software (Wellcome Trust Centre for Neuroimaging,
Institute of Neurology, University College London), running
on MATLAB_R2016b (MathWorks Inc., MA, USA). fMRI
images were preprocessed with the usual spatial realignment
and slice timing. Motion was assessed to ensure that the nam-
ing task did not involve head motion exceeding 3mm.
Because precise, valid normalization is critical to understand-
ing the neural substrates of treatment-induced recovery, we
used the “Clinical toolbox” extension [56]. This toolbox
allows optimal segmentation and registration of brains with
distorted anatomy due to lesions. Lesion masks (PB) hand-
traced on T1-weighted images were used to minimize the
impact of the lesion on the normalization estimates, by
substituting healthy tissue for homologous regions of the
intact hemisphere [57]. This yields transformation matrices
for normalization into the standard stereotaxic space (MNI
space) with 3× 3× 3mm3 voxel size. A spatially smoothed
8mm Gaussian filter was chosen for the smoothing step.
Preprocessed data were analyzed using the general linear
model implemented in SPM12. Statistical parametric maps
were obtained for each subject and each measurement
period (first and second fMRI sessions), by applying linear
contrasts to the parameter estimates for the conditions of
interest (successful naming with trained/untrained items).
Neuroimaging data analyses were performed only on cor-
rect responses. Individual maps were calculated for each
condition for the whole brain with cluster size superior
to 10 voxels and p < 0 001 uncorrected.

Table 2: Language assessment and verb naming scores during the
pre- and posttherapy MRI sessions for both participants.

Patient ID P1 P2

Language assessment Pre Post Pre Post

Comprehension (max. 47) 46 45 32 N/A

Repetition (max. 33) 30 30 N/A N/A

Fluency 11 5 15 16

TDQ (max. 60) 40 47 52 57

KDT (max. 52) 51 49 48 N/A

DVL38 (max. 114) 77 81 63 65

Verb naming scores during fMRI session Pre Post Pre Post

Score for trained items (/20) 9 16 10 19

Score for untrained items (/40) 24 30 15 13

Pre: pre-POEM therapy; Post: post-POEM therapy.

P2

P1

Figure 1: Lesion location on anatomical MRI for P1 (top three slices) and for P2 (bottom three slices).
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Furthermore, a Lehéricy index (LI) was calculated for
each participant to estimate the relative contribution of the
LH and RH to verb naming in each condition, pre- and post-
therapy. We applied Lehéricy’s algorithm, defined as follows:
(L – R)/(L+R), where L represents the number of activated
voxels in the LH and R represents the number of activated
voxels in the RH. LIs were calculated using voxels in clusters
(k ≥ 10) that exceeded the threshold (p < 0 001 uncorrected).
LIs can range from −1.0 to +1.0. By convention, values
between −0.2 and +0.2 represent bilateral language distribu-
tion, values between −0.2 and –1.0 represent RH dominance,
and values between +0.2 and +1.0 represent LH dominance.
Values between ±0.5 and ±1.0 are considered to reflect strong
hemisphere dominance [58].

3. Results

3.1. Participant 1. By the end of the therapy period, P1 was
able to name all of the 20 trained items. However, her perfor-
mance in the scanner was less accurate than that at the last
therapy session, as she named 16 trained items in the post-
therapy fMRI session, which occurred one day after the end
of therapy. In addition, P1 named 30 of the 40 untrained
items that she was unable to name before therapy. Moreover,
P1 showed improved verb naming on the DVL38 and noun
naming on the TDQ.

As for her fMRI results, spontaneous correct naming
before therapy significantly activated the left primary motor
cortex, left angular gyrus, and right fusiform gyrus, with pre-
dominant LH activation according to the LI. (See Table 3 for
fMRI results and Table 4 for LIs.)

Regarding trained items after the therapy, the activation
map revealed significant activation in the left cerebellum, left
and right middle temporal gyri, and right fusiform gyrus.
Moreover, the LI indicated an increase in predominant LH
activation (0.17).

Finally, with untrained items, the posttherapy activation
map showed significant activation of regions similar to those
activated for the trained items, namely, the left middle tem-
poral gyrus and right fusiform gyrus, with the addition of
the right inferior frontal gyrus. The LI in this case showed a
shift to predominant RH recruitment.

3.2. Participant 2. Following therapy, P2 was able to name all
of the 20 trained items and correctly named 19 trained items
in the posttherapy fMRI session. P2 also named 13 of the 40
untrained items she had been unable to name before therapy.
Again, her performance outside the scanner was better for
untrained items. Finally, like P1, P2 showed improved verb
naming ability on the DVL38 and noun naming ability on
the TDQ.

The activation map for correct naming before therapy
showed the recruitment of a large set of areas, including bilat-
eral activation of the angular gyrus, superior parietal lobule,
premotor cortex, left middle and inferior occipital gyri, and
right cerebellum. The LI (0.6) corresponded to a predomi-
nant LH activation. (See Table 3 for fMRI results and
Table 4 for LIs.)

With trained items, posttherapy activation maps were
much smaller, as fewer areas were recruited, namely, the right
premotor cortex and left cerebellum, and the LI showed pre-
dominant RH activation (−0.58). Unfortunately, it was not
possible to obtain an activation map for untrained items,
due to the lack of a suprathreshold cluster number.

4. Discussion

This study examined the behavioral and neural correlates of
personalized observation, execution, and mental imagery
(POEM) therapy, a new approach combining sensorimotor
and language-based strategies to treat verb anomia, which
was delivered in a massed stimulation format. Two
participants with nonfluent chronic aphasia were examined

Baba

Boire
Action video

Duration: 5000 ms

Control video
Duration: 5000 ms

Jittered ISI
Btw 1104–10830 ms

Jittered ISI
Btw 1104–10830 ms

Figure 2: Naming task during fMRI acquisition.
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with a verb naming task during event-related fMRI scanning,
before and after therapy. Both participants benefited from
POEM, with improvements observed with both trained and
untrained items. Concurrently with the behavioral
improvement, changes in the neural substrates sustaining
verb naming were observed in both participants, with
distinctive activation patterns observed posttherapy,
including areas related to the nature of POEM therapy.

As hypothesized, the outcomes revealed the positive
effects of POEM therapy on verb naming for both
participants. The results are in line with previous studies
showing that sensorimotor strategies are efficient therapy
tools for recovery from verb anomia secondary to aphasia
[16, 17, 22, 23]. However, none of those studies found posi-
tive therapy effects on untrained items. Two possible inter-
pretations of these results were considered: on the one
hand, they could be due to the origins of verb anomia; on
the other hand, they could be due to the types of strategies
used. In their study using semantic plus gesture treatments
for verb anomia, Rose and Sussmilch [23] reported
significant improvement for two participants with lexical-
phonological-based anomia, but there is no improvement
for the participant with semantic-based anomia. Similarly,
Marangolo et al. [17] obtained positive results with AOT on
verb retrieval for participants with lexical-phonological-
based verb anomia, but there is no improvement for those
who presented semantic-based verb anomia. The authors of
those studies suggested that the severity of the semantic
impairment underlying the anomia was responsible for the
lack of improvement after the therapy. In our study, the
semantic processing assessment showed that each participant
had a preserved semantic system before the therapy. Because
sensorimotor strategies are related to the semantic compo-
nent of action, the improvement in verb retrieval would have
been facilitated by preserved semantic abilities.

Furthermore, improvement was also observed on the
untrained list after POEM therapy. Although this result was
limited for P2 in the context of fMRI, the improvement was
noted behaviorally and the same result has been found con-
sistently with a group of 10 participants who have received
POEM therapy (Durand et al., in prep). However, a general-
ization to untrained items was not found in several earlier
studies using sensorimotor strategies. The sensorimotor
strategies applied by Marangolo et al. [17], Raymer et al.
(2007), and Rose and Sussmilch [23] used only one type of
sensorimotor cue—gesture or observation in association with
verb naming—whereas with POEM therapy, several sensori-
motor cues were provided—observation of the action,

gesture, and mental imagery—which may have facilitated
word retrieval. According to cognitive models of word nam-
ing, this combination of semantic inputs could increase acti-
vation at the semantic level and facilitate the flow to the
lexical and articulation levels and verb naming [59, 60].
Moreover, in line with the embodied theory, the various sen-
sorimotor cues in POEM therapy tap into the specific encod-
ing features of verbs [14, 26, 36, 42, 44], thus enhancing the
therapy’s specificity, another factor that has been shown to
contribute to therapy efficacy [2].

The personalized approach potentially contributes to
POEM’s efficacy and generalization effects. Thus, verbs tar-
geted with POEM were selected according to each partici-
pant’s naming performance before therapy. Personalization
of therapy items is considered to increase motivation, and
thus attention focus, and has been shown to contribute to
therapy efficacy [61].

Finally, as shown by previous works [47–49], massed
stimulation with the POEM protocol may also explain the
differences observed between our study and the other studies
considered. The structured and massed practice on a limited
number of items may have contributed to the implementa-
tion of a naming strategy that could be generalized to
untreated items.

The improvement observed for our two participants
occurred concomitantly with changes in neural recruit-
ment. As hypothesized, the recovery following POEM
therapy involves the recruitment of an alternative circuit,
including the activation of motor and premotor areas.
Although the behavioral improvement looks the same for
both participants, two different patterns appeared after
the POEM therapy.

In the case of P1, the pretherapy fMRI session showed
bilateral distribution according to the LI. More specifically,
considering the activation maps for spontaneously named
items to be trained or untrained, the recruitment includes
the left primary motor area, left angular gyrus, and right fusi-
form gyrus. The left primary motor area and left angular
gyrus are canonical areas, part of the dorsal stream pathway
of language [62], that reveal the perilesional recruitment
associated with aphasia recovery. These two areas are also
known to be involved in verb naming [13, 63]. The angular
gyrus, which is an associative area between somatosensory
information and visual information, participates in the
processing of sequence actions, which may be related to the
processing of the action videos (Crozier et al., 1999). The
recruitment of the right fusiform gyrus can also be related
to the processing of visual stimuli. The fusiform gyrus is
involved in lexical-semantic association, that is, associating
words with visual stimuli [64]. To summarize, for P1, the
pretherapy fMRI session revealed the recruitment of canoni-
cal areas for verb naming, including perilesional areas, in line
with a functional reactivation.

After the POEM therapy, the activation map for trained
items reveals that distribution is still bilateral (LI = 0.17),
including the right fusiform gyrus and the bilateral middle
temporal gyri and left cerebellum. The bilateral middle
temporal gyri participate in semantic processing, word gen-
eration, and observation of motion [65]. Classically, the

Table 4: Lateralization indexes related to successful verb naming in
the different conditions pre- and posttherapy for P1 and P2.

Lehéricy index P1 P2

Spontaneous pretherapy 0.08 0.6

Spontaneous posttherapy −1 −0.07
Incorrect pretherapy −0.2 0.42

Incorrect—trained posttherapy 0.17 −0.58
Incorrect—untrained posttherapy −0.73 N/A
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cerebellum is known to regulate motor movement and be
involved in motor speech planning. But recent fMRI studies
have revealed the contribution of the cerebellum to other
kinds of language processing [66, 67], namely, verb genera-
tion [68]. To sum up, post-POEM therapy, the activation pat-
tern is consistent with the sensorimotor nature of POEM
therapy and therefore is likely to have been therapy-induced.

More interestingly, in P1, the activation patterns for
trained and untrained items posttherapy included common
areas, with the activation of the left middle temporal gyrus,
right fusiform gyrus, and right inferior frontal gyrus. The
similarity of neural recruitment for trained and untrained
items after POEM therapy suggests that the same kind of
processing was used to name the verbs. Furthermore, these
similar activations occur concomitantly with the generaliza-
tion observed in behavioral results. The behavioral and neu-
ral results are evidence of the potential application of the
same strategies to retrieve verbs.

In the case of P2, the pretherapy fMRI session showed
dominant LH activation according to the LI. Considering
the large lesion on the left hemisphere, it is not surprising
that the activation for spontaneously named items included
posterior visual processing areas such as the striate cortex
and middle and inferior occipital gyri. But canonical areas
for verb naming were also recruited, namely, the angular
gyrus and premotor cortex bilaterally. These areas are
known to be part of the action naming network in the LH
[13, 14, 44]. The bilateral activations on the activation map
pretherapy revealed adaptive neuroplasticity with a func-
tional reorganization, which included the homologous areas
for verb naming.

After P2’s POEM therapy, there was a dramatic decrease
in the number of areas recruited for verb naming. The post-
therapy activation is supported exclusively by the right pre-
motor area and the left cerebellum. As discussed above,
these two areas are involved in action observation and verb
naming [44, 66, 67]. This significant reduction in the number
of brain areas supporting correct naming suggests that
POEM therapy could lead to a more economical use of brain
resources. Moreover, considering the LI (−0.58), there was a
shift to the RH. This shift is related to adaptive neuroplasti-
city and is not surprising considering P2’s large lesion. This
result is in line with the suggested complementary role of
the RH in the context of large lesions proposed by Anglade
et al. (2013) who argued that, when there is a large lesion with
near-complete destruction of the primary language process-
ing areas, significant RH activation is involved.

Our preliminary results showed that neural changes
appeared together with behavioral improvements in verb
naming after POEM therapy was applied. Although neuror-
ehabilitation studies in the physical domain had provided
convincing evidence that action observation and motor
imagery might enhance the efficacy of motor training and/
or motor recovery by stimulating the activity of the sensori-
motor system [69–72], no studies had explored this combina-
tion in the case of language rehabilitation. However, the link
between action observation, motor imagery, and the sensori-
motor system through the MNS system may apply to lan-
guage too. As discussed by Durand and Ansaldo [15], the

MNS is considered to have provided a natural platform for
the development of language in humans. Several studies in
the field of embodied cognition have provided evidence that
the sensorimotor system can be considered an embodied cog-
nitive agent, as it coordinates multimodal information result-
ing from an individual’s interaction with the environment
and constitutes a physiological substrate for empirical data
linking language and motor processing [24, 26, 27].

Several fMRI studies have shown links between lan-
guage and motor processing areas within the MNS. Specif-
ically, language comprehension and production tasks
engage somatotopic activations, that is, the recruitment of
specific motor areas, depending on the body part involved
in the action associated with the language target [35, 43].
These findings suggest that the MNS plays an important
role in the reintegration of sensorimotor representations
during the conceptual processing of actions evoked by lin-
guistic stimuli. Thus, the cooccurrence of these activations
weaves connections between motor and language process-
ing areas. These connections represent an interesting
framework devoted to the enhancement of skill recovery
in language rehabilitation. They were exploited through
the application of POEM therapy, leading to preliminary
results with two participants.

This work concerns two case studies, and thus, it repre-
sents a proof of concept for further investigation of the effects
of POEM. Thus, larger experimental samples are required to
test for the external validity of these findings. This being said,
the two single-case studies reported here concern two differ-
ent cases, in terms of lesion size, location, and volume, thus
providing evidence for the efficacy of POEM in more than
one type of aphasia patients. Hence, while group study
strength lies on statistical power, single-case studies are
informative in terms of the variables that can influence recov-
ery. In particular, group studies average activations, while
single-case studies show different patterns of neurofunctional
changes, in particular perilesional activations, which are
known to better correlate with functional recovery [73].
The present study shows how similar behavioral improve-
ment across the two participants is observed in the context
of different lesion volumes and neurofunctional patterns.

Another potential caveat of the present study concerns
sociodemographic differences between the two participants,
in particular, time poststroke, lesion volume, and education
level. Specifically, P2 was 408 months poststroke, while P1
was 84 months poststroke. Time elapsed after stroke has been
shown to play an important role in treatment-related
changes, but this concerns particularly the acute or subacute
phase of recovery, as opposed to the chronic state, which
is generally considered to go beyond 6–12 months after
stroke [74, 75]. Consequently, we do not think that differ-
ences in neurofunctional patterns observed in P1 and P2
can be accounted for by time elapsed after stroke but
reflect the influence of lesion size and volume, while these
two factors do not seem to modulate POEM therapy effi-
cacy, as documented by equivalent improvement across
the two participants.

In all, the results of this study provide evidence for the
efficacy of POEM and its neural correlates, in two cases of
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chronic verb anomia, resulting from lesions varying in
size, location, and volume, and in participants with differ-
ent educational backgrounds. Future studies will examine
the effects of POEM on larger samples (Durand et al., in
prep.) and gather both the anatomical and functional
correlates of language and motor networks sustaining its
efficacy. It will possibly increase our understanding of
the mechanisms underlying the recovery from verb
anomia, so that more efficient and synergistic rehabilitative
interventions based on the links between motricity and
language can be designed.
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How we perceive others in action is shaped by our prior experience. Many factors influence brain responses when observing others
in action, including training in a particular physical skill, such as sport or dance, and also general development and aging processes.
Here, we investigate how learning a complex motor skill shapes neural and behavioural responses among a dance-naïve sample of
20 young and 19 older adults. Across four days, participants physically rehearsed one set of dance sequences, observed a second set,
and a third set remained untrained. Functional MRI was obtained prior to and immediately following training. Participants’
behavioural performance on motor and visual tasks improved across the training period, with younger adults showing steeper
performance gains than older adults. At the brain level, both age groups demonstrated decreased sensorimotor cortical
engagement after physical training, with younger adults showing more pronounced decreases in inferior parietal activity
compared to older adults. Neural decoding results demonstrate that among both age groups, visual and motor regions contain
experience-specific representations of new motor learning. By combining behavioural measures of performance with univariate
and multivariate measures of brain activity, we can start to build a more complete picture of age-related changes in experience-
dependent plasticity.

1. Introduction

Throughout the lifespan, when learning a new skill such as
riding a bicycle or dancing the tango, we benefit from not only
physically practicing the new skill but also from watching
others who can already perform that skill. Our ability to learn
by physical practice as well as by observation is a key ingredi-
ent for acquiring new motor skills and is thus essential for us
to survive and thrive within a social world. For over a century,
it has been suggested that actions learned by physical or obser-
vational practice are represented within common cognitive
and neural structures [1]. However, behavioural and brain-
based investigations to date have not satisfactorily examined
the extent to which this is actually the case. Moreover, how
the aging process impacts our ability to learn via physical

practice and observation remain underexplored. Such a lack
of knowledge means that critical questions for understand-
ing how best to facilitate new learning in educational and
therapeutic contexts are ripe for exploration.

Prior work demonstrates the existence of an action
observation network (AON), comprising sensorimotor brain
regions including premotor, parietal, and occipitotemporal
cortices [2–4]. These brain regions have been shown to be
engaged when watching others in action and respond
more robustly when observing actions that have been
physically practiced [5–9] or visually experienced [10–14],
compared with similar actions with which participants have
had no prior experience.

Since the original work establishing the functionality of
the action observation network, a rich literature examining
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how laboratory-based complex action training interventions
shape the relationship between action and perception has
emerged [5, 15–22]. As mentioned above, what many of these
studies demonstrate is that the more familiar an action is, the
stronger the response is within core AON regions [5, 6, 18,
23, 24]. On the other hand, an increasing number of studies
report findings demonstrating that AON activity does not
necessarily follow this linear trend of increasing engagement
with increasing familiarity [17, 25–28]. These studies dem-
onstrate equivalent or greater AON activity when partici-
pants observe less familiar actions (compared to more
familiar actions), which is often interpreted as increases in
neural efficiency [29–32].

Such marked differences in how the response amplitude
of sensorimotor cortices changes after learning have been
well documented in the motor control literature more
broadly (see [33–35] for reviews). This has led to the sugges-
tion that human neuroimaging investigations of sensorimo-
tor learning are limited by the blunted sensitivity of
traditional magnitude-based blood oxygen level-dependent
(BOLD) approaches [36, 37]. An increasing number of
studies are moving beyond univariate approaches of examin-
ing sensorimotor learning in the human brain, by attempt-
ing to evaluate representations of learning, as evidenced by
more subtle modulations of the voxel-by-voxel activity pat-
terns within the same area of cortex (e.g., [38, 39]). The
ability to more closely evaluate learning representations is
made possible using multivoxel pattern analyses (MVPA),
an analytic approach we use in the present study to not only
address how complex action learning shapes engagement of
sensorimotor cortices but also how the same complex action
training paradigm shapes brain responses within both young
and older adults. Through combining training interventions
with the increased analytical sophistication of MVPA, the
present study explores how physical and observational learn-
ing impacts behaviour and the corresponding neural repre-
sentations of actions.

With advancing age, sensorimotor and cognitive
resources needed for learning a new motor skill decline and
the efficacy of the matching process between observed and
executed actions appear to be compromised [40]. However,
this is modulated by the type of action observed. Evidence
from studies investigating age-related changes in biological
motion perception, motor imagery, and action observation
suggests that forming an internal action representation
may remain relatively preserved with advancing age for
simple movement sequences, whereas it appears to become
more imprecise in conditions with higher task complexity
or when flexible adaptations to changes in the environment
are required [41–43]. Such changes in behavioral perfor-
mance are typically accompanied by a loss of neural selec-
tivity in relevant regions of the aging brain [44, 45].
Overactivations, particularly in sensory cortices, are fre-
quently reported leading to the assumption that older
adults might be less adept at embodying new actions com-
pared to younger adults [46, 47]. Thus, their ability to
form an action representation based on physical and obser-
vational training might be limited, particularly compared to
younger adults.

However, it remains unknown how learning complex
whole-body actions, such as those that might be required in
a fitness or social dance class, shapes behavioural and brain
responses in young compared to older adults. In the present
study, we aimed to explore this question by manipulating
the type of sensorimotor experience that young and older
adults received with dance sequences to determine how
experience shapes responses at behavioural and brain levels.
We attempt to address three main questions: (i) How do
different types of training influence complex action perfor-
mance among young compared to older adults? (ii) How do
different types of training shape brain responses at a global
level during action observation among young compared to
older adults? (iii) How does physical training shape brain
responses at the level of action representations? To address
the first two questions, we implemented similar behavioural
and univariate functional magnetic neuroimaging (fMRI)
procedures reported in previous training studies [3, 18, 48]
and studies that have compared the impact of complex action
experience among young and older adults [43, 49]. To
address the third aim, we used multivariate decoding proce-
dures [50] to determine whether distributed voxel activity
could be used to discriminate between patterns associated
with viewing physically trained and untrained movements
in the brains of young compared to older adult participants.

2. Methods

2.1. Participants. Twenty-three physically and neurologically
healthy young adults were recruited from the Bangor Univer-
sity student population, and nineteen physically and neuro-
logically healthy older adults were recruited from the local
community. Older adults were screened for any past medical
history, and we excluded any participants who reported any
prior neurological diseases or use of medication that might
alter their performance during the task or fMRI scanning.
In addition, they were asked to complete the MMSE [51] to
assess any cognitive impairment (M=28.9, range = 26.5–
30.0, maximum score: 30) and an fMRI safety screening
questionnaire. The older adult participants were also invited
to perform one dance sequence from the Dance Central
Kinect Game before the study began, to ensure they felt com-
fortable with the technical equipment and were able to take
part in all the procedures that would be required in the
full study. Only those older adults who enjoyed this expe-
rience and were eager to take part after this prestudy trial
were selected to take part. All participants (young and
older adults) were dance naïve, meaning they had limited
or no experience performing or observing dance, and none
reported prior experience playing dance video games. All
participants were right-handed or ambidextrous (ranging
from moderately right-handed to strong right-handed;
young adults M=60.78, SD=22.20; older adults M=86.58,
SD=20.91, range 33–100), as assessed by the Edinburgh
Handedness Inventory [52]. Two younger adult participants
were excluded from the final sample due to excessive head
motion artefacts whilst undergoing fMRI scanning, and one
younger adult dropped out of the study half way through
the training phase and thus was excluded due to having an
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incomplete dataset. The final sample comprised 20 younger
participants (12 females) with a mean age of 19.5 years
(SD=1.54 years, range 18–23 years) and 19 older partici-
pants (11 females) with a mean age of 63.6 years
(SD=4.4 years, range 55–69 years). All participants pro-
vided a written informed consent prior to taking part in
any study procedures and were reimbursed for their
involvement with either cash or course credit. The Bangor
University School of Psychology Research Ethics Committee
approved all components of this study (protocol number
2014-13123-A12806).

2.2. Stimuli and Apparatus. Six dance sequences from the
dance game “Dance Central 2” (Harmonix Music Systems,
2011) for the Xbox 360 Kinect™ console were chosen that
featured gender-neutral dance movements. The six chosen
dance sequences were specifically selected so as to contain
no overlapping dance moves between songs (i.e., each move
was uniquely associated to one song/dance sequence). Each
dance sequence was set to a popular song (e.g., Like a G6
by Far East Movement or What is love by Haddaway) and
varied in length from 2:20 to 2:29 minutes (average
length=2.22 s; SD=10 s) and in tempo between 105 and
129 bpm (average tempo=118.83 bpm; SD=11.21). To focus
participants’ attention on the avatar whose moves they were
learning, the same background setting was selected for all
dance videos, which had a minimal amount of extraneous
movement. The difficulty of the dance sequences (complexity

and amplitude of dance movements) was set to a minimum
level to ensure participants across both age groups could per-
form them to some degree from the very first training day but
would still have ample room for improvement. The six dance
sequences were paired to create three groups whose compo-
sition was matched for number and complexity of specific
dance movements, as well as tempo. Each pair of sequences
was assigned to one of the three training conditions: phys-
ical training, visual training, and no experience/untrained
(Figure 1). A total of three different training groups were
assembled, meaning that each pair of dance sequences was
trained in all three training conditions across participants.

Animated silhouettes from the game depicting individual
movements from the preselected dance sequences were cap-
tured and used as stimuli during both pre- and post-
training fMRI sessions. The use of silhouettes, instead of orig-
inal game footage, was specifically chosen to reduce visual
cues associated with the original training context and to focus
attention on the movements alone [48]. In this way, brain
activity recorded when observing these pared-down dance
movements should be more attributable to sensorimotor
experience. 18 short animated silhouettes dance segments
without music were extracted using iMovie ‘11 (Apple Inc.)
and edited using Adobe Premiere Pro (Version 7.1 for
Microsoft Windows 7), three sequences from each full dance
sequence. The resultant 18 stimuli were matched for length
to all be 1.95 seconds. Each stimulus was edited so that
it featured one complete, coherent dance move involving

Physical training

Testing day 1 2 3 4 5

Visual training

Perform
2 sequences twice

Observe
2 sequences twice

Performance of 2 sequences from
physical and visual training
conditions, plus 2 untrained
sequences, evaluated with Xbox

fMRI fMRI Dance
testBehavioral training

(a)

+

500 ms 1.95 s 400 ms 3 s1.95 s

+

One dance movement stimulus = 4.3 s

!"

ITI

Time

(b)

Figure 1: (a) Overview of experimental procedures. Participants of both age group underwent the exact same procedure. First they underwent
a scanning session on day 1 and then started the behavioural training on that same day and the following 3 days. During each training day
(days 1–4), participants physically trained with 2 long sequences and visually trained with other long sequences. Two other long sequences
remained untrained. On day 5, participants underwent the same scanning session as on day 1. After scanning on day 5, participants had
to physically perform all the long sequences (physically, visually trained, and untrained). (b) Schematic of an example fMRI trial. Each
typical fMRI trial consisted of a 500ms fixation cross, one dance movement stimulus lasting for 4.3 s, and an intertrial interval (ITI) of 3 s.
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whole-body motion and significant spatial displacement of
the limbs (cf. [53]). All stimuli were novel to the partici-
pants during the pre-training fMRI scan.

2.3. Behavioural Training Procedure and Analysis. Both age
groups underwent identical training and testing procedures.
Participants were randomly assigned to one of three train-
ing groups in which they experienced the same pairs of
sequences assigned to the two training conditions (place
between the pre- and post-training fMRI scanning ses-
sions) (Figure 1). For each training session, participants
completed physical and visual training on the set of
sequences to which they had been randomly assigned. Partic-
ipants physically practiced the same two sequences twice
(once with a female and once with a male avatar) and
observed two different sequences twice. The order in which
participants completed the training conditions was counter-
balanced within and between participants across training
days. Each training session lasted approximately 30 minutes.

2.3.1. Physical Training. For sequences of which participants
physically practiced, they stood approximately 2 meters away
from a 52″ Sharp flat screen television mounted on the wall
in front of them. Participants’ task was to mirror the dance
movements of the avatar in the Dance Central 2 Xbox 360
game as closely as possible and concentrate on improving
their performance during subsequent sessions. The Kinect
motion capture system compared participants’ movements
to the avatar’s movements and assigned a score based on
accuracy of mirroring the avatar. The Kinect‘s scoring system
is based on how closely participants match the temporal and
spatial features of the avatar’s movements, including the ava-
tar’s movement amplitude. As the Kinect is a closed system
consumer product, further details about how scores are
assigned are not available. Similar procedures using this sys-
tem were successfully applied in previous studies measuring
the neural effects of dance training in young adults (see also
[18, 48, 54, 55]). The game provides on-screen feedback
about performance accuracy in the form of a final score
after each sequence. However, to make the physical train-
ing condition as comparable as possible to the visual train-
ing condition (where no performance feedback was given),
we covered the side margin of the TV screen (where the
score is displayed after performance) so that participants
were not aware of their dance scores after performing each
sequence. These participant dance scores were recorded by
the researcher and used as an objective measure of dance
performance ability for the behavioural analyses.

The four overall dance scores participants received each
day for the dance sequences in the physical training condi-
tion were averaged so that each participant had a single score
representing dance performance for each training day. A
mixed ANOVA with training day assigned as a within-
subjects factor with four levels (training days 1–4), and age
group as between-subject factor (young adults, older adults)
was conducted on these scores in order to determine how
performance across consecutive days of training compared
between age groups. Additionally, we performed a repeated
measure ANOVA for each age group separately to confirm

the training manipulation worked and that physical perfor-
mance increased across the daily training sessions.

2.3.2. Visual Training. For the sequences for which partici-
pants acquired visual experience, they sat comfortably in
front of a computer running Psychophysics Toolbox 3 in
MATLAB R2010a (MathWorks Inc.), which presented the
full dance videos. Each video was shown twice, once for
each avatar (male, female), in a random order. The dimen-
sions of the dance videos were 640× 480mm, which
reflected perceptually similar scaling to the physical train-
ing condition. As well as visual information, participants
listened to the soundtrack that accompanied each sequence
via the computer speakers. Participants were instructed to
pay close attention to the dance sequences and were told
that they would have to perform the sequences at the end
of the week, so they should try to learn the movements as
best as they could. To test that they were paying close
attention, at the end of each music video, ten short dance seg-
ments (five from the videos they had just watched) were dis-
played, without music, each followed by the question “Did
you see this movement in the video you just watched?”. Par-
ticipants had to respond “yes” or “no” using the keyboard
arrow keys. All test videos were presented silently (as the task
would have been too easy if the accompanying soundtracks
were also presented).

An accuracy score for each participant for each of the
four days of training was calculated based on their perfor-
mance on this task. Similar analyses done for the physical
dance scores were performed on the visual accuracy scores.

2.3.3. Post-Training Performance Assessment. On the final
day of the study (day 5), participants returned to the labo-
ratory to perform the four full dance sequences used in train-
ing (two physically trained sequences and two visually
trained sequences) as well as the two untrained sequences
(segments that they had observed during both fMRI sessions
only). The test followed the same paradigm as the physical
training phase of the study: participants physically per-
formed the dance sequences from all six songs, mirroring
the avatar’s dance movements as closely as possible whilst
the Kinect system captured and scored their movements.
The six sequences were randomised and balanced for the
gender of the avatar. Objective performance scores were
obtained in the same way as for the physical training
condition.

Raw scores from both exemplars from each training
category were averaged within training conditions to pro-
duce an average score per participant for each of the three
test conditions. We first performed a mixed-design ANOVA
using an age group as a between-groups factor to compare
dance performance between young and older adults on day
5. To further investigate performance in each age group inde-
pendently, we next performed repeated-measures ANOVAs
on these scores to investigate the impact of different kinds
of experience on physical performance. Pairwise compari-
sons (Bonferroni corrected for multiple comparisons, with
adjusted alpha levels of 0.025) were subsequently evaluated
to investigate differences between conditions in more detail.
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Degrees of freedom reflect the Greenhouse-Geisser correc-
tion where sphericity has been violated.

2.3.4. Training Modality Categorization Task. On day 5,
immediately following the post-training fMRI scan and
before the post-training performance assessment, partici-
pants performed a short control task, similar to the one
in Sumanapala et al. [48]. In this task, participants watched
again each dancing silhouette stimulus they observed during
scanning (18 in total; 6 per training category). After each
stimulus, participants were asked to categorize the move-
ment as being either “physically trained,” “visually trained,”
or “untrained”, using the 1, 2, and 3 keys on a computer key-
board. Answers were untimed. Accuracy scores for each
training condition were computed for each age group.

2.4. Neuroimaging Procedure. Each participant completed
one fMRI session prior to the training procedures and an
identical session immediately following the four days of
training (Figure 1(a)). Participants completed 6 runs within
each scanning session, lasting an average of 9min and con-
taining 60 trials each. In each run, participants watched three
times 18 stimuli featuring short dance segments taken from
the three training conditions (physically trained, visually
trained, and untrained; 6 stimuli per training condition).
Unlike the video footage used during training, the videos
used during scanning featured the silhouette of an avatar per-
forming each dance movement, which lasted 1.95 seconds.
Each individual dance movement was presented twice in a
row with a 400ms black screen between each presentation
(see Figure 1(b)). Each stimulus was preceded by a green fix-
ation cross presented for 500 milliseconds, to announce the
next trial. Each dance stimulus was followed by a fixation
cross presented for a fixed duration of 3 seconds. After this,
the next trial started. Finally, six additional video stimuli (fea-
turing dance movements that were not part of the full set of
18 videos taken from the training conditions—these dance
movements were never encountered outside of scanning)
were included for attentional control questions. After each
of these six test trials, participants were asked a question that
required a yes or no response (button responses were coun-
terbalanced across participants, with an index finger press
corresponding to a yes response and a middle finger press
corresponding to a no response for half of the participants
and the inverse response schedule for the other half of partic-
ipants). Participants had 4 seconds to provide a response via
a four-button fibre optic response box placed on their lap on
which they rested the index finger and middle fingers of both
hands over the buttons. The question that appeared was ran-
domly selected to be one of the following four: “Did the
dancer place at least one arm above his head?,” “Did the
dancer reproduced the same movement on the left and on
the right?,” “Did the dancer take a step forward?,” or “Did
the dancer move his legs?.” These questions appeared in a
random order and were designed to ensure participants paid
full attention to the dancer’s movement in each stimulus.
Each test trial was followed by a 12-second fixation cross that
served as implicit baseline. Participants were familiarized
outside the scanner prior to the pre-training scan with all

features of the experiment and what they would be asked to
do whilst in the scanner.

Stimulus presentation and response recording was done
via a Mac desktop computer running MATLAB R2013a
(MathWorks, Natick, MA) and Psychophysics Toolbox 3
[56–58]. The video stimuli were presented on a 24″ LCD
BOLDscreen (Cambridge Research Systems), which was vis-
ible to participants via a mirror mounted on the head coil.
The experiment was carried out in a 3T Philips MRI scanner
using a SENSE phased-array 32-channel head coil. For func-
tional imaging, a single-shot echo planar imaging (EPI)
sequence was used (T2∗-weighted, gradient echo sequence;
echo time TE=30ms; flip angle, 90°). The scanning parame-
ters were set as follows: repetition time TR=2500ms; 38
transverse slices; voxel dimensions, 2.3× 2.3mm with voxel
slice thickness = 3mm; slice gap=0.1mm; field of view,
224× 224× 118mm; matrix size, 96× 95mm× 38 slices; and
anterior-posterior phase encoding. Parameters for T1-
weighted anatomical scans were 240× 224× 175mm; voxel
dimensions, 1× 1× 1mm; TR=12ms; TE=3.5ms; and flip
angle = 8°. All the scans were collected in an ascending order.
For each run of each scanning session, the first two brain vol-
umes were discarded to reduce saturation effects. 224 vol-
umes per functional run were collected for each participant.

2.5. fMRI Data Analysis

2.5.1. Univariate Analyses. Neuroimaging data from each
scanning session (before and after training) were prepro-
cessed together to facilitate the construction of first-level
design matrices including data from both scanning sessions.
When there are several sessions, data can be either prepro-
cessed separately or together. We decided to combine neuro-
imaging data from both scan sessions at the first level of
analyses, for several reasons: (i) this leads to both days shar-
ing the same implicit baseline, subsequently reducing the
likelihood of results emerging simply due to differences
between the two scanning sessions that are not result of the
training manipulation, per se; (ii) the smoothness estimation
on the data should be better with more data points, thereby
reducing the threshold for multiple comparison correction
using random field theory; and (iii) this preprocessing
method was necessary for the subsequent RSA analyses.

Using SPM12 (Wellcome Department of Imaging
Neuroscience, London, UK), data were realigned and
unwarped, coregistered to the individual participants’ T1
scans, and normalized to the Montreal Neurological Institute
(MNI) template. Slice timing correction was performed after
realignment, and all images were finally spatially smoothed
using an 8mm FWHM Gaussian kernel. A design matrix
was fitted for each participant with a high-pass filter cut-off
of 128 s, with each type of dance video (physical training,
visual training, and untrained conditions), as well as
attentional control videos and button presses associated,
modelled together as a boxcar function convolved with
the hemodynamic response function with temporal and
dispersion derivatives. Additionally, participant-specific
movement parameters were modelled as separate regressors
of no interest.
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The univariate analyses were designed to achieve
three aims:

(i) To test both direct matching and neural efficiency
accounts of experience-dependent plasticity, we
first examined both increases and decreases in
training-related brain activity among young and
older adults separately. The most rigorous test of
these effects involves evaluating scanning session
by training experience interactions (i.e., to assess
physical training experience, e.g., this would
involve contrasting physical training>untrained
on the post-training scan session compared to the
pre-training scan session and the inverse (e.g.,
[18, 27, 59])). However, when evaluating these
analyses in both directions, for physical and visual
training experience separately, and among young
and older adults independently, no brain regions
survived a p < 0 05FWEcorrected threshold. This is
not necessarily a cause for concern, as the type of
manipulation and stimuli we have used in the pres-
ent study could reasonably be expected to have sub-
tle effects that do not meet the most stringent
imaging threshold criteria (see, e.g., [3, 16]).

In order to probe more subtle influences of our
training manipulation and visual task in the scan-
ner, we also evaluate direct contrasts comparing
each training condition to itself in the pre- and
post-training scans. We therefore examined brain
regions that showed either increases or decreases
in BOLD responses after compared to before
training, for physical and visual training sepa-
rately. These analyses were performed at the
whole brain level while focusing on activations
that survived a FWE-corrected threshold of p <
0 001 at the cluster level. This was achieved by
contrasting pre- and post-training brain activity
separately for dancing silhouettes that were associ-
ated with physical training or visual training at
the 1st level for each participant and then con-
ducting one-sample t-tests at the group level.
The identical procedures were repeated for the
young and older adults’ data.

(ii) The second set of univariate analyses directly com-
pared neural responses between young and older
adults from the physical training condition. We
focused on this training condition in particular as
this was the most intensive type of training where
we would reasonably expect the most robust
effects to emerge [16, 18, 39]. This was achieved
by using a two-sample t-test at the group level,
which compared the 1st-level contrasts evaluating
physical training before and after training, among
young adults compared to older adults. To avoid any
contamination of brain findings due to differences
in physical performance scores/abilities between
young and older adults, physical performance
gains (calculated as the difference between physical

performance scores on day 5−day 1) were included
as a covariate.

(iii) Finally, similarities between young and older adults
when observing sequences that have been physically
trained were examined through a customised con-
junction analysis based on that reported in [18]. This
analysis examined brain regions that showed
increases or decreases after four days of physical
training when both young adults and older adults
observed these sequences after physical training
compared to pre-training.

2.5.2. Multivariate Analyses. After evaluating magnitude-
based univariate analyses, we next performed multivariate
analyses to ascertain with finer detail on how sensorimotor
training experience shapes neural representations during
action observation among young and older adults. Specifi-
cally, this approach enabled us to explore how young and
older brains distinguish between different types of training
experience. Using The Decoding Toolbox scripts [50], we
performed whole-brain searchlight decoding to assess the
degree of outcome adaptation in local fMRI patterns sur-
rounding each voxel (radius 8mm) for each participant using
the unsmoothed, realigned, and normalized imaging data.

This procedure involves extracting voxel pattern infor-
mation from individual subject beta values generated during
first-level preprocessing within SPM. Pattern information is
specifically extracted from these beta values using support
vector machine (SVM) algorithms that maximise mathemat-
ically defined representational distances within a shared
coordinate space between different classes of data [50, 60].
To achieve this distinction, a data set is usually split into
“training sets” and “test sets” before being introduced to
SVM pattern recognition algorithms for classification. The
algorithms are trained to identify patterns of data associated
with specific classes within a training set before being tested
on their ability to identify class membership on an unknown
“test” set. Within neuroimaging, training sets and test sets
can be shuffled in a leave-one-out cross-validation procedure
[61], which limits the likelihood that spurious noise within
specific subsets of data may lead to biases in pattern classifi-
cation accuracy.

Following this, we implemented GLM analyses similar to
the ones described for the univariate analyses. This involved
modelling each training condition separately (physical,
visual, and untrained) as well as attentional control videos
and button presses. Also included in this model were
participant-specific movement parameters, modelled as sep-
arate regressors of no interest. Physical and untrained events
served as inputs for the classifiers and were labelled according
to the model. Data were then split into different training and
testing subsets depending on the model, using in turn each
separate run as training and test runs [62]. Classification
accuracy values (corresponding to observed prediction accu-
racy minus chance prediction for each voxel, with chance
being 50%) for each analysis were entered into second-level
t-tests for group-level analysis on a voxel-by-voxel basis.
We decided to take “to be physically trained” and “to remain
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untrained” sequences as input for the classifiers, as previous
literature [17, 39] documents that the most robust differences
emerge after physical training, a finding corroborated by the
univariate analyses from this study as well.

The multivariate analyses were designed to achieve two
distinct aims:

(i) The first set of analyses is aimed at identifying brain
regions that can distinguish between physical and
untrained movement sequences after training com-
pared to before training, among young and older
adults separately. Naturally, we would predict this
between-category classification accuracy to be better
overall after training compared to before training,
when all stimuli were equally unfamiliar. This was
achieved by running the searchlight decoding scripts
on the 1st-level data from pre-training and post-
training scans separately, taking as the two classifiers
the “physically trained”movement sequences and the
“untrained” movement sequences, and then running
paired-sample t-tests at the group level, separately for
young and older adults.

(ii) The aim of the second set of analyses was to compare
classification accuracies between the two age groups.
We were particularly interested in accuracy to distin-
guish between physically trained and untrained
sequences after physical training (which entails
examination of the post-training scan data only).
To achieve this, we first ran a separate whole-brain
decoding analysis to determine which brain regions
distinguish between physically trained and untrained
sequences after training, separately for each age
group. The results of this analysis for both age groups
are presented in Supplementary Table 1. Then,
contrasts from post-training classification for young
and older adults were entered into a two-sample
t-test. Finally, we explored which regions in young
and older adults could similarly distinguish between
physically trained and untrained movements after
training by running a conjunction analysis, similarly
to the one done for the univariate analysis above
(and in [18]).

3. Results

3.1. Behavioural Results

3.1.1. Physical and Visual Training. For each participant,
physical performance was assessed each day by averaging
performance scores across both dance sequences assigned
to the physical training condition (Figure 2(a)). When evalu-
ating young and older adults’ physical performance across
days of training, a main effect of training day was observed
(F 2 086,75 088 = 79 476, p < 0 001, ηp2 = 0 688) as well as an
interaction between age group and performance across days,
with younger adults performing better than older adults
(F 2 086,75 088 = 14 320, p < 0 001, ηp2 = 0 285). In both age
groups, a main effect of training day was observed whereby

physical performance significantly improved across the four
days of training (young adults: F 2 026,36 47 = 50 218, p <
0 001, ηp2 = 0 736; older adults: F 3,54 = 33 417, p < 0 001,
ηp

2 = 0 748). Pairwise comparisons indicate that significant
differences were observed between all possible pairs of days
(young adults: day 1 versus day 2: t 18 = −5 430, p < 0 001;
day 2 versus day 3: t 18 = −3 960, p = 0 001; and day 3 versus
day 4: t 18 = −3 375, p = 0 003; older adults: day 1 versus day
2: t 18 = −5 225, p < 0 001; day 2 versus day 3: t 18 = −2 981,
p = 0 008; and day 3 versus day 4: t 19 = −3 375, p = 0 003).

Participants’ performance on the visual training task was
assessed through a movement recognition task after observ-
ing two different sequences (Figure 2(b)). A main effect of
visual training was found across groups (F 2 311,83 201 =
17 224, p < 0 001, ηp

2 = 0 324); however, no interaction
emerged between training scores and age group, yielding no
differences in the visual training manipulation among young
and older adults (F 2 311,83 201 = 1 376, p = 0 258, ηp2 = 0 037).
Average response accuracy appeared to improve across the
four days of training for both age groups (young adults:
F 1 799,32 376 = 5 846, p = 0 008, ηp

2 = 0 245; older adults:

F 3,54 = 11 856, p < 0 001, ηp2 = 0 397), indicating that par-
ticipants were consistently able to recognize movements
that had appeared in the visually trained videos. This
effect was driven by a significant improvement from day 1
to day 2 (young adults: t 18 = −2 851, p = 0 011; older adults:
t 18 = −4 237, p < 0 001) and no further significant
improvements between any other pairs of consecutive days
(all p values> 0.05: young adults: day 2 versus day 3: t 18 =
−0 498, p = 0 624; day 3 versus day 4: t 19 = −1 299, p =
0 210; older adults: day 2 versus day 3: t(18) = 0, p = 1; day 3
versus day 4: t 18 = −0 137, p = 0 893). This suggests that
the performance level of participants in both age groups
reached ceiling after the second day of training.

3.1.2. Physical Performance on Day 5. On the final day of
testing, after the second fMRI session was completed,
participants were asked to perform all six dance sequences
(two from each training category: physically trained,
visually trained, and untrained conditions) in order to
generate an objective measure of their ability to perform
each of the dance movements they observed during
both fMRI sessions and assess the impact of differenti-
ated sensorimotor experience on motor performance
(Figure 2(c)).

A main effect of training type was observed across groups
(F 1 684,62 307 = 46 048, p < 0 001, ηp2 = 0 554) as well as an
interaction between age group and training condition
(F 1 684,62 307 = 8 139, p = 0 001, ηp

2 = 0 180), and a main
effect of age confirming that young adults performed better
overall than older adults (F 1,37 = 15 013, p < 0 001, ηp2 =
0 289). A one-way ANOVA ran within each age group
separately revealed a main effect of training type on dance
performance in both groups (young adults: F 2,38 = 40 802,
p < 0 001, ηp2 = 0 682; older adults: F 2,36 = 9 284, p = 0 001,
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ηp
2 = 0 340). Pairwise comparisons indicate that physically

trained sequences were performed significantly better than
visually trained or untrained sequences, among both young
and older adults (young adults: physically versus visually
trained: t 19 = 7 556, p < 0 001; physically trained versus
untrained: t 19 = 7 251, p < 0 001; older adults: physically
versus visually trained: t 18 = 3 275, p = 0 008; physically
trained versus untrained: t 18 = 3 551, p = 0 004). Differ-
ences in performance between observed and untrained
sequences did not reach significance, with the Bonferroni-
corrected alpha level of 0.025 (young adults: t 19 = 2 331,
p = 0 031; older adults: t 18 = 1 613, p = 0 124).

3.1.3. Training Modality Categorization Task Performance.
As a follow-up task, immediately following the post-training
scan on day 5 of the study, participants were asked to watch
each silhouette stimulus again (6 per training condition) and
to categorize each stimulus as either being physically trained,

visually trained, or untrained (see Supplementary Figure 1).
Overall, young adults were better than older adults in identi-
fying the training category to which each stimulus belonged
(F 1,36 = 65 560, p < 0 001). Moreover, we observed a main
effect of the training type (F 2,56 315 = 25 501, p < 0 001)
and a nonsignificant trend towards an interaction between
training category and age group (F 2,56 315 = 3 093, p =
0 065). This marginal interaction suggests that older adults
are overall not performing poorly at recognizing the train-
ing category for those videos that have been physically or
visually trained (all above chance level). However, they do
perform particularly poorly at categorizing the untrained
videos (categorizing them as trained in 79% of cases). It is
to note that this task was not designed to definitively deter-
mine how well participants can match specific movements
with a prior training condition (as was the aim in [48]), as
participants only performed a total of 18 trials in this
follow-up test (one trial for each stimulus). However, this
exploratory follow-up task was designed to give us an
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Figure 2: Training performances for both age groups. (a) Physical performance across the 4 consecutive days of physical training, for both
younger (bright red) and older adults (pale red). (b) Recognition accuracy after each day of visual training, for both younger (bright orange)
and older adults (pale orange). (c) Average physical performance on day 5, for each training condition (physical, visual, and untrained
sequences), for both younger (darker bars) and older adults (lighter bars).
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indication of how well young and older adults can explicitly
categorize the training condition associated with the different
moves they observed in the scanner.

3.2. Effect of Sensorimotor Training among Young and Older
Adults at the Whole Brain Level. Our first neuroimaging
objective was to examine the effects of physical and visual
training on whole brain activity. We did this first within
each age group separately and then comparing young with
older adults. As a reminder, we always evaluated contrasts
to explore both increases and decreases in BOLD responses
after training (comparing post and pre-training scans in
both directions).

All of the following analyses were run with both days
modelled in the same design matrix at the 1st level (and pre-
processed together). All contrasts were evaluated at punc <
0 001, k = 10 voxels, and here, we focus on those results that
survive correction of pFWEcorr < 0 05 at the cluster level.

3.2.1. Brain Regions Involved in Physical and Visual
Learning in Younger Adults

(1) Effects of Physical Training: Younger Adults. Among
young adults, the observation of body movements after phys-
ical training compared to before (post-training>pre-train-
ing) did not yield any significant increases in neural
activity. However, this same contrast did reveal several brain
regions that demonstrated a decreased response after train-
ing, including areas associated with sensorimotor processing,
such as the left paracentral lobule and postcentral gyrus and
right precentral gyrus and inferior temporal gyrus. In addi-
tion, the amygdala and middle occipital gyrus also demon-
strated decreased response amplitude when observing those
movements that had been physically trained (Table 1(a)).

(2) Effects of Visual Training: Younger Adults. Among youn-
ger adults, the observation of body movements encountered
after visual training compared to before did not lead to any
significant increases in activation. In comparison, several
brain regions in the right hemisphere showed a marked
decrease in response amplitude after four days of visual
training, including the fusiform gyrus, postcentral gyrus,
and middle temporal gyrus (Table 1(b)).

3.2.2. Brain Regions Involved in Physical and Visual
Learning in Older Adults

(1) Physical Training: Older Adults. Among older adults, the
observation of body movements after physical training com-
pared to before physical training resulted in increased activa-
tion in the right precuneus, and activity decreases within the
right superior and inferior parietal lobules (SPL and IPL) and
the right thalamus (Table 2(a)).

(2) Visual Training: Older Adults. In older adults, the obser-
vation of body movements after visual training compared
to before four days of visual training resulted in an increase
of activation of the right precuneus, similarly than after phys-
ical training but with no significant decrease of activity in any
region (Table 2(b)).

3.2.3. Differences and Similarities between Age Groups, by
Training Experience

(1) Differences between Young and Older Adults. In order to
evaluate regions in which activation varied as a function of
the age group, young and older adults were compared to each
other while the factor performance gain was included as
covariate of no interest. These contrasts were evaluated as
two-sample t-tests. Compared to older adults, young adults
showed decreased recruitment of the left inferior parietal
lobule after training compared to before physical training
(Figure 3). No other contrasts yielded any significant
difference between young and older adults when comparing
pre- and post-training scans (including the positive effect of
performance). It is to note that running the same contrasts
with performance on day 5 as the covariate of no interest
(instead of performance gain) lead to a nearly identical pat-
tern of activation, with the only significant activation emerg-
ing within the left inferior parietal lobule (x = −50, y = −28,
z = 48, pFWE−corr = 0 001, t = 4 8) when comparing young
adults to older adults.

(2) Common Regions Influenced by Training among Young
and Older Adults. When analysed separately, training effects
among young and older adults mainly resulted in decreased
activity after physical training compared to before. For this
reason, we focused on this contrast to see which regions were
similarly showing a decrease of activity in both age groups
after physical training compared to before. This conjunction
analysis (using t > 3 5 as the threshold) yielded overlapping
activation across 87 voxels, in three main regions, namely,
the left fusiform gyrus, the right inferior temporal gyrus,
and the right inferior parietal lobule (Figure 4).

3.3. Effects of Training on Neural Representations of Actions

3.3.1. Regions That Discriminate Better between Dance
Movements after Compared to before Training in Each Age
Group. This first set of decoding analyses is aimed at
identifying which brain regions were better able to distin-
guish between physically trained and untrained movement
sequences after compared to before training, among young
and older adults separately.

All results reported are pFWEcorr < 0 05 at the cluster level,
with a threshold at punc < 0 005, k=20 voxels.

(1) Younger Adults. When comparing regions that could
better distinguish between physically trained and untrained
sequences after training compared to before training, the
left angular gyrus (IPC) and right middle frontal gyrus
(close to IFS) were the two only regions that could discrimi-
nate accurately (i.e., above chance) after training between
physically trained and untrained sequences (Figure 5(a) and
Table 3(a)).

(2) Older Adults. When comparing regions that could distin-
guish between physically trained and untrained sequences
after training better than before training, left SMA and pri-
mary somatosensory cortex were the only regions that came
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Table 1: Regions associated with an increase and decrease of activity post-training compared to pre-training among younger adults,
depending on the type of training.

(a) Physical training

Region BA
MNI coordinates

t value Cluster size pFWEcorr valuex y z

(i) Increase post-training compared to pre-training

No cluster survived the threshold

(ii) Decrease post-training compared to pre-training

L paracentral lobule 5 −10 −34 58 7.17 233 <0.001
L postcentral gyrus 1 −28 −36 56 4.50

L superior parietal lobule 3b −20 −42 58 4.13

R precentral gyrus 4 34 −28 58 6.02 706 <0.001
R postcentral gyrus 1 38 −38 56 5.07

R postcentral gyrus 1 26 −32 58 5.06

R inferior temporal gyrus 37 50 −50 −16 5.89 380 <0.001
R inferior temporal gyrus 37 40 −52 −14 5.51

R inferior temporal gyrus 36 −60 −4 3.85

R hippocampus 26 −4 −24 5.65 168 0.003

R hippocampus 34 −4 −22 5.05

R middle temporal gyrus 21 46 −4 −20 4.55

L postcentral gyrus 1 −40 −30 56 5.00 94 0.048

L postcentral gyrus 1 −44 −22 56 4.26

R middle occipital gyrus 19 46 −76 18 4.63 153 0.005

R middle occipital gyrus 19 40 −84 14 4.59

R middle occipital gyrus 19 52 −64 14 4.55

(b) Visual training

Region BA
MNI coordinates

t value Cluster size pFWEcorr valuex y z

(i) Increase post-training compared to pre-training

No cluster survived the threshold

(ii) Decrease post-training compared to pre-training

L inferior temporal gyrus 20 −40 −32 −18 6.30 83 0.081

L inferior temporal gyrus 37 −42 −40 −18 4.68

L fusiform gyrus 37 −38 −56 −18 4.14

R amygdala 30 −2 −24 5.68 80 0.092

R parahippocampal gyrus 36 24 −26 −24 4.44

R parahippocampal gyrus 36 20 −12 −24 4.36

R fusiform gyrus 37 42 −42 −16 5.58 394 <0.001
R inferior temporal gyrus 37 40 −52 −14 4.86

R inferior temporal gyrus 37 50 −50 −16 4.46

R postcentral gyrus 1 30 −32 58 5.40 498 <0.001
R postcentral gyrus 1 28 −40 66 4.86

R postcentral gyrus 1 36 −34 66 4.69

R middle temporal gyrus 19 52 −66 12 5.36 180 0.002

R middle occipital gyrus 19 46 −80 12 4.88

R middle occipital gyrus 39 40 −58 12 3.91

BA: Brodmann’s area; R: right; L: left. Analysis performed at p < 0 001, uncorrected, k = 10 voxels, and regions in bold font are FWE cluster corrected at the
p < 0 05 level. Up to three local maxima are listed when a cluster has multiple peaks more than 8mm apart.
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Table 2: Regions associated with increases and decreases of activity post-training compared to pre-training in older adults, depending on the
type of training.

(a) Physical training

Region BA
MNI coordinates

t value Cluster size pFWEcorr value
x y z

(i) Increase post-training compared to pre-training

R precuneus 7 4 −68 30 6.68 510 <0.001
R precuneus 31 10 −66 24 5.45

L cuneus 18 −6 −66 22 4.98

(ii) Decrease post-training compared to pre-training

R thalamus 8 −26 6 5.88 314 <0.001
L thalamus −2 −24 6 5.66

L thalamus −12 −32 2 5.26

R superior parietal lobule 39 32 −56 48 5.55 187 0.002

R superior occipital gyrus 7 22 −62 48 4.72

R superior parietal lobule 7 26 −50 46 4.31

R inferior temporal gyrus 37 50 −50 14 5.22 69 0.147

R inferior temporal gyrus 44 −54 −6 4.53

R fusiform gyrus 34 −54 −12 3.97

R inferior parietal lobule 1 60 −20 36 4.92 182 0.002

R supramarginal gyrus 40 60 −30 38 4.83

R supramarginal gyrus 40 54 −28 48 4.05

(b) Visual training

Region BA
MNI coordinates

t value Cluster size pFWEcorr value
x y z

(i) Increase post-training compared to pre-training

R precuneus 31 10 −66 24 5.67 220 <0.001
R precuneus 31 18 −62 22 4.34

L precuneus 31 −2 −66 28 4.33

(ii) Decrease post-training compared to pre-training

No cluster survived the threshold (all pFWEcorr > 0 1)
BA: Brodmann’s area; R: right, L: left. p < 0 001, uncorrected; k = 10 voxels. Regions in bold font are FWE cluster corrected at the p < 0 05 level. Up to three local
maxima are listed when a cluster has multiple peaks more than 8mm apart.
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close to the FWEcorr threshold criteria (pFWEcorr = 0 05 and
pFWEcorr = 0 07, resp.; Figure 5(b) and Table 3(b)).

3.3.2. Effect of Age on Discrimination Accuracy after Physical
Training. In the following analyses, only accuracy maps from
post-training scans were taken into account, to explore which
regions can accurately discriminate between physically
trained sequences and untrained sequences after training,
comparing younger and older adults. When evaluating this
contrast on the post-training data, the right superior parietal
lobule and the right cerebellum discriminate between physi-
cally trained and untrained sequences more accurately in
young adults compared to older adults (Figure 6(a) and
Table 4(a)). In contrast, the inverse contrast, evaluating brain
regions that discriminate between physically trained and
untrained sequences better in older adults compared to
young adults, yielded the right angular gyrus and left middle
occipital gyrus (Figure 6(b) and Table 4(b)).

Finally, we conducted an exploratory conjunction anal-
ysis on the accuracy maps (using t > 3 5 as the threshold),
to determine whether there were any common brain
regions among young and older adults that could

distinguish between physically trained and untrained
sequences after training (for full results of these maps on
day 5 for young and older adults separately, please see Sup-
plementary Materials). This conjunction analysis yielded
overlap across 794 voxels, including multiple subregions
within the occipital cortex, as well as sensorimotor areas,
including the left paracentral gyrus (Figure 7).

4. Discussion

In the present study, we manipulated the type of sensorimo-
tor experience that young and older adults received with
dance sequences to determine how experience shapes
responses at behavioural and brain levels, during early and
later adulthood. We set out to address three main questions:
(i) How do different types of training influence complex
action performance among young compared to older adults?
(ii) How do different types of training shape brain responses
at a global level during action observation among young
compared to older adults? (iii) How does physical training
shape brain responses at the level of action representations?

z = −15 z = −10 z = 56

PVA 

Young adults Older adults

Age group 

PVA VA 

p < 0.001 uncorrected
k = 10 voxels

Conjunction of young and older adults main effects of training decreases
After training, right inferior parietal lobule, fusiform, and inferior temporal gyri are less

engaged than before training, among both young and older adults

Figure 4: Common regions among young and older adults demonstrating a decreased response after physical training.

Classification accuracy for physical versus untrained movements (minus chance)
Post-training > pre-training (punc < 0.005, k = 20 voxels)
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Figure 5: Regions that can accurately discriminate better between physically trained and untrained movements after training compared to
before training. (a) In young adults. (b) In older adults. Coordinates of the centre of the cluster are given for all cluster-corrected regions
(x, y, and z in MNI coordinates).
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Overall, participants’ behavioural performance on motor
and visual tasks improved across the training period, with
younger adults showing greater performance gains than older
adults. At the brain level, both age groups demonstrated over-
all decreases in sensorimotor cortical engagement after phys-
ical training, with younger adults showing more pronounced
decreases in the inferior parietal lobule (IPL) activity com-
pared to older adults. However, it is of note that the older
adult population also showed an increase in precuneus activ-
ity after training. Neural decoding results show that among
both young and older adults, visual and motor cortices con-
tain experience-specific representations of new motor learn-
ing. In the following, we consider each of these findings,
including how they relate to prior work and how they might
form a foundation for future research.

4.1. Behavioural Differences between Younger and Older
Adults. Both young and older adults’ performance on both
behavioural tasks (physical and visual learning tasks)
improved across the four days of training. However, young
adults outperformed older adults overall in terms of physical
performance, and as Figure 2(a) shows, this performance
discrepancy was present from the first day of training.
This pattern of findings is likely explained by overall better
physical condition and motor learning abilities among
younger adults, whose movements are also more fluid than
those made by individuals in advanced age [46, 63, 64].
However, the young adults did not outperform older adults
in terms of recognition accuracy on the visual training task.
This might be driven by the fact that participants in both
age groups found the recognition task very easy, and the plots

Table 3: Regions that can accurately discriminate better between physically trained and untrained movements after training compared to
before training. (a) Young adults. (b) Older adults.

Region BA
MNI coordinates

t value
Cluster
size

pFWEcorr
valuex y z

(a) Physically trained versus untrained in younger adults

L angular gyrus 39 −44 −64 24 6.05 69 <0.001
L angular gyrus 39 −34 −66 26 4.00

L middle occipital gyrus 19 −38 −68 18 3.94

R middle frontal gyrus 10 30 42 4 4.68 40 0.048

R middle frontal gyrus 10 28 48 −2 4.21

R middle frontal gyrus 28 40 12 3.35

(b) Physically trained versus untrained in older adults

R postcentral gyrus 3 26 −30 50 6.12 46 0.053

Rmiddle cingulate cortex 16 −28 46 4.38

L precentral gyrus 6 −2 10 66 5.68 43 0.078

L precentral gyrus 6 −8 2 60 3.75

BA: Brodmann’s area; R: right, L: left. p < 0 001, uncorrected; k = 10 voxels. Regions in bold font are FWE cluster corrected at the p < 0 05 level. Up to three local
maxima are listed when a cluster has multiple peaks more than 8mm apart.

Classification accuracy for physical versus untrained movements (minus chance)
Post-training only (punc < 0.005, k = 20 voxels)
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Figure 6: Direct comparison of classification accuracy for physical versus untrained sequences, minus chance, comparing young and older
adults. (a) Brain regions that are better able to discriminate between physical and untrained movements in young adults compared to
older adults. (b) Brain regions better able to discriminate between physical and untrained movements in older adults compared to young
adults. Coordinates are reported in MNI space (x, y, and z).
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of behavioural performance on this task (Figure 2(b)) docu-
ment that participants from both age groups were more or
less performing at ceiling from day 2 onwards.

When considering physical performance score discrep-
ancies between young and older adults, it is also worth noting
that the Kinect motion tracking system and the Xbox scoring
system take into account the fluidity or smoothness of a per-
former’s movements and participants have the potential to
score many extra “bonus points” when they reproduce a

move being performed by the avatar on screen in a particu-
larly smooth manner. This aspect of the video game design
might have penalized older adults’ physical performance
scores, as research demonstrates that gross bodily move-
ments become less fluid/smooth with advancing age [46].
However, such differences between young and older adults’
general kinematics should not affect the overall improve-
ments across days within each age group, but here again,
we also see more marked improvements among younger

Table 4: Physical versus untrained classification accuracy minus chance comparing young and older adults. (a) Young adults> older adults.
(b) Older adults> young adults.

Region BA
MNI coordinates

t value Cluster size pFWEcorr value
x y z

(a) Young adults> older adults

R superior parietal lobule 28 −38 36 4.62 46 0.039

R cerebellum 12 −74 −14 4.43 81 <0.001
R calcarine gyrus 18 14 −70 −6 4.35

R lingual gyrus 17 8 −82 −12 3.86

(b) Older adults> young adults

R angular gyrus 39 40 −62 24 4.28 46 0.039

R middle occipital gyrus 34 −70 26 4.07

L middle occipital gyrus 19 −46 −72 12 4.24 47 0.034

L middle temporal gyrus 39 −50 −62 18 4.15

L middle temporal gyrus 39 −40 −60 20 3.62

BA: Brodmann’s area; R: right, L: left. p < 0 001, uncorrected; k = 10 voxels. Regions in bold font are FWE cluster corrected at the p < 0 05 level. Up to three local
maxima are listed when a cluster has multiple peaks more than 8mm apart.

Conjunction of young and older adults classification accuracy for
physical versus untrained movements (minus chance)—post-training only
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Figure 7: Conjunction analysis: common regions among young and older adults for accurately discriminating between physical and
untrained sequences, on day 5.
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adults. To better understand the underlying neural basis for
these differences between the two age groups, we investigated
our main hypotheses by means of fMRI.

4.2. Effect of Training at a Global Brain Level during Action
Observation. Taken together, the univariate analyses show a
similar pattern of results among both young and older adults,
characterised by activity decreases post-training. Specifically,
evidence emerges that the right ITG and IPL, brain regions
associated with the AON, show decreased response ampli-
tude after physical training among both groups of partici-
pants. The left fusiform gyrus demonstrates a similar
response profile in both groups. It thus appears that, regard-
less of age, physical training results in less recruitment of
these sensorimotor and higher-order visual association corti-
ces that are robustly recruited when observing unfamiliar
or novel actions [26, 27, 65]. In a recent meta-analysis,
Hardwick and colleagues [34] report similar decreases in
activity among these same brain regions following motor
learning, even though many of the studies included in this
meta-analysis report increases in activity after training.
This line of results helps to further illuminate how physi-
cal training influences brain regions recruited during
observation of complex whole-body movements, with no
other cue than a pared-down silhouetted representation of
the movement.

The only increase of activity found after training in the
present study emerged from the older adults group in the
right precuneus, after both physical and visual training. This
finding suggests that in advanced age, the precuneus is sensi-
tive to the type of visuomotor training examined in the pres-
ent study. More generally, the precuneus has been implicated
in higher-order cognitive processes such as episodic memory,
motor imagery, and spatial aspects of motor behaviour con-
trol [66–68] and has also been shown to respond more
robustly during motor tasks in advanced age [69]. However,
as this region did not emerge from the direct contrast com-
paring older and younger adults, it is not possible to conclude
that its increased engagement when observing movements
that have been associated with visuomotor or visual experi-
ence is due to age, per se. Further investigation, perhaps tak-
ing a longitudinal approach, would be beneficial for clarifying
the relationship between precuneus activity, aging, and
visuomotor learning.

The fact that we fail to find robust increases of activity
within brain regions classically associated with the AON after
physical training, as we report previously with similar train-
ing paradigm [3, 18], might seem surprising at first, until a
number of factors are taken into consideration. First, the pat-
tern of results we report here is broadly consistent with the
fine movement motor learning literature [39, 59], which reli-
ably documents decreases in whole brain activity after train-
ing as a signature of neural efficiency [17, 37, 70, 71]. For
example, Higuchi and colleagues [71] report that for both
observation and execution of guitar chords, reliable neural
efficiency effects emerged across training days. The field
would benefit from studies using complex, multisensory
training paradigms looking more systematically at both
increases and decreases of activity. A recent study by Gardner

and colleagues has attempted to explore the issue of post-
training increases and decreases in neural response ampli-
tude by using guitar training to probe the subjective nature
of the prediction error signal [17]. These authors report
results consistent with a predictive coding account of AON
engagement during action observation and execution that
also takes into account effects of changes in neural efficiency,
providing a promising theoretical grounding for taking this
work further.

It is also important to consider how the training and test-
ing approach used in the present study differs from prior
work that reports increased response amplitude with
increased experience (e.g., [5, 6, 19, 22, 49]). First, many prior
studies look at effects of years, if not decades, of training
experience on perception [5, 6, 22], while those examining
the effects of aging often study how physical skills that
older adults learned when they were still young are perceived
[43, 49]. Such a short-term training intervention, like the one
used in the present study, might thus be suboptimal for gen-
erating robust age-related differences in brain activity. In
addition, the movements observed during brain scanning
were far simpler in the present study than those used in many
previous studies [6, 18, 19, 22, 53]. As such, the kind of learn-
ing examined in the present study might be quite different
from what our group and others have previously found [18,
49]. In further contrast to previous studies, the pared-down
action silhouettes used here revealed no further information
about each action beyond its kinematics [48]. This means
that any training effect found at the brain level should be
linked to pure motor learning and visual movement process-
ing, which might further contribute to subtle findings com-
pared to previous work in this vein. Moreover, in contrast
to recent work by our group [18], it is important to note that
the task participants performed in the scanner was also
markedly different and very likely contributed to the different
pattern of results we report here. In Kirsch and Cross’s earlier
study [18], each trial was followed by one of two questions:
“How much did you like the movement you just watched?”
and “How well could you reproduce the movement you just
watched?” It should be evident that these two questions
required much deeper kinematic, visual, and aesthetic pro-
cessing than what was required in the present study (par-
ticipants watch closely each movement and respond to
occasional probe questions about very simple kinematic
features of the previously viewed movement). For this rea-
son, it is imperative to consider the different tasks and
stimuli when evaluating discrepant results reported by pre-
vious studies that have used similar training paradigms,
such as Kirsch and Cross [18], and the present study.
These different patterns of findings also provide a useful
consideration for future studies, namely, future work can
examine the extent to which decreases in sensorimotor
engagement following training are due to strengthened
purely ‘kinematic’ representations or to observers’ not
being prompted to think about their physical abilities to
reproduce observed moves during action observation.

Even though the right IPL was found to be less activated
after training among both age groups (Figure 4), the left IPL
was the only region to demonstrate more marked decreases
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in engagement after physical training among young com-
pared to older adults (Figure 3). The parameter estimate plot
on this figure suggests that this finding is being driven by
decrease in IPL engagement among young adults, while this
region’s response profile remains relatively unchanged
among older adults. This could be indicative of processing
efficiency gains among young adults that are simply not pres-
ent among older adults. It is to note that no regions showed a
greater decrease or increase after training in older adults
compared to younger adults, when we control for physical
gain performance. The IPL is one of the core regions of the
AON, and its activity has been shown to be modulated by
training [6, 16, 18].

In terms of visual training effects, we observed decreased
engagement of sensorimotor and visual processing regions
among young adults, similar to physical training. This is in
line with previous literature showing common regions sensi-
tive to observational and physical training [1–3, 14, 18].
However, among older adults, no regions showed decreased
activity after visual training. This raises the possibility that
visual training effects among older adults are either subtler
or perhaps altogether different, perhaps due to declines in
attentional and visual processing decline with advancing
age [34]. A challenge for future research will be to examine
in more depth age-related differences in observational train-
ing effects, possibly using a different task that can better cap-
ture performance and improvement via observation (which
our task clearly failed to capture, as all participants were per-
forming at ceiling by day 2).

Moreover, taking into account the results from the train-
ing modality categorization task participants completed after
the post-training scan session, one could argue that the dif-
ferences seen between young and older adults’ brain activity
is due to older adults not being able to accurately identify
the training modality of the observed movements. Our
results show that older adults performed more poorly than
young adults on this task overall and that they were more
likely to categorize untrained moves as trained. This finding
of a carry-over effect is consistent with previous studies
showing that older adults frequently show this tendency to
misclassify new material as being familiar, which has been
interpreted as showing that internal representations of events
become more rigid with age [72]. However, as this categori-
zation task did not include multiple trials for each stimulus
(thus reducing its power) and our main aim was to examine
differences before and after training within one training cat-
egory (physical practice), we are reluctant to place too much
stock in age differences on this task in our particular study.
One final reason to be cautious with how we interpret young
and older adults’ performance on the categorization task is
because even if older adults do not explicitly recognize the
training category to which each stimulus belongs as well as
younger adults, our main interest was in the neural imple-
mentation of the training, where we do see differences.

4.3. Examining the Impact of Physical Training on a
Representational Level. The present study was designed to
enable investigation of how physical training shapes brain
responses not just at the level of magnitude differences but

also at the level of more fine-grained action representations.
The aim of our first set of pattern analyses was to identify
brain regions that can distinguish between physical and
untrained movement sequences after training compared to
pre-training, among young and older adults separately. We
predicted this between-category classification accuracy to be
better overall after training compared to before training,
when all stimuli were equally unfamiliar. Among younger
adults, we found that the left angular gyrus and MFG could
discriminate better after training between physically trained
and untrained sequences, whereas among older adults, the
left supplementary motor area and sensorimotor cortex
could discriminate better after training between physically
trained and untrained sequences.

The second set of analyses compared classification accu-
racies between the age groups, in particular their accuracy
at distinguishing between physically trained and untrained
sequence after physical training. These analyses yielded clear
age-related differences, with better discrimination within the
right superior parietal lobule and cerebellum in young com-
pared to that in older adults. In contrast, older adults showed
better discrimination in visual processing areas and multi-
sensory integration areas such as the right angular gyrus
and left MOG, compared to young adults.

This broad pattern of results is consistent with literature
documenting that older adults rely more on sensory cortices
during action observation than younger adults, even if the
observed actions are familiar to them [47]. Computational
models of cognitive aging posit that neural representations
become less distinctive in old age [73]. Recent work by Carp
and colleagues [74] reported that neural distinctiveness was
reduced in older adults throughout the motor network. Neu-
roimaging studies of visual perception support this view,
indicating that distributed patterns of brain activation
evoked by different visual stimuli are less distinctive among
older adults compared to young adults [75, 76]. In the pres-
ent study, our findings do not speak to reductions in neural
distinctiveness in advanced age per se, but instead we find
different regions involved in distinguishing between different
categories of stimuli (physically trained versus untrained) in
young compared to older adults. As such, our findings sug-
gest that the kind of training manipulation we used here
has a specific effect that goes beyond the natural dedifferenti-
ation that occurs with aging and instead leads to distinct net-
works mediating training-induced neural representations
among young compared to older adults. While this part of
the study was exploratory in nature, it provides useful point
of departure for continued investigation of the changing
nature of the representation of new sensorimotor learning
across the lifespan. Moreover, one might speculate that older
adults process the stimuli differently than younger adults
or are at a different stage of learning when being scanned
(as the behavioural data might suggest). These factors could
also explain some of the differences seen with young adults.
Older adults might still be in the consolidation phase on
day 5, whereas in young adults, the top-down modulation
of sensory regions has possibly already taken place [45, 47,
77]. Future studies could add scanning sessions at more time
points (or include longer training manipulations with
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scanning sessions interspersed regularly throughout them),
in order to explore whether older adults achieve the same
performance as young adults, which is also reflected as
(more) similar patterns of brain activation.

Finally, we explored which brain regions among young
and older adults similarly distinguish between physically
trained and untrained movements post-training. This con-
junction analysis yielded common regions in occipital and
motor cortices, demonstrating finer motor representations
on day 5 for both age groups. This suggests that physical
training plays an important role in the coding of fine move-
ments in higher-order visual and motor areas, lending fur-
ther support to the neural efficiency theory and findings in
the motor domain [39].

4.4. Limitations and Future Directions.As with any study and
with exploratory studies in particular, this work has several
important limitations and has raised a number of possibilities
for future research that warrant consideration. Since the
present study was the first to tackle questions of complex
action learning at brain and behavioural levels among young
and older adults, we chose to investigate age group differ-
ences when both groups attempt to learn initially novel
actions for the same amount of time. In this way, perfor-
mance at the end of training was consequently not matched
between the age groups. Thus, we cannot clearly disentangle
whether our between-age group results are related to the way
participants learn and represent dance sequences or due to
the fact that young and older adults are at different stages
of the learning process. An alternative design could have
continued training the older adults until they performed
at the same level as the younger adults and then compared
brain activity. Future studies might explore this possibility
and implement paradigms in which performance is better
matched at the end of training. However, with respect to
physically trained sequences in particular, general changes
in motor control might prevent older adults from reaching
the same performance level as younger adults irrespective
of the amount of training provided [63].

Moreover, the technology used for our training inter-
vention might have had an impact on participants’ dance
experience and the extent to which they perceive the task
as “real” dancing. Similarly, age differences could possibly
impact participants’ willingness to dance in front of a large
TV with avatars. However, devices such as the Kinect system
have become more and more common in many households
in recent years. Consequently, more on more people, includ-
ing older generations, are becoming accustomed to interact-
ing with them (and indeed, several of our older participants
mentioned at the conclusion of the study that they had seen
their grandchildren playing games with the Xbox Kinect in
the past and had never participated as they thought the tech-
nology was not for them, but their minds had been changed
since taking part in our study). In addition, we asked older
adults to try the Kinect dance set up in a separate session
before actual testing, and only those older adults who felt
comfortable to do the training took part in the main experi-
ment. Finally, as all participants also reported having enjoyed
the experience, we believe that our results are not biased due

to differences in the perception of the training set-up between
young and older adults.

5. Conclusions

To our knowledge, this is the first study to combine a com-
plex, whole-body training paradigm with univariate and
multivariate analyses to investigate the impact of sensorimo-
tor learning on action representations among young and
older adults. While this study was exploratory in nature,
our results should contribute to building a more complete
picture of age-related changes in experience-dependent plas-
ticity. Ultimately, we hope that insights gained from this
approach will inform visuomotor learning and rehabilitation
interventions for those in early and advanced adulthood.
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The aim of the present study was to assess the role of action observation treatment (AOT) in the rehabilitation of upper limb motor
functions in children with cerebral palsy. We carried out a two-group, parallel randomized controlled trial. Eighteen children (aged
5–11 yr) entered the study: 11 were treated children, and 7 served as controls. Outcome measures were scores on two functional
scales: Melbourne Assessment of Unilateral Upper Limb Function Scale (MUUL) and the Assisting Hand Assessment (AHA).
We collected functional scores before treatment (T1), at the end of treatment (T2), and at two months of follow-up (T3). As
compared to controls, treated children improved significantly in both scales at T2 and this improvement persisted at T3. AOT
has therefore the potential to become a routine rehabilitation practice in children with CP. Twelve out of 18 enrolled children
also underwent a functional magnetic resonance study at T1 and T2. As compared to controls, at T2, treated children showed
stronger activation in a parieto-premotor circuit for hand-object interactions. These findings support the notion that AOT
contributes to reorganize brain circuits subserving the impaired function rather than activating supplementary or vicariating ones.

1. Introduction

There is an urgent need in neurorehabilitation of both
adults and children of approaches that take into account
the progresses of our knowledge in basic neuroscience.
These approaches should aim at transferring ideas and facts
from basic neuroscience to clinical practice with the final
goal to build up tools well-grounded in neurophysiology
and to provide a cure for several neurological (and non-
neurological) diseases [1, 2]. Such a rehabilitation approach,

grounded in basic neuroscience, would also be a model of
translational medicine.

The use of such approaches may help to overwhelm a
general attitude in neurorehabilitation to focus on ways
to circumvent functional deficits, thus leading to a compen-
sation or a reeducation of functions rather than a cure for
them through remediation (for a more general discussion
on the notion of compensation and remediation, see [3–5]).
Although compensation sometimes works and helps patients
to recover in daily activities, it does not aim at repairing the
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neural circuits underlying specific functions through a direct
or indirect restoration. Moving to a translational model in
neurorehabilitation would imply to plan specific rehabilita-
tive tools aiming at restoring the neural structures whose
damage caused the impaired functions or activating sup-
plementary or related pathways, which may perform the
original functions. Last, but not least, rehabilitation tools
well-grounded in basic neuroscience allow researchers to
plan well-designed randomized controlled trials. This in turn
allows clinicians and therapists to measure outcomes not
only in terms of functional and/or behavioural gains (as it
currently happens by means of functional scales) but also
in terms of changes in biological parameters, which
researchers can test using neurophysiological and brain
imaging techniques. There are indeed some approaches in
the neurorehabilitation of children that fit these criteria. For
example, constraint-induced movement therapy (CIMT)
has a well-established neurophysiological basis grounded on
the experimental evidence that monkeys can be induced to
use a deafferented limb by restricting movements of the unaf-
fected limb over a period of days [6]. CIMT has been widely
applied in patients with acute and chronic stroke and in chil-
dren with cerebral palsy [7]; similarly, HABIT (hand-arm
bimanual intensive training) is a highly structured form of
bimanual training, whose goal is to improve the quality and
quantity of hand use in bimanual tasks in children with
hemiplegic CP [7]. Another example is the mirror therapy
[8]. In this treatment, a mirror is placed in the patient’s mid-
sagittal plane so that he/she can see her unaffected arm/hand
as if it were the affected one. This strategy has been proven to
be effective to relieve phantom pain in arm amputees as well
as in the recovery of upper limb in chronic stroke patients
and in children with cerebral palsy [9, 10]. This approach
grounds on a neurophysiological mechanism known as
mirror mechanism. Based on this mechanism, the observa-
tion of actions performed by other individuals recruits in
the observer the same areas involved in the actual execution
of those same actions [11]. In the case of mirror therapy,
patients have the opportunity to look at their own actions
performed with the unaffected arm/hand. More recently, we
proposed a novel approach in neurorehabilitation known as
action observation treatment (for a review, see Buccino
[12]). AOT exploits the mirror mechanism in an even
more straightforward manner than mirror therapy, because
patients observe daily actions performed by other healthy
individuals. During one typical session, patients observe a
daily action and afterwards execute it in context. So far, this
approach has been successfully applied in the rehabilitation
of upper limb motor functions in chronic stroke patients, in
motor recovery of Parkinson’s disease patients, including
those presenting with freezing of gait; interestingly, this
approach also improved lower limb motor functions in post-
surgical orthopaedic patients [13–16]. Pivotal studies were
conducted also in children with cerebral palsy [17–19].
AOT is well-grounded in basic neuroscience, thus represent-
ing a valid model of translational medicine in the field of
neurorehabilitation. Moreover, the results concerning its
effectiveness have been collected in randomized controlled
studies, thus being an example of evidence-based clinical

practice. The present study aimed at assessing whether this
novel rehabilitation approach has the potential to improve
the functional recovery of children with CP aged 5–11
(primary school cycle in Italy), within a comprehensive reha-
bilitation program. The focus was on the recovery of upper
limb motor functions. We used the same protocol of an ear-
lier pilot study from our group [17]. We also tested whether
this approach may lead to neural changes in the brain by
means of a functional magnetic resonance study, in which
we asked some of the children that entered the study to
manipulate complex objects in the scanner. Control condi-
tion was the manipulation of a small sphere.

2. Methods

2.1. Study Design.We used a two-group, parallel randomized
controlled trial. Recruitment criteria and methodological
procedures were approved by the Ethical Committee of the
Hospital of Brescia.

2.2. Participants. All children referred to the Centre of Child
Neurology and Psychiatry at the Hospital of Brescia with a
diagnosis of cerebral palsy (CP) were eligible. Inclusion
criteria were the presence of CP confirmed by neuroimaging
techniques (MRI), Manual Ability Classification System
(MACS)≤ 4 [20], verbal IQ> 70, age between 5 and 11
(primary school cycle in Italy), absence of major visual and/or
auditory deficits, and no antiepileptic treatment. We enrolled
a group of 18 children that met the inclusion/exclusion cri-
teria. Before entering the study, the parents of each child gave
written informed consent.

2.3. Allocation and Assessment. Patients were enrolled by
one of the authors (Elisa Fazzi); enrolled children were ran-
domly allocated to the treatment (n = 11) or the control group
(n = 7) by means of a dedicated software. Both children and
their parents were blind to group allocation. After randomiza-
tion, children were evaluated clinically with a neurological
examination carried out by two expert child neurologists
(Elisa Fazzi, Anna Molinaro), while functional assessment
was carried out by a physician blind to treatment allocation,
using the Melbourne Assessment of Unilateral Upper Limb
Function Scale (MUUL) and the Assisting Hand Assessment
(AHA).MUUL consists of 16 items involving reaching, grasp-
ing, releasing, and manipulation, specifically developed to
measure quality of upper limb motor functions in children
with CP aged 5 to 16 [21]. It has been shown to have a good
reliability on a sample of 20 children with different severity
degrees of CP. AHA is a hand function evaluation instrument
that measures and describes how children with an upper limb
disability in one hand use his/her affected hand collabora-
tively with the nonaffected hand in bimanual actions [22]. In
the present study, children underwent functional evaluation
with MUUL and AHA at three different time points: at base-
line (T1), at the end of the treatment (T2), and at two months
of follow-up (T3).

2.4. Stimuli.We prepared fifteen video clips to be used during
AOT in the treatment group, each showing a specific daily
action implying the use of the arms/hands, (i.e., grasping an
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object, using a pencil, and playing with Lego). All recorded
actions were chosen among those which are familiar to chil-
dren in primary school age. We used the same videos as in a
previous study from our group [17]. In that study, we report
also a complete list of all seen actions. In the videos, these
everyday actions, performed both by normal children and
adults, were recorded from different perspectives, to make
the video clips more interesting and to sustain the attention
of children during the rehabilitation sessions. Each action
was subdivided into 3 or 4 constituent motor segments. For
instance, eating a candy, one of the shown actions, was sub-
divided into taking the candy from the table, approaching it
to the mouth, and giving back to the therapist. Each motor
act was presented for 3 minutes so that the total duration of
each video clip was 9–12 minutes. We also prepared the same
number of video clips addressing various topics (geography,
history, and science adapted for children) but with no motor
content, for the control group. Video clips for the control
group were also divided into three-four parts, each lasting
3 minutes.

2.5. Treatment Procedure. For 3 weeks, children in the
treatment group attended daily rehabilitation sessions from
Monday to Friday, during which they were asked to observe
one movie showing an actor/an actress performing one
specific daily action with the hand. Actions were presented
in a fixed order according to their complexity, as judged by
the experimenter.

After observation of each motor segment (3-4 per each
video clip), children were required to execute for 2 minutes
what observed to the best of their ability. They were advised
that the quality of their imitation was not the goal of the reha-
bilitation treatment. Children in the control group viewed
short video clips (for the same time as treated participants)
showing scenes with no motor content (e.g., geographical
documentaries). After observing each part of a video clip
(3-4 parts per each video clip), controls were also asked to
execute the same actions as treated participants for the same
duration. In this way, the total amount of visual stimulation
and motor activity following observation was similar in the
two groups. The only difference concerned the content of
videos: treated participants observed videos with motor con-
tent (everyday arm/hand actions), while controls observed
videos with no specific motor content. As a whole, each
rehabilitation session lasted about half an hour. The physio-
therapist devoted up to 10 minutes to explain the task and
encourage children to observe carefully the videos and
perform the seen actions at their best. Twelve minutes was
devoted to observation (motor acts for cases, documentaries
for controls) and 8 minutes to the execution of the observed
actions (cases) or just execution of the same actions, but
without a model (controls).

Both treated participants and controls received written
instructions. The physiotherapist read them aloud twice.
This was in order to avoid any influence of the physiothera-
pist in giving instructions.

During the treatment, children continued to follow their
routine conventional rehabilitation program that was the

same for cases and controls. All children (treated participants
and controls) completed the study.

2.6. Outcome Measures. Primary outcome measures were
score changes on the MUUL and AHA.

2.7. Statistical Analysis. A mixed linear model, with fixed
effects: time (T1, T2, and T3) and group (treatment, control),
was carried out on MUUL and AHA scores. The best model
was identified using the Akaike information criterion (AIC).
The significance level was set at 0.05. Statistical analyses were
carried out using SPSS version 23.

2.8. fMRI Study. Twelve children (six treated participants)
out of 18 enrolled children also entered an fMRI study to
assess a reorganization of brain neural structures following
treatment. While being scanned, children with CP from both
groups manipulated complex objects with both hands, in
order to explore all the motor properties of the manipulated
object. As a control condition, children manipulated a simple
object, a sphere. All objects used in the scanner were different
from those used during the treatment. Figure 1(a) shows the
experimental paradigm. fMRI data were collected on a 1.5T
Siemens Avanto scanner. The protocol included four EPI
sequences (TR/TE 2500/50ms, 3.3× 3.3× 3.3mm isotropic
voxel) and a high resolution T1W 3D MP-RAGE sequence
for anatomical reference (TR/TE 2050/2.56ms, 1× 1× 1mm
isotropic voxel). Imaging data were collected before starting
treatment (T1) and at the end of treatment (T2). The
fMRI paradigm consisted of 14 alternating task-rest blocks
(8 volumes/block were acquired) repeated 4 times to increase
statistics. fMRI data underwent the following preprocessing.
The mean EPI was first computed for each participant and
visually inspected to ensure that none showed artifacts. The
first 2 EPI volumes of each functional run were discarded
to allow for T1 equilibration effects. For each subject, all vol-
umes were spatially realigned to the mean volume of the four
runs. Next, the 3D structural data of each subject were nor-
malized to the ANTS standard space, a T1 pediatric template
in a standardized MNI space [23]. The normalization matrix
was subsequently transferred to the fMRI images, resampled
in 1mm× 1mm× 1mm voxels using trilinear interpolation
in space and then the images were spatially smoothed with
a 6mm full width at half maximum isotropic Gaussian kernel
for the group analysis. No participant showed head move-
ments greater than 3mm; thus, none was excluded from
further analyses.

Data were analyzed using a random effects model [24],
implemented in a two-level procedure. In the first level,
single-subject fMRI data entered an independent general
linear model (GLM) by design matrixes modelling the onsets
and durations of two experimental factors, one related to the
experimental task and one related to its corresponding base-
line. For each participant, we generated contrast images
displaying the effect of the experimental task (manipulating
complex objects) contrasted with the respective baseline
(manipulating a sphere). Next, each contrast entered a second
level GLM to obtain (i) SPM{T} maps (one sample t-test)
related to each task at group level and (ii) to test for the
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existence of brain areas specifically involved in manipulating
complex objects. Moreover, we were interested in assessing
differences in brain area recruitment between treated children
and controls. For all analyses, location of the activation foci
was determined in the stereotaxic space of the MNI coordi-
nates system. A significance level of p < 0 001 uncorrected
and an extended threshold on cluster dimension of 10 voxels
was applied.

3. Results

Demographic data, clinical features, and brain imaging find-
ings of children in the two groups are shown in Table 1.
Mean scores and SD of AHA and MUUL in treated partici-
pants and controls at T1, T2, and T3 are shown in Table 2.

Mixed linear model showed that for MUUL, the best
model included the random effects of intercept and the fixed
effect of group, time, and interaction. For the AHA, the best
model included the random effects of intercept and time
and the fixed effects of group and interaction. The mixed lin-
ear model analysis disclosed a significant interaction between
time and treatment, both for MUUL (b1 interaction= 2.71,
t36 = 3 99, and p = 0 000) and for AHA (b1 interaction= 2.36,
t18 = 3 61, p = 0 002). Score improvements, in both scales,
were higher in the treated participants than in the controls;
furthermore, in the treatment group, those improvements
were not only maintained but became even stronger at T3.

Post hoc analysis showed that for MUUL, results at T2
were significantly different from results at T1 only in cases
(p < 0 001), but not in controls. As for AHA, results at T2
were significantly different from results at T1 (p < 0 001).
Even more interestingly, results at T3 were different from

results at T2 (p < 0 001) for both scales, but again only
in cases, but not in controls. Figure 2 shows the results.

4. fMRI Results

For the aim of the present study, we will present results
concerning the differences between treated children and
controls. It is worth stressing that at baseline (T1), there were
no differential activations when comparing cases versus con-
trols. In contrast, after treatment (T2), differential activations
were located in the left premotor cortex extending to the infe-
rior frontal gyrus (−49; 19; 26), in the right premotor cortex
(53; 14; 31), in the left supramarginal gyrus (−47; −51; 37),
and finally a weaker activation in the left superior tem-
poral gyrus (−52; −47; 23). Figures 1(a) and 1(b) shows
fMRI findings.

5. Discussion

The results of the present study are relevant within the liter-
ature devoted to rehabilitation of children with cerebral
palsy. Treated children improved significantly as compared
to controls in both MUUL and AHA. These results are in
keeping with earlier, pilot studies using AOT as a rehabilita-
tion tool [17, 18]. It is worth stressing that our sample con-
sisted of hemiplegic (both right and left) and tetraplegic
children, thus suggesting that AOT may be useful for differ-
ent clinical presentations of CP. As reported above, AOT
exploits a neurophysiological mechanism known as mirror
mechanism. The observation of actions performed by other
individuals recruits in the observer the same areas involved
in the actual execution of those same actions [11], this
whatever the biological effector involved in the observed

20 s20 s

Sphere

Complex
object

Sphere Sphere

20 s 20 s
14 blocks

Complex
object

Complex
object

(a)

Cases + controls 

R

(b)

Cases > controls 

R L
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Figure 1: (a) Graphic representation of the fMRI experimental paradigm, alternating manipulation of a simple object (a sphere), and
manipulation of complex objects. (b) Clusters of activations transposed on sections from standard pediatric brain (ANTS) before
treatment (T1), when comparing manipulation of complex objects versus manipulation of a sphere. Cases and controls are taken as a
whole group, p < 0 001. Note that at T1, no activation was present when directly comparing cases versus controls. (c) After treatment
(T2), direct comparison between cases and controls shows increased activations in frontal and parietal areas known to be involved in
hand-object interactions, p < 0 001. Clusters of activations transposed on sections from standard pediatric brain (ANTS), as in (b).
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action. This mechanism may underlie the capacity to under-
stand and imitate others’ actions even at an early stage of
life [25, 26] and contribute to interact with other people in
an empathic manner (for review see, Hari and Kujala)
[27]. This same mechanism may be helpful during learn-
ing motor tasks or relearning daily actions following brain

lesions and therefore during rehabilitation [28–30]. AOT has
the potential to become a routine approach in the rehabilita-
tion of children with CP and could be easily applied by phys-
iotherapists working with children. During the rehabilitation
session, physiotherapists have the role to motivate little
patients to observe carefully every detail of the observed
actions and to push children to use the objects provided at
hand, as in the videos, but also to reassure if children fail in
performing the observed actions. Patients, even children as
in the present study, may follow the rehabilitation program
without difficulties. It is worth stressing that AOT may be
applied in a very flexible manner: in fact, the trained actions,
presented through videos, may vary depending on the real
need of patients. For example, children that have more diffi-
culties in performing distal hand/arm actions (i.e., grasping,
manipulating) should focus their training on these motor
tasks, while children that present with impairment of proxi-
mal arm actions (i.e., reaching objects, coding objects in
space) should train this kind ofmotor tasks. Last, but not least,
AOT may be used also at home where children may get their
rehabilitation session with the help of their parents or even
in telerehabilitation with a physiotherapist monitoring from
a dedicated position what children perform at home.

In the present study, we collected functional scores on
MUUL and AHA also at two months of follow-up. Interest-
ingly, treated children, as compared to controls, maintained
and even improved their functional gain at follow-up. In
our opinion, these findings may be explained by the fact that
during AOT, children learn novel strategies to interact with
other people and common objects. They learn to look very
carefully at all details present in the scene, they pay attention
at the different motor segments of an action, and they spon-
taneously prepare themselves to imitate a seen action or to
interact upon objects available in the environment. Eventu-
ally, they transfer these strategies in everyday life situations;
thus at the very end, they accomplish the goal of gaining
better motor performances.

A main point of interest in the present study is that some
of the treated children also underwent an fMRI study aimed
at assessing whether AOTmay recruit areas within the motor
system and eventually contribute to their reorganization. It is
worth noting that, while being scanned, children performed
an independent task, namely, manipulation of complex
objects that were not included in the set of actions trained
during the treatment. When comparing treated participants
and controls, differential activation was present in a sector
of the premotor cortex and parietal cortex also involved in
object manipulation in both healthy adults and children
[31, 32] and known to be endowed with a motor representa-
tion of distal upper limb movements. This premotor sector is
strictly connected with a parietal area with which it builds up
a sensorimotor circuit allowing individuals to code for the
motor properties of objects and the implementation of the
most appropriate actions to act upon objects [33]. These
findings suggest that the brain target of AOT is exactly a
hand motor area possibly involved in executing actions as
well as in their processing. It therefore appears that there
are not vicariating areas emerging from AOT treatment,
but rather a recovery of areas normally involved in a specific

Table 2: Mean scores (and SD) of AHA and MUUL in controls and
treated participants at different time points.

Group Score
Time point

T1 T2 T3

Control
AHA 65.71 (7.23) 66.86 (7.31) 66.71 (7.52)

MUUL 96.00 (16.73) 98.00 (16.69) 98.14 (16.52)

Treatment
AHA 57.45 (12.18) 61.09 (10.79) 63.18 (11.06)

MUUL 81.73 (22.38) 87.27 (22.36) 89.27 (22.41)
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Figure 2: Scores obtained by cases (red line) and controls (blue
line) at T1, T2, and T3 in two different functional scales (AHA,
MUUL). Statistical analysis (see text for details) showed that only
in case scores obtained at T2 differed significantly from scores at
T1 in both scales. This was true also when comparing T3 with
T2 in both scales (error bars: 95% CI). ∗∗refers to statistical
significant effects.
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hand motor task. Further studies should assess to what
extent this concerns also other biological effectors (e.g., the
foot) and contributes to rebuild physiological sensorimotor
circuits. Another issue that future studies should help to
ascertain is whether there are specific subgroups of children
with cerebral palsy that may mostly benefit from AOT, or
rather this approach may help clinical conditions in all
children affected.
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Research has shown the effectiveness of observational practice for motor learning, but there continues to be debate about the
mechanisms underlying effectiveness. Although cortical processes can be moderated during observation, after both physical and
observational practice, how these processes change with respect to behavioural measures of learning has not been studied. Here
we compared short-term physical and observational practice during the acquisition and retention of a novel motor task to
evaluate how each type of practice modulates EEG mu rhythm (8–13Hz). Thirty healthy individuals were randomly assigned to
one of three groups: (1) physical practice (PP), (2) observational practice (OP), and (3) no practice (NP) control. There were
four testing stages: baseline EEG, practice, postpractice observation, and delayed retention. There was significant bilateral
suppression of mu rhythm during PP but only left lateralized mu suppression during OP. In the postpractice observation phase,
mu suppression was bilateral and larger after PP compared to that after OP. NP control showed no evidence of suppression and
was significantly different to both the OP and PP groups. When comparing the three groups in retention, the groups did not
differ with respect to tracing times, but the PP group showed fewer errors, especially in comparison to the NP group. Therefore,
although the neurophysiological measures index changes in the OP group, which are similar but moderated in comparison to
PP, changes in these processes are not manifest in observational practice outcomes when assessed in a delayed retention test.

1. Introduction

A common instructional method in the teaching of motor
skills has been to watch repeated demonstrations with the
intention of later reproduction, so termed observational
practice or observational learning (for recent reviews regard-
ing its relative efficacy, see [1–6]). Many individuals, perhaps
as a result of injury, neurological impairment, or fatigue, can-
not engage in physical practice, at least all of the time, such
that learning through observation serves as an alternative
practicemethod formotor gains [7]. Despite the potential effi-
cacy of this approach, at least in comparison to no-practice

conditions, the mechanisms underpinning its efficacy are still
debated, as well as its relative benefits in comparison to actual
physical practice. In this paper, we evaluate the similarities
and differences between observation and physical practice,
in terms of both behavioural performance and learning
outcomes as well as neurophysiological processes assessed
through EEG and mu rhythm suppression.

We now know that watching others perform skills that are
part of their existing motor repertoire engenders similar cor-
tical neural processes to those apparent during actual action
execution. There is a considerable body of research pointing
towards a motor simulation circuit or mirror-neuron system
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in the human brain that responds in a similar way to observed
and executed movements, supporting the idea of a shared
neural representation between action observation and action
execution (for reviews, see [8–11]). There are a wide range
of brain areas that are activated during both observation and
execution of actions, with the primary regions including the
ventral and dorsal premotor cortex (PMC) [12–16], the intra-
parietal cortex [13, 17] and the superior and inferior parietal
lobule [14, 15, 18]. For a recent review of these areas, see a
meta-analysis by Caspers et al. [19].

One index of mirror neuron activity that has been exten-
sively studied in humans is mu (8–13Hz) suppression. At
rest, neurons in the sensorimotor area fire synchronously,
resulting in large-amplitude EEG and MEG oscillations in
the mu frequency band. When participants perform an
action, imagine movement, or observe movements, these
neurons fire asynchronously, decreasing the power of the
mu band [20–25]. This suppression is known as alpha-band
or mu-rhythm suppression (also related to event-related
desynchronization (ERD)). It has been hypothesized that
the mu rhythms reflect downstream modulation of primary
sensorimotor areas by mirror neuron activity, representing
a critical information processing function translating percep-
tion into action [26]. When comparisons have been made
across execution and observation conditions, suppression is
typically stronger in execution conditions [23]. For very sim-
ple movements (e.g., repetitive finger pointing [20]), as well
as more functional movements (e.g., reaching and grasping
a coffee cup [24]), bilateral suppression, particularly in cen-
tral electrode sites, has been noted. Importantly, Virji-Babul
et al. [27] showed that although both conditions activate sim-
ilar brain areas, there were distinct differences in the timing
and pattern of the activation. During movement execution,
the earliest activation was observed in the left premotor and
somatosensory regions, followed closely by left primary
motor and superior temporal gyrus (STG) at the time of
movement onset. In contrast, during observation, there was
a shift in the timing of activation with the earliest activity
occurring in the right temporal region followed by activity
in the left motor areas, suggesting that there are important
differences underlying the neural processes of action execu-
tion and action observation.

While there is now a significant body of literature link-
ing perception and action in well-learned actions, studies
looking at processes underpinning observation practice of
new actions are still rather scarce. With respect to behav-
ioural work, generally it has been shown that observation
and physical practice can lead to similar behavioural
(though weaker in observation) motor outcomes [4, 28, 29]
(for a meta-analysis see Ashford et al. [30]). However, nota-
ble differences have also been reported. For example,
although people learn from watching others perform novel
visuomotor adaptation tasks, where people learn to move
to radially aligned targets that are rotated from their verid-
ical spatial position, observers do not show after-effects
that are nearly always seen in physical practice participants
[5, 31]. The absence of after-effects after observational
practice has led to conclusions that the two modes of
learning implicate distinct brain networks, with an absence

or reduction in motor-system (implicit) adaptation follow-
ing only observation practice.

There is also evidence supporting the idea that observa-
tion and physical practice involve similar “motor-related”
mechanisms and networks. For example, in studies of
sequence learning, observation learning effectiveness was
specific to the observed hand [29, 32], suggesting effector-
specific modulation of the motor system during observation.
In studies where observers watched a learner adapt to a
dynamic perturbation controlled by a robot arm, at least
some of the observation learning effects appeared to be medi-
ated by the observer’s motor system (e.g., [33, 34]). This was
shown through dual-task interference effects associated with
performing a motor task during the observation practice
phase as well as interference from a postobservation practice
period of repetitive TMS (transcranial magnetic stimulation)
to the primary motor cortex (M1).

There have been two general hypotheses concerning the
transfer of information during observation learning [35].
The first is that information is primarily cognitively mediated
(also termed late mediation), such that the motor system
does not play a role in learning until the later physical enact-
ment stage. The second is a primarily motor-mediated learn-
ing (also known as early mediation), whereby observation is
thought to automatically activate the motor representations
of the observed action in the observer’s brain. This motor res-
onance or simulation is thought to allow for action under-
standing, and hence learning, to occur [35, 36]. Behavioural
studies provide support for both proposals, suggesting that
information transfer during observational practice could be
a result of either or both processes. There have been no stud-
ies to date where measurement of both the neurophysiologi-
cal and behavioural processes of observation and physical
practice of the same task has been determined concurrently
during both types of practice.

In relation to observational practice, Nakano et al. [37]
recorded EEG signals during the observation, preparation,
and execution of five trials of a two-ball-rotation task. Across
all three conditions, mu suppression in the fifth trial was sig-
nificantly greater than that in the first trial. However, no
comparisons were made between a pure observation
practice-only group and a physical practice group (i.e., after
the first trial, the second observation phase was a combina-
tion of both observation and execution) and no efforts were
made to assess learning, as based on a retention or transfer
test [38, 39].

Neurophysiological responses have been probed dur-
ing action observation under conditions where motor/
physical practice experiences have already been attained.
For example, EEG was recorded in professional dancers
and nondancers while they watched video clips of dance
movements and everyday movements. Expert dancers exhib-
ited significantly more mu suppression compared to non-
dancers, with no difference between the two groups
during the observation of everyday movements [40] (see also
[41, 42]). However, Babiloni et al. [43] reported that long-
term experience was associated with less mu rhythm
suppression in action-observation-related areas during the
observation of familiar actions.
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Despite evidence that physical experience modulates a
subsequent observation phase with respect to EEG activity,
to date, no researchers have studied how visual or physical/
motor experiences with a novel motor task modulate EEG
activity (specifically mu rhythm) during actual practice.
Moreover, there have been no attempts to determine whether
cortical activity changes noted in practice are evidenced in
behavioural measures of motor learning, as assessed on a
retention test. Therefore, in the present study, we compared
short-term physical and observation practice during the
acquisition and retention of a novel motor tracing task and
evaluated how EEG mu rhythm is moderated during each
type of practice. Our primary research question related to
whether observational practice brings about change in EEG
mu rhythm, comparable to that seen during physical prac-
tice, during “practice” of a novel motor task, and during a
subsequent postpractice observation phase for both groups.
To answer this question, EEG measurements were collected
during either physical or observational practice across 45 tri-
als of a flower-tracing task performed using a joystick. We
also compared these two practice groups to a third, no-
practice control group in a postpractice observation-only
session. Relative to resting baseline, we hypothesized that
mu rhythm would be suppressed at all the central interpo-
lated channels for both the physical practice and the observa-
tion practice groups in comparison to the no-practice group,
with greater suppression during physical practice.

Our second research question pertained towhether obser-
vational practice brings about behavioural evidence of motor
learning, based on comparisons of the three groups in a
delayed retention test. This delayed testing under the same
conditions is regarded as a critical way of assessing motor
learning, such that long-term effects of practice can be ascer-
tained, uninfluenced by temporary factors associated with
fatigue, motivation, or the conditions of practice [38, 39]. This
delayed retention test was conducted without EEG, but all
three groups were compared. We predicted that behavioural
performance following physical practice would be improved

when measured in a retention test compared to observation
practice and no practice. However, if there are benefits
to be gained from observation practice, we predicted that
this group would perform faster and more accurately than
the control group would. We expected that any differences
in mu rhythm noted during practice and in the postprac-
tice observation session would be evidenced in behavioural
measures of motor learning as assessed on the delayed
retention test.

2. Materials and Methods

2.1. Participants. Thirty healthy individuals between the ages
of 19 and 40 years were recruited from the community. Par-
ticipants were pseudo-randomly assigned to one of three
groups with the constraint of n = 10/group and equal distri-
butions of males and females (males = 3/group): physical
practice (PP) (Mage = 26 60 yr, SD = 7 18), observation prac-
tice (OP) (Mage= 24.4 yr, SD = 3 37), and no practice (NP)
control group (Mage = 27 70 yr, SD = 6 0). All participants
were right-handed as confirmed by the Edinburgh Handed-
ness Inventory [44]. They reported normal or corrected-to-
normal vision, no motor problems, and no known neurolog-
ical disorders. The experiment was conducted over two days,
and informed consent was obtained from all participants
according to the ethical guidelines of the University of
British Columbia.

2.2. Motor Task. We used a computerized version of the
flower-tracing task used in the Movement Assessment
Battery for Children (MABC [45]). The flower figure was dis-
played on a computer screen using custom LabVIEW 7.1
software (National Instruments Co., Austin, TX). Partici-
pants were instructed to trace the figure between the two
solid lines of the flower figure (Figure 1) as quickly and accu-
rately as possible in a clockwise direction using a joystick. An
error was registered each time the participant crossed beyond
the two solid lines of the flower. The number of errors and

A B

Figure 1: The flower-tracing task. Each arrow represents an error. The total tracing time starts at A and ends at B.
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the time it took the participant to complete the trial were
displayed on the screen following each trial.

2.3. EEG Recording. EEG was recorded using a 64-channel
HydroCel Geodesic Sensor Net with a Net Amps 300 ampli-
fier at a sampling rate of 250Hz via EGI software (Net Station,
Electrical Geodesics Inc., Eugene, OR). At the start of the
acquisition, impedance values for all EEG channels were
less than 50 kΩ. The collected signals were referenced to the
vertex (CZ).

2.4. Procedure. The experiment was divided into four ses-
sions: (1) baseline EEG, (2) practice, (3) postpractice obser-
vation, and (4) delayed retention. Figure 2 shows the design
of the experiment as well as the primary and secondary
research questions related to the design.

2.4.1. Baseline EEG. Baseline EEG data were first collected on
all participants for 3 minutes while they were viewing a blank
screen. They were asked to keep their eyes open and to sit still
without moving their limbs or eyes.

2.4.2. Practice Sessions

(1) Physical Practice (PP) Group. Participants were familiar-
ized with the joystick by tracing a cross on the computer
screen for 60 seconds. Once familiar with the movement of
the joystick, they performed three blocks of the flower-
tracing task for a total of 45 trials. Participants were
instructed to trace the flower figure between the two solid
lines using the joystick as quickly and accurately as possible.

A 2-minute rest was provided between each block of 15 trials.
EEG was recorded during all trials.

(2) Observation Practice (OP) Group. Participants in this
group observed video clips of a model performing the
flower-tracing task. The model in the video clips was right-
handed and was a novice to the task. She was selected over
several performers as she showed the least trial-to-trial vari-
ability in performance, yielding the most typical learning
curve.

Each video clip represented one trial, with a total of 45
trials. Similar to the PP group, a 2-minute break was pro-
vided between each block of 15 trials. The video clips used
in the observation trials were recorded at a resolution of
1280 × 720 pixels and a frame rate of 60Hz. Addition-
ally, the recording was from a first-person perspective, as
this results in improved learning [46] and stronger hemi-
spheric activation [47, 48] compared to the third-person
perspective. Observers were instructed to refrain from any
movement, and their behaviour was monitored via a video
camera. EEG was recorded during all trials.

Participants were instructed to pay attention to the
model’s movement and were told that they would be doing
the same task the following day. To ensure that participants
were paying attention to the recordings, each participant
was asked to state the tracing time or/and the number of
errors made by the model at the end of each trial. These
questions were randomized so the observers did not iden-
tify the pattern and focus on observing one measure on
the screen.

Stage number 1: 
baseline EEG

PP, OP, and NP:

3 minutes,
eyes open

Stage number 2: 
practice

 (with EEG)

Stage number 3: 
postpractice 
observation 
(with EEG)

Stage number 4: 
delayed 

retention 
(no EEG)

5
minutes

post

PP (t = 45)

OP (t = 45)

NP (no practice,
no EEG)

24
hours
post

PP (t = 5 )

OP (t = 5 )

NP (t = 5)

PP OBS (t = 45)

OB OBS (t = 45)

NP OBS (t = 45)

Research question number 1:

Does observational practice bring about
change in EEG/mu rhythm (a) during

practice and (b) in a postpractice
observation phase, similar to that seen

after physical practice experience?

Research question number 2:

Does observational practice bring
about motor learning, as assessed

in a delayed retention test, in
comparison to controls and early

experiences of the physical practice group?

Figure 2: Research design and research questions.
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(3) No Practice (NP) Control Group. Participants in this
group did not receive physical or observation training. Par-
ticipants in this group just completed the baseline EEG trials
and the postpractice observation stage (as below).

2.4.3. Postpractice Observation Session. Five minutes after the
training session, participants in the PP and OP groups
viewed a video of the same model observed by the OP group
performing the last five trials of the learning experience. The
NP group began the session with the postpractice observa-
tion. All participants were instructed to pay attention to the
model’s performance. EEG was recorded as participants
observed the model’s movements.

2.4.4. Delayed Retention. Twenty-four hours after the train-
ing session, participants in all groups performed 45 trials of
the motor task (again with 2-minute rests every 15 trials).
No EEG was recorded during the retention session.

2.5. EEG Processing and Analysis. EEG data collected from
each participant were processed and analyzed using Brain
Electrical Source Analysis (BESA) software (MEGIS Software
GmbH). Data were first manually screened for eye blinks and
eye motion. Trials where eye movement occurred at the time
of the task were removed. This resulted in approximately
10% of the total trials from all groups and all conditions being
removed from further analysis. Data were filtered at 4–40Hz
and a notch filter of 60Hz was applied. Independent compo-
nent analysis (ICA) was then performed on the whole data
set using an extended infomax algorithm for mixed sub-
Gaussian and super-Gaussian sources in BESA. Using this
approach, spatial topographies of the motion artifacts were
first defined manually and then the brain signal topographies
were determined. The artifact signal at each electrode was
reconstructed with a spatial filter taking into account the arti-
fact as well as the brain signal subspace. The reconstructed
artifact signal was then subtracted from the original EEG
segment.

EEG data were then transformed to a virtual montage
using BESA. Virtual montages estimate the voltage at ideal-
ized locations of the standard electrodes into 27 channels
using spherical spline interpolation. We used the 10-10 vir-
tual standard montage. The average reference was computed
for each time point as the mean voltage over the interpolated
amplitudes of the standard virtual scalp electrodes. For each
clean segment, the power in the 8–13Hz range was computed
using fast Fourier transforms (FFT). The data were seg-
mented into epochs of 2 seconds for each trial in each condi-
tion. FFT was performed on the epoched single trials (1024
points) and averaged for each block in each condition to
obtain the experimental mu value for each condition. For
the baseline mu value, FFT was performed on one minute
of the epoched resting state data. Using these values, the
Mu suppression index (MSI) was calculated.

2.6. Mu Suppression Index (MSI). We calculated the ratio of
the mu power in the experimental condition relative to the
mu power in the baseline condition. The ratio is used to con-
trol for variability in absolute mu power as a result of individ-
ual differences, such as scalp thickness and electrode

impedance [49]. Because ratio data are inherently skewed, a
log transform was used for the purposes of parametric anal-
ysis [49]. The MSI is a change score of absolute mu power
(8–13Hz) between the baseline and experimental conditions.
It was calculated as

MSI = log mu power experimental
mu power baseline 1

A log value below zero in the area of C3, C4, and CZ
indicates mu suppression or activation of premotor or sen-
sorimotor neurons and is considered an index of mirror
neuron system functioning. A value of zero indicates no
suppression or no change from baseline. Values above
zero indicate synchronization or deactivation of the pre-
motor or sensorimotor neurons, perhaps indicating inhibi-
tion of these premotor regions.

The MSI was calculated for each participant (using rest as
baseline) for the electrodes C3, CZ, and C4. These central
electrodes record the activity of the left, middle, and right
sensorimotor regions, respectively.

For statistical analysis, we first compared MSI for the PP
and OP groups in acquisition (stage 2) across 3 practice
blocks (t = 15/block) and the three electrode sites. These data
were compared in a 2 group× 3 electrode site× 3 block
mixed-design ANOVAwith repeatedmeasures on the second
and third factors. Our primary aim with this first analysis was
to assess for group differences as a function of the type of
experience (observation versus physical practice) as well as
to determine any changes across practice blocks. Second, we
compared the MSI values to zero for each electrode site to
assess whether there was evidence of suppression for each
group. This allowed us to determine at the within-group level,
if there was evidence of suppression (and where based on
electrode site). As such, we performed single sample t-tests
(comparing against zero), with Bonferroni-corrected p values
based on the number of electrodes ( 05/3 = 017).

A second analysis was performed on the postpractice
observation session (stage 3) for all 3 groups. Again, we first
compared across groups (PP, OP, and NP) and electrodes in
a 3 group× 3 electrode RM ANOVA, with repeated measures
on the second factor. We also compared MSI against zero in
single sample t-tests for each group and each electrode (again
based on Bonferroni-corrected t-tests).

2.7. Behavioural Measures and Analysis. Two behavioural
measures were used to assess learning: (1) error, which was
denoted as the number of times the participant crossed out
of the flower figure’s bounds, and (2) total trace time, which
was described as the time it took the participant to complete
each trace/trial. These two measures were analyzed in reten-
tion testing in a 3 group (PP, OP, NP)× 9 block (5 trials/
block), mixed-design ANOVA, with repeated measures on
the second factor. Greenhouse-Geisser corrections were
applied to violations to sphericity associated with the
repeated-measures factor. Significant interaction effects were
followed up with Tukey HSD post hoc comparisons (p < 05).
Due to errors in processing, we were missing data from one
control group participant (NP) and from one block of a PP
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participant; these individuals were not included in the
reported statistical analyses. As a check, we re-ran the analy-
sis with the PP participant using estimated values (interpolat-
ing based on means for surrounding blocks), and this did not
affect the behavioural results.

3. Results

3.1. Does Observational Practice Bring about Change in EEG
Mu Rhythm Similar to That Seen after Physical Practice?

3.1.1. Mu Suppression during Practice for Both OP and PP
Groups. In general, mu suppression across the two groups
and across practice blocks and electrodes looked similar.
The results of the mixed ANOVA onMSI showed neither sig-
nificantmain effects nor significant interactions (all Fs < 1 37,
except the group main effect, where F 1, 18 = 2 78, p = 11,
ηp

2 = 0 13). In Figure 3, we have plotted the MSI for the PP
andOP groups for each of the three electrodes averaged across
all trials. Based on comparisons to zero, there was evidence of
bilateral mu suppression during PP, but only left lateralized
mu suppression during OP. This was confirmed through
single sample t-tests for both the PP and OP groups for each
electrode, as displayed in Table 1. During PP, the average
MSI at C3, CZ, and C4was significantly less than zero. During
OP, the average MSI at C3 and CZ was significantly less than
zero, but it was not at C4.

3.1.2. Mu Suppression during the Postpractice Observation
Phase. Comparison of the three groups during postprac-
tice observation yielded a significant group main effect,
F 2, 27 = 9 68, p = 001, ηp2 = 0 42, but no electrode effect
(F < 1). In Figure 4, we have plotted the MSI values for each
electrode as a function of group. Based on Tukey HSD post
hoc comparisons, the PP group showed more overall sup-
pression than both the OP and NP groups and the OP group

showed more suppression than the NP control group did.
The interaction between group and electrode approached
conventional levels of significance, F 4, 54 = 2 52, p = 051,
ηp

2 = 0 26. As can be seen in Figure 4 and based on Tukey
post hoc comparisons, the PP group displayed significantly
greater MSI compared to the NP group at all electrodes
(i.e., strong bilateral activation across both hemispheres).
However, MSI values of the PP group were only significantly
higher than were those of the OP group at C4, in the right
hemisphere. An additional analysis was run on the baseline
mu results for each electrode to test for pre-existing group
differences, in a 3 group× 3 electrode RM ANOVA. There
were no group differences in baseline mu all group Fs <
1. Group mean values varied from 6.7 to 12.2.

To test for evidence of suppression, single sample t-tests
comparing the MSI value to zero for each group and elec-
trode showed that for the PP group, MSI at all three
electrodes (C3, CZ, and C4) was significantly less than zero
(p < 006). For the OP group, only the middle, central elec-
trode, CZ, had a significantly lower MSI value (p = 004).
For the NP control group, MSI was significantly higher than
the baseline at CZ (p = 003).

3.2. Does Observational Practice Bring about Motor Learning?
In Figure 5(a), we have plotted the average number of errors
for the three groups during the nine blocks of testing for the
delayed retention test. For illustrative comparison, we have
also plotted the acquisition data for the PP group. There does
not appear to be any savings associated with previous obser-
vational practice for the OP group, when comparing their
performance to the PP and NP groups. The PP group had
the fewest number of errors in retention, particularly across
the first few retention blocks, but across groups, number of
errors decreased across blocks. With respect to statistical
confirmation of the descriptive data, although the main effect
of group was not significant, F 2, 25 = 2 88, p = 075,
ɳp

2 = 0 19, there was a significant block, F 5 05, 126 23 =
24 04, p < 001ɳp

2 = 0 49, and a significant group×block
interaction, F 10 10, 126 23 = 2 21, p = 021, ɳp

2 = 0 15.
The block effect comprised significant linear and quadratic
trend components (p < 001). Tukey’s post hoc analysis of
the interaction showed significant differences between the
PP and NP group for blocks 1, 2, and 3, with the PP group
showing fewer errors than the NP group. The PP and OP
groups were only significantly different on block 1. However,
there was no significant difference between the OP and NP
groups for any practice block.

We have also plotted data for the first 10 trials of physical
practice for all groups in order to better describe group effects
and illustrate how differences in performance were not
apparent on these first 10 trials, but rather emerged with
practice. These data are shown in Figure 6 (i.e., first 10 trials
of retention for all groups in addition to the first 10 trials of
acquisition for the PP group). A group× trial ANOVA com-
paring the PP group during acquisition and the NP and OP
groups during retention confirmed the absence of any group
effect, F 2, 26 = 1 30, p = 29, ɳp

2 = 0 09, nor a group× trial
interaction (F < 1).
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Figure 3: Mu suppression index during physical (PP) and
observational practice (OP) (i.e., stage 2 testing) at the central
interpolated electrodes C3, CZ, and C4. Values represent the mean
log ratio of mu power at the frequency range of 8–13Hz in the
experimental condition compared to baseline. A ratio of negative
value indicates suppression. Error bars represent standard error of
the mean SE.
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For tracing time, the data are illustrated in Figure 5(b),
again with the PP group’s acquisition data illustrated for
comparison purposes. Although there was still a main effect
of block, F 3 08, 77 01 = 12 25, p < 001, ɳp

2 = 0 33, which
comprised a significant linear trend component (p < 001)
due to decreasing times as retention testing continued, there
was no group or group×block interaction (both Fs < 1).

4. Discussion

This study is the first to investigate how mu suppression
changes as a function of both observation and physical prac-
tice and what this means in terms of behavioural indices of
motor learning. As predicted, the behavioural results showed
that during the retention phase, the PP group made the least
number of errors compared to the OP and NP control
groups. However, the groups did not differ in average tracing
time during retention. This suggests that benefits from phys-
ical practice were mostly a result of spatial accuracy improve-
ments, rather than speed. Although both the PP and OP

groups showed evidence of mu suppression, in both practice
and postpractice observation (especially when compared to
the control group), the patterns and degree of suppression
differed across the groups. Therefore, although there was evi-
dence of suppression in the OP group, suggestive of changes
in cortical processing due to observational practice experi-
ence, these patterns of activation did not appear to manifest
in improved motor learning, when the OP group was
compared to the NP control and PP groups on a delayed
retention test.

With respect to the behavioural data, there was no evi-
dence of motor learning in the OP group. For tracing times,
there were no significant group-related differences. There
was no evidence that prior physical practice resulted in trac-
ing time benefits. Rather, there was a trend for the PP group
to be slower than the NP and OP groups. However, there was
also no evidence that prior observation aided performance
times, when comparing the NP and OP groups. The behav-
ioural effects related to prior physical experience were evi-
denced in tracing errors. The PP group showed fewer errors
in retention during the first five trials, when compared to
both the NP and OP groups and across the first 15 trials when
compared to the NP group. However, the OP group did not
differ statistically from the NP group. Because accuracy could
be compromised as a function of speed, it may be that the
slower tracing times for the PP group (at least descriptively)
were compensated for by fewer errors. We do not have a
good reason why the PP group might have weighted accuracy
more highly than tracing time. We would have expected the
NP group in retention to have looked like the PP group in
acquisition, but as can be seen from Figures 5(a) and 5(b),
the PP group showed fewer errors and longer tracing times
right from the start.

The lack of differences between the NP group and the PP
and OP groups for the behavioural measures of motor learn-
ing might be due to the five 30–40 s observation trials shown
during the postpractice observation testing session. It is pos-
sible that learners did not need to observe all 45 visual trials
to show gains in subsequent execution and that these five tri-
als of “good” performance may have been adequate to bring
about performance benefits in retention, at least with respect
to tracing time. If so, this suggests that covert practice bene-
fits were likely more strategically mediated, associated with
familiarity with the flower shape, rather than a motor-
mediated strategy based on action simulation. This does not
mean that there was no action simulation, as appeared to
be evidenced by the EEG mu suppression data, but that this
suppression or simulation was not associated with behav-
ioural indices of motor learning.

The neurophysiological results showed that, compared to
baseline, mu rhythm was significantly suppressed over both
hemispheres during PP and only over the left hemisphere
during OP. However, the magnitude of this suppression did
not change, as a function of practice. This result is not consis-
tent with studies that reported changes in the magnitude of
MNS activity during practice. Nakano et al. [37], for example,
reported a significant difference in suppression between the
first and last of 5 trials of observation of a ball rotation task.
Although the authors associated this decrease in suppression

Table 1: Single sample t-test results (and Cohen’s d), comparing
MSI to zero for each electrode site for PP and OP groups during
the stage 2 practice session.

PP OP
df tobs d p df tobs d p

Electrode

C3 9 −3.06 0.97 .007∗ 9 −2.71 0.86 .012∗

CZ 9 −3.01 0.95 .008∗ 9 −4.08 1.2 .002∗

C4 9 −4.39 1.3 .001∗ 9 −0.25 0.08 .405
∗Statistical significance based on Bonferroni-corrected alpha values (.05/
3 = .017).
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Figure 4: Mu suppression index for the PP, OP, and NP groups
during postpractice observation (stage 3 testing). Error bars
represent standard error of the mean (SE). Asterisks indicate
significant between group differences (p < 05).
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with motor learning, it is difficult to draw a conclusion about
motor learning based on so few trials (in our study, there
were 45 trials of practice). The unchanged magnitude of mu
suppression is also not in line with the neural efficiency
hypothesis, which associates improved learning with less
cortical activation [50]. Several lines of evidence show that
experts exhibit less suppression during the execution and
observation of motor skills, suggesting that more experience
eventually leads to a more efficient neural processing [43].
However, contrary to our study, which focused on short-

term practice, these studies tested individuals with years of
experience and researchers have identified different brain
networks, with different activation patterns, involved in
short-term and long-term motor practice [51].

As expected, mu suppression during physical practice
was bilateral, showing that both hemispheres were active
during movement performance. Contrary to our hypothesis,
however, mu suppression during observational practice was
higher in magnitude in the left hemisphere compared to the
right hemisphere and hence did not show a similar bilateral
suppression as noted for physical practice. Given that both
the model and the study participants were right-handed
and that the observers watched the movement from a first-
person perspective, bilateral suppression of mu rhythm
would be expected based on previous work [52].

Despite this research above, which was primarily based
on observation of already experienced actions, there is evi-
dence that action observation can lead to a more lateralized
activation pattern. For example, Perry and Bentin [53]
showed that when they examined right-handed participants
while observing movements of both right and left hands from
a first-person perspective, mu suppression was evidenced at
the frequency range of 8–13Hz. This suppression was stron-
ger in the hemisphere contralateral to the hand being
observed compared to the hemisphere ipsilateral to the
observed hand (similar to our data). Similarly, when Quandt
et al. [54, 55] presented video clips of a right-handed model
from a first-person perspective, action observation was asso-
ciated with greater suppression at the alpha frequency range
in the left hemisphere compared with the right hemisphere.
In a different study, when a third-person, action-observation
paradigm was employed, suppression was greater over the
right hemisphere compared with the left hemisphere [55].
The left-lateralized activation reported in this study is also
consistent with fMRI studies. These studies have revealed
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Figure 5: (a) Average number of errors across 9 blocks of retention testing (t = 9/blk) for the physical practice (PP), observational practice
(OP), and no practice (NP) groups and first-day acquisition trials for the PP group (PP_acq). Error bars represent standard error (SE). ∗PP
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that watching right-hand reaching-and-grasping movements
from a first-person, egocentric perspective elicited larger
BOLD responses in the left anterior intraparietal cortex of
right-handed observers [17]. This contralateral effect, how-
ever, was replaced by an ipsilateral response (i.e., the right
hemisphere) in the anterior superior parietal lobule when
the right-handed observers viewed the right-handed move-
ments from an allocentric perspective (i.e., facing the model)
[56].

Complementing the EEG differences in practice between
OP and PP, the postpractice observation testing session also
yielded differences between groups based on experience.
Although for the OP group, these postobservation trials had
already been viewed, whereas these were novel videos for
the PP and NP groups, there was no suggestion that the pat-
terns of activation were affected by novelty. There was no sig-
nificant block effect in acquisition, such that the patterns of
activation shown in the first block of practice were main-
tained throughout practice. Moreover, patterns of activation
seen for the PP group while acting were also maintained for
this group while observing. Again, this suggests that prior
experience, rather than novelty or familiarity, was responsi-
ble for these effects.

For the PP group, postpractice observation was charac-
terized by bilateral suppression. For the OP group, observing
the same stimuli as the PP group, action observation was
characterized by left-lateralized suppression. It appears that
observation without any physical practice activates only a
subset of brain regions, which also explains the lateralized
effect during observation practice. The absence of suppres-
sion for the NP group, however, suggests that more than 5
trials of observation are needed for this suppression to be evi-
denced or that a learning model who shows improvement
across trials is necessary for suppression. The model shown
in the postpractice observation session only was of near per-
fect performance (i.e., the last five trials from practice).
Behavioural studies that have compared expert and learning
models have provided evidence that watching learning
models engages the observer in a problem-solving mode
in which he/she considers all the relations between the
movement patterns and their outcomes to optimize perfor-
mance [57]. Given the association between the left hemi-
sphere and relational reasoning [58], the left-lateralized
suppression during visual training could be moderated by
model type, which continues to influence patterns of activa-
tion during near-perfect performance. In light of this expla-
nation, it is possible that the bilateral effect during
observation reported in other studies in this area was
because the observers viewed error-free hand movements,
with no learning component.

What is important from the postpractice observation
data is the fact that differences existed between the groups
based on the types of experience, despite the fact that all three
groups were watching the same action stimuli and that we
only collected data from 5 trials in practice (each trial lasting
~60 s). Differences in activation between the OP and PP
groups might simply be a carryover effect from practice, such
that whatever areas of the brain were activated during initial
exposure continued to be activated during a subsequent

observation phase. Because the observe-only group never
physically practiced and did not show bilateral suppression,
there was no reason to think that this would be observed
postpractice as nothing had changed. For the PP group, it
appears that it was able to resonate and engage in action sim-
ulation, based on previous physical experience with the task,
such that the patterns of activations resembled these early
learning physical practice experiences. In comparing the size
of suppression and making conclusions about motor-
mediated learning in observation conditions, the PP group
exhibited the strongest suppression compared to the OP
and NP control groups. This suggests that for observation to
induce significant suppression, it has to be preceded by active
motor experience with the motor skill of interest. This result
corroborates with EEG studies that have stressed the role of
prior active motor experience (long- or short-term) in modu-
lating mu responses during observation [59].

Although previous PP in this study involved both hemi-
spheres and led to the strongest suppression, comparable
suppression between OP and PP groups was shown at the
medial central site (i.e., CZ), especially in comparison to the
NP control group. Interestingly, although the NP control
was not that different to the PP and OP group with respect
to their behavioural performance in retention, at least with
respect to tracing times, the five trials of EEG collected during
the observation-testing session revealed significant differ-
ences between these groups. No suppression was observed
at all three central sites (in fact, there was significant synchro-
nization in comparison to baseline). Even though the partic-
ipants in the control group were observing a motor task, their
preceding lack of experience with this task either covertly or
overtly moderated any motor system suppression at this cen-
tral location. Therefore, action-observation does not always
induce suppression, supporting the suggestion that the
MNS and mu suppression more specifically is sensitive to
previous experiences with the task, both visual and physical
(see also [60]). Prior physical and observation practice expe-
riences caused mu suppression in our study, but to different
degrees and in qualitatively different ways.

This study has some limitations that deserve mention.
One of these concerns potential accuracy-speed trade-offs.
Any improvement in one measure could be attributed to a
decrease in the other. Although not reported, correlations
between these two measures in retention were all small
(rs < 0 25) and nonsignificant. However, in future work,
fixing one measure of the task to examine the changes
in the other would rule out any possible trade-off influ-
ences and narrow down alternative explanations for the
observed effects (e.g., requiring zero-error performance).

Monitoring the observers’ motion only via a video
camera, without a stringent control for muscle activation,
introduced another limitation. Although the activation
during PP was different from that during OP, there is still
a possibility that any mu suppression could be due to
muscle activation. To avoid such confounding effects, elec-
tromyography (EMG) should be used to accurately detect
any possible movement.

The lack of change in the magnitude of mu suppression
throughout both types of practice could be a result of the
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number of training trials (i.e., 45 trials). This number was
used because in pilot testing, it was shown that behavioural
measures of performance leveled out (i.e., plateaued) around
the 45th trial. Increasing the number of trials could also cause
participants possible discomfort with the EEG net, which in
turn could negatively impact performance. Nevertheless, in
future work it would be important to increase the amount
of practice, especially as behavioural plateaus do not indicate
the absence of learning [61]. Moreover, it may be that for
observational learning benefits to be realized in this task,
observational practice trials should be increased. Although
behaviourally, the OP group did not look different to the
NP group, which might suggest that five observation trials
were enough to bring about some performance gains, watch-
ing 45 trials of practice from a learning model did lead to dif-
ferences in cortical activation. In future work, it will be
important to test motor performance of a no-practice control
group in the absence of any observational practice trials to
better appreciate the short-term effects of watching and the
volume of practice which is needed to bring about
observational-related changes.

Finally, although mu rhythm is mainly described as EEG
oscillations at the frequency range of 8–13Hz, some authors
limited mu rhythm to the frequency band of 8–10Hz (e.g.,
[26]). EEG researchers have identified two frequency ranges
within the alpha range (8–13Hz): the lower alpha (8–10)
Hz and the upper alpha (10–13) Hz. The lower alpha ema-
nates from the somatosensory cortex and is modulated by
motor activity, showing a more anterior and asymmetrical
hemispheric effect. The upper band, in contrast, consists of
posterior bilateral waves, which cluster mainly around the
parietooccipital cortices and is primarily modulated by visual
stimulation [62]. Given that the observed suppression in this
study could be a result of visual stimulation or motor activa-
tion or both, examining each component separately would
shed more light on both the hemispheric activation and the
source of stimulation. It may also be of interest in future work
to conduct time frequency analysis on the EEG, to help pro-
vide more information about the complex network dynamics
underlying observational practice [63].

In conclusion, we have demonstrated that observation
practice induces neurophysiological changes as indexed by
mu suppression at central sites, which provides evidence for
motor-based processes during observational practice. How-
ever, there was no evidence that these motor-related pro-
cesses were related to motor learning and behavioural
measures of learning in retention. The lateralized suppres-
sion during observation practice suggests that cortical
processes involved in this covert type of practice might not
be entirely motor-based and that the lateralized activation
during OP and the bilateral activation during PP at the cen-
tral sites suggest that OP does not trigger all brain areas acti-
vated during PP. Therefore, observation practice cannot
replace physical practice, even though in some instances
there may be benefits to be gained behaviourally from this
type of practice (at least in comparison to not practicing).
Because of EEG differences between OP and NP control con-
ditions during a postpractice observation phase, there is evi-
dence that OP is leading to neurophysiological changes,

although we did not have evidence that this suppression
was linked to motor learning outcomes.

Importantly, we confirm the vital role of previous motor
experience in modulating mu responses during observation,
suggesting that employing movements that are within the
observer’s motor repertoire (i.e., prior physical exposure) is
more likely to result in optimal activation during a subse-
quent practice phase. To a lesser extent, observers without
this experience could benefit from watching movements
where they have only had previous visual experience.
Although both physical and observational practice might
share some similarities, the underlying mechanisms by which
each of them operates appears to be different both qualita-
tively and quantitatively. To better understand the relation-
ship between mu responses and motor learning during
observational practice, researchers should address other fac-
tors that could influence this relationship, such as handed-
ness, observation perspective, the amount of visual
familiarity, model’s expertise, and the type of motor task.
Further study of the relation between these types of practice
and their neurophysiology would help to elucidate on the
dominant mechanisms underpinning observation practice
and the conditions which maximize motor-mediated learn-
ing under these conditions. It has yet to be shown that an
increase in motor-related areas during observation practice
is responsible for better learning. One possible future method
to help determine how cortical activation in motor-related
areas of the brain relates to learning is to use methods to
stimulate the brain either during or before a period of obser-
vational practice, potentially through transcranial direct cur-
rent stimulation (tDCS).
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Freezing of gait (FoG) is among the most disabling symptoms of Parkinson’s disease (PD) patients. Recent studies showed that
action observation training (AOT) with repetitive practice of the observed actions represents a strategy to induce longer-lasting
effects compared with standard physiotherapy. We investigated whether AOT may improve FoG and mobility in PD, when AOT
is applied in a group-based setting. Sixty-four participants with PD and FoG were assigned to the experimental (AO) or control
groups and underwent a 45-minute training session, twice a week, for 5 weeks. AOT consisted in physical training combined
with action observation whereas the control group executed the same physical training combined with landscape-videos
observation. Outcome measures (FoG questionnaire, Timed Up and Go test, 10-meter walking test, and Berg balance scale) were
evaluated before training, at the end of training, and 4 weeks later (FU-4w). Both groups showed positive changes in all outcome
measures at posttraining assessment. Improvements in FoG questionnaire, Timed Up and Go test, and Berg balance scale were
retained at FU-4w evaluation only in the AOT group. AOT group-based training is feasible and effective on FoG and motor
performance in PD patients and may be introduced as an adjunctive option in PD rehabilitation program.

1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disease,
characterized by dopaminergic and nondopaminergic degen-
eration, causing severe motor and nonmotor symptoms [1].
The motor manifestations of PD are manifold (tremor,
rigidity, bradykinesia, and postural instability), but gait and
balance disorders have a great impact on autonomy and
quality of life.

Freezing of gait (FoG), defined as a “brief, episodic
absence or marked reduction of forward progression of the
feet despite having the intention to walk” [2], is one of the

most disabling symptoms that severely impacts quality of life
[3] and increases risk of falls [4] in subjects with PD. This
phenomenon, commonly occurring in confined spaces or
under time constraints, may be already present in the early
stage of the disease and can affect up to 80% of patients in
the later stages [5].

To date, both pharmacological and surgical (deep brain
stimulation) treatments have been proposed to ameliorate
FoG; however, the evidence of effectiveness is unsatisfying,
and clear treatment protocols are still not available [6].

Regarding alternative therapeutic options (i.e. rehabilita-
tive approaches), treatments based on behavioural strategies,
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requiring patients to evoke amore goal-directed type ofmotor
control, have demonstrated to reduce freezing severity in PD
patients. In this scenario, cue-augmented training surely rep-
resents one of the most effective methods for improving FoG
and ameliorating gait and upper limb movements in freezers
[7]. However, to date, findings are not univocal, and long-
term consolidation of performance improvement needs to
be investigated in future studies.

Among emerging approaches, action observation train-
ing (AOT) has been proposed as an innovative and effective
method for improving gait disturbances [8, 9], bradykinesia
[10], and functional independence [11] in people with PD.

Briefly, this training consists in observing and imitating
specific motor actions. AOT aims to facilitate motor learning
processes through the activation of the so-called “mirror neu-
ron system” (MNS) [12]. Crucially, for the link between
action observation and memory formation to be established,
observed movements must be promptly executed after video
observation [13].

The majority of the studies tested AOT efficacy in PD
with a one-to-one (physiotherapist-patient) intervention
context [14], and only one trial evaluated the feasibility of
this treatment as a home-based intervention [15]. To our
knowledge, no study investigated the possibility to apply
AOT in a group-based rehabilitative setting. Previous data
from our group have shown that AOT significantly reduced
FoG episodes, producing larger and longer-lasting improve-
ments in comparison to a control condition [8]. Interestingly,
in a recent paper, clinical improvements reached after 4
weeks of AOT were also associated to functional brain
changes in freezers and these changes were also able to pre-
dict clinical evolution at 8-week follow-up [9]. Based on these
encouraging results and taking advantage of positive aspects
related to community-based exercise programs, here, we
investigated whether the AOT program may improve FoG
and mobility in subjects with PD, when AOT is applied
in a group-based setting. Further, by comparing the AOT
program with a control program (same physical training
combined with landscape-videos observation), we wanted
to explore whether AOT offers beneficial effects in long-
term retention of performance skills even if delivered in
a group-based setting.

2. Methods

2.1. Participants. A total of 70 participants with PD were
recruited at the outpatient Movement Disorders Clinic of
the University of Genoa for participating in this pilot study.
Patients were included in the study if they had the following
inclusion criteria: (i) idiopathic PD, according to the United
Kingdom Parkinson’s Disease Society Brain Bank criteria
[16]; (ii) Hoehn and Yahr stage II to III; (iii) able to walk
unassisted despite FoG. In order to select PD subjects for
those FoG severely impacted gait, patients were enrolled if
the occurance of freezing was at least once a week (minimum
score of 1 on item 2 in the new FoG Questionnaire (FoG-Q))
[17] and the longest episodes was > 2 seconds (minimum
score of 2 on item 4 of the FoG-Q).

Participants were excluded if they had (i) diagnosis of
a neurological disease (other than PD), (ii) presence of a
deep brain stimulator, (iii) Mini-Mental State Examination
score< 25, (iv) visual or acoustic limitations, and (v) severe
orthopedic problems in the lower limbs.

Disease severity was assessed by means of section III
(motor) of the Italian version of theMDS-unified Parkinson’s
disease rating scale (UPDRS). All patients were under treat-
ment with dopaminergic therapy and were evaluated during
the ON state (approximately 1 hour after taking their antipar-
kinsonian medications). Prior to any procedure, written
informed consent was obtained from each participant
according to our institutions’ policy and was carried out in
agreement with international regulations (Declaration of
Helsinki, 1964) and all the subjects gave written informed
consent after receiving a comprehensive explanation. Demo-
graphic and clinical characteristics of participants are
reported in Table 1.

2.2. Training Protocol. At the end of the recruitment phase, 6
patients were excluded for not satisfying the inclusion cri-
teria, then 64 participants were randomized to the action
observation (AOT) or to the landscape observation (LOT)
training by using a computerized random-number generator
by an independent researcher. After the randomization
process, participants were assembled in groups consisting
of 5/6 patients each. Patients enrolled in the AO group-
based training (n = 32; 14 males and 18 females; mean
age± SD: 70.4± 4.5) were required to carefully watch six
videos (each lasting 6 minutes), in which strategies for cir-
cumventing FoG were presented and then to execute the
observed actions according to the instructions given by
the physiotherapist. During each group-based training ses-
sion, two different video clips were presented twice and
the complexity of the actions increased progressively over
the sessions. Precisely, the six actions recorded in the video
clips were the following: (1) shifting the body weight from
one foot to the other; (2) shifting the body weight from
one foot to the other making a step forward, backward
and to the side; (3) walking straight with long steps; (4)
turning around a chair; (5) stepping over an obstacle after
shifting the body weight from one foot to the other; (6)

Table 1: Demographic and clinical characteristics of participants.

AOT LOT p

Age (years) 70.4± 4.5 72.8± 3.1 0.31

Sex (M/F) 16/17 15/16 0.61

Education (years) 9.2± 3.5 10.1± 2.2 0.77

Disease duration (years) 10.7± 3.9 9.5± 4.2 0.75

Hoehn and Yarh (stage) 2.4± 0.5 2.6± 0.3 0.73

UPDRS part III 31.6± 6.1 30.9± 7.2 0.88

LEDD (mg) 435.2± 158.5 383.1± 270.2 0.42

MMSE score 27.3± 2.1 28.2± 1.7 0.11

AOT: action observation training; LOT: landscape observation training; M:
male; F: female; UPDRS: unified Parkinson’s disease rating scale; LEDD:
levodopa equivalent daily dose; Mg: milligrams; MMSE: Mini-Mental State
Examination.
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walking through a doorway (for further details, see [8]
Appendix 1). All actions shown in the video clips were
performed by a physiotherapist and then projected in
third-person perspective.

Participants enrolled in the LOT group (n = 32; 15 males
and 17 females; mean age± SD: 72.8± 3.1) watched six videos
containing sequences of static pictures (without any human
or animal representation). Precisely, during each training
session LOT participants watched 2 video clips (each lasting
6 minutes and presented twice) displaying landscape scenes
(e.g., pictures of mountains and seaside, countryside, and
desert scenes). Then, following the physiotherapist’s instruc-
tions, they performed the same actions, in the exact order
and for an identical amount of time, as for the AOT group.
Great care was taken to ensure that the intervention was
equal across groups; thus, actions were performed following
a prefixed order in both AOT and LOT groups. Therefore,
the training can be considered identical for the two groups
and was done by the same physiotherapist. Training sessions
were scheduled 2 times per week for 5 weeks and each session
lasted 45 minutes. In both group-based training, each session
started with the observation of video-clips (actions or land-
scape images) displayed on a projector screen on the wall.
To ascertain that participants focus proper attention dur-
ing the video presentation, they were specifically required
concentrating on what was displayed on the screen. In
addition, those included in the AO group-based training
were not allowed to imitate any action while observing
the videos and they were not allowed to take the videos
at home.

2.3. Outcome Measures. The objective of the study was to ver-
ify the effectiveness of group-based AOT in improving FoG
and mobility. The primary outcome measure was FoG sever-
ity measured with the new FoG questionnaire. Secondary
outcome measures included the effect of intervention on gait
and balance performances measured by means of the Timed
Up and Go (TUG), the 10-meter walking test (10M-WT),
and the Berg balance scale (BBS). Patients were always
tested in their best medical condition (ON state). Assess-
ments were performed one week before the physical ther-
apy program (PRE), within one week after the end of the
training (POST) and four weeks later (FU-4w) by an
independent researcher.

3. Statistical Analysis

Normal distribution of data at baseline was detected by
means of the Shapiro-Wilk test. Gender differences between
the groups were assessed by chi-square test. Differences
between groups (AOT and LOT) for age an education were
assessed by the nonparametric Mann-Whitney U test. For
UPDRS III, FoG-Q score TUG, 10M-WT, and BBS, an
unpaired t-test was used to compare data between groups
at baseline.

To evaluate changes in the outcome measures (FoG-Q,
TUG, 10M-WT, and BBS), a repeated measure analysis of
variance (RM-ANOVA) was performed with the groups
(AOT and LOT) as a between-subject factor and time

(PRE, POST, and FU-w4) as a within-subject factor. Post
hoc analysis was performed using t-tests. p values< 0.05 were
considered as a threshold for statistical significance. All
statistical analyses were performed using SPSS22.

4. Results

All participants (n = 64) completed the entire cycle of group-
based training; one subject from the AOT group and two par-
ticipants from LOT group withdrew during the follow-up
due to personal problems, and thus the adherence rate was
95.5%. At the baseline, the two groups were comparable
for demographics (age, p = 0 31; gender, p = 0 61; years of
education, p = 0 77), clinical characteristics (disease dura-
tion, p = 0 75; UPDRS part III, p = 0 88), dopaminergic daily
intake (LEDD, p = 0 42), FoG severity (FoG-Q, p = 0 91), and
motor performance (TUG, p = 0 68; 10M-WT, p = 0 34;
BBS, p = 0 33). Baseline values related to FoG severity and
motor performance are reported in Table 2.

Overall results showed that both groups achieved signifi-
cant improvements in all the outcome measures at posttreat-
ment (POST) assessment, but the improvement was retained
up to the FU evaluation only in AO group-based training.
Indeed, statistical analysis showed a significant effect of TIME
for FoG-Q score (F2,59 = 41.92, p < 0 001), for TUG test
(F2,59 = 27.65, p < 0 001), and BBS (F2,59 = 17.20, p < 0 001)
and significant group× time interactions for FoG-Q
(F2,59 = 9.49, p < 0 001) and gait and balance performances
(TUG, F2,59 = 3.52, p = 0 033; BBS, F2,59 = 3.24, p = 0 043).
Further, post hoc analysis revealed that improvements
in these outcome measures were retained up to the FU-4w
evaluation only in the AOT group (FU-4w versus PRE:
FoG-Q, p < 0 001; TUG, p < 0 001; BBS, p < 0 001)
(Figures 1(a)–1(d)).

Differently, for the 10M-WT data, RM-ANOVA
revealed a main effect of TIME (F2,59 = 35.95, p < 0 001) with
no significant GROUP X TIME interaction (F2,59 = 0.77,
p = 0 46), showing that these improvements were maintained
in both training arms at FU-4w (PRE versus POST, p < 0 01;
PRE versus FU-4w, p < 0 01). Details of the results and
statistical significances are reported in Table 2.

5. Discussion

The main aim of the present study was to investigate whether
an AOT program delivered in a group-based setting may
improve FoG and mobility in subjects with PD. Further, we
wanted to explore whether AOT was more effective than
standard physical therapy in long-term consolidation of
rehabilitation-induced improvements, even if AOT is deliv-
ered in a group-based setting.

Here, we demonstrated, for the first time, that AOT
applied in a group-based setting is feasible and more effective
for long-term benefit retention than physiotherapy alone.
Our results showed that the reduction of FoG severity seen
after the training period in both the AOT and the control
groups was maintained up to the follow-up evaluation only
in PD patients trained with AOT. Indeed, improvements
achieved by participants who received physiotherapy alone
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(LOT group) were lost after 4 weeks. Further, the long-lasting
effect of AO training was seen not only for FoG severity but
also for gait and balance performances.

First, we can exclude that differences in disease severity
and medication intake might have exerted an impact on
motor learning induced by AOT, since no differences
emerged between groups related to UPDRS III score, disease
duration, and Levodopa equivalent dose (LEDD).

Thus, since patients in both groups practiced exactly the
same physical training and were exposed to learning the
same strategies to circumvent FoG, we may postulate that
the long-term retention of benefits (reduction of FoG severity
at 4-weeks FU) observed only in the AOT group is likely to be
related to the action observation component of training, fos-
tering a more effective learning, possibly through a plastic
effect on the MNS.

To date, a large amount of evidence has demonstrated
that AOT can enhance the beneficial effects of physiotherapy
by reinforcing high-level brain networks involved in motor
planning and execution, by promoting imitation learning
and motor control relearning [13, 18] in the elderly [19]
and in patients with orthopaedic [20] and neurological
diseases [21].

Regarding PD, although the number of the studies is still
limited, it has been consistently showed that AOT has a ben-
eficial effect on motor performance, especially when actions
represent meaningful tasks pertaining to the patients’ motor
repertoire, already after a single session of AOT and to a
larger extent when AOT is administered in a long-term reha-
bilitative program [8, 10, 11]. In line with our results, in a
recent paper, it has been demonstrated that combining AO
with the execution of the observed action was able to induce
a positive effect on motor disability, walking speed, balance,
and quality of life with a trend toward a persisting reduced
freezing of gait severity up to 8 weeks after the end of the
training [9] only in patients enrolled in the AOT group.

Noteworthy, these authors adopted the same video clips
and identical exercises (for patients enrolled in the AOT
group and control group) used in our study.

To our knowledge, only one study reported significant
improvements in self-perceived mobility but no objective
changes in walking performance after home-based AOT in
PD [15]. Crucially, participants were not instructed to watch
and repeat the observed actions although it has been reported
that in AOT learning it is promoted when the task consists
explicitly in “observation-execution” [13]. In addition to that,
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in order to achieve some benefits and foster retention effect, it
seems to be fundamental teaching behavioural strategies that
are suggested to shift patients’ habitual motor control to a
goal-directed one. Thus, the choice of actions to be displayed
during AOT plays a key role in the effectiveness of this
specific approach.

Freezing of gait (FoG) is a common and disabling phe-
nomenon in PD patients [2], and it is recognized as one of
the main risk factors for falls [22]. The management of FoG
is complex and to date evidence is inadequate for identifying
the most effective treatments [6, 7]. Developing innovative
rehabilitative approaches and further reinforcing available
evidence with larger studies is important for supporting both
clinicians and patients in FoG management. Although the
pathophysiology of FoG is still uncertain, imaging studies
in PD patients with FoG pointed out the importance of
cortical areas, particularly the supplementary motor area, as
well as subcortical structures, including the striatum and
brainstem locomotors centres [23]. A unifying idea for this
network dysfunction has recently been proposed [23] sug-
gesting a dynamic cerebral substrate for FoG. In PD patients
with FoG during continuous movement (like locomotion),
cortical activity in areas such as the supplementary motor
area is decreased and subcortical activity is increased, per-
haps to compensate the decreased cortical activity. During
FoG episodes, activity in the supplementary motor area is
still reduced, but subcortical hyperactivity breaks down to
hypoactivity. This faulty dynamic process in cortical-
subcortical activity, leading to “freezing,” might become
particularly evident during challenging events that require
precise regulation of step length and gait timing.

Noteworthy, a recent fMRI study [9] in PD patients with
FoG showed that a 4-week AOT program was able to
increase the activation of premotor cortex, inferior frontal
gyrus, and left inferior parietal lobule (all areas involved in
the MNS) and to influence the recruitment of frontoparietal
areas that are usually involved in controlled attention and
goal-directed processing in response to shifting environmen-
tal factors. Overall, these results support the idea that AOT
fosters the building of motor memories, thus improving
motor learning. Further, AOT is likely to interact with the
faulty dynamic process involving the cortex and subcortical
structures, likely through the engagement of neural circuits
subserving external focus of attention. Indeed, it is well
known that focused attention and external stimuli can help
PD patients to overcome FoG episodes. However, this
hypothesis should be confirmed in an ad hoc study testing
whether AOT can interfere with cortical-subcortical activa-
tions during continuousmovements in PD patients with FoG.

Finally, it is also likely that group activity facilitates
adherence and stimulates the participation of subjects.
Indeed, receiving exercise training in a group context may
be useful for PD patients who are at higher risk of daily life
and health care stigmatization [24] compared to age-
matched subjects who are not suffering from the neurological
disease. However, a limitation in using group-based training
is that it does not allow an intervention tailored on the
subjects’ individual needs according to the type of freezing
or other clinical features. This suggests that group-based

treatment should contemplate the inclusion of patients suffi-
ciently homogeneous for clinical features, in order to build
the training program on a group’s need. On the other side
of the coin, our results demonstrated also that group-based
training experience did not compromise the attentional
capacity of participants and enabled effective learning (obser-
vational learning) of motor skills.

Some limitations of our study need to be pointed out.
First, we focused on motor performance not reporting data
regarding quality of life or nonmotor symptoms; second,
the long-lasting effects induced by AOT were tested only 4
weeks after training; third, the screening of patients’ cogni-
tive function was limited to MMSE. Related to the latter lim-
itation, a more comprehensive cognitive evaluation would be
recommended especially in PD patients with FoG, as several
studies documented a strict link between freezing and cogni-
tive status (in particular, executive functions) [25, 26]. How-
ever, in a previous study, it has been shown that PD patients
with FoG who performed worse on tests assessing visuospa-
tial abilities, problem-solving, shifting attention, and verbal
comprehension compared to controls were able to follow
an AOT protocol with beneficial effects on long-term motor
performance [9]. Further, it has been demonstrated that
action observation triggers preserved automatic [27] and
voluntary [28] imitation mechanisms even in patients with
cognitive deficits due to Alzheimer’s disease, particularly
when patients observed a human demonstrator respect to
when the stimulus was abstract. However, a recent fMRI
study also showed a progressive weakening of the mirror
neurons network with respect to the neurodegenerative pro-
cess by comparing neural activity induced by AO in normal
elderly subjects, people with amnestic mild cognitive impair-
ment and Alzheimer’s disease patients [29]. In this scenario,
we think that future studies should investigate the impact of
patients’ cognitive profile on the immediate and long-lasting
effects of AOT.

6. Conclusions

To conclude, our results support the efficacy of AOT, as
an explicit learning process, in improving FoG in patients
with PD. We demonstrated that this training is feasible
and safe and can be administered even in a group-based
setting thus representing an adjunctive strategy for clinicians
and physiotherapists.
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Reciprocal communication of the central and peripheral nervous systems is compromised during spinal cord injury due to
neurotrauma of ascending and descending pathways. Changes in brain organization after spinal cord injury have been
associated with differences in prognosis. Changes in functional connectivity may also serve as injury biomarkers. Most studies
on functional connectivity have focused on chronic complete injury or resting-state condition. In our study, ten right-handed
patients with incomplete spinal cord injury and ten age- and gender-matched healthy controls performed multiple visual motor
imagery tasks of upper extremities and walking under high-resolution electroencephalography recording. Directed transfer
function was used to study connectivity at the cortical source space between sensorimotor nodes. Chronic disruption of
reciprocal communication in incomplete injury could result in permanent significant decrease of connectivity in a subset of the
sensorimotor network, regardless of positive or negative neurological outcome. Cingulate motor areas consistently contributed
the larger outflow (right) and received the higher inflow (left) among all nodes, across all motor imagery categories, in both
groups. Injured subjects had higher outflow from left cingulate than healthy subjects and higher inflow in right cingulate than
healthy subjects. Alpha networks were less dense, showing less integration and more segregation than beta networks. Spinal cord
injury patients showed signs of increased local processing as adaptive mechanism. This trial is registered with NCT02443558.

1. Introduction

Reciprocal communication of the central and peripheral
nervous systems is compromised during spinal cord injury
(SCI), a condition that often causes permanent disability
due to massive neurotrauma of ascending and descending
pathways [1, 2]. While changes in brain activity and brain
organization may seem trivial, when compared to the
underlying injury of the pathways, they have nevertheless
been consistently associated with SCI [3–5]. Such changes
have also been observed at the early stages after the injury
and have been associated with differences regarding the
prognosis of SCI patients’ recovery [4–6]. Demonstrated
structural changes of the brain include atrophy of afferent

neural pathways, microstructural changes of efferent
axons, and disorder of white matter integrity in multiple
nodes of the sensorimotor cortex that involve the primary
motor and somatosensory areas [7] and also diffuse neuro-
nal degeneration [8].

Functional connectivity (FC) after SCI has been studied
by means of electroencephalography (EEG) [9–15] and func-
tional magnetic resonance imaging (fMRI) [6, 16–21]. Poor
recovery after SCI has been associated with decreased FC
strengths between midline sensorimotor network nodes dur-
ing resting state, while the opposite pattern has been associ-
ated with good recovery [6]. Supplementary and cingulate
motor areas have been shown to play important roles during
the sensorimotor neurophysiological process [9, 11], while
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unique interactions and temporal dynamics have been iden-
tified in the functional networks of SCI patients [12, 14].
Connectivity changes have been hypothesized to be able to
serve as injury biomarkers [22] while novel methods have
been developed and have been proposed in order to study
the brain’s connectome following SCI in hopes of providing
more reliable evidence of these changes [23].

Most studies on functional connectivity after SCI have
focused on patients with chronic complete injury, including
the majority of EEG studies. Only a couple of studies employ-
ing fMRI as a modality to detect brain activity have assessed
patients with incomplete injury but those have only studied
connectivity during resting-state condition so far [6, 16–18].
Moreover, the pioneer EEG studies on functional cortical con-
nectivity of SCI patients duringmotor imagery have employed
a robust but rather limited study design [9]. In this design, the
motor imagery task involved an attempt to move the para-
lyzed right foot and was performed simultaneously with one
motor execution task (lip protrusion), while the functional
networks were subsequently analyzed using a variety of tools.
So far, to the authors’ best knowledge, no study has been
performed employing multiple motor imagery tasks, espe-
cially of the upper extremities, aiming to analyze differences
in the formed networks. Moreover, incomplete injury at the
chronic phases remains understudied compared to chronic
complete injury with regard to functional connectivity net-
works. Despite the clinical and social impact of SCI, so far
published studies have been unable to form a complete
model regarding the effect of the injury on brain networks,
although effort has been made into modeling-specific
aspects, like resting-state connectivity and chronic injury
[3, 22]. It can be hypothesized—and there are also indica-
tions—that even incomplete spinal cord injury may show
measurable effects on the functional sensorimotor network
[24] that could be important for modeling the condition in
relation to prognosis [3, 6, 16].

Motor imagery, apart from its importance to the study of
brain activity after neurotrauma, has shown great potential in
motor skill learning and in rehabilitation of upper and lower
limb paralysis [25, 26]. It has been established that motor
imagery produces patterns of brain activation and brain con-
nectivity similar to those of motor execution [27, 28], while
the visual motor imagery class also activates a distinct task-
dependent neural system [29, 30]. Motor imagery has been
used as a modality to induce plasticity and recovery in a
range of conditions [31], including complete cervical spinal
cord injury [32] and stroke [33]. Moreover, motor imagery
has been also used as a control modality for brain-
computer interface implementations of exoskeletons for
complete [34] and incomplete spinal cord injury [35]. Func-
tional recovery has been induced even in the case of complete
injuries using such an approach [34]. Such results demon-
strate the importance of motor imagery functional networks
studies to accurately model the plastic changes that occur
after SCI.

In our previous work, we have presented our study with a
cohort of SCI patients and healthy control subjects that exer-
cised motor imagery to achieve control of anthropomorphic
robotic arms in various movement tasks. We have accounted

for development [36], pilot experiments, and brain network
analysis [37, 38], and we have presented a detailed user per-
ception and performance assessment study, based on neuro-
logical and psychometric evaluation [39]. In the current
paper, we present an elaborate analysis of the functional con-
nectivity networks formed on the sensorimotor cortex during
visual motor imagery of multiple motor tasks performed by
subjects with SCI and healthy controls. In Materials and
Methods, we briefly present the experimental setup and
detail our signal processing computational workflow, net-
work analysis, and statistical comparisons. In Results, we
detail important findings with regard to the effect of injury,
motor imagery category, brainwave rhythm, and timing of
imagery. In Discussion, we attempt to interpret our results
in the context of already published studies in the field, and
we note the limitations of this approach.

2. Materials and Methods

2.1. Experimental Setup

2.1.1. Recruitment and Subject Assessment. The experimental
setup has been previously described in detail, including
subject assessment [39] and procedures [36, 37], so we will
hereby provide only a brief overview. Our experimental
protocol was approved by the institutional ethical commit-
tee [40], and all subjects signed an informed consent form.
We recruited 8 male and 2 female patients with SCI (age:
mean 46.0, SD 17.64, range 28–74 years) and ten gender-
and age-matched healthy controls. All participants were
right-handed and reported no prior experience in mental
imagery (Table 1).

For both groups, we collected demographics and med-
ical history; also, a specialist physician performed neuro-
logical examination using the International Standards for
Neurological Classification of Spinal Cord Injury, to docu-
ment classification in American Spinal Injury Association
Impairment Scale (AIS) and the Neurological Level of Injury
(NLI). Subject assessment also included subjective reporting
of imagery capacity, using Vividness of Visual Imagery Ques-
tionnaire (VVIQ) [41] with eyes open (Table 1). Within the
SCI group, 60% of the patients were grouped into positive
outcome based on the neurological assessment (4 AIS D, 2
AIS E), and 40% of the patients were grouped into negative
outcome (1 AIS A, 2 AIS B, and 1 AIS C).

2.1.2. Experimental Procedure. The experiment took place
inside a magnetic shielded room for EEG recording, specially
designed for presentation capability and audiovisual moni-
toring of the participants. The subjects sat at a 1m distance
across a 21″ computer monitor. They wore an active elec-
trode cap (Brain Products, Germany) and were connected
to a 128-channel EEG (Nihon-Kohden, Japan) according to
the high-resolution EEG 10–5 international electrode system
[42]. Recordings were taken at a sampling rate of 1000Hz
and an impedance threshold of 10 kohm [36]. Initially, we
recorded resting-state activity, 1.5min with open eyes and
1.5min with closed eyes.
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In the main experimental part, the subjects watched
videos of 32 different arm motor tasks, a walking task video,
and an oddball video. The videos were presented in random
order. All arm motor task videos were presented from the
perspective of the participant watching his or her own arms
and were gender-matched. The walking task video presented
a pair of gender-matched legs walking, while seeing them

from the perspective of watching one’s own legs. The oddball
video showed a wildlife documentary. The videos lasted 5 sec,
each followed by a black screen with duration of 4 sec. A trig-
ger channel was recorded at the onset of each visual cue (the
start of each video) through an optic diode. The presentation
was separated in three parts of about 17min each, with 5min
of rest between them (Figure 1). At conclusion, each task had

Table 1: Demographic data and reported imagery capacity of subject groups (SCI and healthy).

(a)

SCI group Age Gender Cause AIS NLI VVIQ

CSI-02-001 28 f MVA C C4 54

CSI-02-002 52 m MVA D C4 69

CSI-02-003 42 m MVA D C8 68

CSI-02-004 70 m Fall D C5 76

CSI-02-005 60 m Fall E C6 70

CSI-02-006 28 m MVA D C5 56

CSI-02-007 30 m MVA E C5 67

CSI-03-001 47 m Fall A T7 72

CSI-03-002 29 f MVA B T4 60

CSI-03-003 74 m Other B T4 65

Mean (SD) 46.00 (17.64) 65.70 (7.04)

(b)

Healthy group Age Gender VVIQ

CSI-04-001 27 f 77

CSI-04-007 51 m 75

CSI-04-003 43 m 56

CSI-04-006 71 m 70

CSI-04-009 63 m 70

CSI-04-004 28 m 46

CSI-04-005 31 m 58

CSI-04-008 47 m 80

CSI-04-002 27 f 75

CSI-04-010 74 m 63

Mean (SD) 46.20 (18.27) 67.00 (10.09)
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Figure 1: Flow diagram of the experimental procedure of one part of the visual motor imagery presentation. Each presented video lasted 5
seconds and was followed by 4 seconds of black resting screen. The videos were presented 9 times each, in a random order. The presentation
was divided into three parts, lasting approximately 17 minutes each, with an intermission between them.
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been presented 9 times in total. The subjects were asked to
perform visual motor imagery (VMI), while watching a
motor task, without actually moving their limbs (regardless
of neurological status or group) and were instructed to rest
while watching the black screen. They already knew that
the videos would be presented at random but not of the pres-
ence of an oddball video (video showing wildlife). Moreover,
the subjects’ arms, torso, and legs were covered with a black
curtain during the whole procedure in order to facilitate
mental registration of the presented arms and legs into their
perceived body schema [43].

The 32 upper extremity motor tasks consisted of 8 inde-
pendent movements (degrees of freedom) ∗ 2 directions of
movement ∗ 2 extremities, comprising the full range of
motion of the human arms and were classified into categories
for further analysis [39]. In short, the 8 categories of motor
tasks were “Hands,” “Left,” “Right,” “Proximal,” “Distal,”
“Rotational,” “Linear,” and “Walking.”

The “Hands” category included all 32 tasks of both upper
extremities. The “Left” and “Right” categories included 16
motor tasks each of the respective upper extremity (left or
right). The “Proximal” category included 16 motor tasks of
the shoulder and elbow joints of both extremities, while the
“Distal” category included the remaining 16 motor tasks of
wrist joints and fingers. Further, the “Rotational” category
included those 8 motor tasks that result in rotational motion,
and the “Linear” category included those 24 motor tasks of
both extremities that resulted in linear motion (Table 2).
Finally, the “Walking” category was also defined as a separate
category of motor imagery, consisting only of the walking
motor imagery task, for a total of 8 categories. Table 2 lists in
summary all presented motor tasks of one upper extremity
(16 tasks), for each showing the degree of freedom, direction
of movement, classification by proximity, and resulted
motion.

2.2. Signal Analysis

2.2.1. Signal Preprocessing. Signal analysis was performed on a
subset of the 10–5 international electrode system that is over-
lying the cortical sensorimotor areas [44] that were later
defined as regions of interest (ROIs) for this study (Figure 2).
This subset included 64 electrodes: AFF5h, AFF3h, AFF1h,
AFz, AFF2h, AFF4h, AFF6h, F5, F3, F1, Fz, F2, F4, F6, FFT7h,
FFC3h, FFC1h, FFC2h, FFC4h, FFT8h, FT7, FC5, FC3, FC1,
FC2, FC4, FC6, FT8, FTT7h, FCC5h, FCC3h, FCC1h, FCC4h,
FCC6h, FTT8h, C5, C3, C1, Cz, C2, C4, C6, CCP3h, CCP1h,
CCP2h, CCP4h, CP5, CP3, CP1, CPz, CP2, CP4, CP6, CPP3h,
CPP1h, CPP2h, CPP4h, P3, P1, Pz, P2, P4, PPO1h, and
PPO2h. As scalp electrodes capture mixed activity from
unknown cortical and subcortical brain sources, recording
brain activity related to motor tasks only from the sensors
overlying the sensorimotor area presents some risk for loss
of information but also presents certain advantages. This
approachhasbeenused inEEGsource imaging studies regard-
ing motor tasks with good results [45–48], as the signal of
interest is less attenuated and signal to noise ratio is higher
than in distant sensors, while contaminated channels closer
to muscular artifact generators are excluded.

All signal preprocessing was performed using a custom
script on the FieldTrip toolbox for MATLAB [49]. Raw
data from those selected channels was band-pass filtered
at 0.5–30Hz using a zero-phase FIR filter and subse-
quently downsampled at 100Hz.We visually examined con-
tinuous EEG signal time series of each subject to detect bad
electrodes that showed large drifts from their mean value
and then removed these electrodes. Epochs were then ini-
tially extracted from −2000msec to +5000msec centered on
the trigger (visual cue). Subsequently, independent compo-
nent analysis was performed on the concatenated continuous
data (of each session) using the second-order blind identifi-
cation method [50]. Independent components correspond-
ing to eye blinks and muscle artifacts were identified and
removed from the epoched data. Bad electrodes were then
interpolated using spherical splines interpolation [51].
Finally, the epoched data were split into two time intervals
(Figure 3), which will be referred to as “early” (early onset
imagery from −1000msec to +2000msec around the trigger)
and “late” (late continuous imagery from +2000msec to
+5000msec after the trigger). While shorter time windows
have also been used in similar analyses [52], differences in
the behavior of alpha and beta rhythms between the window
around the imagery onset and later windows have been iden-
tified with regard to networks [53], relative power [54], and

Table 2: Presented motor tasks for one upper extremity (left or
right): 16 motor tasks were presented (8 independent movements
(degrees of freedom) ∗ 2 directions of movement) and were then
classified by proximity (proximal or distal tasks) and resulting
motion (linear or rotational). For both upper extremities, the
subjects watched and performed visual imagery of 32 motor tasks
in total.

Independent
movement

Direction
Proximal/
distal

Linear/
rotational

Shoulder Arm down Proximal Linear

Shoulder Arm up Proximal Linear

Shoulder Arm left Proximal Linear

Shoulder Arm right Proximal Linear

Elbow
Forearm
down

Proximal Linear

Elbow Forearm up Proximal Linear

Forearm
External
rotation

Proximal Rotational

Forearm
Internal
rotation

Proximal Rotational

Wrist Hand down Distal Linear

Wrist Hand up Distal Linear

Wrist
External
rotation

Distal Rotational

Wrist
Internal
rotation

Distal Rotational

Thumb Open Distal Linear

Thumb Close Distal Linear

Fingers Open Distal Linear

Fingers Close Distal Linear
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event-related desynchronization [55]. The data from one
subject (from the healthy group) was exempted from further
analysis, as this preprocessing methodology did not result in
sufficiently clean epoched data.

2.2.2. Current Cortical Density. The solution of the forward
problem, the lead field matrix that best describes the con-
duction from the current cortical density (CCD) source
model (Table 3) to scalp potentials, is based on the
following equation:

m = Ld + b, 1

where m refers to the M simultaneous electrode voltage
recordings, d refers to the N current dipoles in the current
cortical density model, b is the noise vector, and L is the
abovementioned lead field matrix [56]. We used the solution
applied in eConnectome toolbox for MATLAB [57, 58] of the
forward problem which is a high-resolution lead field matrix
relating 2054 scalp triangles to 7850 cortical dipoles. The lead
field matrix is derived using a three-layer block element mod-
ifier model based on the Colin27 Montreal Neurological
Institute brain [59]. The dipoles were constrained to the gray

matter with orientations perpendicular to the local cortical
surface, under the assumption that the primary source of
measured EEG signal is local groups of pyramidal neurons
of the cortex firing synchronously and is arranged perpendic-
ular to its surface [60]. In our case, a subset of the lead field
matrix was used for the 64 selected EEG electrodes.

Weighted minimum norm estimate was used to solve the
ill-posed inverse problem (Table 3) by minimizing the source
space energy based on the fact that the power of the source
dipoles is limited by the cortex physiology [61]. Minimum
norm estimate aims at minimizing the following equation:

J d = m − Ld 2 + λ d 2, 2

where m refers to the actual recordings from the scalp, d is
the simultaneous current dipoles to be calculated, L is the
lead field matrix, λ is the regularization parameter, and d 2

is the regularization term which in our case refers to the
energy of the solution’s dipoles. The first term in the above
equation represents the error between the actual and pre-
dicted electrode recordings. The second term is the penaliza-
tion term, which aims at enforcing the abovementioned
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Figure 2: Regions of interest (ROIs) of the sensorimotor cortex and the overlying subset of electrodes that was used for signal analysis in our
study. 1: presupplementary motor area (pSMA); 2: supplementary motor area (SMA); 3: dorsal premotor area (PMd); 4: ventral premotor area
(PMv); 5: cingulate motor area (CMA); 6: primary foot motor area (M1F); 7: primary hand motor area (M1H); 8: primary lip motor area
(M1L); 9: primary foot somatosensory area (S1F); 10: primary hand somatosensory area (S1H); 11: secondary somatosensory area (S2); 12:
somatosensory association area (SAC).
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energy restriction. Lastly, λ, which balances the effect of the
penalization term, was calculated using the L-curve method
[62]. The solution of minimum norm estimate was derived
using Tikhonov regularization in the regularization toolbox
[63]. 24 custom-defined ROIs were created at the surface of
the cortex model, in order to proceed to connectivity analy-
sis, as illustrated in Figure 2. The ROI time series signal

(Figure 3) was calculated by averaging the amplitude from
all included cortical current dipoles.

2.2.3. Functional Connectivity. In total, 24 ROIs were
defined on the cortical source model, consisting of the
following areas bilaterally: presupplementary motor area
(pSMA), supplementary motor area (SMA), dorsal premotor

Table 3: Summary presentation and description of the most important models and connectivity metrics or measures that were used in the
methodological section of this study.

Metric or model name Acronym Description

Current cortical
density

CCD
Forward problem

solution
A model that aims to explain the correspondence of cortical source activity
to scalp electrical potentials, taking account of skull and scalp conductivity.

Weighted minimum
norm estimate

wMNE
Inverse problem

solution
An estimation of how signals captured at the scalp correspond to source

activations, with their power limited by the cortical physiology.

Directed transfer
function

DTF
Granger causality

measure

A metric of effective network connectivity (functional connectivity that
incorporates causal relations instead of statistical inference alone)

that produces directed networks with weighted edges.

Characteristic path
length

CPL
Network
integration

A representative measure of shortest distances between network
nodes that are connected to each other.

Clustering coefficient CC
Network

segregation
A measure of the tendency of network nodes to become organized

into functionally separated clusters.

Density D Network density
A measure of existing connections against the theoretical maximum
number of possible connections if the network was fully connected.

Small-worldness SW
Overall network
effectiveness

A model of network behavior, where short paths and increased forming of
functional clusters lead to optimization and resilience of information transfer.

Out-strength
and in-strength

OS and
IS

The total nodal sum of weights from outgoing and incoming connections,
respectively.

0
Epoch time (msec)

3500 7000
Trigger (video) at 2000 msec

−1000
msec 

+2000
msec 

+5000
msec Early Late

0 (trigger)Interval time (msec)

S1F_L
S1F_R
S1H_L
S1H_R
SAC_L
SAC_R

S2_L
S2_R

M1F_L
M1F_R
M1H_L
M1H_R
M1L_L
M1L_R

CMA_L
SMA_L

pSMA_L
CMA_R
SMA_R

pSMA_R
PMd_L
PMd_R
PMv_L
PMv_R

Figure 3: Activation time series of all regions of interest (ROIs) of the sensorimotor cortex during a random epoch and definition of time
intervals around the trigger (onset of the video presenting the motor imagery task).
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area (PMd), ventral premotor area (PMv), cingulate motor
area (CMA), primary foot motor area (M1F), primary hand
motor area (M1H), primary lip motor area (M1L), primary
foot somatosensory area (S1F), primary hand somatosensory
area (S1H), secondary somatosensory area (S2), and somato-
sensory association area (SAC) (Figure 2). Their average acti-
vation time series were computed for every time interval.

Directed transfer function (DTF) [64] was used (Table 3)
in order to calculate functional cortical connectivity of the
sensorimotor network consisting of the 24 ROIs as nodes
[44], computing causal relations among the nodal activation
time series. The produced connectivity matrices were thre-
sholded, using the surrogate data method with testing of sig-
nificance of connections, instead of using absolute or relative
thresholding [65–67]. During computation of DTF, a number
of 1000 surrogate permutations and a significance level of 0.05
were set, resulting in partially connected matrices with only
the most significant causal connections. DTF is a measure
based on Granger causality [68] that uses the multivariate
autoregressive model described by the following function:

X t = 〠
p

j=1
A j X t − j + E t , 3

where p is the model order, X t contains the ROIs values at
time t, E t is the residual noise vector, and A is a coefficient
k× k-sized matrix [44]. Using the above equation, the A
matrices are computed by means of the minimalization of
the residual noise E.

The order of the multivariate autoregressive model
[69] was chosen to be 8 after considering the following
criterions [70]: (a) tests that demonstrated an optimal
order of 10 for a sampling rate of 128Hz for modeling
EEG spectra [71, 72]; (b) the model order should be
smaller than τ×Fs, where τ is the expected lag between
two brain processes and Fs the sampling rate; (c) better
to err on the side of selecting a larger model order, (d)
using the same model order for all DTF computations.

Equation (3) is described in the frequency domain as

E f = A f X f ,

X f = A−1 f E f =H f E f ,
4

where H f is a transfer matrix of the system, and it contains
information about the relationships between signals. It is
nonsymmetric, so it allows for finding causal dependencies.
DTF is then computed by the equation:

DTF2j→i f =
Hij f

2

〠k
m=1 Him f 2 5

DTF describes casual influence of channel j on channel i
at frequency f. For our analysis, DTF was computed for the
networks formed at the frequency bands of alpha rhythm at
8–12Hz (“alpha networks”) and beta rhythm at 13–30Hz
(“beta networks”), as those are considered the brainwaves
most relevant to the sensorimotor processes [73].

2.2.4. Network Analysis.Network analysis in terms of descrip-
tors of the weighted directed graphs (“network properties”)
was performed with the brain connectivity toolbox for
MATLAB [74] for the alpha and beta networks formed during
early and late time intervals. Out-strength (OS), in-strength
(IS), and clustering coefficient were computed for each of the
24 nodes of the network during each task of imagery. Charac-
teristic path length (CPL), mean clustering coefficient (CC),
and density (D) were also computed at the level of graphs of
each task of imagery. Topology of small-worldness (SW) was
then derived from these network properties for each task of
imagery [44]. To facilitate further analysis, all properties were
averaged for the 8 imagery categories mentioned in Experi-
mental Procedure. A summary of the interpretation of these
network properties is also presented in Table 3.

CPL, a measure of integration, calculates the sum of the
shortest distances among connected graph nodes, divided
by the number of nodes [75, 76]. It is described by (6), where
Li is the average distance between node i and the other node,
and dij is the shortest path between nodes i and j. The dis-
tance matrix was computed using the logarithmic conversion
of weights by the Floyd-Warshall algorithm [77], as imple-
mented in the BCT [78].

CPL =
1
n
〠
i∈N

Li =
1
n
〠
i∈N

〠j∈N ,j≠idij
n − 1

6

Global CC, a measure of segregation, estimates the ten-
dency of the graph nodes to organize into clusters [79, 80].
It is described by (7), where Ci is the clustering value for a
node i, ki is the node’s degree, and ti is the number of neigh-
boring nodes that connect to each other in triangles around
node i.

CC =
1
n
〠
i∈N

Ci =
1
n
〠
i∈N

2ti
ki ki − 1

7

D is the ratio of a network’s actual connections to the
maximum possible connections. In our example, the graphs
were only partially connected, and the connection weights
were ignored, since all connections were considered signifi-
cant as computed by DTF with testing for statistical signifi-
cance (p = 0 05) by surrogate data. It is therefore described
by (8), where E is the ensemble of the network’s connections,
and V is the ensemble of the network’s nodes.

D =
E

V V − 1
8

SW is defined as the combination of short paths and high
clustering in a network, when compared to random networks
with comparable paths constructed by the same number of
nodes and connections. This property has commanded atten-
tion as an important brain network characteristic that models
the brain’s effective communication patterns [81–83]. It is
described by (9), and in our study, the comparison of CPL
and CC was made against 10,000 random networks. These
randomnetworksweredirectedgraphs,with the samenumber
of nodes and edges as the original, and they were generated
using the brain connectivity toolbox [84]. CPL and CC were
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computed for each randomnetwork and compared against the
original, in a process that was iterated 10,000 times to produce
a range of SWvalues. The range of values was then averaged to
produce a single robust value of the SW property for each
original network.

SW =
CC/CCrand
CPL/CPLrand

9

The strength of node strength is the sum of the weights of
connections to or from that node. The IS, therefore, is the
sum of incoming connection weights, and the OS is the
sum of outgoing connection weights [74]. They are described
by (10) and (11), respectively, where Cij is the weighted
directed N∗M connectivity matrix, with a direction of i→ j,
N is the number of columns, and M is the number of rows.

IS = 〠
N

j=1
Cij, 10

OS = 〠
M

i=1
Cij 11

2.3. Statistical Analysis. Adjacency matrices computed by
directed transfer function were compared between healthy
and patient groups using the network-based statistic toolbox
for MATLAB [85]. We performed the statistical analysis
using the false discovery rate on the general linear model with
t-test [86], a significance level of 0.05 and 50,000 permuta-
tions. Using a between-group design, we compared alpha
and beta networks of healthy subjects to alpha and beta net-
works of SCI subjects for each imagery category, elaborating
the comparisons for the effect of early and late intervals. We
also compared alpha to beta networks of each category and
time interval using a within-group design. Differences in
networks were visualized using the BrainNet Viewer for
MATLAB [87].

Statistical analysis of age, imagery capacity, and computed
network properties was performed in IBM SPSS Statistics
(version 23), and we set a significance level of 0.05 for all
statistical tests. All variables were explored for normality
assumption (healthy and SCI groups as grouping factor) using
visual inspection of histograms, normal Q-Q plots and box-
plots, skewness and kurtosis [88–90], and normality tests
(Shapiro-Wilk test and Kolmogorov-Smirnov test) [91, 92].
Depending on normality assumption, different analyses were
performed (paired t-tests or Wilcoxon signed-rank tests).
Normality assumption was met for the variable age and for
the VVIQ score for both groups. Independent sample t-tests
were performed to reveal significant age andVVIQdifferences
between the two groups. As the groups did not differ either for
age distributions (healthy-skewness: 0.407 (SE= 0.687), kur-
tosis: −1.418 (SE= 1.334); SCI-skewness: 0.651 (SE=0.687),
kurtosis: −0.752 (SE=1.334)) or for their reported imagery
capacity (VVIQ: t = −1 094, df = 8, and p = 0 306), the rest
of the statistical analysis was planned accordingly.

We planned within-group comparisons of brain net-
work properties using as grouping factor the rhythm
(alpha, beta). Differences of variables between the two

rhythms were calculated for the categories of visual motor
imagery tasks, separately at early and late time intervals.
Subsequently, we calculated within-group comparisons of
brain network properties using as grouping factor the time
interval (early, late). Between-group comparisons were
performed using the calculated differences of variables at
the two time intervals with either independent samples
t-tests or Mann–Whitney U tests.

Nodal strengths, both incoming and outgoing, were
averaged across different motor imagery tasks, rhythms,
and time intervals, and total nodal strengths were calcu-
lated. They were tested for normality assumption for both
groups and analyzed within groups using descriptive
statistics and between groups (SCI, healthy) using Mann–
Whitney U test. Targeted differences between nodes
CMA_L and CMA_R were tested for statistical significance
using either Pearson or Spearman correlation coefficient
depending on normality assumption.

3. Results

3.1. Functional Connectivity. Visualizations of connectivity
maps for the two groups (SCI, healthy) were made using
the eConnectome toolbox for alpha and beta networks dur-
ing both time intervals averaged across the motor imagery
categories (Figure 4). The highest information transfer in
all examined networks came from the bilateral cingulate
motor areas including their reciprocal communication. In
both groups, the maximum incoming nodal strength was
observed in right CMA (Table 4), whereas the maximum out-
going nodal strength was found in left CMA (Table 5).
Between-group comparisons revealed significant differences
in total nodal strengths, both incoming and outgoing.

More precisely, significant differences in incoming
strengths were found bilaterally in CMA, SMA, S1H, PMd,
and PMv as well as in the left S1F. Healthy participants
showed higher incoming strengths in all aforementioned
nodes apart from the left CMA (Figure 5) compared to the
SCI participants (Table 4).

Outgoing strengths were found to be significantly differ-
ent between groups in all nodes (Table 5) apart from the right
S1F. In more detail, SCI group showed considerably higher
outgoing strengths in the S1F and SAC in the left hemi-
sphere, in S1H and CMA in the right hemisphere as well as
in S2, PMd and PMv bilaterally. In the remaining nodes,
healthy participants were found to have increased outgoing
strengths compared to SCI participants.

When calculating differences of group averages (healthy
group-SCI group) of in-strength (IS) and out-strength (OS)
of cingulate motor areas (CMAs) during all motor imagery
categories, a possible trend was revealed. OS of CMA_R was
consistently higher in the healthy group, while OS of CMA_L
was consistently higher in the SCI group. The opposite held
true for IS of those nodes (Figure 6). Between-group differ-
ences in CMA_R were negatively correlated to those in
CMA_L in targeted imagery categories (early alpha walk-
ing (r = −0 867, p = 0 002), late alpha walking (r = −0 250
p = 0 517), early beta walking (r = −0 502, p = 0 169), and
late beta walking (r = −0 827, p = 0 006)).
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3.2. Network-Based Statistics between Groups and within
Groups. Important differences of connectivity were found
only in between groups (SCI against healthy), where a subset
of connections had significantly higher FC in the healthy
group than in the SCI group in the hands motor imagery
category (Figure 7). This subset included connections with

lower FC in the SCI group of M1H_R to bilateral primary
foot motor areas (M1F), primary foot and hand sensory
areas (S1H, S1F), the somatosensory association areas
(SAC), and the secondary sensory areas (S2). This finding
persisted in both alpha and beta networks when testing
with t-test.

Table 4: Descriptive statistics of nodal incoming strengths with statistically significant differences between healthy and SCI participants and
between-group comparison results.

Nodes
Median Mean ranks IQR: [Q1, Q2] Healthy versus SCI

Healthy SCI Healthy SCI Healthy SCI

SIF L 0.235 0.230 37.72 27.28 [0.231, 0.253] [0.226, 0.238] U = 345 0, p = 0 025

SIH L 0.263 0.246 44.13 20.88 [0.258, 0.270] [0.239, 0.256] U = 140 0, p < 0 001

SIH R 0.256 0.233 40.94 24.06 [0.243, 0.265] [0.229, 0.248] U = 242 0, p < 0 001

CMA L 0.410 0.438 18.84 46.16 [0.402, 0.419] [0.431, 0.445] U = 75 0, p < 0 001

CMA R 0.486 0.473 38.38 26.63 [0.475, 0.509] [0.458, 0.489] U = 324 0, p = 0 012

SMA L 0.236 0.217 41.34 23.66 [0.230, 0.243] [0.213, 0.229] U = 229 0, p < 0 001

SMA R 0.305 0.289 39.50 25.50 [0.296, 0.314] [0.281, 0.297] U = 288 0, p = 0 003

PMd L 0.309 0.272 46.84 18.16 [0.296, 0.320] [0.260, 0.278] U = 53 0, p < 0 001

PMd R 0.299 0.284 37.78 27.22 [0.290, 0.304] [0.274, 0.299] U = 343 0, p = 0 023

PMv L 0.252 0.232 40.53 24.47 [0.236, 0.259] [0.220, 0.243] U = 255 0, p = 0 001

PMv R 0.262 0.247 41.81 23.19 [0.254, 0.267] [0.240, 0.255] U = 214 0, p < 0 001

Alpha Beta

SCI

Healthy

0.4

0

DTF

Early imagery time interval
(−1000 and +2000 msec)—hands 

RL RL

RL RL

Figure 4: Average information transfer (calculated by directed transfer function) of healthy and SCI groups calculated for alpha (left) and
beta (right) rhythm networks during the early imagery time interval, for the hands motor imagery category. Connections between the
bilateral cingulate motor areas (CMA_R ← → CMA_L) presented the highest information transfer. Only connections with at least 25% of
max information transfer among all statistically significant connections are displayed.
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When we further tested the networks of our participants
by grouping the SCI subjects by outcome (positive and nega-
tive), no differences were found between the networks of the
two groups. During all permutations, the p value of the false
discovery rate did not approach statistical significance (p >
0 05). Also, testing for other imagery categories did not reveal
significant differences, with the exception of the walking
category. Comparing the networks of healthy and patients
during the walking imagery category, significantly greater
S2_L-PMv_R connectivity was found in the SCI group.

Furthermore, when testing for main effect of within time
interval and brainwave rhythm within the healthy and
patient groups, no further statistical significant differences
of the connectivity weights of the network were observed.

3.3. Analysis of Network Properties

3.3.1. Within-Group Comparisons of Graph Properties
between Alpha and Beta Showed Less Segregation, Less
Integration, Greater Density, and Less Effectiveness of Beta
Networks.When exploring within-group differences of graph
properties using as grouping factor the rhythm (alpha, beta),

beta networks showed less segregation, less integration, and
less overall effectiveness compared to alpha networks. CPL,
CC, and SW showed significantly lower values in beta com-
pared to alpha networks, in both early and late time intervals.
These findings were observed during nearly all imagery cate-
gories in both SCI and healthy group.

On the opposite, beta networks showed greater density
compared to alpha networks. D was significantly greater in
beta networks in both early and late time intervals of all imag-
ery categories inboth SCI andhealthy group (Figure 8).Aggre-
gated statistical test results and p values for abovementioned
findings can be found in supplementary material (available
here). Specific exemptions are detailed below, as differences
of graph properties in beta network compared to alpha did
not reach statistical significance only in walking category, in
the following cases: (a) in SCI group, CPLduring the late inter-
val, (b) in SCI group, CC and SWduring the early interval, and
(c) in healthy group, CC during the late interval.

3.3.2. Within-Group Comparisons of Graph Properties
between Early and Late Time Intervals Showed (1) Less SCI
Network Integration during Late Walking Imagery, (2)

Table 5: Descriptive statistics of nodal outgoing strengths with statistically significant differences between healthy and SCI participants and
between-group comparison results.

Nodes
Median Mean ranks IQR: [Q1, Q2] Healthy versus SCI

Healthy SCI Healthy SCI Healthy SCI

S1F L 0.073 0.084 21.34 43.66 [0.080, 0.095] [0.080, 0.095] U = 155 000, p < 0 001

S1F R 0.131 0.133 31.81 33.19 [0.123, 0.146] [0.123, 0.146] U = 490 000, p = 0 768

S1H L 0.090 0.084 38.38 26.63 [0.084, 0.100] [0.077, 0.091] U = 324 000, p = 0 012

S1H R 0.091 0.166 16.50 48.50 [0.086, 0.096] [0.153, 0.181] U = 0 000, p < 0 001

SAC L 0.071 0.087 18.28 46.72 [0.069, 0.074] [0.084, 0.092] U = 57 000, p < 0 001

SAC R 0.025 0.015 47.41 17.59 [0.023, 0.027] [0.014, 0.016] U = 35 000, p < 0 001

S2 L 0.010 0.022 17.41 47.59 [0.009, 0.012] [0.020, 0.024] U = 29 000, p < 0 001

S2 R 0.128 0.148 20.91 44.09 [0.124, 0.138] [0.139, 0.159] U = 141 000, p < 0 001

M1F L 0.078 0.073 38.13 26.88 [0.072, 0.088] [0.069, 0.076] U = 332 000, p = 0 016

M1F R 0.294 0.236 47.69 17.31 [0.286, 0.324] [0.230, 0.263] U = 26 000, p < 0 001

M1H L 0.311 0.170 47.59 17.41 [0.283, 0.339] [0.163, 0.181] U = 29 000, p < 0 001

M1H R 0.061 0.059 38.34 26.66 [0.059, 0.066] [0.058, 0.061] U = 325 000, p = 0 012

M1L L 0.003 0.003 26.25 38.75 [0.003, 0.003] [0.003, 0.004] U = 312 000, p = 0 007

M1L R 0.011 0.010 42.78 22.22 [0.010, 0.013] [0.009, 0.010] U = 183 000, p < 0 001

CMA L 2.927 2.519 47.28 17.72 [2.805, 3.008] [2.404, 2.581] U = 39 000, p < 0 001

CMA R 0.879 1.156 18.41 46.59 [0.784, 0.973] [1.082, 1.261] U = 61 000, p < 0 001

SMA L 0.350 0.276 46.25 18.75 [0.326, 0.375] [0.267, 0.295] U = 72 000, p < 0 001

SMA R 0.206 0.187 41.72 23.28 [0.191, 0.226] [0.176, 0.194] U = 217 000, p < 0 001

pSMA L 0.044 0.031 46.50 18.50 [0.040, 0.048] [0.030, 0.035] U = 64 000, p < 0 001

pSMA R 0.026 0.031 19.28 45.72 [0.024, 0.027] [0.030, 0.033] U = 89 000, p < 0 001

PMd L 0.149 0.187 21.13 43.88 [0.141, 0.167] [0.179, 0.201] U = 148 000, p < 0 001

PMd R 0.484 0.577 18.25 46.75 [0.448, 0.521] [0.559, 0.606] U = 56 000, p < 0 001

PMv L 0.014 0.024 16.50 48.50 [0.013, 0.014] [0.022, 0.025] U = 0 000, p < 0 001

PMv R 0.016 0.032 17.91 47.09 [0.014, 0.018] [0.028, 0.035] U = 45 000, p < 0 001
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Greater SCI Network Segregation and Stable Effectiveness for
Distal Tasks during Late Imagery, and (3) Less Healthy
Network Segregation and Effectiveness for Distal Tasks
during Late Imagery. When exploring within-group
differences of graph properties using as grouping factor
the time interval (early, late), few significant differences
were observed.

Regarding network integration, significant difference of
CPL values was shown only SCI group’s alpha networks
during the walking task (t = 2 743, df = 9, and p = 0 023).
More precisely, SCI subjects were characterized by lower
path lengths at the second stage of the task (late) (early
alpha walking CPL: 7.809; late alpha walking CPL:
7.032). Changes in the CPL in the beta rhythm comparing
the two time intervals were not observed. Also, no signif-
icant difference was found for healthy subjects.

Regarding network segregation, significantly higher CC
values in the SCI group were observed in the alpha band of
distal imagery category (t = −2 574, df = 9, and p = 0 030;
early alpha distal CC: 0.0076; late alpha distal CC: 0.0082).
Considerable differences in mean CC at the beta band
were not found. In healthy participants, considerably lower
CC value was found only in alpha band of the left cate-
gory (t = 2 435, df = 8, and p = 0 041; early alpha left CC:
0.0094; late alpha left CC: 0.0086).

Regarding network density, healthy group showed signif-
icantly higherD values at the late stage of linear imagery tasks
in alpha rhythm (t = −2 543, df = 8, and p = 0 035; early alpha
linear D: 0.3595; late alpha linear D: 0.3713), whereas density
was considerably less at the late stage of proximal tasks in beta
rhythm (t = 3 038, df = 8, and p = 0 016; early beta proximal

D: 0.5904; late beta proximal D: 0.5784). SCI group showed
greater density when comparing the two time intervals of
right imagery category in alpha band (t = −2 962, df = 9,
and p = 0 016; early alpha right D: 0.3663; late alpha right
D: 0.3801), but no alterations were found in beta networks.

Regarding overall network effectiveness, significant
results of SW were found for healthy subjects at distal imag-
ery tasks in both alpha and beta rhythms (alpha: t = 2 201,
df = 8, and p = 0 059; beta: t = 3 044, df = 8, and p = 0 016).
In more detail, significantly lower values of SW were
observed in distal imagery tasks between the two time inter-
vals (early alpha distal SW: 1.553; late alpha distal SW: 1.406;
early beta distal SW: 1.159; late beta distal SW: 1.137). For the
SCI group, considerable differences were not observed.

3.3.3. Between-Group Comparisons of Graph Properties
Showed Not Only Similar Network Integration and Density
But Also Greater Segregation and Effectiveness of Alpha
Band Networks in Some Imagery Categories for the Patients.
When exploring between-group differences of graph proper-
ties, few significant differences were observed. Comparisons
of CPL and D did not reveal any considerable difference
across any imagery category (supplementary material),
showing similar network integration and network density
of the networks of healthy and patient subjects.

Regarding network segregation, significant changes in CC
were observed at the left imagery tasks (t = 2 672, df = 17, and
p = 0 016), at the rotational imagery tasks (t = 2 104, df = 17,
and p = 0 051), and at distal imagery tasks (U = 20 00,
p = 0 041), all appearing in alpha band. In more detail, SCI
subjects seem to show greater CC of alpha networks in the
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Figure 5: Nodal strengths (a: out-strength, b: in-strength) of bilateral cingulate motor areas for both subject groups. Left cingulate motor area
(CMA_L) showed the highest out-strength and right cingulate motor area (CMA_R) showed the highest in-strength in the network. SCI
subjects presented significantly higher CMA_R out-strength and CMA_L in-strength than healthy subjects. “∗ ” represent extreme values
and “o” represent outliers.
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late part of the aforementioned imagery tasks (alpha left dif
(mean)—SCI: 0.00019, healthy: −0.00084; alpha distal dif
(median)—SCI: 0.00049, healthy: −0.00075; alpha rotational
dif (mean)—SCI: 0.00061, healthy: −0.0010). Significant dif-
ferences were not found between groups in the beta networks
of all tasks.

Regarding overall network effectiveness, the SCI group
seems to have only a significant change in mean SW of alpha
network while performing VMI on distal imagery tasks com-
pared to healthy (t = 2 365, df = 17, and p = 0 030).More pre-
cisely, SCI group seems to show greater SW of alpha networks
in the late part of the distal tasks (alpha distal dif (mean)—SCI:
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Figure 6: Differences of group averages (healthy-SCI) of in-strength (IS) and out-strength (OS) of cingulate motor areas (CMAs) during all
motor imagery categories. A trend was revealed, in which OS of CMA_R was consistently higher in the healthy than the SCI group. OS of
CMA_L was consistently lower in the healthy than the SCI group. The opposite held true for IS of those nodes. This trend reached
statistical significance only for early alpha walking (p = 0 002) and late beta walking (p = 0 006) tasks.
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0.0253, healthy: −0.1467). Other between-group differences
were not observed (supplementary material).

4. Discussion

4.1. Functional Connectivity. A subset of the sensorimotor
network during hands motor imagery was shown to have
significantly lower functional connectivity power in the SCI
group compared to the healthy group, a finding from
analyses of the general linear model. This subset included
connections of the M1H_R cortical area (theoretically
the nondominant hand primary motor area for right-
handed subjects) with other motor and sensory cortical
areas. This subset also excluded the “assistive” motor nodes
(CMA/SMA/pSMA/PMv/PMd). Interestingly, among these
excluded nodes were also the ones that were shown to have
consistently higher OS and IS, for all imagery categories, as
we will discuss later on. The subset of connected nodes to
M1H_R included bilateral primary foot motor areas (M1F),

primary foot and hand sensory areas (S1H, S1F), the somato-
sensory association areas (SAC) located in superior parietal
cortex (SPC), and the secondary sensory areas (S2). Small
differences between alpha and beta rhythm networks can be
observed, whereas most of those connections’ lower FC
reached statistical significance for either rhythm. These
cortical areas can be identified as the point of origin of the
pyramidal tract and the point of conclusion of the major
somatosensory tracts. This finding could suggest that chronic
disruption of reciprocal communication between the brain
and spinal cord, even in noncomplete injuries, could result
in permanent significant decrease of connectivity between a
subset of the functional sensorimotor network at the cortical
level. This effect was observed regardless of positive or nega-
tive neurological outcome since grouping SCI subjects by
outcome did not reveal any differences regarding this finding.
While the lack of difference between those two clinically and
functionally different subgroups of patients could be affected
by a lack of statistical power when comparing small samples,
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Figure 7: From the comparison of the networks of healthy and SCI subjects, a subset of network connections emerged as significantly
stronger in the healthy group than in the SCI group for both the alpha and beta networks of “hands” motor imagery category, as
calculated by network-based statistics—false discovery rate methodology.
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a possible explanation could also be explored along the lines
of mental imagery capacity. Motor execution and motor
imagery do present differences in the level of neural networks
that are affected by the subjects’ quality and intensity of
imagination [93]. In our study, the patients did not report
differences in vividness of visual imagery to that of the
healthy participants, as measured by the VVIQ question-
naire at the time of the experimental procedure. A degree
of “though extinction process” has been reported in
chronic paralysis [94], but since this is not the case in
our investigation, it is possible that the lack of difference
in the networks of patients with positive and negative out-
comes could be due to the unaffected mental capacity of
the participants.

Further significant differences between the healthy and
patient groups were found with regard to nodal strengths.
Almost all nodes had significantly different out-strength
between the two groups. An interesting pattern can be iden-
tified. Primary motor areas, supplementary motor areas, left
presupplementary motor area, and left cingulate motor area
show significantly higher out-strength in the healthy group.
On the contrary, premotor areas, right presupplementary
motor area, and right cingulate motor area show significantly
higher out-strength in the SCI group. Incoming connection
strengths to primary somatosensory areas, premotor areas,
supplementary motor areas, and right cingulate motor area
are higher for healthy participants, while in-strength of left
cingulate motor area is higher for SCI participants. Despite
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the differences in strengths of those nodes, similar patterns of
connectivity were found for both groups [12, 13]. The
significantly reduced nodal strengths could reflect the dis-
connection itself and the reduced input and output of
the sensorimotor pathways in spinal cord injury. Nonethe-
less, the higher in-strengths of left cingulate motor area
and out-strengths of premotor areas and right pSMA
and CMA in SCI group could indicate an attempt of the
sensorimotor network to compensate for the impaired
function [10, 11, 95].

CMA areas have been previously identified as important
information hubs for sensorimotor networks, especially
those of beta rhythm [9, 11]. In our study, this attribute is
confirmed, since bilateral CMA areas consistently received
the greater inflow and contributed the greater outflow in
terms of connection strengths for all categories of motor
imagery. Moreover, their reciprocal communication consti-
tuted the most powerful connections of every examined net-
work. On the other hand, an important role has been
identified for the SMAs [11–13] that have been shown to
present notable outflow during motor imagery tasks and
form clusters with the CMAs. Their role was asserted in
our work previously too [44, 96], but it is not so apparent
in our current study, where the SMAs were not among the
top contributors in either outflow or inflow. Although not
easily explained, the meaning of this finding can be
explored along possible factors: (a) the random-oddball
(unexpected imagery task) paradigm of presentation, (b)
the MVAR model order set, and (c) the definitions of
the midline network nodes themselves. The degree that
each factor possibly contributed to this finding is an issue
for further investigation. An example of SMAs and primary
motor areas not presenting the greatest strength during
hands motor imagery has also been recently reported in a
study [97] where the authors used transcranial direct current
stimulation to affect the connectivity of a broader definition
of sensorimotor ROIs.

With regard to differentiating different upper limb motor
imagery tasks, our results did not produce significant differ-
ences in terms of spatial patterns specific to certain tasks.
Moreover, network-based differences between healthy and
patients, although significant for the all-inclusive upper limb
imagery category, did not reach statistical significance for
specific categories, suggesting possibly a lack of statistical
power for these categorical differences. This is not unex-
pected, since connectivity features, in general, have so far
shown only moderate success in classification of motor
imagery tasks [98, 99]. It should be also noted that some
effort has been made in analyzing effective networks of com-
pound motor imagery tasks [100]. Differentiating anatomical
levels and consecutive classification should perhaps be bet-
ter explored along the lines of time-varying connectivity
[95, 101–103] instead of spatial pattern analysis.

Walking motor imagery, while it also did not reveal
specific connectivity patterns, produced the most promis-
ing results in terms of classification, in accordance to
previous studies suggesting that maximally different condi-
tions should be explored [98]. Walking motor imagery
category was the only one where the negative correlation

between-group differences of the two cingulate motor
area strengths reach statistical significance in half of
the studied cases, those of early alpha rhythm walking
networks (p = 0 002) and of late beta walking networks
(p = 0 006). Moreover, the comparison of networks of
healthy and patient subjects produced at least one signif-
icantly stronger connection, between the right ventral
premotor area and the left secondary somatosensory area,
although it is unclear whether this can be attributed to
plasticity or merely to SCI-induced disconnection sequelae.
To the best of the authors’ knowledge, this is the first
electroencephalographic study of functional cortical connec-
tivity after incomplete spinal cord injury, and it is also the
first functional cortical connectivity study examining
multiple motor imagery tasks in those patients regardless of
recording modality.

4.2. Analysis of Network Properties. Analysis of within-group
effect of rhythm produced the most consistent results.
According to the revealed pattern, alpha networks present
lower integration (as measured by CPL), higher segregation
(as measured by CC), while being less dense and more
“effective” (as measured by SW) than beta networks. These
findings are present across all motor imagery categories and
they closely match findings from our previous study on the
role of alpha and beta rhythms in sensorimotor networks
[44, 104]. Our previous work suggested a pattern where alpha
rhythm engaged local information processing using greater
wiring costs [105], and that beta rhythm assumes a coordina-
tive role during the sensorimotor process [106]. These
findings were then observed on different ROI models and
during simpler but far more repetitive motor imagery and
motor execution tasks. They are also now replicated on a
wider definition of the model of ROIs and during multiple,
more complex, random motor imagery tasks. More impor-
tantly, these findings have now also been confirmed on
networks of SCI patients with incomplete injury, allowing
us to attempt to model the behavior of other between-
group and within-group findings based on this pattern of
alpha and beta organization.

Between the two groups, the fact that CPL andDwere not
significantly different, neither in alpha nor in beta networks,
allows us to make direct comparisons of their sensorimotor
network organization since they reach the same level of
wiring costs and node integration. Moreover, the few
between-group differences were observed mostly in alpha
rhythm, which could be interpreted as differences only in
local processing in the sensorimotor network of SCI patients.
Increased functional segregation (CC in left, rotational and
distal categories) and increased “effectiveness” of the network
(SW in distal) were found for certain categories of motor
imagery. More importantly, they were observed for distal
arm imagery tasks, those that correspond to spinal cord levels
below the level of injury, as the majority of the SCI subjects
included in our study suffered from mid to low cervical SCI
(C4–C8). As those differences were also observed during
the late time interval, they can possibly be interpreted as an
effect for delayed adaptation (compensation) of the sensori-
motor network at the cortical level. This could possibly fall
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in line with reported increased network fault tolerance [10]
and an increase of local efficiency and communication
between closest cortical areas [15] during paralyzed foot
motor imagery that has been reported in chronic complete
SCI subjects.

Regarding the walking imagery category in our study,
walking networks were the only where alpha and beta
rhythm differences did not reach statistical significance in
certain cases. Indeed, this previously reported increase of
local efficiency and close communication in complete SCI
appears to also be possible in incomplete injuries as well.
The walking beta networks did not show less segregation
and effectiveness than the walking alpha networks of
incomplete SCI subjects during the early imagery part and
also did not show less integration during the late imagery
part, as was the case with the upper limb imagery categories.
These findings suggest the presence of a phenomenon that
has been attributed to adaptive plasticity and compensation
when it regards patients with complete injuries [10, 15].
Within-group effect of time interval for upper limb motor
imagery categories was far more sporadic, showing greater
network segregation and less network integration of the
alpha rhythm network in the patient group during the late
imagery in some categories. What could interestingly fall into
place with the rest of the interpretation is that healthy
subjects display a drop of overall network effectiveness (as
depicted by SW) in both alpha and beta networks during
the late imagery part. In the SCI group, such a difference
was not observed, an observation that could possibly be
attributed to the same delayed compensatory effect induced
by the injury. Since indeed the rest of the observed effects
are not consistent, our reported findings cannot be obligatory
attributed to neuroplasticity effects. Therefore, it is evident
that more investigation in the direction of modeling the effect
of spinal cord injury on the effective connectivity of the brain
during different time points and injury severity conditions is
needed before drawing accurate conclusions.

4.3. Limitations and Future Work. Among limitations of our
study, one investigating functional connectivity should
remain wary when the analysis reveals significant differences
between the groups, as those differences are usually very
small and not always clear if functionally or clinically mean-
ingful. As such, it remains difficult to identify compelling
advantages of graph theory-based analysis of brain activity
over other approaches to provide additional important
insight into the effects of SCI on brain activity. Functional
connectivity at the source level also suffers from certain
disadvantages including localization error, smoothing effect,
and a degree of uncertainty of the connectivity between
spatially close nodes [107]. There are several factors contrib-
uting to source localization errors, induced most importantly
by the forward model but also by the inverse. The resolution
of the source reconstruction is determined by the source
space, with 4.69mm of average source spacing and
22.04mm2 average surface area per source. Nonetheless,
resolution of the source space is considered sufficient for
the purpose of the study, and the same model has been
previously used by similar studies [9–15]. The 3-layer block

element modifier forward model introduces errors through
the use of a general template anatomy, modeling of skull con-
ductivity as isotropic, not modeling cerebrospinal fluid and
conductivity ratios. Moreover, it is known that EEG boasts
great temporal but suffers from low spatial resolution and
has been traditionally considered able to detect rapid brain
dynamics in a trade-offwith source estimation and low signal
to noise ratio due to volume conduction effect [108, 109].
EEG in general greatly suffers from anisotropic conductivity
of skull leading to signals blurring and to low EEG spatial
resolution. In accordance, the localization error of deeper
sources is considered greater than swallower ones. An inter-
esting approach to address these problems would be the
investigation of time-adaptive connectivity with a focus on
temporal alterations of important connections rather than
spatial [64], while using individual subject anatomy, an
approach that we aim to explore in our future work.

5. Conclusions

We observed that chronic disruption of reciprocal communi-
cation between the brain and spinal cord, even in the context
of incomplete injuries, could result in permanent significant
decrease of connectivity between a subset of the functional
sensorimotor network at the cortical level. This effect was
observed regardless of positive or negative neurological out-
come since grouping SCI subjects by outcome did not reveal
any further difference. Cingulate motor areas were identified
as important information hubs in different categories of
motor imagery as they consistently showed the highest in-
strengths (CMA_L) and out-strengths (CMA_R) in both
groups of participants. While SCI subjects also followed
the same pattern, they had higher outflow from left CMA
and higher inflow to right CMA than healthy subjects. For
both groups, alpha networks were less dense while having
both longer average paths and more clustering than beta
networks in almost all imagery categories. SCI patients
showed signs of increased local processing in the late part
of imagery, possibly an adaptive compensatory mechanism
of injury-induced neuroplasticity.
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We investigated cortically mediated changes in reciprocal inhibition (RI) followingmotor imagery (MI) in short- and long(er)-term
periods. The goals of this study were (1) to describe RI during MI in patients with chronic stroke and (2) to examine the change in
RI after MI-based brain-machine interface (BMI) training. Twenty-four chronic stroke patients participated in study 1. All patients
imagined wrist extension on the affected side. RI from the extensor carpi radialis to the flexor carpi radialis (FCR) was assessed
using a FCR H reflex conditioning-test paradigm. We calculated the “MI effect score on RI” (RI value during MI divided by that
at rest) and compared that score according to lesion location. RI during MI showed a significant enhancement compared with
RI at rest. The MI effect score on RI in the subcortical lesion group was significantly greater than that in the cortical lesion
group. Eleven stroke patients participated in study 2. All patients performed BMI training for 10 days. The MI effect score on RI
at a 20ms interstimulus interval was significantly increased after BMI compared with baseline. In conclusion, mental practice
with MI may induce plastic change in spinal reciprocal inhibitory circuits in patients with stroke.

1. Introduction

Motor imagery (MI) is the internal representation of an
action without engaging in its actual physical execution. Neu-
roimaging findings indicated the activation of overlapping
brain areas during MI and motor execution of the same task.
[1–8]. Facilitation of the corticospinal descending volley
during MI is nonetheless specific to the prime agonist mus-
cles of the imagined task [9–12]. Reduced intracortical inhi-
bition may cause corticospinal facilitation duringMI [13, 14].

Mental practice (MP) has been popularized as a mental
training intervention in which individuals imagine perform-
ing a given task. MP is a process in which an individual
repeatedly mentally rehearses an action or a task (i.e., MI)
without actually physically performing the action or task.

MI has been used to specifically describe this mental task
[15]. Several researchers have reported that MP combined
with MI is a useful strategy for repetitive practice and skill
learning, including for the paretic arm after stroke [16–20].

Despite its clinical promise, few studies have examined
MP mechanisms. Some researchers reported that a rehabili-
tative program for the affected arm that incorporates MP
appears to induce significant cortical reorganization as
assessed with functional magnetic resonance imaging
(MRI) [21, 22]. Few reports have described changes in spinal
pathways after MP.

Reciprocal inhibition (RI) is a term that describes the inhi-
bition of antagonist neuron pools immediately prior to or
during activity within an agonist muscle [24, 25]. Voluntary
muscle contraction is linked to proportional inhibition of its
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antagonist [25, 26]. Patients with stroke show reduced or
absent RI of the forearm from the extensor carpi radialis
(ECR) to the flexor carpi radialis (FCR) on the affected side
[27]. In the lower limb, supraspinal input from themotor cor-
tex plays an important role in modulating RI [28–33]. The
mechanisms of supraspinalmodulation are thought to involve
spinal Ia inhibitory interneurons that receive descending
input from the motor cortex via corticospinal pathways [34].

We hypothesized that MI of wrist extension on the
affected side is a potential new strategy for modulating RI
of the forearm in patients with stroke. However, to the best
of our knowledge, no reports have investigated changes in
RI during MI or after MI training. The goals of this study
were (1) to describe RI during MI in patients with chronic
stroke and (2) to examine the change in RI after MP using
a brain-machine interface (BMI) system. Thus, we investi-
gated the “mechanisms,” that is, cortically mediated changes
in RI following MI in short- and long(er)-term periods.

2. Materials and Methods

2.1. Study 1: RI during MI in Stroke Patients

2.1.1. Participants. The experiments were carried out with 24
stroke patients (aged 22–68 years). Criteria for inclusion in
the study were (1) the time since stroke onset was longer than
150 days; (2) no cognitive deficits; (3) no pain in the paretic
upper extremity; (4) passive extension range of motion
greater than 0 degrees of the affected wrist and −10 degrees
of metacarpophalangeal joints; and (5) no severe propriocep-
tive deficits in the affected upper extremity.

The mean age of the study sample was 50.1 years, and the
median time since stroke onset was 1099 days (range, 259 to
4467 days). Clinical details of the participants are shown in
Table 1. The purpose and procedures of the study were
explained to the participants, and informed consent was
obtained. The study was approved by the institutional ethics
review board and registered to the UMIN Clinical Trial
Registry (UMIN000001986).

2.1.2. Assessment

(1) Clinical Evaluations. Stroke type (ischemic or hemor-
rhagic) and stroke location were confirmed with either MRI
or computed tomography imaging.

The Stroke Impairment Assessment Set (SIAS) motor test
and Fugl-Meyer Assessment (FMA) were used as measures of
motor function in the affected upper extremity. The SIAS is a
standardized measure of stroke impairment consisting of 22
subcategories [35, 36]. The paretic side motor functions of
the upper extremity are tested with the knee-mouth test
and the finger test. They are rated from 0 to 5, in which 0
indicates the most severe paralysis and 5 indicates no paresis.
In addition, the score of 1 for the finger test is divided into
three subscales: 1A (mass flexion), 1B (mass extension), and
1C (minimal individual movement). The FMA is a com-
monly used measure with excellent interrater reliability and
construct validity [37–39]. The FMA consists of test A
(shoulder/elbow/forearm: 36 points, A score), test B (wrist:

10 points, B score), test C (hand/finger: 14 points, C score),
and test D (coordination: 6 points, D score).

The modified Ashworth scale (MAS) was used to
assess spasticity in the affected upper extremity [40]. To
determine sensory function, the SIAS sensory function was
used [35, 36]. The paretic side position sense of the upper
extremity was tested with the index finger or thumb move-
ment. The score was graded in four grades from 0 to 3. When
the patient detected no position change after the maximum
possible passive motion of the index finger or thumb, a score
of 0 was given. A score of 1 means that the patient could rec-
ognize movement of the digits but not the correct direction,
even at maximal excursion. When the patient could correctly
perceive the direction of a moderate excursion, the score was
2. A score of 3 means that the patient correctly identified the
direction of a slight movement.

(2) H Reflex and RI. The participants were seated in a com-
fortable chair with their affected arms supported and relaxed
on the armrests in pronation. The angle of their elbows was
kept at 70–90 degrees. Percutaneous electrical pulses of 1ms
duration at a frequency of 0.3Hz were delivered through sur-
face electrodes. H reflexes were recorded from the FCR mus-
cle in the paretic arm of patients with stroke following
submaximal electrical stimulation of the median nerve at
the antecubital fossa. The reflex responses were measured as
the peak-to-peak amplitude of the H reflex recorded with a
bipolar disc electrode placed over the FCR muscle [23].

RI was assessed using an FCR H reflex conditioning-test
paradigm [23]. Ten conditioned and 10 test H reflexes were
averaged at each time point. The test FCR H reflex amplitude
was maintained at 15–20% of the maximal Mwave amplitude
for each block trial. Conditioning stimulation to the radial
nerve was delivered at the spiral groove. Stimulus intensity
of the conditioning stimulation was 1.0 motor threshold,
which was defined as a 100μV response of the ECR muscle.
The conditioning test interstimulus interval (ISI) was set
at two intervals of 0 and 20ms based on previous reports
[41–46]. The first phase, that is, ISI of 0ms, is related to the Ia
disynaptic pathway [23]. The second inhibitory phase, ISI of
20ms, is thought to represent presynaptic inhibition [47].
The size of the conditioned H reflex was expressed as a
percentage of the size of the unconditioned H reflex at each
interval (e.g., RI 0ms= conditioned H reflex amplitude of
the ISI at 0ms/test H reflex amplitude× 100).

In addition, participants were asked to imagine wrist
extensions of their paretic wrist during assessment of RI as
mentioned above. When the participant imagined wrist
extensions of their paretic wrist, we checked the electromyo-
graphic activity of the ECR muscle. Thus, we assessed two
patterns of RI. One was RI at rest, and the other was RI
during MI. We calculated the “MI effect score on RI,” which
was the value of RI during MI divided by the value of RI at
rest expressed as a percentage. That is, if MI led to a strong
RI, the MI effect score was smaller and less than 100%.

2.1.3. Statistical Analyses. Comparison between the condi-
tioned H reflex amplitude and test H reflex amplitude at each
ISI was performed using the paired t-test. We compared RI at
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rest andduringMI for each ISI group (ISI 0ms, 20ms)with the
Wilcoxon signed-rank test and set the significance level at
less than 0.05. Effect sizes were calculated using Cohen’s d
statistics, and the magnitude of the group difference was
defined as small if d = 0 2, medium if d = 0 5, or large if
d = 0 8, considering the clinical significance of the variables.

Patients were divided into two additional groups (cortical
lesion group, subcortical lesion group) according to the
stroke location. We compared the RI at rest and during MI
for the two groups according to the stroke location using
Welch’s t-test and set the significance level at 0.05.

2.2. Study 2: The Change in RI during MI after MI Training
Using the BMI in Stroke Patients with Severe Hemiparesis

2.2.1. Participants. Participants were recruited from an out-
patient rehabilitation clinic of a university hospital. Patients
were included in the study if they met the following criteria:
(i) first unilateral subcortical stroke not involving the senso-
rimotor cortex as confirmed by brain MRI or computed
tomography; (ii) time since stroke onset of more than 180
days; (iii) ability to raise the paretic hand to the height of
the nipple; (iv) inability to extend the paretic fingers; (v) no
motor improvement during the 30 days prior to starting the
intervention as confirmed by both the patients and their

physicians; (vi) ability to walk independently in their daily
lives; (vii) no severe cognitive deficits as determined by a
Mini Mental State Examination score> 25; (viii) no severe
pain in the paretic upper extremity; (ix) no pacemaker or
other implanted stimulator; and (x) no history of seizures
within the past 2 years and no use of anticonvulsants 1
month before the intervention.

From January 2013 to March 2014, 11 patients were
enrolled in the study. The study purpose and procedures
were explained to the participants, and written informed
consent was obtained from each.

The mean age of the study sample was 50.6 years
(SD 10.9), and the median time since stroke onset was 30.5
months (range, 9 to 180 months). Clinical details of the
participants are shown in Table 2.

This study was approved by the institutional ethics
review board. This study was registered as a clinical trial with
the University Hospital Medical Information Network in
Japan (UMIN Critical Trial Registry UMIN000008468).

2.2.2. Intervention

(1) Electroencephalographic Recording. The participants wore
a headset with two brush-type electrodes [48]. Electroen-
cephalography was recorded with Ag-AgCl electrodes (1 cm

Table 1: Clinical details of participants in study 1.

Age (years) Diagnosis Stroke location Paretic side TFO (days)
SIAS MAS

Finger Knee-mouth Finger Wrist Elbow

65 CI Medulla Lt 516 1B 3 2 1+ 1+

50 CI Thalamus Rt 584 1B 3 2 1+ 1+

50 CI MCA Rt 4467 1C 3 1 1+ 1+

43 CH Putamen Rt 829 1A 4 1 1 1+

39 CH Putamen Rt 358 1B 4 1 1 1+

63 CI Insular cortex Lt 863 1A 2 1+ 2 1+

42 CH Putamen Rt 849 1A 4 2 1+ 1+

49 CH Putamen Rt 343 1C 3 1 0 1

46 CH Putamen Lt 2109 1A 3 1 1 1

39 CI MCA Lt 687 1B 4 1 1 1

43 CI Pons Lt 668 1C 3 1+ 2 1+

61 CI Internal capsule Rt 259 1B 3 1+ 1 1+

33 CI MCA Rt 649 1A 3 1+ 1+ 1+

77 CH Putamen Rt 535 1C 3 1 0 1

46 CH Putamen Lt 1958 1A 3 1 1 1+

42 CH Putamen Lt 499 1A 3 2 2 1+

50 CI MCA Rt 1525 1A 3 1+ 1+ 1

55 CH Thalamus Lt 1922 1A 2 1+ 0 0

37 CH Putamen Lt 1101 1A 2 2 1 1+

60 CH Putamen Rt 1146 1A 3 1 0 1

68 CI Corona radiata Lt 1386 1C 3 1 1+ 1+

50 CH Putamen Rt 313 1A 2 1+ 1 1+

51 CI MCA Lt 2160 1C 3 2 1+ 2

43 CI MCA Lt 621 1A 2 1 1+ 1

TFO: time from onset; SIAS: Stroke Impairment Assessment Set; MAS: modified Ashworth scale; CI: cervical infarction; CH: cervical hemorrhage; MCA:
middle cerebral artery.
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in diameter), at C3 and the left ear in patients with right
hemiparesis and at C4 and the right ear in patients with left
hemiparesis, according to the international 10–20 system.
An additional electrode was placed at a position 2.5 cm ante-
rior to C3 or C4. A ground electrode was placed on the fore-
head, and the reference electrode was placed on either A1 or
A2 (ipsilateral to the affected hemisphere). The experimenter
monitored the electroencephalographic waveform on the
computer at all times during BMI training.

(2) Event-Related Desynchronization (ERD) Quantification.
As a feature to enhance the excitability of the ipsilesional sen-
sorimotor cortex, ERD, which is a diminution of the alpha
band (8–13Hz) of the mu rhythm amplitude, was calculated
as follows. ERD was used as a trigger signal for the feedback
system in BMI training. ERD was expressed as the percentage
of the power decrease related to the 1 s reference interval
before the direction of intention. ERD at a certain frequency
was calculated for each time and frequency according to the
following equation:

ERD f , t = R f − A f , t
R f

× 100 % , 1

where A f , t is the power spectrum density of electroen-
cephalography at a certain frequency band f (Hz) and time
t (s) since the imagery task was started, and R f is the power
spectrum at the same frequency f (Hz) of the baseline period.

(3) BMI Training. MI-based BMI training was performed for
approximately 45min a day, 5 times a week, for a total of 10
days. All participants underwent 40min of standard occupa-
tional therapy per day, which consisted of gentle stretching
exercises, active muscle reeducation exercises, and introduc-
tion to bimanual activities in their daily lives.

Because the details of the training protocol are explained
elsewhere [48], a brief overview is described here. The partic-
ipants were seated in a comfortable chair with their arms
supported and relaxed on the armrest in pronation. The
motor-driven orthosis was attached to the paretic hand to

achieve finger extension movement at the metacarpophalan-
geal and proximal interphalangeal joints.

Participants faced a 15.4-inch computer monitor placed
approximately 60 cm in front of their eyes, and pegs were
set on the desk peg board next to the computer. Partici-
pants were asked to pick up a peg with the paretic hand
with the orthosis.

A star-shaped cursor began to move at a fixed rate from
left to right across the computer monitor over an 8 s period.
Participants were instructed to rest for 5 s and then to imag-
ine extending their paretic fingers for the next 3 s, depending
on the task cue from the monitor. If the mu ERD was
detected after the cue instruction of MI, the star-shaped cur-
sor moved down on the screen as visual feedback, and then
the motor-driven hand orthosis moved as the orthosis
extended the paretic fingers. If the mu ERD was not detected
after the cue, which meant that MI was not successfully per-
formed, the orthosis did not move.

2.2.3. Assessment.We assessed the following items before and
after BMI training: RI at rest, RI during MI, MI effect score
on RI, and FMA.

2.2.4. Statistical Analyses. TheWilcoxon signed-rank test was
used to compare the FMA score, RI at rest, and MI effect
score on RI with a between-subject factor of time (pre- and
post-BMI training). The significance level was set at 0.05.

3. Results

3.1. Study 1: RI during MI in Stroke Patients. The mean
conditioned H reflex amplitude at the ISI of 0ms was
1.06± 0.69mV, which was significantly smaller than the test
H reflex amplitude that was 1.49± 0.79mV (p < 0 001). Sim-
ilarly, the conditioned H reflex amplitude at the ISI of 20ms
was 1.33± 0.64mV, which was significantly smaller than the
test H reflex amplitude (1.43± 0.70mV) (p < 0 001).

The Wilcoxon signed-rank test showed significant
enhancement in RI during MI both at an ISI of 0ms
and 20ms compared with RI at rest (71.20± 24.68 to 51.13

Table 2: Clinical details of participants in study 2.

Age (years) Diagnosis Stroke location Paretic side TFO (days)
SIAS MAS

Finger Knee-Mouth Finger Wrist Elbow

46 CH Putamen Rt 1958 1A 3 1 1 1+

42 CH Putamen Rt 499 1A 3 2 2 1+

53 CH Putamen Rt 385 1A 3 2 1+ 1+

50 CI MCA Lt 1525 1A 3 1+ 1+ 1

55 CH Thalamus Rt 1922 1A 2 1+ 0 0

37 CH Putamen Rt 1101 1A 2 2 1 1+

47 CI Putamen Lt 410 1A 2 1 1+ 1

60 CH Putamen Lt 1146 1A 3 1 0 1

65 CI Corona radiata Lt 695 1A 3 1 0 0

51 CH Putamen Lt 1522 1A 3 2 3 2

53 CI MCA Lt 983 1A 2 1 2 0

TFO: time from onset; SIAS: Stroke Impairment Assessment Set; MAS: modified Ashworth scale; MCA: middle cerebral artery.
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± 30.36 and 93.44± 13.28 to 75.79± 28.21, resp.) (p < 0 01)
(Figure 1). Cohen’s d statistics for the RI at an ISI of
0ms and 20ms were 0.74 and 0.80, respectively. No rela-
tionship was observed between the MI effect score on RI
and FMA (Figure 2).

Regarding the stroke lesion, we observed no significant
differences between the RI at rest and during MI for either
ISI in the cortical lesion group. On the other hand, significant
differences were observed between the RI at rest and during
MI in the subcortical lesion group. In the subcortical lesion
group, MI enhanced the RI for both ISIs (Table 3).

3.2. Study 2: The Change in RI during MI after MI Training
Using BMI in Stroke Patients with Severe Hemiparesis. The
Wilcoxon signed-rank test showed significant improvement
in FMA after BMI training (21.4± 5.5 before versus 26.3
± 4.9 after training, p < 0 001).

Although we found no differences in RI at rest
between before and after BMI, the MI effect score on RI
at an ISI of 20ms was significantly increased after BMI

RI at rest RI during MI
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Figure 1: Comparison between reciprocal inhibition at rest and reciprocal inhibition during motor imagery. Significant changes were found
in reciprocal inhibition (RI) during motor imagery (MI) at both an interstimulus interval (ISI) of 0ms and 20ms compared with RI at rest.
Data are the mean± standard deviation.
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Figure 2: Correlation between the motor imagery effect score on reciprocal inhibition and motor function in the affected upper extremity.
With a conditioning test interstimulus interval (ISI) of both 0 and 20ms, no significant correlation was found between the motor imagery
(MI) effect score on reciprocal inhibition (RI) or the motor function in the affected upper extremity as assessed with the Fugl-Meyer
Assessment (FMA).

Table 3: Reciprocal inhibition at rest and during motor imagery in
the two groups according to stroke location.

RI at rest RI during MI

Cortical lesion (N = 7)
ISI 0ms 70.03± 31.07 62.71± 31.08 p = 0 12
ISI 20ms 96.27± 8.58 95.90± 17.40 p = 0 95

Subcortical lesion (N = 16)
ISI 0ms 72.42± 21.24 46.07± 28.61 p < 0 01
ISI 20ms 92.20± 14.70 66.99± 27.52 p < 0 01

RI: reciprocal inhibition; MI: motor imagery; ISI: interstimulus interval.
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(Table 4). MP using BMI was thought to enhance the
modifying effect of MI on RI.

4. Discussion

This is the first study to show that RI of the antagonist muscle
was increased during MI in patients with stroke. Moreover,
this change was not found in patients whose lesion was in
the cerebral cortex. In addition, we demonstrated that RI
was reinforced by MI training using BMI technology. These
results are helpful for understanding the effect of MI on
spinal neural circuits.

A lot of electrophysiological research investigating the
excitability of cortical and spinal pathways during MI has
been performed. In previous research using transcranial
magnetic stimulation, many researchers showed that the
excitability of the corticospinal tract is increased during MI
[9–12]. Therefore, MI-induced modulation is considered to
occur at cortical levels. However, little is known about the
effect of MI on spinal neural circuits, which has been
measured with several methods (i.e., H reflex, F wave,
cervicomedullary stimulation, and motor evoked potential).
Cervicomedullary stimulation-evoked potentials, which
provide a direct measurement of motoneuron excitability
by eliciting a single volley in descending axons at the pyrami-
dal decussation, are increased during MI [49]. Moreover, the
frequency of F wave occurrence, in which F waves are pro-
duced by backfiring of alpha motor neurons, is also increased
during MI [50, 51]. Thus, MI may generate a subliminal
impulse that does not induce a discharge of alpha motor neu-
rons. The result in this study indicated that not only alpha
motor neurons but also interneurons at the spinal level were
modulated during MI, because we observed an increase in
disynaptic and presynaptic inhibition of agonist muscles
during MI in patients with stroke. These modulations are
similar to those seen in motor execution [52]. In previous
studies, the authors thought that RI of the antagonist muscles
may occur at the cortical and spinal levels when measure-
ments were performed using indirect methods such as
transcranial magnetic stimulation and H reflex during MI
[53, 54]. In our study, we directly showed that RI of the
antagonist muscle was increased at the spinal level using
the FCR H reflex conditioning-test paradigm during MI
in patients with stroke.

The amount of RI, especially presynaptic inhibition, was
different depending on whether the lesion included the

cerebral cortex. These results implied that patients who had
brain lesions that included the cerebral cortex could not suf-
ficiently modulate their spinal neural circuits during MI. Sev-
eral hypotheses may explain this observation. The first
hypothesis is that the exercise image is not performed well
by patients with cortical lesions. The mechanisms of impair-
ments in MI performance have not been clarified. MI is the
internal representation of an action without any overt motor
output. Therefore, its origin is an internal process at the level
of the cortex. Indeed, parietal lobe damage impairs MI per-
formance [55, 56]. In this study, most patients in the cortical
lesion group had substantial damage to the parietal lobe
because of cerebral infarction at the middle cerebral artery.
Although we did not precisely investigate the damaged area,
we speculate that patients in the cortical lesion group could
not perform kinesthetic MI correctly. Therefore, the differ-
ence in the MI effect score on RI between the cortical lesion
group and the subcortical lesion group may reflect the
vividness of MI. This finding should be verified in a larger
within-subgroup sample in a future study.

A second hypothesis is also possible. Previous studies
have shown that presynaptic inhibition at the spinal level is
cortically mediated [57–60]. Thus, lesions in cerebral sites
may prevent cortically mediated changes in the inhibitory
mechanisms that take place at the spinal level. This hypothe-
sis is consistent with the results of our study 2. Presynaptic
inhibition during MI was reinforced by MI training using
BMI technology in patients with subcortical stroke in which
the sensorimotor cortex was spared. Because presynaptic
inhibition during the rest condition was not changed, we
consider that plastic changes did not occur at lower nervous
system levels that are intrinsically involved with RI. The MI-
induced descending volley to the interneurons involved with
presynaptic inhibition may have increased after BMI rehabil-
itation. In the BMI training, mu ERD was used as a
biomarker of motor intention. In a previous study, Takemi
et al. reported that the amount of ERD during MI is associ-
ated with corticospinal excitability and the potentiation of
spinal motoneurons [14, 50]. ERD during MI is gradually
increased in consecutive BMI rehabilitation sessions [61].
Thus, the MI-induced descending volley that is enhanced by
the effect of BMI rehabilitationmay increase presynaptic inhi-
bition during MI. This result supports the hypothesis that
presynaptic inhibition at the spinal level is corticallymediated.

Our study has some limitations. First, the small sample
size is a limitation, and some variables may have shown no

Table 4: Motor imagery effect on reciprocal inhibition after brain-machine interface training.

Pre-BMI After BMI

RI at rest

ISI 0ms 70.06± 24.46 74.71± 31.65 p = 0 47
ISI 20ms 84.64± 11.47 86.53± 16.90 p = 0 73

Motor imagery effect score on RI

ISI 0ms 92.83± 58.40 47.09± 22.16 p = 0 08
ISI 20ms 83.69± 24.43 66.43± 19.65 p = 0 04

BMI: brain-machine interface training; RI: reciprocal inhibition; ISI: interstimulus interval.

6 Neural Plasticity



significant differences between groups because of the small
sample size. The unbalanced sample with regard to stroke
severity is also a limitation. This study sample did not include
patients who have fairly mild paresis. Third, the ability to
perform MI and the quality of MI were not evaluated. In
future studies, the ability to perform MI should be assessed
with a questionnaire (e.g., the Kinesthetic and Visual Imag-
ery Questionnaire). Despite these limitations, we believe that
the present findings are helpful for understanding the effect
of MI on spinal neural circuits and are also useful as supple-
mentary evidence about the effectiveness of MI training in
patients with stoke.

5. Conclusion

Our findings indicate that RI of the antagonist muscle was
increased while imagining a contraction of the agonist mus-
cle in patients with stroke and that RI was reinforced by MI
training using BMI training.
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Objective. To evaluate the concurrent and training effects of action observation (AO) and action execution with mirror visual
feedback (MVF) on the activation of the mirror neuron system (MNS) and its relationship with the activation of the motor
cortex in stroke individuals. Methods. A literature search using CINAHL, PubMed, PsycINFO, Medline, Web of Science, and
SCOPUS to find relevant studies was performed. Results. A total of 19 articles were included. Two functional magnetic
resonance imaging (fMRI) studies reported that MVF could activate the ipsilesional primary motor cortex as well as the MNS in
stroke individuals, whereas two other fMRI studies found that the MNS was not activated by MVF in stroke individuals. Two
clinical trials reported that long-term action execution with MVF induced a shift of activation toward the ipsilesional
hemisphere. Five fMRI studies showed that AO activated the MNS, of which, three found the activation of movement-related
areas. Five electroencephalography (EEG) studies demonstrated that AO or MVF enhanced mu suppression over the
sensorimotor cortex. Conclusions. MVF may contribute to stroke recovery by revising the interhemispheric imbalance caused by
stroke due to the activation of the MNS. AO may also promote motor relearning in stroke individuals by activating the MNS
and motor cortex.

1. Introduction

Stroke is one of the leading causes of adult disability. Patients
commonly suffer lasting motor impairments and functional
disability following a stroke [1]. A substantial number of
advanced rehabilitation strategies have been applied in upper
limb stroke rehabilitation, such as robot-assisted therapy [2],
constraint-induced movement training (CIMT) [3], and vir-
tual reality- (VR-) based rehabilitation [4], which are aimed
at helping stroke survivors relearn motor skills through
intensive training. These rehabilitation strategies have been
reported to improve patients’ motor functions by inducing
experience-dependent neuroplasticity in their damaged
hemispheres [5–7]. However, the neuroplasticity resulting
from intensive-based interventions may be limited if the
residual motor functions of the patients are also extremely
limited. It is crucial to find an adjunct therapy, on top of limb

training, to enhance the recovery of the ipsilesional motor
cortex of patients with severe hemiplegia, in order to over-
come the learned nonuse phenomenon in such patient pop-
ulations [8].

There is evidence to support the theory that cortical areas
involved in motor execution can be activated by observing
actions performed by others, which is attributed to the func-
tion of the mirror neuron system (MNS). The MNS is a class
of neural substrates that discharges during action observation
(AO) and action execution [9, 10]. The MNS is also associ-
ated with various human functions, such as motor prepara-
tion [11], motion imitation [12, 13], language [14], and
emotion recognition [15, 16]. In humans, the core MNS is
understood to be located in the inferior frontal gyrus (IFG),
including the ventral premotor cortex (PMv), the inferior
parietal lobule (IPL), and the intraparietal sulcus (IPS)
[9, 17]. An extended MNS involves additional brain regions,
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such as the primary motor cortex, the primary somatosen-
sory cortex, and the middle frontal cortex [18]. A bilaterally
distributed parietofrontal network with mirror neuron
(MN) properties (i.e., parietofrontal MNS) has been pro-
posed, which serves as a neural substrate to achieve the trans-
formation of visual information into cortical areas for motor
execution (i.e., visuomotor transformation) [19].

Based on this theory, researchers believe that the motor
cortex could be primed by activating the MNS, thus boosting
the efficacy of standardized rehabilitation for patients after
strokes [17, 20]. Subsequently, various rehabilitative strate-
gies, aimed at facilitating the motor cortex through activating
the MNS, have been applied in stroke rehabilitation, includ-
ing action observation training (AOT) [21, 22] and action
execution with MVF [23]. AOT usually consists of a session
of AO followed by a session of imitating the observed action
[22]. Some clinical trials have supported the efficacy of AO as
a motor priming tool in stroke rehabilitation [24–28]. Previ-
ous neuroimaging studies have identified a bilateral AO net-
work over the frontal, parietal, temporal, and occipital areas
in the brain, which encompass the core MNS [29, 30]. Action
execution with MVF, including mirror therapy (MT) [23],
mirror box therapy [31], and VR-based MT [32], is already
a commonly employed regimen in stroke rehabilitation. By
virtue of MVF, patients receive a visual illusion showing that
their hemiplegic upper limbs are moving normally when they
move their nonparetic upper limbs simultaneously [23].
MVF could boost the effects of the conventional upper limb
rehabilitation of stroke [33]. It has been proposed that the
training-induced effects of MVF arise from the activation
of the ipsilesional primary motor cortex by enriching the
visual and proprioceptive inputs to the MNS [10, 19, 34],
but this hypothesis has not been duly confirmed in human
studies [35].

It is feasible nowadays for researchers to objectively mea-
sure the brain’s activities before and after interventions using
advanced functional neuroimaging and electrophysiological
techniques [36]. An increasing number of studies regarding
the effects of these two promising motor priming techniques
(AO andMVF) on brain activation in stroke individuals have
been published. However, there is a lack of focused reviews
investigating the effects of AO or action execution with
MVF on the activation of MNS and its subsequent effects
on the activation of the motor cortex in patients who have
had a stroke. We conducted this systematic review to evaluate
the concurrent and training effects of AO and action execu-
tion with MVF on the activation of the MNS in stroke indi-
viduals, by reviewing available experimental studies as well
as clinical trials with functional neuroimaging or electro-
physiological examinations. In order to understand the role
of theMNS in upper limb stroke rehabilitation, we have sum-
marized the following information in this review: (1) MNS
activation and (2) MNS activation and its relationship with
the activation of the motor cortex.

2. Methods

2.1. Literature Search. A literature search for relevant studies
was conducted using CINAHL (the Cumulative Index to

Nursing and Allied Health Literature), PubMed, PsycINFO,
Medline, SCIE (Science Citation Index Expanded), and
SCOPUS. Two of the authors of this review independently
identified the relevant studies. Keywords used during the
search were “stroke” OR “hemiplegia”; “action observation”
OR “action observation training” OR “mirror visual feed-
back” OR “mirror neuron” OR “mirror therapy” OR “mir-
ror box therapy”; and “functional imaging” OR “functional
magnetic resonance imaging”OR “fMRI”OR “electroenceph-
alography” OR “EEG” OR “near-infrared spectrometry” OR
“NIRS”OR “magnetoencephalography”OR “MEG”OR “pos-
itron emission tomography” OR “PET”. The date of publica-
tion was limited to 10 years, from January 2007 to November
2017. The reference lists of the retrieved articles were manu-
ally searched to identify any further relevant articles.

2.2. Selection Criteria.We used the PICOS method to formu-
late our selection criteria. Studies that satisfied all the follow-
ing criteria were considered for this review.

Population (P): studies recruiting adult patients diag-
nosed with having had strokes; intervention (I): interventions
or experimental paradigms using AO or MVF in regard to
upper limb actions; comparison (C): control conditions with-
out AO or MVF or using sham AO or MVF; outcomes (O):
studies providing anatomical evidence of brain activation
induced by AO or action execution withMVF, as represented
by signal changes in PET, fMRI, or fNIRS; or using previ-
ously validated electrophysiological indices of MN activities,
such as event-related desynchronization (ERD) of the mu
band (i.e., mu suppression) [37] or the ERD of the beta band
(i.e., beta suppression) [38]; or employing an advance analy-
sis to explore the neural network related to AO or MVF,
including but not limited to dynamic casual modelling
(DCM) in regard to fMRI or a coherence analysis of EEG;
and study design (S): clinical trials investigating the training
effects or experimental studies investigating the concurrent
effects of the relevant experimental condition.

Studies were excluded if (1) they only recruited healthy
subjects or patients with other primary diagnoses (e.g.,
Parkinson’s disease); (2) they only focused on the lower limb
or trunk actions; (3) the final analyzed sample size was less
than five; (4) they were published as conference proceedings,
dissertations, or in books; and (5) they were not published in
English language.

2.3. Data Extraction. After identifying relevant studies, two
authors independently extracted the following information
from each article: (1) the characteristics of participants; (2)
the protocol of the intervention or experiment; (3) the
modalities of the functional neuroimaging or electrophysio-
logical techniques used in the study; and (4) the main results
of the studies. Any disagreement was settled by discussion
with the third author.

2.4. Quality Assessment. We assessed the quality of the
randomized controlled trials (RCTs) in regard to the training
effects of AOT or action execution with MVF in patients who
have had strokes, based on the Physiotherapy Evidence Data-
base (PEDro) scale. Both independent reviewers evaluated
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each article. The PEDro scale consists of 11 items. The first
criterion, item eligibility, is not scored, as it is used as a
component of external validity. The other criteria included
random allocation, concealment of allocation, baseline
equivalence, blinding procedure, intention to treat analysis,
adequate follow-up, between-group statistical analysis, mea-
surement of data variability, and point estimates. Any scoring
discrepancies were resolved.

3. Results

3.1. Identification Process for the Selection of the Studies. The
initial search yielded 332 results. After removing duplicates, a
total of 191 records were screened, of which, 138 citations
were excluded for the following reasons: the studies were
reviews or meta-analyses (n = 18); the studies’ protocols
(n = 6); the studies focused on infants, children, or adoles-
cents (n = 4); the studies enrolled only healthy participants
or patients with neurological diseases other than strokes
(n = 58); or the studies were irrelevant (n = 52). The remain-
ing 53 articles were subjected to full-text reading, of which 34
articles were removed for the following reasons: the studies
did not use functional neuroimaging or electrophysiological
techniques for stroke participants (n = 17); the final analyzed
sample sizes of the studies were less than five (n = 8); studies
of motion observation with a brain-computer interface (n = 2);
the visual feedback was based on the lower limbs or trunk
actions, rather than upper limb actions (n = 4) [39–42]; or
the studies used EEG spectrum analysis alone (n = 1) [43].
One study focused on the functional neuroplasticity
induced by observing the skills of tool use, which was
hard to compare with other protocols of AO. Another
study enrolled both patients who have had strokes and
brain tumors, and the data of stroke participants could
not be separated; these studies were hence excluded
[16, 44]. Finally, 19 articles satisfied our inclusion criteria
and were included in the present review [13, 22, 28, 34,
45–59]. Figure 1 shows the identification process for the
selection of studies.

3.2. Clinical Trials regarding the Training Effects of Long-
Term Intervention. Among the included studies, six studies
focused on the training effects of long-term therapeutic
programs [22, 28, 45, 46, 52, 59]. Four of these were RCTs
[22, 28, 45, 52], and the other two were interventional studies
with pre-post comparisons [46, 59]. Three studies investi-
gated the training effects of bimanual training with MVF
(four- to eight-week interventions) [45, 46, 52]. Of these,
two identified a shift of activation toward the ipsilesional
hemisphere [46, 52], evidenced by fMRI. Cortical areas
activated by MVF mainly included the primary motor cortex
[46, 52] and the premotor cortex (PMC) [46]. A study with
EEG reported that mu suppression over sensorimotor cortex
(SMC) was higher in the group with MVF [45]. Sun et al.,
who also used mu suppression as an index, reported addi-
tional benefits of AO on the basis of motor imagery (MI) in
regard to enhancing mu suppression over the ipsilesional
SMC, compared with the control group (MI alone) [28]. A
fNIRS study measured the difference in brain activity of

participants before and after four weeks of MT in addition
to conventional rehabilitation; however, the difference in
the activation pattern over the primary motor cortex and
the precuneus was insignificant over time [59].

An RCT investigating the training effects of AO found
that the four-week AOT (AO followed by imitation) induced
more evident activation over bilateral PMv, bilateral superior
temporal gyrus (STG), supplementary motor area (SMA)
over the contralesional hemisphere, and supramarginal gyrus
(SMG) over the ipsilesional hemisphere, relative to the con-
trol group watching nonbiological videos followed by action
execution [22]. Characteristics of these studies are summa-
rized in Table 1.

3.3. Experimental Studies with fMRI Findings. Eight articles
explored the concurrent effects of AO or action execution
with MVF on brain activation, evidenced by fMRI [34, 47,
48, 50, 53, 55–57]. In studies regarding MVF, Michielsen
et al. found that bimanual movement with MVF led to signif-
icant activation of the precuneus and the posterior cingulate
cortex (PCC), rather than the MNS [53]. However, Saleh
et al. [34, 55] reported that the ipsilesional primary motor
cortex was activated by MVF, and connectivity between the
ipsilesional primary somatosensory cortex and the primary
motor cortex was stronger, relative to the control group with-
out MVF [55]. The source of the ipsilesional primary motor
cortex activation was further found by the DCM to be the
contralesional intraparietal sulcus (IPS) [34]. Wang et al.
reported that lateralized activation toward the affected hemi-
sphere was in favor of virtual MVF, as reflected by the peak T
value of the precuneus in the majority of their samples [57].

For studies concerning AO, Szameitat et al. found that
AO of wrist movement activated the PMC and IPL; however,
the pattern of neural activation in action execution more
resembled MI, rather than AO [56]. Garrison et al. reported
that left IFG, SMG, and bilateral precentral gyrus were acti-
vated during right-hand (paretic side) observation of reach
and grasp actions. Lateralized activation toward the ipsile-
sional hemisphere was also noted [50]. During left-hand
AO (nonparetic side), the bilateral activation was relatively
symmetrical in stroke individuals. Brunner et al. [47] devised
a protocol to observe bimanual action; they reported that
stroke individuals (within one-to-two weeks after the stroke)
showed activation in inferior and superior parietal lobes,
IFG, and the primary motor cortex during AO. In the second
fMRI exam (three months after the stroke), the neural
response to AO was extended to more movement-related
areas, including the PMC, primary motor cortex, and the
SMA. The neural response to AO was increased from one
or two weeks to three months after the individual suffered a
stroke. Dettmers et al. compared the brain activities during
AO and MI of patients with left or right subcortical strokes
and reported that patients with left subcortical strokes pre-
sented higher levels of activity than those with right subcor-
tical strokes [48]. The brain activation induced by AO or
MVF shown by fMRI are summarized in Table 2.

3.4. Experimental Studies with EEG or MEG. Four experi-
ments measured the concurrent effects of AO on mu rhythm

3Neural Plasticity



using EEG [13, 49, 51, 58]. Another study used MEG to
measure the difference in beta suppression during bimanual
movement with and without MVF [54]. Kuk et al. reported
the whole brain topography based on mu rhythm before
and after AO and found that the middle frontal gyrus
(MFG) was less active after a total of five sessions of AO
[51]. Frenkel-Toledo et al. reported that observations of

the reach-and-grasp hand action could induce mu suppres-
sion over the SMC, but the magnitude of mu suppression
was significantly lower in the affected hemisphere, relative
to the unaffected hemisphere. Mu suppression over the
unaffected side was attenuated in patients with lesions over
the right IPL [13, 49]. Tani et al. also showed that AO of the
open-and-close action by the paretic hand induced stronger
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Figure 1: Flowchart of literature search.
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mu suppression than the MI of the same action in stroke
individuals [58]. Interhemispheric imbalance of movement-
related beta suppression was noted in stroke participants in
the study by Rossiter et al. when performing the bimanual
open-and-close action. The initial asymmetricity was partially
attenuated by MVF [54]. Characteristics of the experimental
studies are summarized in Table 3, and brain activation
induced by AO or MVF, measured by fMRI, is summarized
in Table 2.

3.5. Methodological Quality of Included Randomized
Controlled Trials. Four RCTs were included in this review

[22, 28, 45, 52]. The results of the assessment of methodolog-
ical quality are summarized in Table 4.

4. Discussion

The present study is aimed at systematically evaluating the
evidence of MNS activation induced by AO or MVF and its
potential effects on the activation of the motor cortex in
patients who have had strokes. The main findings of the pres-
ent review are (1) the ipsilesional primary motor cortex can
be facilitated by MVF [46, 52], which may be achieved by
recruiting the MNS [34, 55]; (2) long-term action execution

Table 2: Brain activation or lateralization of brain activation measured by fMRI.

Brain areas

Concurrent effect of
MVF versus the control
without MVF during a

motor task

Long-term rehabilitation
with MVF versus the control

without MVF

Concurrent effect of AO
versus the control

Long-term rehabilitation
with AO versus the control

without AO

Frontal lobes

Primary motor
cortex

Ipsilesional
activation [34, 55]

Ipsilesional lateralization
[46, 52]

Bilateral activation [47];
ipsilesional lateralization [50]

Premotor cortex Ipsilesional lateralization [46]
Bilateral activation [47];
ipsilesional activation [56]

Bilateral activation [22]

Supplementary
motor area

Bilateral activation [47]
Contralesional activation

[22]

Superior frontal
gyrus

Ipsilesional activation [48]

Inferior frontal
gyrus

Bilateral activation [47];
ipsilesional lateralization

[48, 50]

Prefrontal gyrus Ipsilesional activation [48]

Parietal lobes

Primary
somatosensory
cortex

Bilateral activation
[34, 55]

Superior parietal
gyrus

Bilateral activation [47];
ipsilesional activation [48]

Precuneus
Bilateral activation

[34, 53, 55]; ipsilesional
lateralization [57]

Inferior parietal
gyrus

Ipsilesional activation [56];
bilateral activation [47]

Supramarginal
gyrus

Contralesional
activation [34, 55]

Ipsilesional lateralization [50] Ipsilesional activation [22]

Intraparietal
sulcus

Contralesional
activation [34, 55]

Posterior cingular
cortex

Contralesional
activation [53]

Temporal lobes

Superior
temporal gyrus

Bilateral activation [22]

Inferior temporal
gyrus

Bilateral activation [47]

Occipital lobes

Occipital gyrus Bilateral activation [47]

Notes: MVF: mirror visual feedback; AO: action observation. Garrison et al. [50]: results of AO of the paretic hand movement were used; Bhasin et al [46]: the
result of within-group difference was used, because the study did not have a control group.
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with MVF resulted in a shifted activation toward the ipsile-
sional hemispheres in patients who have had strokes; hence,
a more symmetrical state between the two hemispheres
may be achieved [46, 52]; (3) AO induced broader brain acti-
vation in the frontal, parietal, temporal, and occipital areas in
patients who have had strokes, which encompassed the MNS,
as well as cortical areas of motor execution, including the pri-
mary motor cortex, PMC, and SMA [22, 47, 48, 50]; (4) mu
suppression can be induced by AO in patients who have
had strokes; however, mu suppression over the affected
hemisphere is relatively diminished [13, 49, 58]; and (5)
MVF [45] or AO [28] embedded in long-term rehabilitation
could bring about additional neurophysiological effects in
patients after they have had strokes, reflected by more evi-
dent mu suppression, which may indicate that MN activities
can be increased by this training.

A classical pathological change following stroke involves
the activities of the affected hemispheres being suppressed,
while those of less affected hemispheres are heightened,
due to interhemispheric competition rivalry [60]; hence,
successful motor recovery in patients who have had strokes
could be achieved by normalizing the interhemispheric
asymmetricity and promoting the neuroplasticity of the ipsi-
lesional motor cortex [61, 62]. As the present review has
shown, long-term MVF can contribute to a shift in activa-
tion toward the affected hemisphere [46, 52]. Furthermore,
MVF transiently attenuates the asymmetric activities of
movement-related beta suppression [54]. These findings
can partially explain the beneficial effects of MT, which
induces more symmetrical activities between the two hemi-
spheres in patients who have had strokes. This is in line with

previous findings regarding the effects of MVF on the
healthy brain [35]. However, evidence to support the way
in which AO can induce a shift of activation toward the
affected hemisphere is relatively limited [50].

The difference between the activation patterns of MVF
and AO can be identified. MVF mainly activates the ipsile-
sional primary motor cortex [34, 40, 46, 52, 55], the PMC
[46], the primary somatosensory cortex [34, 40, 55], and
the IPL [34, 55]. Two articles (one study) using effective con-
nectivity and DCM have proposed that MVF could increase
the connectivity between the ipsilesional primary somatosen-
sory and primary motor cortex [55]. This study also suggests
that the activation of the ipsilesional primary motor cortex
may arise from contralesional IPS [34], which is a part of
theMNS. These results are in line with the assumed functions
of the MNS: visuomotor transformation. However, this con-
clusion should be interpreted with caution, since some stud-
ies have not identified the MNS activation by MVF in either
patients who have had strokes [53] or healthy subjects [35].
The studies by Saleh et al. did not choose another frontal
MNS (e.g., PMC) as the node in the DCM [34, 55]. As the
first fMRI study with DCM that supports the activation of
the MNS induced by MVF and its subsequent effects on the
activation of the primary motor cortex [34], it is worthwhile
to further explore the neural network underlying theMVF, in
order to explain the role of the MNS in the network.

For AO, the activated brain regions were much broader,
including IFG [47, 50], the PMC [22, 47, 48], the IPL [47],
the primary motor cortex [47, 50], and temporal and occipi-
tal structures, which encompass the parietofrontal MNS as
well as the cortical areas for motor execution (e.g., the pri-
mary motor cortex, PMC, and SMA). Small et al. proposed
a model of brain repair after a stroke, which hypothesized
that the MNS activation induced by AO may promote the
reorganization of the cortical motor loop (i.e., the primary
motor cortex, PMC, and SMA), thereby improving the motor
functions of stroke survivors [63]. Our findings provide ana-
tomical evidence to support this model. Observations of the
bimanual action elicited a similar activation pattern as the
execution of the same action in one study [47], whereas
another study showed that AO (of a simple wrist movement)
activated a part of the PMC and IPL, which did not resemble
the activation pattern of action execution to such a great
extent [56]. This difference may be attributed to different
experimental paradigms of AO. The AO network, which
may be involved in the understanding of motor intention,
may have a stronger response to an object-directed or goal-
directed action [64, 65], relative to a single action without
meaning, although this is still inconclusive [66]. All in all,
the results are still consistent with previously defined bilateral
AO networks in healthy human brains [29, 30]. The neural
network underlying the AO remains unclear.

The activation patterns of MVF and AO are obviously
different. AO elicited broader activation of the frontal, parie-
tal, temporal, and occipital areas, while the activated regions
of MVF mainly covered the frontal and parietal structures.
The difference between these two regimens is that the partic-
ipants were required to perform bilateral or unilateral move-
ment themselves when observing the visual feedback in the

Table 4: Methodological assessment of included studies using the
PEDro scale∗.

Criterion
Ertelt

et al. [22]
Michielsen
et al. [52]

Bae
et al. [45]

Sun
et al. [28]

Eligibility criteria Yes Yes No Yes

Random
allocation

1 1 1 1

Concealed
allocation

0 1 0 0

Baseline
comparability

1 1 1 1

Blind subjects 0 0 0 0

Blind therapists 0 0 0 0

Blind assessors 0 1 0 1

Adequate
follow-up

1 1 0 1

Intention-to-
treat analysis

0 1 0 1

Between group
comparisons

1 1 1 1

Point estimates
and variability

1 1 1 1

Total scores 5 8 4 7
∗The PEDro scores were taken from the PEDro website, except Ertelt et al.
[22] and Sun et al. [28], which were rated by our team.
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MVF experiments, while this was not required in the AO
experiments. Previous studies have assumed that there are
different neural networks in response to AO and MVF
[35, 67], and this opinion was confirmed by the present
review in the stroke cohorts. Even though the underlying neu-
ral network cannot be fully understood at this stage, MNS
activation seems to play a key role in both AO- and MVF-
induced functional plasticities. There have been several TMS
studies that have provided indirect evidence of the activation
of the primary motor cortex by AO or MVF [27, 68]. There-
fore, these two modalities can be viewed as optional motor
priming tools for stroke rehabilitation. However, there is still
a lack of studies directly comparing the clinical improvements
and the pattern of neuroplasticity induced by MVF and AO
[69] and whether or not the activation pattern is congruent
with the clinical improvements in patients with stroke.

Brain waveforms recorded by EEG are altered by AO,
reflected by lower alpha power and higher beta power over
the frontal, central, and occipital electrodes [41, 42]. Some
studies have also shown that the electrophysiological
responses to AO may decrease after repetitive stimulations
[43, 51]. These changes may be related to the changes in cog-
nitive activities related to the understanding of motor inten-
tion after receiving visual feedback [70]. However, pure
spectrum analysis is less likely than detailed EEG analyses,
for example, time-frequency analysis, to reflect MN activity
and stroke recovery [71, 72]. A recent meta-analysis indi-
cated that both AO and action execution could induce the
suppression of mu rhythm with a significant effect size [73].
This property of dual activation makes the mu suppression
a signature of human mirror neuron activity [37, 74].
Regarding the studies included in the present review, two
articles investigated AO-induced mu suppression in stroke
individuals and its relationship with brain lesions [13, 49].
They found that the magnitude of mu suppression was
reduced in the affected hemisphere, relative to the unaffected
hemisphere, which was also identified by another study [58].
Two RCTs demonstrated that AO- or MI-induced mu sup-
pression can be enhanced after long-term AOT [28] or train-
ing with MVF [45], which implies enhanced MN activities
after the AO or MI training. Lesion analysis also showed that
the damage over IPL or IFG was correlated with the dimin-
ished mu suppression, which indicates that mu suppression
may be a specific index of MN activities [13, 16, 49].

One study demonstrated that behavioral improvement is
correlated with the neural response to AO (measured by
fMRI) in stroke individuals, which indicates that the AO-
induced neural response is likely to be an indicator that can
evaluate the arm motor recovery of patients who have had
strokes within the first three months [47]. As the MNS is cor-
related with motion imitation [75], its activation may be a
neurobiomarker that can measure the potential of motor
learning in patients who have had strokes [47], which could
also be measured by mu suppression. The predictive value
of mu suppression and its relationship with motor improve-
ment remain speculative. Other frequency bands related to
action execution and AO, such as the beta band, might also
be suitable candidates in regard to measuring MN activities
[38, 76], although evidence of this in the stroke population

is fairly limited [54]. As EEG is a relatively low-cost tech-
nique, further studies are encouraged to longitudinally
explore the role of the ERD of different frequency ranges over
various brain regions in patients who have had strokes. This
neurobiomarker may also serve as a useful reference of the
patients’ motor recovery trajectory and motor relearning
potential, promoted by MNS activation in stroke individuals.

There are some limitations in the present review. First,
the heterogeneous protocols of AO and MVF and different
experimental designs in regard to implementing neuroimag-
ing hindered us from giving a firm and precise conclusion.
Second, potentially confounding factors cannot be fully
explained, based on currently available evidence, such as
the dominance of handedness [48] and the nature of stroke
lesions [48], which may result in different responses to AO
and MVF. Further studies are warranted to answer these
questions. Finally, restricting our review to English publica-
tions may have resulted in language bias.

5. Conclusions

MVF may contribute to stroke recovery by revising the inter-
hemispheric imbalance, and MNS recruitment may be one of
the potential neural mechanisms in this process. AO is associ-
ated with the activation of the MNS and motor cortex, which
may promote motor relearning in stroke individuals. More
rigorous studieswith functional neuroimaging or electrophys-
iological techniques should be performed to further explain
the different functional neural networks underlying AO or
MVF and to explore the relationship between MN activities
and clinical recovery in patients who have had strokes.
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Motor imagery (MI), the mental simulation of an action, influences the cortical, corticospinal, and spinal levels, despite the lack of
somatosensory afferent feedbacks. The aim of this study was to analyze the effect of MI associated with somatosensory stimulation
(SS) on the corticospinal and spinal excitabilities. We used transcranial magnetic stimulation and peripheral nerve stimulation to
induce motor-evoked potentials (MEP) and H-reflexes, respectively, in soleus and medialis gastrocnemius (MG) muscles of the
right leg. Twelve participants performed three tasks: (1) MI of submaximal plantar flexion, (2) SS at 65Hz on the posterior tibial
nerve with an intensity below the motor threshold, and (3) MI + SS. MEP and H-reflex amplitudes were recorded before, during,
and after the tasks. Our results confirmed that MI increased corticospinal excitability in a time-specific manner. We found that
MI + SS tended to potentiate MEP amplitude of the MG muscle compared to MI alone. We confirmed that SS decreased spinal
excitability, and this decrease was partially compensated when combined with MI, especially for the MG muscle. The increase of
CSE could be explained by a modulation of the spinal inhibitions induced by SS, depending on the amount of afferent feedbacks.

1. Introduction

Motor imagery (MI) is the mental simulation of a movement
without muscular activities [1]. MI activates the motor corti-
cal network, such as the primary motor cortex (M1), the pre-
motor cortex, the supplementary motor area, and the parietal
cortex [2], a network also involved when the movement is
actually executed [3]. Most transcranial magnetic stimulation
(TMS) studies have reported an increase of the corticospinal
excitability (CSE) during MI in comparison to the rest, as
evidenced by an increase of the motor-evoked potential
(MEP) amplitude [4, 5]. Recently, the subliminal motor
command evoked during MI has been evidenced to reach
the spinal level and to modify the excitability of inhibitory
interneurons [4].

Most of the previous cited results have been observed
using kinesthetic imagery modality, which consists in imag-
ining the actual movement feelings associated with its reali-
zation. Indeed, this MI modality has been reported to
induce greater CSE increase in comparison to the visual

modality [6, 7]. This difference is most likely due to the acti-
vation of the somatosensory cortex during kinesthetic MI [8],
which interacts with M1 [3]. Interestingly, no somatosensory
feedbacks related to the imagined movement are available as
no movement is produced during MI. Therefore, the under-
standing of the interaction between MI and somatosensory
feedbacks induced artificially could promote the use of MI
for motor performance improvement [9].

Few studies analyzed the interaction between MI and
external somatosensory inputs, such as those induced by
somatosensory electrical nerve stimulation (SS). Saito et al.
[10] measured CSE during an imagined opposition finger
task combined with SS (10Hz, 1ms pulse width for 20
seconds). They observed an increase of CSE in the thumb
muscle when SS intensity was set at the motor threshold.
Similarly, Kaneko et al. [11] found an increase of CSE during
an imagined index abduction combined with SS (50Hz, 1ms
pulse width for 2–4 seconds) when the intensity was above
the motor threshold in comparison to MI alone. These stud-
ies demonstrated the additional influence of SS during MI on
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upper-limb CSE. However, the SS intensity was set at or
above the motor threshold, inducing force development that
can modulate MEP amplitude [12]. Indeed, the CSE increase,
observed during the stimulation above the motor threshold,
could be attributed to the direct activation of the alpha-
motoneuron rather than the sole activation of the somato-
sensory afferent pathway. Indeed, peripheral somatosensory
stimulation evoked near the motor threshold activates pro-
prioceptive, sensory and cutaneous afferent fibers [13].
Repetitive activation of these fibers induces inhibitory and/
or excitatory neurotransmitter release into the synaptic cleft
that can modulate the excitability threshold, that is, the
electrophysiological properties of the resting motor neuron
membrane. Thus, when a cortical stimulation is induced,
the motor neuron may not be in the same state and the
MEP amplitude may be affected [14]. This phenomenon is
accentuated as the stimulation intensity is high, due to the
greater number of fibers activated. In summary, CSE change
may be related to the modulation of cortical and/or spinal
excitability when the peripheral somatosensory stimulation
is near the motor threshold [15]. Therefore, to properly
examine the neural impact of the solicitation of afferent fibers
during MI, it appears necessary to analyze both corticospinal
and spinal excitabilities with SS below the motor threshold
that avoids the contamination of the efferent pathway.

In the current study, we conducted a couple of experi-
ments aiming at determining whether the combination of
MI and SS below the motor threshold exacerbated the effect
of MI on corticospinal and spinal excitabilities. In the first
experiment, the participants performed 3 tasks: (1) MI alone,
(2) SS alone (65Hz), and (3) MI combined with SS. We
assessed corticospinal and spinal excitabilities at different
time points to probe the effects and aftereffects of MI and
SS. We hypothesized that MI associated with SS would
potentiate to a greater extent corticospinal and spinal excit-
abilities. We investigated CSE by measuring MEP amplitude
evoked by TMS over M1 and spinal excitability by measuring
H-reflex amplitude evoked by peripheral electrical nerve
stimulation (PNS) over the posterior tibial nerve. In our
experimental setup, we applied several PNS with short inter-
stimulus intervals (ranged between 5 s and 10 s) that can
affect spinal excitability due to homonymous postactivation
depression [16–18]. Therefore, we conducted a second exper-
iment to quantify the effect of successive PNS on spinal excit-
ability at rest and during MI for our specific setup.

2. Methods

2.1. Subjects. Twelve young healthy adults volunteered to
participate in experiment 1 (10 males and 2 females; age
26± 8.6 years, height 175± 8.7 cm, and weight 72.3± 8.8 kg).
Data analysis was performed on the data from 11 of the par-
ticipants, as data from one participant were discarded due to
data saving errors. Eight young healthy adults volunteered to
participate in experiment 2 (7 males and 1 female; age 28
± 10 years, height 175.5± 3.8 cm, and weight 72.3± 7.5 kg),
three of them participating in both experiments. Partici-
pants had no history of neurological and musculoskeletal
disorders. They were normally active and gave their written

consent. They did not engage in any strenuous physical
activity for at least 24 h before the experimental sessions.
All protocols of the current investigation were approved
by the University of Burgundy Committee on Human
Research and were performed in accordance with the Dec-
laration of Helsinki.

2.2. Experimental Setup

2.2.1. Mechanical Recording. Participants sat in a position
with hip, knee, and ankle joints placed at a 90° angular posi-
tion. Measurements were realized on the right calf muscles
with the foot secured by two straps to the footplate of a dyna-
mometer (Biodex, Shirley, NY, USA) with the motor axis
aligned with the external malleolus of the ankle. Participants
were securely stabilized by two crossover shoulder harnesses,
and head movements were reduced by a cervical collar
strapped to the headrest of the seat.

2.2.2. Electromyographic Recording. The electromyographic
activity (EMG) was recorded from two muscles of the right
sural triceps (soleus (SOL) and medialis gastrocnemius
(MG)) using silver-chloride surface electrodes (8mm
diameter, Ag-AgCl, Mini KR, Contrôle-Graphique S.A.,
Brie-Comte-Robert, France). Bipolar surface electrodes
(interelectrode center-to-center distance of 2 cm) were
placed on the midmuscle belly for MG and along the mid-
dorsal line of the leg, about 2 cm below the insertion of
the gastrocnemius on the Achilles tendon for SOL. The
reference electrode was placed between two gastrocnemius
muscles of the right leg, below the stimulation site. Before
electrode placement, the skin was shaved and cleaned with
alcohol to obtain low impedance (<5 kΩ). EMG signals
were amplified with a bandwidth frequency ranging from
15Hz to 1 kHz (gain = 1000) and digitized online at a
sampling frequency of 5 kHz using TIDA software (HEKA
Elektronik, Lambrecht/Pfalz, Germany).

2.2.3. Transcranial Magnetic Stimulation. A TMS figure-of-
eight-shaped conic coil (70mm loop diameter) was posi-
tioned over the left M1 with anteroposterior-directed current
orientation to elicit MEPs in SOL and MG muscles of the
right leg (Magstim 200, Magstim Company Ltd., Great
Britain). To find the optimal site, we stimulated the M1 area
of the triceps surae muscle by starting from 1 cm posterior
and 1 cm lateral to the vertex of the participant’s head and
using the lowest stimulation intensity that evoked the great-
est amplitude in the SOL and MG muscles. Once the optimal
site was found, a mark was placed on the scalp to ensure con-
sistency between stimulations. The coil was then secured by
using a homemade tripod with a lockable articulated arm
(Otello Factory, T&O brand, France). Then, we realized a
recruitment curve at rest to determine the optimal stimula-
tion intensity. The stimulation intensity was increased by
steps of 5% of the maximum stimulator output (MSO), and
four consecutive stimulations were applied at the same inten-
sity. The optimal intensity was defined when evoking the
greatest and the less variable MEP amplitudes on the ascend-
ing part of the recruitment curve of both muscles (variation
coefficient< 5%). During exp. 1, mean TMS intensity was

2 Neural Plasticity



72± 10% MSO (range: 60 to 98% MSO) corresponding to
131± 15% and 124± 16% of the rest motor threshold for
SOL and MG, respectively. These stimulation intensities are
in the range of those classically used in the literature when
analyzing the CSE [19].

2.2.4. Peripheral Nerve Stimulation (PNS). To evoke M and H
waves, a single 1ms rectangular pulse was applied to the
posterior tibial nerve using a Digitimer stimulator (model
DS7, Hertfordshire, UK). We first placed the cathode elec-
trode stylus in the popliteal fossa and the anode electrode
(5 × 10 cm, Medicompex SA, Ecublens, Switzerland) over
the patellar tendon, to find the optimal stimulation site, that
is, the greatest H-reflex amplitude or M-wave amplitude for
the SOL with the lowest stimulation intensity. Once the opti-
mal site was found, we replaced the stylus with a surface elec-
trode (8mm diameter, Ag-AgCl), secured with a rubber
band. Then, we realized a recruitment curve at rest to deter-
mine the three optimal stimulation intensities that evoked (1)
the lowest EMG response (defined as the rest motor thresh-
old (rMT)), (2) the most reproducible H-reflex, and (3) the
maximal M-wave (Mmax). For each participant, the stimula-
tion intensity was progressively increased, with a 0.5mA step,
to the Mmax amplitude.

In exp. 1, the mean PNS intensity inducing an H-reflex of
about 10–15% of Mmax was 9 1 ± 4 9mA. The mean PNS
intensity was 52 3 ± 20 6mA corresponding to Mmax wave
amplitude of 8 0 ± 4 5mV. For the somatosensory stimula-
tion (SS), we applied 1ms monophasic rectangular electrical
pulses at 65Hz for 9 seconds using a second Digitimer stim-
ulator (model DS7, Hertfordshire, UK). The SS intensity was
set at 80% of the participants’ rMT (mean: 4 9 ± 3 1mA) to
induce afferent inputs without contaminating efferent activa-
tion. Due to the electrical noise induced by SS contaminating
background EMG, the current was stopped 4 seconds after
the beginning of SS for 200ms to elicit H-reflex or MEP
100ms after the last SS pulse.

In exp. 2, the PNS intensity to evoke H-reflexes was
set at 15% of the Mmax amplitude, to avoid antidromic
collisions and to reduce intersubject variability (mean inten-
sity: 10 3 ± 5 1mA). The PNS intensity to evoke an Mmax
wave was set at 54 2 ± 18 1mA corresponding to an Mmax
amplitude of 7 4 ± 4 2mV.

2.3. Experimental Protocol. The duration of both experiments
was about two hours. An overview of exp. 1 is depicted in
Figure 1. The first experiment was designed to study the
effects of MI associated with SS on corticospinal and spinal
excitabilities. To determine maximal plantar flexion force,
the participants first performed two maximal voluntary con-
tractions (MVC). If the difference between the two exceeded
5%, an additional trial was performed. The maximal perfor-
mance was considered for the continuation of the experi-
ment. Then, PNS was applied 4 times at rest to record
Mmax. To memorize the sensations associated with actual
contractions, the participants performed several trials at
50% MVC. A visual feedback helped the participants to
match the level of force. Then, we assessed corticospinal
and spinal excitabilities during the three tasks: MI only, SS

only, and MI associated with SS (MI + SS). All tasks included
8 trials of 45-second duration, half with TMS to elicit MEPs
and half with PNS to elicit H-reflexes. The low number of
stimulations was chosen to limit the risk of discomfort. A
preliminary experiment helped us in determining the num-
ber of trials: we found that for 20, 10, or 4 trials, the MEP
variation was not significantly different for SOL and MG
muscles with 20, 10, and 4 trials (41 ± 27% and 38 ± 16%with
20 trials; 35 ± 21% and 34 0 ± 18% with 10 trials; and 31 ±
28% and 31 ± 23% with 4 trials, resp.). The order of the tasks
and of the stimulation type was counterbalanced across par-
ticipants. TMS and PNS were evoked at 0 s (Pre), 9 s (Per),
16 s, 24 s, and 34 s (Post 1, 2, and 3, resp.). In SS and
MI+ SS tasks, SS was applied for 9 s (5 s after the first stimu-
lation, i.e., Pre stimulation). In MI and MI+ SS tasks, partic-
ipants imagined a plantar-flexion contraction at 50% of
MVC for 9 s. To start and stop imagining, the experimenter
gave auditory go (5 s after the Pre stimulation) and stop sig-
nals (9 s after the go signal). Therefore, in the MI + SS task,
MI and SS were performed at the same time. During MI, par-
ticipants were instructed to feel the contraction normally
generated during actual contractions (kinesthetic modality)
and to stay relaxed to avoid muscular contractions.

SS, TMS, and PNS were triggered automatically by the
TIDA patch-clamp software (HEKA Elektronik, Lam-
brecht/Pfalz, Germany) and synchronized with EMG record-
ings. During the experimental protocol, 60 TMS, 60 PNS, and
16 SS trains were applied.

Exp. 2 was designed to control the effects of successive
PNS on H-reflex amplitude at rest and during MI. The exper-
imental setup was similar to exp. 1, without application of SS.
As in exp. 1, participants were instructed to stay at rest or to
imagine a 50% MVC plantar-flexion contraction. In total,
two tasks were performed: (1) PNS induced at 0 s, 9 s, and
16 s during MI (MI Pre-Per-Post) and (2) PNS induced at
0 s, 9 s, and 16 s at rest (Rest Pre-Per-Post). Eight trials were
recorded for each task. During the experimental protocol,
48 PNS were applied (24 at rest and 24 during MI).

In both experiments, after each imagined trial, the sub-
jects rated the vividness of their MI using a 7-point Likert
scale (from 1= “very hard to feel” to 7= “very easy to feel,”
2–6 being intermediate quotes).

2.4. Data Analysis. To ensure that the evoked responses were
not contaminated by any muscle contraction, the normalized
root mean square (RMS) EMG signal was measured 100ms
before each stimulation artefact. When the RMS/Mmax ratio
was different from the mean± 2 SD of the RMS baseline, that
is, observed at rest before the first stimulation, the trial was
discarded from the general analysis (3% of all trials). Peak-
to-peak MEP,Mmax, and H-reflex amplitudes were measured
during each task for SOL and MG muscles. The ratios MEP/
Mmax and H/Mmax were calculated and analyzed.

2.5. Statistics Analysis. All data were normalized toMmax and
expressed by their mean± standard deviation (SD). Data dis-
tribution was tested using the Shapiro-Wilk test to ensure the
use of the classical analysis of variance for parametric values
when appropriate. In exp. 1, all variables were not normally
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distributed. The Likert scale score during MI and MI + SS
was analyzed using a nonparametric Friedman ANOVA.

For both muscles, to ensure that muscles were relaxed,
we used four nonparametric related samples Friedman’s
two-way ANOVAs by ranks with stimulation (Pre, Per,
and Post 1) and task (MI, Rest) 100ms before each stimula-
tion artefact on EMG RMS/Mmax ratios. We also analyzed
MEP/Mmax and H-reflex/Mmax ratios with two nonparamet-
ric related samples Friedman’s two-way ANOVAs by ranks
with stimulation (Pre, Per, Post 1, Post 2, and Post 3) and task
(MI, Rest). When appropriate, we used Wilcoxon’s signed-
rank tests for paired multiple comparisons applied with a
Bonferroni correction.

For exp. 2, all variables were normally distributed for MG
but not for SOL. We compared H-reflex ratios using non-
parametric related samples Friedman’s two-way ANOVAs
by ranks for SOL. We used a two-way rmANOVA with stim-
ulation (Pre, Per, and Post) and task (MI, Rest) for MG.
When appropriate, we used Wilcoxon signed-rank tests or
paired comparisons Bonferroni’s tests, for SOL and MG
muscles, respectively. Statistical analysis was performed with
SPSS Statistics (2017 version, IBM). The level of significance
was set at p < 0 05.

3. Results

3.1. Experiment 1. The vividness of MI, measured with a 7-
point Likert scale, was not significantly different between all
MI tasks (χ2 = 6 94, p > 0 05). The mean score was 5 3 ± 0 4
and 5 0 ± 0 2 for the MI andMI + SS tasks, respectively. This
result ensured that modulations of MEP and H-reflex would
not be attributed to the difficulty of task.

3.1.1. EMG Activity. The nonparametric related samples
Friedman’s two-way ANOVAs by ranks revealed an effect
for SOL (χ2 = 51 98, p < 0 01 and χ2 = 48 12, p < 0 01 for
TMS and PNS trials, resp.) and MG muscles (χ2 = 35 88,
p < 0 01 and χ2 = 33 27, p < 0 01 for TMS and PNS trials,

resp.). During SS andMI + SS tasks, SS increased background
EMG at Per (for all, p < 0 01 compared to Pre and Post
stimulations), without an extra increase when imagining
(p > 0 05). During the MI task, EMG ratios were similar
to those at rest (for all, p > 0 05). These results ensured
that modulations of MEP and H-reflex amplitude would
not be attributed to muscle activities (see Table 1).

3.1.2. Corticospinal Excitability. The first stimulation (Pre),
induced at the beginning of each trial, was not significantly
different between all tasks for both muscles (for all, p > 0 05).
For MI, SS, and MI+SS, MEP amplitude for the first stimula-
tion was 1.9± 1.0%, 2.1± 1.0%, and 1.9± 0.8% of Mmax,
respectively, for the SOL muscle and 2.9± 1.5%, 3.5± 2.0%,
and 2.9± 1.4% ofMmax, respectively, for the MGmuscle.

For the SOL muscle, a typical trace of one participant was
represented in Figure 2. The main results were illustrated in
Figure 3(a). The nonparametric related samples Friedman’s
two-way ANOVA by ranks revealed an effect (χ2 = 29 72,
p = 0 008). The Wilcoxon signed-rank tests demonstrated
that MEPs increased when imagining with or without SS
in comparison to the Pre test value, that is, baseline (at
Per: +106 ± 140%, p = 0 013 and +81 ± 78%, p = 0 026,
resp.). After imagining, MEPs returned to baseline from
Post 1 for the MI task but not for the MI + SS task.
Indeed, MEPs at Post 3 were still above baseline in this
task. Note that MEP amplitude was not modulated during
the SS task (all, p > 0 05).

For the MG muscle, a typical trace of one participant was
represented in Figure 2. The main results were illustrated in
Figure 3(c). The nonparametric related samples Friedman’s
two-way ANOVA by ranks revealed an effect (χ2 = 30 82,
p = 0 006). The Wilcoxon signed-rank tests demonstrated
that MEPs significantly increased when imagining in com-
parison to baseline (MI task, +41 ± 64%, p = 0 041; MI + SS
task, +84 ± 66%, p = 0 004). Interestingly, MEP increase
during MI+ SS was marginally greater than that during
MI alone (p = 0 062). After imagining, MEPs returned to
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Figure 1: Experimental protocol of experiment 1. Transcranial magnetic stimulation and peripheral nerve stimulation were elicited at several
stimulation times: 0, 9, 16, 24, and 34 seconds. Each trial lasted 45 seconds. During the motor imagery (MI) task, participants imagined a
plantar-flexion contraction at 50% MVC for 9 s. During the somatosensory stimulation (SS) task, SS was applied for 9 s. During MI + SS,
participants imagined the contraction when SS was applied.
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baseline from Post 1 for the MI task (+15%±41%, p > 0 05)
and at Post 3 for the MI+SS task (+13%±30%, p > 0 05).
Note that MEP amplitude was not modulated during the SS
task (all, p > 0 05).

3.1.3. Spinal Excitability. For both muscles, the first stimula-
tion (Pre), applied at the beginning of each trial, did not differ
between tasks (for all, p > 0 05). For MI, SS, and MI+SS tasks,
H-reflex amplitude for the first stimulation was 12 7 ± 12 2%,

Table 1: Normalized EMG RMS (±SD) in experiment 1. RMS/Mmax ratio is multiplied by 100 and recorded in SOL and MG muscles before
(Pre), during (Per), and after (Post 1) motor imagery (MI), somatosensory stimulation (SS), and MI combined with SS (MI + SS) tasks. EMG
RMS was measured 100ms before each stimulation artefact. At Per, during SS and MI + SS (gray boxes), values significantly increased
compared to that at Pre and Post 1 (p < 0 05).

SOL MG
Pre Per Post 1 Pre Per Post 1

MI
TMS 0 79 ± 0 31 0 84 ± 0 37 0 84 ± 0 38 1 6 ± 0 51 1 6 ± 0 47 1 6 ± 0 34
PNS 0 84 ± 0 38 0 86 ± 0 39 0 84 ± 0 39 1 7 ± 0 56 1 6 ± 0 56 1 7 ± 0 60

SS
TMS 0 75 ± 0 31 5 4 ± 6 2 0 75 ± 0 28 1 6 ± 0 55 13 3 ± 21 9 1 5 ± 0 38
PNS 0 94 ± 0 69 5 5 ± 6 2 0 95 ± 0 70 1 7 ± 0 56 14 0 ± 25 0 1 7 ± 0 60

MI + SS TMS 0 79 ± 0 31 5 5 ± 6 2 0 80 ± 0 34 1 6 ± 0 60 13 9 ± 23 8 1 6 ± 0 57
PNS 0 82 ± 0 33 5 6 ± 6 4 0 82 ± 0 36 1 6 ± 0 56 14 6 ± 26 1 1 6 ± 0 54

Stimulation artefact

Stimulation artefact

Stimulation artefact

Stimulation artefact

H-reflex

H-reflex

MEP

MEP

Pre Per

Average
MI − SS
MI + SS

Post 1

0.05 mV

0
30 ms

0.05 mV

0 30 ms

0.2 mV

0 30 ms

0.2 mV

0 30 ms

Soleus

Medial gastrocnemius

Figure 2: Typical subject. MEP and H-reflex mean responses at Pre, Per, and Post 1 stimulations duringMI, SS, andMI + SS for SOL andMG
muscles. For both muscles, MEP at Per, when imagining, were significantly greater in comparison to baseline. For MG muscle only, MEP
amplitude tended to extra increase during MI + SS in comparison to MI alone. For both muscles, H-reflex at Per decreased during SS but
not during the combination with MI.

5Neural Plasticity



14 4 ± 10 0%, and 11 0 ± 6 1% of Mmax, respectively, for the
SOL muscle and 8 9 ± 8 9%, 8 4 ± 6 1%, and 6 9 ± 5 4% of
Mmax, respectively, for the MG muscle.

For the SOLmuscle, a typical H-reflex trace of one partic-
ipant was represented in Figure 2. The main results were
illustrated in Figure 3(b). The nonparametric related samples
Friedman’s two-way ANOVA by ranks revealed an effect
(χ2 = 44 93, p < 0 001). The Wilcoxon signed-rank tests
demonstrated that H-reflex amplitude at Per was signifi-
cantly depressed in comparison to baseline when SS was
applied alone (SS task: −52 ± 54%, p = 0 021) and almost
depressed when SS was combined with MI (MI + SS
task: −47 ± 48%, p = 0 062). At Post 1 and 2, H-reflex
was still depressed and returned to baseline at Post 3
for the SS task (−12 ± 27%, p > 0 05) but not for MI+SS

(−13%±20%, p = 0 006). Note that H-reflex amplitude was
not modulated during MI (p > 0 05).

For the MGmuscle, a typical H-reflex trace of one partic-
ipant was represented in Figure 2. The main results were
illustrated in Figure 3(d). The nonparametric related samples
Friedman’s two-way ANOVA by ranks revealed an effect
(χ2 = 32 67, p < 0 01). The Wilcoxon signed-rank tests
demonstrated that H-reflex amplitude at Per was depressed
when SS was applied alone (SS task: −41 ± 42%, p = 0 050)
but not when SS was combined with MI (MI + SS
task: −30 ± 58%, p > 0 05). At Post 1 and 2, H-reflex was still
depressed, but returned to baseline at Post 3 for SS (−4%±
19%, p > 0 05) but not for MI + SS (−11%±26%, p = 0 016).
Note that H-reflex amplitude was not modulated during
MI (p > 0 05).
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Figure 3: Normalized MEP and H-reflex amplitude. Values recorded in SOL (a and b) and MG (c and d) muscles. MEP amplitude increased
when imagining (MI and MI + SS at Per). H-reflex amplitude decreased with SS (SS and MI + SS at Per) and progressively returned to
baseline, except for MI + SS. ∗Significantly different from Pre test (baseline). #Significantly different from other conditions at the same
stimulation time.
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For both muscles, the results demonstrated a decrease of
H-reflex amplitude at Post 1 in all conditions. For MI + SS
and SS alone, this decrease may be due to the stimulation fre-
quency, inducing homosynaptic post activation depression
(HPAD) related to the repetitive stimulation of afferent
fibers. However, after MI alone, this decrease may be related
to a stimulation effect at Per and/or a condition effect. Exper-
iment 2 was designed to examine the influence of successive
PNS and condition effects on H-reflex amplitude.

3.2. Experiment 2. The main results of exp. 2 were illustrated
in Figures 4(a) and 4(b), for the SOL and MG muscles,
respectively.

For the SOL muscle, the nonparametric related samples
Friedman’s two-way ANOVA by ranks revealed an effect
(χ2 = 11 93, p < 0 05). The Wilcoxon signed-rank tests
showed that H-reflex amplitudes at Per and at Post were
depressed in comparison to baseline when participants were
at rest (−11 ± 10%, p = 0 036 and −13 ± 18%, p = 0 017,
resp.). For the MI task, H-reflex at Per, that is, when imag-
ining, almost increased compared to baseline (+13 ± 28%,
p = 0 069) and was not different from baseline at Post
(−14%±19%, p > 0 05).

For the MG muscle, the rmANOVA revealed an interac-
tion between stimulation and task (F1,7 = 9 24, p = 0 003).
Bonferroni’s post hoc test revealed that H-reflex ampli-
tudes at Per, that is, when imagining, and at Post were
not significantly modulated in comparison to baseline (MI
task:+12 8 ± 13 9%,p > 0 05;−8%±11%,p > 0 05, resp.).Note
that H-reflex for the rest task was not modulated (p > 0 05).

4. Discussion

This study was designed to investigate how MI combined
with SS modulated corticospinal and spinal excitabilities.
The results confirmed that corticospinal excitability
increased during MI and MI + SS but not during SS. During
MI + SS, MEP amplitude was almost greater than that during
MI alone, for MGmuscle. On the contrary, spinal excitability
was sensitive to SS, during which H-reflex was depressed.
However, it was not modulated during MI associated or not
with SS. Interestingly, the modulation of corticospinal and
spinal excitabilities was muscle dependent.

4.1. Corticospinal Excitability. For both muscles, MEP
amplitude only increased when participants imagined the
plantar-flexion contractions, and not after imagining, which
confirms that MI modulates CSE in a temporal-specific
manner [20–23].

MEP amplitude during SS was similar to that at rest,
showing that the excitatory afferent inputs induced by SS
did not affect the corticomotoneuronal transmission efficacy.
This result is in accordance with previous studies that applied
a short SS duration below the motor threshold [24]. Other
experiments using a longer SS duration showed an increase
of MEP amplitude [25–28]. Therefore, it appears that the
duration of SS seems to play a crucial role to modulate CSE.

MI associated with SS had a tendency to increase CSE to a
greater extent in comparison to MI only for MGmuscle. This

finding may be due to an increase of afferent inputs into M1
at the time of the stimulation. Indeed, through afferent
inputs, SS activates the somatosensory cortex (S1), which
can mediate the primary motor cortex (M1) activity leading
to increased CSE [13, 29]. However, CSE was not modulated
by the SS alone, suggesting that SS must be combined with
MI to facilitate the interactions between M1 and S1. An alter-
native explanation would involve the interaction of MI and
SS at the spinal level. Grosprêtre et al. [4] recently showed
that MI induces a subliminal motor command that modu-
lates the influence of the afferent input to motoneurons at
the spinal level, via primary afferent depolarizing interneu-
rons. This interaction likely modulates CSE. The tendency
for CSE to increase was not observed for the SOL muscle,
suggesting that the difference with the MG muscle could be
explained by the amount of afferent inputs recruited during
SS at the spinal level.

4.2. Spinal Excitability. For both muscles, our results
confirmed that spinal excitability was not modulated when
imagining [4].

During SS, spinal excitability was depressed. It was
demonstrated that the repetition of stimulations decreased
the H-reflex amplitude [17] due to a smaller neurotransmit-
ter amount available at the Ia afferent-alpha motoneuron
synapse [16]. These inhibitions may originate from the
homosynaptic post activation depression effect, the primary
afferent depolarization effect, and/or the refractory period
of Ia-afferent neurons [30].

When associating MI and SS, the spinal excitability of
MG was no longer depressed from baseline. For the SOL
muscle, the spinal excitability was less reduced in comparison
to SS alone. It seems likely that MI may compensate the
inhibitory effects induced by SS. The different behavior
between the two muscles could be explained by the amount
of afferent inputs recruited during SS. This hypothesis is sup-
ported by a lower quantity of neuromuscular spindles in the
MG than in the SOL muscle [31, 32] inducing less presynap-
tic inhibition at the spinal level when SS is applied [33, 34].
Therefore, the subliminal motor command generated during
MI that reaches the spinal level [4, 31] may compensate
to a greater extent the transmission efficiency between
Ia-afferents and motoneurons in the MG muscle. This
was observed by a greater reduction of inhibition during
MI + SS in this muscle, in comparison to the SOL muscle
(Figures 3(b) and 3(d)).

Note that spinal excitability was depressed at posttest
right after each task and progressively returned to baseline
values. This reduction may be due to successive stimulations
elicited to induce H-reflexes and especially to the interstimu-
lation interval, that is, less than 10 seconds inducing presyn-
aptic inhibitions at the spinal level [17]. Indeed, the results of
experiment 2 demonstrated that, while participants stayed at
rest, the spinal excitability was depressed at Per and Post
stimulations in comparison to baseline, with an interstimulus
interval of 9 seconds and 7 seconds, respectively. Interest-
ingly, we observed, in experiment 1, a greater decrease of spi-
nal excitability for the MI + SS task at Post 1, that is, right
after the task. This greater reduction in the amplitude of
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the H-reflex after MI + SS may be related to the fact that MI
compensates for SS-related inhibitions by reducing presyn-
aptic inhibitions. This mechanism may induce a greater
release of neurotransmitters, resulting in a reduction in the
amount of neurotransmitters available to respond to Post 1
stimulation versus MI and SS tasks alone.

5. Conclusion

The combination of MI and SS exacerbated the effect of MI
on corticospinal and spinal excitabilities depending on the
afferent inputs elicited by SS at the spinal level. The results
of this study were obtained during a single session when
the participants were voluntarily engaged in the imagery task
with or without SS. We know that MI training or repetitive
somatosensory stimulation increases motor performance,
specifically muscle strength. It would be of interest to test
whether the repetition of the combination of MI and SS facil-
itates motor performance in comparison to MI and SS alone
and to understand the underlying mechanisms.
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The present study investigates whether a functional difference between the visualization of a sequence of movements in the
perspective of the first- (internal VMI-I) or third- (external VMI-E) person exists, which might be relevant to promote learning.
By using a mental chronometry experimental paradigm, we have compared the time or execution, imagination in the VMI-I
perspective, and imagination in the VMI-E perspective of two kinds of Pilates exercises. The analysis was carried out in
individuals with different levels of competence (expert, novice, and no-practice individuals). Our results showed that in the
Expert group, in the VMI-I perspective, the imagination time was similar to the execution time, while in the VMI-E perspective,
the imagination time was significantly lower than the execution time. An opposite pattern was found in the Novice group, in
which the time of imagination was similar to that of execution only in the VMI-E perspective, while in the VMI-I perspective,
the time of imagination was significantly lower than the time of execution. In the control group, the times of both modalities of
imagination were significantly lower than the execution time for each exercise. The present data suggest that, while the VMI-I
serves to train an already internalised gesture, the VMI-E perspective could be useful to learn, and then improve, the recently
acquired sequence of movements. Moreover, visual imagery is not useful for individuals that lack a specific motor experience.
The present data offer new insights in the application of mental training techniques, especially in field of sports. However,
further investigations are needed to better understand the functional role of internal and external visual imagery.

1. Introduction

Sport psychology has shown that in order to achieve a
favorable outcome in sport, it is necessary to integrate
physical and mental practice [1, 2]. In this line of thinking,
motor imagery (MI) has been studied extensively since it
represents a potentially effective mean to promote learning
[3, 4]. MI is defined as the mental execution of a movement,
motor act, or action, without any overt movement or muscle

activation [5–8] and represents a cognitive tool strategically
used by athletes for optimizing their specific motor skills
[9]. To underline how the two processes, physical and
mental, are related, several studies showed that changes
in physiological parameters, such as vegetative indices,
are similar during MI and during execution [10–12]. Fur-
thermore, neuroimaging data have demonstrated that the
imagined and actual movements are functionally equiva-
lent in the sense they share the same neural circuitry
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[13–15]. It could be hypothesized that such neural circuitry
might underlie the improvements in movement efficiency
induced by MI, allowing athletes to improve the level of
performance [16, 17].

A modality of MI is represented by visuomotor imagery
(VMI) that involves the visualization of a movement or a
sequence of movements from the first- (internal VMI-I) or
third- (external VMI-E) person perspective [18]. In the
VMI-I perspective, the subjects imagine themselves from
the same viewpoint experienced in the encoding phase
[19, 20]. This perspective is greatly affected by the kinaes-
thetic features of the gesture and refers to the centredness
of one’s own multimodal experiential space upon one’s own
body, thus operating in an egocentric reference frame [21].
Conversely, the VMI-E perspective requires individuals to
imagine themselves or others from an external point of view,
observing the gesture as an onlooker [3, 19, 22]. In this
modality, the subjects imagine the environment as well, the
“background” of the scene, thus operating in an allocentric
reference frame. The VMI-E perspective is considered to be
a more complex mental process than the VMI-I perspective,
because allocentric operations have to be integrated within
the egocentric coordinates of the subject that is imagining,
hence requiring an additional mental process [18].

In the last years, a much debated issue in sport psychol-
ogy is whether internal or external VMI would be more
efficient for athletes. Despite the multitude of studies present
in the literature, this issue has not been investigated system-
atically. Namely, most of the research has focused either on
specific types of sports, that is, open skill sport (such as
karate, in which the participants fight in an environment that
is changing rapidly) versus closed skill sport (such as gym-
nastics, in which the athletes perform in a relatively static
environment) [23, 24], or on the level of competence of the
athletes (i.e., experts versus novices) [25, 26]. Moreover, in
the previous literature, the choice of the imagination perspec-
tive was based upon the athlete’s preference (e.g., [27]).

From all these studies, several conflicting evidences can
be drawn. With regard to the comparison between open skill
sports and closed skill sports, it is shown that the VMI-E
perspective is more used than VMI-I in open skill sports
[18], while closed skill sport benefits from the VMI-I per-
spective [28, 29]. Such results are irrespective of the level of
competence of the athletes. Moreover, the athletes specialized
in open skill sport possess a high ability for mental processes
and a better performance in the VMI-E perspective as com-
pared to closed sport athletes [18]. These data could be
explained by the notion that in open skill sports, the athletes
move in environments that are rapidly changing and the
VMI-E perspective includes such environments (e.g., oppo-
nents moving around). Other studies, based on the athlete’s
imagery preference, counteract these evidences. For example,
it has been reported that athletes specialized in closed skill
sport (e.g., golf) employed more imagery than those who
participate in open sports (e.g., tennis and basketball) [30].
For what concerns the competence levels of the athletes,
although imagery processes significantly help both novice
and experienced athletes, the effects appear to be more pro-
nounced for elite athletes [22, 25, 26], as demonstrated in

studies with Olympic athletes [31–33]. To this regard, it has
been highlighted that elite athletes, as compared to amateurs,
had higher levels of imagery ability [27, 34, 35]. These data
could be explained by the fact that elite athletes have had
more opportunities to put into action imagery practice than
lower level athletes [36, 37].

In the present study, we focused on the functional
differences between internal and external perspectives,
covering the issue from a different point of view. We set
out to verify whether the two types of imagination improve
different, yet integrated, cognitive-motor abilities in a closed
skill discipline. This choice allows studying the VMI-E
perspective in the contest of closed skill activities, differently
from previous studies. Such an approach was chosen in order
to study both perspectives separately, regardless of the
specific kind of sport (closed or open skill).

In particular, we hypothesize that, while the VMI-I
perspective revises a sequence of movements already interna-
lised, the VMI-E perspective should be useful to learn, and
improve, a recently acquired sequence of movements.

To address this issue, we used a mental chronometry
paradigm in order to compare the time of execution of two
Pilates exercises with the time of imagination of the same
exercises in both VMI-I and VMI-E perspectives. Such
experiment was carried out in individuals with different
levels of competence (experts versus novices). As a control
group, we analysed the execution and imagination time in
individuals who had never practiced nor seen Pilates before.

We have chosen Pilates because it is a closed skill disci-
pline, very much based on kinaesthetic features and practiced
in stable and predictable conditions. Moreover, unlike
other studies, we did not ask the participants to choose
the modality of imagination they prefer, but we let them
use both perspectives.

2. Materials and Methods

2.1. Participants. Forty-eight women (32 practicing Pilates,
16 not practicing Pilates) aged 24–58 years (mean age:
38.75± 11.25) participated in the study. According to their
level of experience in the practice of Pilates, the participants
were divided into 3 groups, each consisting of 16 women:
Expert group (mean age: 39.25± 10.23), women who prac-
ticed Pilates regularly twice a week for the last twelve months
at least; Novice group (mean age: 39.25± 12.82), women who
started practicing Pilates no more than two months before
the study; no-Practice group (mean age: 37.75± 11.2), women
who have never practiced Pilates. We assessed through an
informative questionnaire that women belonging to the
no-Practice group had never seen a Pilates lesson or video
or books showing Pilates. It is important to underline that,
in order to perform Pilates correctly, it is essential to be aware
of many aspects (motor control, breathing, etc.; see next
paragraph) and that the knowledge of the sequence of
movements to be performed is not enough. For this reason,
the ones who have never practiced Pilates could not
perform it correctly solely by imitation.

All participants did not have cardiovascular, neurologi-
cal, or orthopaedic disorders and gave their written informed

2 Neural Plasticity



consent. They were recruited in sporting centres located in
South Italy.

The study was conducted according to the 1964 Decla-
ration of Helsinki.

2.2. Pilates Method and Exercises Chosen. Before considering
the chosen exercises, it is appropriate to explain what Pilates
is, designed by Joseph Pilates (1883–1967). Pilates is a type of
discipline that pays great attention to self-awareness and to
the pursuit of both physical and mental balance. It can be
considered as a closed skill activity because the subjects
perform the movements under a static and predictable
environment. In particular, Pilates aimed at getting to know
one’s body and achieve its full acceptance. Through the
improvement of concentration, breathing, balance, control,
precision, and fluidity of movement, the individuals earn
greater awareness of themselves, of their body, and of every
single motor gesture.

For all these characteristics, Pilates is useful for studying
the two types of perspectives of imagination. To this aim,
we have chosen two classical Pilates exercises of different
difficulty: shoulder bridge (SB) and standing roll down
(SRD) (Figure 1).

Although both exercises require concentration, breath-
ing, balance, control, precision, and fluidity of movement
during execution, SRD is considered more difficult than SB
[38]. In particular, SRD is performed standing and starts by
flexing the neck down followed by rolling down of the spine,
vertebra by vertebra, preventing flexion of the trunk forward,
and back to the initial position rolling out the column
gradually. Instead, SB is performed in the supine position
with the knees bent and arms along the body, starting with
the retroversion of the pelvis and its upwards climb,
vertebra by vertebra, and return to the starting position

(Figure 1). Moreover, SRD necessitates good flexibility by
the performer, and therefore, a physical impediment, such
as visceral fat, can mechanically limit the movements.

2.3. Experimental Procedure. After the demonstration
offered by the instructor, the experimental procedure con-
sisted of 3 phases (VMI-I, VMI-E, and execution) repeated
for both Pilates exercises (SB and SRD) in all the 3 groups
of participants. The imagination phases (VMI-I and
VMI-E) were performed in random order in the same day
and separated by at least thirty minutes. However, the execu-
tion phase was performed 3days after the imagination
phases, so as not to create influences between imagination
and execution. The entire experiment was completed in
two consecutive weeks. The procedure is summarized in
Table 1, while Figure 1 shows an example of the two
different exercises.

In the demonstration, the instructor showed the ran-
domly chosen exercise (SRD or SB) individually to each
participant. Subsequently (first and second phases), the
participants had to image in VMI-I or in VMI-E the
exercise that had been previously shown by the instructor.
The order of the two modalities of imagination was random-
ized within subjects. In both conditions, the participants were
asked to close their eyes from the beginning to the end of
the imagined exercise to guarantee the highest possible
correspondence to physical exercise.

Finally, after 3 days, in the execution phase (third phase),
the participants performed the exercise.

The following week, all participants repeated the entire
procedure for the other exercise.

All participants did a single repetition in order not
to create further learning of the exercise during the
imagination phase.

Shoulder bridge
1

2

3

4

(a)

Standing roll down
1 2 3 4 5 6

(b)

Figure 1: Sequences of the two Pilates exercises. (a) The shoulder bridge (SB) exercise: the individual lifts the pelvis whilst controlling
breathing. Phase 1: start from the decubitus-supine position (1). Phase 2: the subject exhales. Then, the entire spine (vertebra by vertebra)
is rolled up, until the weight is placed on the shoulder blades (2). Phase 3: the individual breathes in and holds still (3). Phase 4: while
exhaling, the subject unrolls the spine (vertebra by vertebra) back to the starting position (4). (b) The standing roll down (SRD) exercise:
the individual rolls down the spine, vertebra by vertebra, while controlling breathing. Phase 1: standing position with both legs extended at
hip distance (1). Phase 2: the subject exhales and, starting from the cervical spine, rolls the whole spine (vertebra by vertebra), until the
nose is at navel level (2). Phase 3: the individual inhales, relaxes, and abduces the shoulder blades, then exhales and moves the pelvis
slightly forward, continuing to roll the vertebrae until the fingers touch the ground (3). Phase 4: the individual exhales and starts to unroll
the spine vertebra by vertebra, beginning from the lumbar spine (4). Phase 5: the individual continues to unroll the spine, concentrating
on the dorsal spine, keeping the arms relaxed (5). Phase 6: the individual returns to the starting position (6).
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The times of imagination (in seconds) were compared
with those of execution.

2.4. Chronometer Features. Imagination and execution
times were measured using a commercial digital stopwatch
(Samsung Galaxy S4). The participants received instructions
for the use of the stopwatch before the imagination task, in
which they had to start and stop the clock on their own. In
particular, they pointed the finger on the display, closed the
eyes, said “go,” and, at the same time, activated the stop-
watch. To control that the registration was done correctly,
even the experimenter recorded the times. In the execution
task, the stopwatch was used only by the experimenter.

The times recorded have been measured in seconds.

2.5. Statistical Analysis. The recorded data were first tested
for normality (Shapiro–Wilk’s test) and homoscedasticity
(Levene’s test) and then analysed by a three-way mixed-
model analysis of variance (ANOVA): group (Expert,
Novice, and no-Practice)× condition (VMI-I perspective,
VMI-E perspective, and execution)× exercise (SRD, SB);
post hoc analysis for multiple comparisons (Duncan’s test)
have been calculated when appropriate. Differences were
considered significant at the P < 0 05 level. Time in seconds
has been used as a dependent variable.

3. Results and Discussion

As shown in Figures 2(a) and 2(b) and in Table 2, in the
VMI-I, the Expert group needed the same time to imagine
and perform both the Pilates exercises, while in the VMI-E,
it took them less time to imagine than to perform both
exercises. An opposite pattern was found in the Novice
group, in which a significant time difference was present
between VMI-I imagination and execution, in both exercises.
In particular, it took them less time to imagine than to per-
form both exercises in VMI-I, while the same time was
needed for imagination and for the execution in VMI-E.
In the no-Practice group, both modalities of imagination
for each exercise required a significantly lower time than
the execution.

The present data evidenced that each modality of
imagination is related to a different level of motor experience.

More specifically, the ANOVA revealed a statistically
significant main effect for group (F 2,45 = 5 08; P = 0 01).
Post hoc comparisons showed that the Expert group differed
significantly from the other two groups, while the Novice
and no-Practice groups were similar (Expert versus Novice:
P = 0 009; Expert versus no-Practice: P = 0 01; Novice versus
no-Practice: P = 0 94). Also, the condition factor showed a
significant main effect (F 2,90 = 54 94; P = 0 00001). Post
hoc comparisons showed that each condition was signifi-
cantly different from the others (VMI-I versus VMI-E per-
spective: P = 0 02; VMI-I perspective versus execution:
P = 0 01; VMI-E perspective versus execution: P = 0 0001).
Finally, the types of exercise were statistically different
(F 1,45 = 25 71; P = 0 00001), with SRD requiring more time
(10.71± 2.12) than SB (9.02± 0.83). The second-order inter-
action was also significant (F 4,90 = 5 68; P = 0 0004), and
the relative post hoc comparisons are shown in Figure 2.
Furthermore, the interactions group× condition (F 4,90 =
23 81, P = 0 00001) and exercise× condition (F 2,90 = 5 19,
P = 0 007) resulted to be statistically significant.

From these results, different conclusions can be drawn,
in line with our hypothesis. In fact, we asked ourselves
whether the two types of visuomotor imagery could have a
different role in promoting learning and could have different
applications in sport.

The similar times of VMI-I and execution and the dis-
similar times of VMI-E and execution in experts (Figure 2
and Table 2) suggest that the level of motor competence
induces a mental representation of the gesture. Such evidence
is in line with Jeannerod [15] who underlined that to success-
fully employ VMI-I, it is necessary to have well-developed
motor representations. It was then proposed that VMI-I
might better suited for high-competence athletes [32]. Fur-
thermore, VMI-I could be considered as a sort of “readiness
for action” [39]. To this regard, it has been reported that
VMI-I produces an increased electrical activity in muscles
involved in the imagined activity with respect to VMI-E
[40]. Conversely, the similar times of VMI-E and execution
and the dissimilar times of VMI-I perspective and execution

Table 1: Experimental procedure. Each participant started randomly with either shoulder bridge or standing roll down.

Demonstration Pause Phase 1 Pause Phase 2 Interval Phase 3

Shoulder bridge (SB)

The instructor shows the
SB exercise.

30min

VMI-I perspective: imagine
performing SB with closed
eyes and with the body
in the starting position

(supine position)

30min

VMI-E perspective with
closed eyes: imagine the
instructor performing SB
starting from the initial
position (supine position)

3 days
Execution: all

participants performed
the SB exercise

Standing roll down (SRD)

The instructor shows
the SRD exercise.

30min

VMI-I perspective: imagine
performing SRD with closed
eyes and with the body in

the starting position
(standing position)

30min

VMI-E perspective with
closed eyes: imagine the

instructor performing SRD
starting from the initial

position (standing position)

3 days
Execution: all

participants performed
the SRD exercise
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in the Novice group (Figure 2 and Table 2) suggest that
VMI-E is facilitated by the allocentric reference frame.
Probably, the novice, having to improve the gesture, uses
the VMI-E perspective mainly to promote motor learning
and to acquire behavioural skills. According to our interpre-
tation, the VMI-E perspective represents a mental way to
improve the execution of a sequence of movements [41]

through a sort of “mental observation” of the background
of the scene that induces skill acquisition.

Functional studies have correlated the brain activation to
the competence levels. Olsson and coworkers [32] have
evidenced that experts activate mainly motor areas and the
cerebellum during the imagination of a sequence of move-
ments (as long as such sequence belonged to their motor
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Figure 2: Execution and imagination times of the three experimental groups in both Pilates exercises: (a) VMI-I, VMI-E, and execution times
in the shoulder bridge exercise; (b) times of both imagination perspectives and execution in the standing roll down exercise. Data are
expressed as average± SD. The asterisks indicate the significance level of the post hoc comparisons among groups (∗∗∗P < 0 0001).

Table 2: Mean time and standard deviation of the three experimental groups in the shoulder bridge (SB) and the standing roll down (SRD)
Pilates exercises.

Group
SB SRD

VMI-I VMI-E Execution VMI-I VMI-E Execution

Expert 11.54± 3.52 9.50± 2.99 11.65± 3.67 12.99± 1.97 10.44± 2.49 13.25± 1.84
Novice 6.98± 1.75 8.68± 1.67 9.12± 1.67 8.53± 1.74 10.59± 0.73 10.40± 1.01
no-Practice 7.29± 2.49 6.63± 2.47 9.79± 3.52 9.24± 4.33 7.18± 3.35 13.76± 7.59
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repertoire), while novices mainly activated the visual areas,
thus suggesting functional differences in mental imagination
related to experience. Cerebellar activation during imagery
supports the internal model theory [42]. According to this
concept, the cerebellum forms (through a learning process)
an internal model that reproduces the dynamics of a body
part [43]. In this line, VMI-I could be related to an internal
model that allows neural circuits to precisely put the move-
ment into action, without the need to refer the feedback from
the moving body part [43].

The interpretation about a functional role of the two
imagination perspectives is supported also by other func-
tional imaging, neuropsychology, and lesion data that show
that different cerebral areas are activated during these two
modalities of imagination [21]. In particular, medial cortical
structures (comprising anterior medial prefrontal, medial
parietal, and posterior cingulate cortices) and the inferior
lateral parietal cortex have been identified as the basic neural
mechanisms involved in VMI-I, while the superior parietal
lobe bilaterally (predominantly on the right side) and the
right premotor cortex are associated with VMI-E [21].

The significant difference between both imagination
conditions and execution times in the no-Practice group
(Figure 2 and Table 2) suggests that imagery is not particu-
larly helpful in the first phases of motor learning. As shown
in Figure 2, regardless of the difficulty of the exercises, in both
perspectives, the no-Practice group imagines the sequences
of movements much faster than the actual execution, sug-
gesting a reduced and limited knowledge and awareness of
the exercise itself.

Another point to consider is the difficulty to imagine
such exercises. As specified in Materials and Methods, SRD
is more difficult than SB. Despite this difference, experts
and novices obtained similar imagination and execution
times even in the more difficult exercise in using the VMI-I
for experts and the VMI-E for novices. Instead, for the SRD
Pilates exercise, the no-Practice group obtained lower time
imagination in VMI-E as compared to VMI-I probably since
as the difficulty increases, the VMI-E imagination becomes
faster because some movement or environment elements
are omitted.

As a potential limitation of the study, we have to high-
light that the entire sample was composed exclusively by
women. This choice was not wanted but dictated by recruit-
ment availability, since women practice Pilates more than
men [44]. Although gender differences in motor imagery
are not found frequently [45], some studies reported that
females use less VMI-I perspective and more VMI-E perspec-
tive than males [19].

Another limitation of the study could be the fact that in
the present paradigm, the subjects performed a single trial
of each condition. Although we retain that this is a way to
prevent the learning of the exercise during the imagination
phases, further studies will be necessary to investigate VMI
perspectives with more repetitions of the exercises.

Our experiment evidenced that the type of imagery is
correlated to motor experience and independent from the
type of sport or discipline, open or closed skill. Further
studies are needed to clarify whether gender differences

in the VMI perspectives really exist and what is their
effective magnitude.

4. Conclusions

The present study allows us to draw different conclusions.
Firstly, visuomotor imagery is not a unique process. In

fact, we propose that the internal view perspective serves to
train or to revise a gesture already internalised. However, to
reach such scope, a previous high motor competence level
is needed. Indeed, the external view perspective, characteriz-
ing novices’ abilities, serves to improve the learning of the
gesture throughout “mental observation.” Finally, the visuo-
motor imagery in this context is not useful for individuals
that lack the specific motor experience.

Although the present preliminary data offer insights on
the application of mental training techniques, further studies
are needed to analyse this topic in males.
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Action observation (AO) allows access to a network that processes visuomotor and sensorimotor inputs and is believed to be
involved in observational learning of motor skills. We conducted three consecutive experiments to examine the boosting effect
of AO on the motor outcome of the untrained hand by either mirror visual feedback (MVF), video therapy (VT), or a
combination of both. In the first experiment, healthy participants trained either with MVF or without mirror feedback while in
the second experiment, participants either trained with VT or observed animal videos. In the third experiment, participants first
observed video clips that were followed by either training with MVF or training without mirror feedback. The outcomes for the
untrained hand were quantified by scores from five motor tasks. The results demonstrated that MVF and VT significantly
increase the motor performance of the untrained hand by the use of AO. We found that MVF was the most effective approach
to increase the performance of the target effector. On the contrary, the combination of MVF and VT turns out to be less
effective looking from clinical perspective. The gathered results suggest that action-related motor competence with the untrained
hand is acquired by both mirror-based and video-based AO.

1. Introduction

Research of the past years clearly demonstrated that action
observation (AO) is an effective method to boost motor
skill learning (see [1–4] for reviews on observational
learning). In fact, the leading advantage of the AO concept
is the boosting effect on motor performance before the actual
execution takes place. This is because a video-depicted action
conveys a visuomotor and sensorimotor information to the
observer that contains on the one hand the goal of the action
and on the other hand how this action is being performed
accurately [5–7]. AO is therefore a promising method in
the field of neurorehabilitation to improve the motor
and the functional outcome of stroke patients (see [8]
for a review).

However, basic concepts of the applied AO interventions
in neurorehabilitation stem from findings of neurophysio-
logical studies on mirror neurons which explained the pro-
moting effect of AO on action execution for the first time
[9–11]. Furthermore, execution and observation of a goal-
directed motor act excite the same mirror neuron population
[12]. The main hypothesis about the mirror neuron mecha-
nism postulates that the goal of an action links the perform-
ing actor with the observer by stimulating a reenactment of
similar embodied action representations that are already
stored in the motor repertoire of the observer [13, 14].
Further studies demonstrate that the mirror neuron mecha-
nism is multimodal and not only triggered by a visual stimu-
lus. Instead, it can be triggered when merely an action is
presented acoustically [15], when some events of an action

Hindawi
Neural Plasticity
Volume 2018, Article ID 8369262, 10 pages
https://doi.org/10.1155/2018/8369262

http://orcid.org/0000-0003-2605-3971
https://doi.org/10.1155/2018/8369262


remain hidden [16], and when different actions were
required to reach the same goal [17]. Mirror neurons were
found in several brain areas of nonhuman primates: the
premotor cortex (PMC), the inferior parietal lobule (IPL),
and the superior temporal sulcus (STS). These aforemen-
tioned subareas are component units of what is functionally
summarized as themirror neuron system (MNS) [18]. Recent
functional magnetic resonance imaging (fMRI) studies sug-
gested that a comparable network also exists in humans
which is being termed action observation network (AON)
[19–22]. In this regard, a large-scale brain fMRI study and
two meta-analyses reported a robust overlapping network
that comprises areas of IPL and the inferior frontal gyrus
(IFG) including the Broca’s area that was also activated
during AO and an immediate execution of observed actions
[21–23]. Further studies supposed that the AON is primarily
involved in observational learning of new motor skills
[24, 25] and facilitates skill acquisition after stroke [26].
Accordingly, Fadiga et al. demonstrated that AO facilitates
the primary motor cortex (M1), which in turn excites the
same muscles in the same dynamics responsible for the
execution of the observed action [27]. For example, Calvo-
Merino et al. found increased fMRI activation in the AON
when highly experienced dancers observed their characteris-
tic embodied dance movements compared to unfamiliar
movements of another dance style [28]. Additionally, Stefan
et al. showed that AO facilitates learning of unfamiliar thumb
movements by driving the formation of new motor memo-
ries inside M1, which are comparable to those acquired by
physical practice [29]. From a clinical point of view, it is
particularly interesting that a comparable effect of AO on
motor learning was also demonstrable on older adults [30],
and on stroke patients [31]. In a pilot study, employing the
newly introduced video therapy (VT), Ertelt et al. showed
that AO improves motor recovery after stroke. The combina-
tion of video observation and immediate execution of the
observed movements with the paretic hand resulted in a
highly significant improvement of motor performance com-
pared to the execution after observing geometric symbols
[26]. AO thus opens the opportunity to boost functional
recovery without necessarily moving the paretic hand.
Interestingly, exactly this basic concept has already been
successfully applied in stroke rehabilitation using the so-
called mirror visual feedback (MVF) [32]. Here, patients
sit in front of a mirror placed along the midsagittal plane
between both arms. While looking continually into the
mirror, patients perform a motor task with their nonaf-
fected arm. This creates the optical illusion that the paretic
arm is performing the task. Remarkably, clinical studies
using MVF reported improved motor performance on the
untrained paretic hand [33–35]. Therefore, further studies
assume that the MVF effect on the untrained hand is
directly related to the activation of the AON as a result of
inputs received via the mirror while observing one’s own
actions [32, 36–42].

MVF and VT provide inputs of an action (mirrored or
displayed) that are matching the actual execution with the
untrained hand. It is likely that these inputs are processed
via the AON to build up a task-related motor schema for

the target effector. Therefore, our primary aim was to exam-
ine the boosting effect of action observation (AO) on the
motor outcome of the untrained hand by means of mirror
visual feedback (MVF), video therapy (VT), or a combina-
tion of both. Our main motivation for this study was the
evaluation of the effectiveness of the deployed methods with
the prospect of application in stroke therapy on patient with
a severe paresis. Thus, two questions arise which may be
crucial for an application of MVT and VT. The first question
examines what boosting effect AO has on the motor result of
the untrained hand in both conditions (MVF and VT). To
clarify this question, we conducted two experiments. The first
experiment scrutinized the effect of AO after training with
MVF compared to training without mirror feedback as
already demonstrated in a previous study [37]. We suggested
that motor outcome of MVF is superior due to the AO during
the training. By using the same tasks, in the second experi-
ment, we examined the effect of AO after observing action-
related video clips (VT) compared to non-action-related
animal video clips. In this regard, we expected that the
outcome for VT is superior because of the AO during the
training. The second question then investigates the possibil-
ity of an increased training effectiveness by combining
MVF and VT. Therefore, in the third experiment, we exam-
ined the effect of additional AO on motor outcome of the
untrained hand. Participants first observed action-related
video clips (VT) followed by either training with MVF or
training without mirror feedback. In consequence, we pre-
sumed that the combination of training with VT and MVF
is more effective due to the additional AO.

2. Materials and Methods

2.1. Participants. A total of 60 right-handed (according to the
Edinburgh handedness inventory [43]) healthy volunteers
(29 females; age 21–27 years, M=23.38± 1.58 years) partici-
pated in this study. No one had a history of brain trauma or
other disease that alters the brain. Exclusion criteria were
drug use and musculoskeletal or neurological diseases. Vol-
unteers gave informed consent before participating in this
study, which was approved by the Ethics Committee of
the Friedrich Schiller University Jena and conformed to
the standards set by the Declaration of Helsinki (1964).

2.2. Experimental Protocol. At baseline (pre), all participants
initially performed a standardized motor skill test including
five tasks [37, 38, 44]. Each participant performed the respec-
tive tasks with the left (test) hand for exactly two minutes,
which amounts to a total testing time of 10 minutes. The five
tasks were performed as follows: (i) Marbles: participants
used a teaspoon to move marbles from one bowl to another.
Marbles successfully moved into the new bowl were counted.
(ii) Nine-hole peg test (NHPT): participants were asked to
remove a peg out of the board and place it onto a prede-
fined position on a desk before they return the previously
removed peg into the board. Returned pegs were then
counted. (iii) Cards: participants were asked to draw cards
from a stack and turn them before they stacked them one
above another onto a predefined position on a desk. The
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cards of the new stack were then counted. (iv) Pick-a-stick:
a number of sticks were positioned one after another in
front of the participant parallel to the edge of a desk on
a predefined position. At first, participants were asked to
take the nearest stick in front of them. With the help of
the tip of this stick, they were required to lightly move
the following stick into their direction before they are to
take it, too. Without putting away the supporting stick,
participants were asked to place the other stick into a
drinking glass located atop the positioned sticks on the
desk. Again, sticks successfully placed into the drinking
glass were then counted. (v) Rubber band: participants
were asked to take a rubber band from a stack and to
unroll it along the outside of a drinking glass. The success-
fully unrolled rubber bands were then counted. Further-
more, participants were encouraged to execute the given
tasks quickly and to remain focused on their task while
an instructor sat next to them.

Following the initial baseline (pre), participants started a
training session where they trained each task for two minutes
in two runs with a three-minute break between both runs
(the total training time for the five tasks was 20min). At
the end of each training session, the left hand was tested
again. The purpose of the daily testing was to assess possible
learning and ceiling effects. After four days of training (post),
all participants performed the same standardized test with
the left hand (tasks and conditions were the same as on the
first day of the study; see Figure 1).

2.3. Experiments

2.3.1. First Experiment: Effect of AO by Training with MVF
Compared to Training without Mirror Feedback. In the first
experiment, 20 participants were randomly assigned to two
groups. Participants from the mirror training group MIR-
ROR (n = 10, six females) trained while they were continually
looking into a mirror placed along the midsagittal plane
between their arms. In contrast, participants from the NO
MIRROR group (n = 10, five females) trained while they were
looking continually at their training hand. For this purpose, a
board with the same dimensions as the mirror was placed
along the midsagittal plane between their arms. Participants
from both groups could not see their test hand and were
instructed to refrain from any movements with this hand.

2.3.2. Second Experiment: Effect of AO by Training with
Action-Related Video Clips (VT) Compared to Non-Action-
Related Animal Video Clips. In the second experiment, 20
participants were randomly assigned into two groups. Partic-
ipants from the video training group VIDEO (n = 10, four
females) observed prerecorded video tapes that contain the
respective tasks of daily training sessions performed with
the test hand. Video tapes showed the actor from the first-
person perspective. The number of videos displayed during
training sessions corresponded to the mean amount of action
executions per task of the group NO MIRROR from the first
experiment. The number of videos was then accordingly

Groups
VIDEO

+
MIRROR

Experiment one Experiment two Experiment three

VIDEO
+

NO
MIRROR

Test

5 tasks
2 min per task
= total of 10 min

Test

PostPre 4 days

Left hand

Time

L

MIRROR NO
MIRROR 

VIDEO ANIMAL
VIDEO

Training
+

Test

5 tasks
2 min per task + 2 runs
= total of 20 min

5 tasks per condition
2 min per task + 2 runs
= total of 40 min

20 min
animal
videos

5 tasks
2 min per task
= total of 10 min

5 tasks
2 min per task
= total of 10 min

Figure 1: Schedule of the study. On the bottom, from left to right: timeframe from pre (baseline) to post. Thereover, from left to right: scope of
the content at the points in time. Uppermost: group conditions within the three experiments and their training protocol.
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adjusted to each training session. Participants from the
animal video group ANIMAL VIDEO (n = 10, five females)
observed non-action-related animal video tapes in their
training sessions (in the same amount of time as in the
VIDEO group). Video training sessions in both groups had
been conducted in the same period of time scheduled for
the training sessions in the groups of the first experiment.

2.3.3. Third Experiment: Effect of Additional AO on Motor
Outcome of the Untrained Hand. In the third experiment,
20 participants were randomly assigned into two groups.
Participants from the mirror training group with additional
video training, that is, VIDEO+MIRROR (n = 10, four
females) first underwent the VIDEO procedure (as described
in the second experiment) and then the MIRROR procedure
(as described in the first experiment). Participants of the
no mirror training group with additional video training,
that is, VIDEO+NO MIRROR (n = 10, five females) first
carried out the VIDEO procedure (as described in the
second experiment) and secondly the NO MIRROR pro-
cedure (as described in the first experiment). Thus, these
training sessions lasted twice as long as in the first and
second experiment.

2.4. Data Analysis. The result of the untrained hand in each
of the five respective tasks (i.e., marbles, nine-hole peg test,
cards, pick-a-stick, and rubber band) of each participant
was summed up and then divided by the number of tests.
This average sum was then defined as the mean score of the
overall test result of the untrained hand (M). The calculated
mean scores of pre- and post-measurements (Mpre, Mpost)
were compared to compute the score difference (ΔM) for
each participant (ΔM=Mpost−Mpre). Statistical calculations
were carried out using IBM SPSS Statistics 23 (IBM, Armonk,
NY, USA) and GraphPad Prism 7 (GraphPad Software, La
Jolla, California, USA). Normal distribution was determined
by D’Agostino & Pearson omnibus normality test. Levene’s
test was applied to assess the equality of variances between
the groups for each experiment. In order to test the differ-
ences between the groups in each experiment, a two-way
analysis of covariance (ANCOVA; between-subjects factor
group, within-subjects factor ΔM, and covariate Mpre) was
performed as proposed by Atkinson and Batterham [45].
We considered values of p < 0 05 to be statistically signifi-
cant. Additionally, we calculated the effect size Glass’ delta
(Δ) of each experimental condition (MIRROR, NO MIR-
ROR, VIDEO, VIDEO+MIRROR, and VIDEO+NO MIR-
ROR) on the left test hand compared to the control
condition (ANIMAL VIDEO) from the second experiment
as proposed by Hedges and Olkin [46]. Cohen defined that
Δ≤ 0.2 indicates a small effect, Δ≤ 0.5 indicates a medium
effect, and Δ≤ 0.8 indicates a large effect [47].

3. Results

3.1. First Experiment. Analyzing the mean score of the
overall test result of the untrained hand (M) of the groups
MIRROR (M = 24 4, 95% CI 20.48–28.31) and NO MIR-
ROR (M = 18 82, 95% CI 15.39–22.24) after four days of

training, ANCOVA with the factors group, mean score
difference (ΔM), and the covariate mean score at baseline
(Mpre) revealed a significant main effect for the factor
group (F1,17 = 10.08, p = 0 006, η2 = 0 372). This main effect
resulted from the overall higher mean score of the group
MIRROR compared to the group NO MIRROR (see
Figures 2 and 3).

3.2. Second Experiment. Analyzing the mean score of the
overall test result of the untrained hand (M) of the groups
VIDEO (M = 18 44, SD=4.14) and ANIMAL VIDEO
(M = 12 28, SD=3.69) after four days of training, ANCOVA
with the factors group, mean score difference (ΔM), and the
covariate mean score at baseline (Mpre) revealed a significant
main effect for the factor group (F1,17 = 11.57, p = 0 003,
η2 = 0 405). This main effect resulted from the overall higher
mean score of the group VIDEO compared to the group
ANIMAL VIDEO (see Figures 2 and 3).

3.3. Third Experiment. No significant differences were found
between the mean score of the overall test result of the
untrained hand (M) of the groups VIDEO+MIRROR
(M = 24 12, SD=4.79) and VIDEO+NO MIRROR (M =
25 48, SD=5.45) after four days of training. ANCOVA with
the factors group and mean score difference (ΔM) including
the covariate mean score at baseline (Mpre) revealed no
significant main effect (F1,17 = 5.61, p = 0 464, η2 = 0 032)
(see Figures 2 and 3).

3.4. Effect Sizes. Calculation of the effect size Glass’ delta (Δ)
of the experimental conditions after four days of train-
ing revealed the largest effect of the untrained hand for
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Figure 2: Mean score of the overall test result of the untrained
hand (M) to each point of measurement (pre, post; individual
values, mean, and 95% CI) of each experimental condition
(MIRROR, NO MIRROR, VIDEO, TEST, VIDEO+MIRROR,
and VIDEO+NO MIRROR) assigned to the corresponding
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line. Mean score of the overall test result of the untrained hand
(M) was calculated as follows. The test result of the untrained
hand in each of the five respective tasks (i.e., marbles, nine-hole
peg test, cards, pick-a-stick, and rubber band) was summed up
for each participant and then divided by the number of tests.
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VIDEO+NO MIRROR (Δ=3.58, 95% CI 2.17–4.99),
followed by MIRROR (Δ=3.29, 95% CI 1.94–4.63),
VIDEO+MIRROR (Δ=3.21, 95% CI 1.89–4.54), and NO
MIRROR (Δ=1.77, 95% CI 0.74–2.81). The smallest effect
was found for the condition VIDEO (Δ=1.67, 95% CI
0.65–2.69) (see Figure 4).

4. Discussion

The primary aim of the present study was to examine the
boosting effect of action observation (AO) on the motor
outcome of the untrained hand by means of mirror visual
feedback (MVF), video therapy (VT), or a combination of
both. In our first experiment, we confirmed the boosting
effect of AO during MVF by means of previously evaluated
tasks [22, 40, 48]. Motor outcome of the untrained hand
was greater after training with MVF compared to training
without mirror feedback. With our findings from the second
experiment, we extend the spectrum of application for the
tasks to the possibility of using them in a video training
protocol (VT). Here, we demonstrated a boosting effect on
motor outcome of the untrained hand by mere AO in com-
parison to watching non-action-related animal video clips.
Eventually, in our third experiment, we combined MVF
and VT for the first time and demonstrated that doubling
AO has no additional boosting effect.

4.1. The Boosting Effect of Action Observation on the Motor
Outcome of the Untrained Hand during Both Mirror Visual
Feedback and Video Therapy. The reported positive effect
by MVF on the performance of the untrained hand from
our first experiment is well established and already demon-
strated on healthy adults using the same motor tasks [37],
and on patients suffering from stroke [33–35]. Several studies
thus infer that this effect is based on inputs received by AO
during the observation of one’s own action in the mirror

[32, 36, 37, 39, 40]. This notion is supported by findings that
show human premotor and parietal regions of the AON
becoming active during both execution and observation of
similar motor acts [21, 22, 49]. The same regions also exhibit
a strong homology to MNS-associated regions in nonhuman
primates [50]. However, activation of these regions within
the AON increases as a function of motor competence linked
to the observed action [28, 51–54]. By means of an optical
illusion, the received mirror-based inputs of AO may feed a
motor schema with visuomotor information that is consis-
tent with the execution of the resting target effector during
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MVF training (MIRROR). In order to benefit from AO
during MVF, control signals for the muscles within the
motor schema are possibly transformed by the received
corresponding visuomotor information [5, 27, 29]. This
constitutes a sharp difference to training without a mirror
(NO MIRROR), since here, visuomotor information of the
actual training hand is being processed. We therefore evalu-
ate this information to be rather “inconsistent” with respect
to the passive test hand because there is no transfer to the
muscles of the target effector. We assume that the lack of
control signals for the muscles of the target effector during
training without a mirror may be a possible explanation for
the significant difference to training with MVF, since these
signals are processed by AO.

Accordingly, results from our second experiment clearly
indicate the positive effect of mere AO on the motor outcome
of the untrained hand when participants watch video clips
that show the target effector performing the assigned tasks
(VIDEO; see Figure 3). In contrast to non-action-related
animal videos (ANIMAL VIDEO), action-related video clips
provide visuomotor inputs that contain consistent informa-
tion about the actual execution of the tested motor tasks with
the target effector. Our results correspond with previous
findings on AO, demonstrating that even mere short-term
observational practice mediates visuomotor information of
the observed action that immediately improves the motor
outcome of both hands, regardless of which hand was
observed [5, 6]. However, it remains unclear how the visual
information about an action is linked to the brain of the
observer [55]. One idea is that the sensorimotor system is
activated during AO [56]. Current studies further support
this idea by demonstrating substantial anatomical projec-
tions from the primary and secondary somatosensory corti-
ces (S1, S2) to the intraparietal area (AIP) [57–59] as well
as projections from parietal areas to M1 and the PMC via
S1 [60]. A recent study postulates that the sensorimotor
system, and more specifically S1, is indeed involved in motor
learning by AO [7]. We therefore support the assumption
that the positive effect of both MVF and VT on the untrained
hand is based on visuomotor inputs and sensorimotor inputs
received by AO. This is further supported by results indicat-
ing that regions of visual attention and the integration of
visual and somatosensory information, such as the secondary
visual cortex (V2) and the anterior intraparietal sulcus
(aIPS), are active during both MVF and VT [22, 40, 48].
Observed more closely, the aIPS, as the human homologue
of the AIP in nonhuman primates, is part of the AON and
links V2 and the PMC during the visuomotor processing
[18, 61–63]. The PMC is densely connected to the hand
representation area of M1 [64] and thus crucial for the
combination of both external sensory signals and learned
motor behavior in order to interact with the hands in the
peripersonal space [65, 66]. Consequently, the involvement
of the PMC during AO results in a cortical formation of
new motor memory traces in M1 [29–31] that is consistent
with studies on AO which demonstrated the vital importance
of the AON in observational learning of new guitar chords
[24, 25] and motor skills after stroke [26]. Taken together,
the first and second experiments provide evidence that the

increased motor outcome of the untrained hand is a result
of the received visuomotor and sensorimotor inputs by AO,
which are mediated via both a mirror and action-related
video clips.

Considering the effectiveness of MVF (MIRROR) and
VT (VIDEO) with respect to the untrained hand, there is
an obvious difference in favor of MVF (see Figure 4). Hence,
visuomotor and sensorimotor inputs by AO alone are not a
sufficient explanation for the positive effect during training
with MVF. Indeed, performance improvements of the
untrained hand after unilateral skill training without mirror
feedback (NOMIRROR) are due to the intermanual transfer,
which is accompanied by changes in interhemispheric inter-
actions between left and right motor cortices via the corpus
callosum [65, 67, 68]. A complete section of the corpus
callosum stops or greatly decelerates the intermanual transfer
[69]. However, studies using MVF found that more interre-
gional than interhemispheric interactions between primary
motor cortices are crucial for the performance improvements
[37, 38]. These results were confirmed by a case study
that reported MVF-induced performance improvements in
patients despite a callosal section [42]. Moreover, excitability
in motor-related areas contralateral to the untrained hand is
facilitated by training with MVF [41, 70, 71]. It is likely that
during MVF training, received inputs via AO are combined
with parallel-mediated sensorimotor inputs by the actual
execution with the training hand (see Figure 5) that is
different to VT where only information is received via the
observed video clips. Therefore, concerning the effectiveness
of MVF, we suggest that MVF provides a more holistic train-
ing due to the combination of parallel received inputs via the
AON and sensorimotor inputs by the actual execution.

4.2. The Possibility of an Increased Training Effectiveness
by Combining Mirror Visual Feedback and Video Therapy.
In our third experiment, we combined VT and MVF
(VIDEO+MIRROR) to further boost the effectiveness of
MVF by AO. To our knowledge, there is no study that has
already attended this issue. We found that effectiveness of
VT in addition to MVF is not substantially greater than
VT in addition to training without mirror feedback
(VIDEO+NO MIRROR) nor MVF alone (MIRROR) (see
Figures 3 and 4). This result clearly supports the idea that
both VT and MVF rest upon the AO concept mediating
information about an action via the same pathways of the
AON. Therefore, we argue that there is a striking resem-
blance between received video-based and mirror-based
inputs (see Figure 5). This resemblance of received informa-
tion is reflected by the similar effectiveness of VT in combi-
nation with MVF in contrast to MVF alone (see Figure 4).
However, the controlling condition of the third experiment,
which was a combination of VT and immediate execution
without mirror feedback (VIDEO+NO MIRROR), showed
a greater effectiveness in comparison to the sole training
without mirror feedback (NO MIRROR) and a comparable
effectiveness to MVF alone (see Figure 4). It is likely that
the received inputs during the observation of action-related
video clips are complemented by sensorimotor experience
during the immediate execution with the training hand.
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Therefore, the motor schema is fed by visuomotor and
sensorimotor inputs of the untrained hand during VT and
sensorimotor inputs during the immediate action execution
with the training hand (see Figure 5). These inputs are also
processed during MVF. Thus, we suggest that motor compe-
tence of the untrained hand can be acquired both by parallel
as well as directly consecutive visuomotor and sensorimotor
inputs. However, combined methods in the third experiment,
although their trainings sessions lasted twice as long as
training sessions in all previous experiments, did not sub-
stantially increase effectiveness in comparison to MVF. Thus,
the combination of MVF and VT turns out to be less effective
looking from a clinical perspective.

To sum up the present study, we offer a conceptual
framework (see Figure 5) that highlights our suggestions
regarding acquired motor competence of the untrained hand
as a result of different network inputs. Video clips that show a
task-specific motor performance with the target effector
(VIDEO) convey visuomotor and sensorimotor information
to the observer. This information is processed in postrolandic
areas, which in turn trigger secondary motor areas to build
up a motor schema consistent with the observed action of
the target effector. By training with action-related video clips,
the schema is refined before it is retrieved by the sensorimo-
tor cortex during actual execution with the target effector.
Subcortical structures such as the basal ganglia and the
cerebellum have a determining influence on these processes
[65]. During the execution in front of a mirror (MIRROR),
visuomotor and sensorimotor inputs are mediated by mere
observation of one’s own action via a mirror. Due to the
optical illusion during observation, the AON is fed by infor-
mation that is consistent with the execution of the resting
target effector. At the same time, sensorimotor inputs are
conveyed via a further network as a consequence of the actual
execution with the performing nontarget effector. As a result,
a more holistic schema than by mere observational training
(VIDEO) is built up, which in turn is reflected by a greater
motor performance of the untrained hand after training with
MVF. Consequently, the combination of action-related video

clips and training in front of a mirror (VIDEO+MIRROR)
has no additional effect on the motor outcome of the
untrained hand since the same information is processed
twice via the pathways of the AON. Therefore, an expanded
training program including similar inputs is not effective
means to introduce a new training stimulus over the course
of four days. In contrast, during training without mirror
feedback (NO MIRROR), a motor schema is built up by sen-
sorimotor and visuomotor inputs of the nontarget effector.
Both sensorimotor and visuomotor inputs contain informa-
tion that is inconsistent with the execution of the resting tar-
get effector. Thus, the training effect for the untrained hand is
smaller than by training with MVF. It is more probable that
the acquired motor competence of the untrained hand is
mediated via the intermanual transfer [65, 67, 68]. However,
by combination of observational training with action-related
video clips and training without mirror feedback (VIDEO
+NO MIRROR), corresponding visuomotor and sensorimo-
tor inputs of the target effector are processed additionally by
AO. Therefore, by this combination, a comparable training
effect to MVF is attainable, although the training lasts twice
as long.

5. Limitations and Clinical Implications

One limitation of this study is that it demonstrates results
from healthy volunteers. Considering this, clinical implica-
tions addressing patients that suffer from motor deficits can
only be drawn with reservation. Furthermore, the motor out-
come of the untrained hand was only measured by means of a
behavioral parameter. We did not present any neuronal cor-
relates that could possibly elucidate the causal background of
the training-induced increase of motor performance on the
untrained hand. Any functional mechanisms, that is, under-
lying networks, and training-induced changes or modula-
tions could only be presumed and argued with reference to
comparable studies. We did not conduct a kinematic exami-
nation of muscle activity or trajectory. Therefore, implica-
tions regarding the quality of the observed performance
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Figure 5: Proposed conceptual framework for acquired motor competence of the untrained (left) hand as a result of different network inputs.

7Neural Plasticity



increase are not thoroughly conclusive. However, we mainly
focused on the practicability of the deployed methods.

Considering that our results from the third experiment
provide a clear indication that the combination of VT and
MVF under the defined conditions is not beneficial, we
conclude that the application is not suitable in a clinical
context. Future studies therefore should focus on a training
that provides a further input to the motor control network
besides AO. Thus, an additional increase in the effectiveness
of the motor outcome could be achieved.

6. Conclusion

The results at hand demonstrate that AO induces a boosting
effect on the motor outcome of the untrained hand during
training with both MVF and VT. We therefore support that
in both approaches, the pathways of the AON are employed
to process visuomotor and sensorimotor inputs. Concerning
MVF, our results suggest that additional sensorimotor inputs
are processed in parallel by means of action execution with
the nontarget effector. This is shown by the overall greater
effectiveness of MVF training compared to VT alone. Our
results indicate that the boosting effect by AO alone is
limited. The doubling of AO during the training sessions by
means of action-related video clips in combination with
MVF did not substantially increase effectiveness of the
training in comparison to MVF. It is more probable that
the additional sensorimotor inputs of the nontarget effector
are necessary to introduce a more effective training stimulus.
In this context, our results also indicate that motor compe-
tence of the target effector benefits from additional AO when
VT is combined with physical training of the nontarget effec-
tor in close succession. Therefore, from a methodological
point of view, mere AO training is probably the method of
choice to build up a precise schema of a target action within
the initial stage of motor learning. On the contrary, MVF is
the more effective approach to increase the motor perfor-
mance of the untrained hand in the further process of motor
learning because of the combination of AO and physically
received sensorimotor inputs.
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Motor imagery contributes to enhance the (re)learning of motor skills through remapping of cortical networks. Combining motor
imagery with anodal transcranial direct-current stimulation (a-tDCS) over the primary motor cortex has further been shown to
promote its beneficial effects on postural control. Whether motor imagery should be performed concomitantly to a-tDCS (over
depolarized membrane) or consecutively (over changing neurotransmitters activity) remains to be elucidated. In the present
study, we measured the performance in a postural control task before and after three experimental conditions. Participants
received a-tDCS before (tDCSBefore), during (tDCSDuring), or both before and during motor imagery training (tDCSBefore + During).
Performance was improved after tDCSDuring, but not after both the tDCSBefore and tDCSBefore + During conditions. These results
support that homeostatic plasticity is likely to operate following a-tDCS through decreasing cortical excitability and that motor
imagery should be performed during anodal stimulation for optimum gains.

1. Introduction

Motor imagery–the mental simulation of an action–and
actual execution of the corresponding movement are known
to activate comparable neural networks [1–3]. Based on such
partial neural substrates overlap, motor imagery (MI) has
been shown to promote the capacity of neurons to adjust
their connectivity to the cognitive/behavioral demand, thus
eliciting activity-dependent plasticity [4] and significant
effects on motor (re)learning [5]. During the last two
decades, investigating the beneficial effects of MI on motor
function recovery has been the subject of a compelling body
of research [6–8]. Of specific interest, MI has been found to
facilitate the ability to perform daily activities requiring an
adequate postural control in young [9] and elderly persons
[10] as well as in patients with stroke [11, 12].

Recent years witnessed a surge of interest in the brain
stimulation delivered during MI. Applying anodal transcra-
nial direct-current stimulation (a-tDCS), a non-invasive brain
stimulation technique known to increase cortical excitability
[13], over the primarymotor cortex (M1) duringMI, has been
found to yield additional performance gains in hand motor
tasks compared to MI alone [14, 15]. Interestingly, Saruco
et al. [16] further reported that combining MI with a-tDCS
resulted in greater performance improvements in a task
requiring strong postural regulations. Data showed that pos-
tural adjustmentswith lowmargins for performance improve-
ment, and/or whichwere particularly difficult to acquire, were
enhanced only when MI was combined with a-tDCS.

The effect of a-tDCS on cortical excitability may outlast
the stimulation period and persist for up to 90min [13].
Interestingly, while the modulation of cortical excitability
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during stimulation stems from resting membrane potential
modifications (i.e., depolarization [17]), the after-effects orig-
inate from changes in neuromodulators activity (increased
intracortical facilitation and decreased intracortical inhibi-
tion [18]). Whether a MI session should ideally be scheduled
over depolarized neuronal membranes (i.e., during a-tDCS)
or during relevant neuromodulatory states (i.e., right after
a-tDCS) requires further investigation. So far, research
addressing the timing-dependent effects of a-tDCS on motor
learning provided inconsistent results. Giacobbe et al. [19]
found that motor performance of patients with stroke on a
robotic wrist extension task improved when a-tDCS was
delivered before training, but stagnated when applied con-
comitantly to the training session. Likewise, Kuntz et al.
[20] observed that training on a digit serial reaction time task
right after a-tDCS resulted in performance gains, whereas
combining a-tDCS with actual practice had no significant
effects on learning. Using a similar paradigm, Kuo et al. [21]
reported divergent findings. They found that preconditioning
cortical excitability through a-tDCS did not contribute to pro-
mote implicit motor learning. Other researchers further dem-
onstrated that applying a-tDCS prior to a sequence-learning
task even hindered explicit learning [22], whereas delivering
the brain stimulation during actual practice improved perfor-
mance [23]. To our knowledge, only Sriraman et al. [24]
addressed similar timing-dependent effects of a-tDCS on a
motor task with lower limbs. They found that delivering a-
tDCS during practice better increased motor performance
than applying a-tDCS prior to motor practice, without hin-
dering the enhanced retention of motor performance. In
addition, whether a further increase of cortical excitability
triggered by membrane depolarization (during a-tDCS) on
prefacilitated cortical activity (due to a-tDCS after-effects)
could provide additional benefits on motor learning also
remains unknown.

Aside from the context of physical training, the timing of
a-tDCS delivery with reference to MI training has never been
considered. The present study was therefore designed to
determine whether MI should ideally be scheduled right
after, during a-tDCS, or both right after and during a-tDCS.

2. Material and Methods

2.1. Participants. Sixteen right-handed and right-footed
healthy students (7 men and 9 women, mean age 20± 2
years) voluntarily participated in this study. Participants
had no contraindication to tDCS or a shoe size above 10.5
(US size), allowing a correct use of the postural tool. Each
participant gave a written informed consent in agreement
with the Declaration of Helsinki [25] before engaging in this
double-blind experiment, which was approved by the local
research ethics committee of the University.

2.2. Experimental Design. MI ability was first assessed using
the revised version of the Movement Imagery Questionnaire
(MIQ-R [26]). The test addresses the ease to perform MI in
the visual and kinesthetic modalities, using four movements
(hip abduction, squat jump, arm movement, and forward
bending). For each item, participants read a description and

physically performed the movement, before imagining
through each modality. MI ease was rated on a 7-point
Likert-type scale ranging from 1 (very hard to see/feel) to 7
(very easy to see/feel). An average score for each modality
and one for the entire questionnaire was calculated, with
higher score representing greater ease of imaging. Despite its
subjective nature, MI vividness assessment through a ques-
tionnaire is considered a reliable tool, as suggested in neuro-
physiological and neuroimaging studies [7]. MI vividness
was also controlled after each experimental condition with a
5-point Likert-type scale. Specifically, participants self-
reported from 1 (no sensation at all) to 5 (sensation as intense
as during the actual execution) the intensity of the sensation
perceived (i.e., kinesthetic MI vividness).

This double-blinding test-retest involved a MI session
during which participants mentally rehearsed a postural task
while being subjected to three conditions of M1 stimulation.
During the pretest, participants were first requested to actu-
ally perform a postural task (Figure 1(a)). Right after, they
received 10min of either sham or anodal stimulation and
then performed 10min of MI, which was also combined to
a second sham or anodal stimulation. Three experimental
conditions were therefore scheduled: (1) a-tDCS, then MI
associated with sham stimulation (tDCSBefore), (2) sham
stimulation, then MI associated to a-tDCS (tDCSDuring), and
(3) a-tDCS both before and during MI (tDCSBefore + During)
(Figures 1(b) and 1(c)). A posttest session, strictly similar to
the pretest, was performed immediately after completing
the experimental conditions (Figure 1(d)). All participants
randomly performed the three conditions, with a one-week
delay between each session to avoid any carry-over effect
[27]. Participants benefited from a familiarization with the
task before starting the experimentation, allowing them to
calibrate their postural skills.

2.2.1. Postural Task. During both the pre- and posttests, par-
ticipants were required to perform a postural task which con-
sisted in the validation of 16 targets that randomly appeared
on a screen [16]. Data were collected from a Wii Balance
Board, which reliability as a tool of postural assessment has
been validated [28–32]. From a standing position on the bal-
ance board, participants received a continuous visual feed-
back of their center of pressure (CoP) on the screen,
represented by a cross. By shifting their CoP without lifting
any foot, the cross had to reach and stand into each target
area during 3 s to complete its validation (Figure 2(a)). Tar-
gets were individually located in 8 different directions with
two difficulty levels each, according to the distance from the
initial position (Figure 2(b)). Difficulty thresholds were deter-
mined according to the sustentation polygon of each partici-
pant (Figure 2(c)). After each of the 16 targets (8 easy and 8
hard), a reference target (located in the center) had to be val-
idated before shifting the CoP to the next target (Figure 2(a)).
The duration of the task (i.e., validation of the 16 random and
16 reference targets), that depended on participants’ individ-
ual postural abilities, ranged between 3 and 5min.

2.2.2. Motor Imagery. As in Saruco et al.’s [16] study, partic-
ipants performed MI while seating on a chair, positioned
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exactly at the same place as theWii Balance Board (i.e., where
the pre- and posttests were performed, Figure 1(c)). During
10 consecutive minutes, participants were requested to men-
tally shift their CoP to the randomly assigned targets that
appeared on the screen, which were identical to those pre-
sented during both pre- and posttests. Through kinesthetic
MI, they were asked to mentally shift and keep their CoP
from a standing position into the targets until their valida-
tion. Participants remained with their eyes opened during
MI. Verbal indication was delivered by the participants at
the end of each target validation, so that the experimenter
was able to launch the next target. As during the pre- and
posttests, a reference target had to be validated between two
randomly assigned targets.

2.2.3. Brain Stimulation. Brain stimulation of 1mA intensity
was continuously delivered during 10min through two
saline-soaked sponge electrodes, with a constant-current
stimulator (STARSTIM, Neuroelectrics, Barcelona, Spain).
Such stimulation charge has been previously shown to induce
after-effects on cortical excitability during 1 h [13]. For a

bihemispheric stimulation of lower limbs, the 25 cm2 anode
electrode was fixed at Cz [33], with reference to the interna-
tional 10/20 system. The 35 cm2 cathode electrode was placed
at the center of the forehead. This montage was previously
shown as being relevant to enhance the beneficial effects of
MI on postural control [16]. At the onset of the stimulation,
intensity linearly increased during 30 s until reaching 1mA,
then ramped down to 0 during the last 30 s. For a good level
of blinding, current also ramped up and down during the first
and last 30 s of the sham stimulation, but was nil during MI.

2.3. Data Analysis. MIQ-R scores and participants’ self-
reports of MI vividness were the psychometric variables for
MI ability. The time elapsed from the initial contact of the
CoP with the target until it was validated (3 seconds inside
the target) was the dependent variable for motor perfor-
mance (Figure 2).

We used R [34], the packages lme4 [35], and ARTool [36]
to run a non-parametric analysis of validation times. Due to
deviations from normality (visual inspection of Q-Q plots),
we implemented a validated aligned rank transformation

Individual performance Individual performance

PosttestMental trainingRestPretest

(a) (b) (c) (d)

10 min 10 min

tDCS

tD CSBefore

tD CSDuring

tDCSBefore + During

tDCS

Sham tDCS

tDCS

Sham

Figure 1: Time course of the experimental design. Participants performed the postural task during the pretest (a), immediately followed by
10min of rest where participants relaxed while receiving either sham or anodal stimulation over M1 (b). A 10min MI session was then
completed while participants received another sham or anodal stimulation (c). Finally, participants performed the posttest (d), which was
strictly similar to the pretest.
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(ART) procedure [37]. This procedure consists in a prelimi-
nary step of data alignment based on the mean estimates of
main/interaction effects of a given factorial model, followed
by rank assignment. We applied the ART to a mixed linear
model with validation times as the response variable. As fixed
effects, we included condition (tDCSBefore, tDCSDuring, and
tDCSBefore + During), test (pretest; posttest), and difficulty (easy
and hard targets). As random effect, we entered the by-
subject and by-target random intercepts (front, front-right,
front-left, back, back-left, and back-right locations). As post
hoc investigations, we used contrast tests with ART (least
square means difference) and ran a systematic investigation
of main and interaction effects. The statistical significance
threshold was set up for a type 1 error rate of 5%. We applied
Holm’s corrections for multiple comparisons to control the
false discovery rate [38].

3. Results

3.1. MI Ability Data. Participants reported good MI ease and
vividness with scores just above the median value. MIQ-R
global score (M± SD) was 5.07± 0.69. Visual and kinesthetic
subscores were 5.52± 0.74 and 4.62± 0.98, respectively. Mean
participants’ self-report of MI vividness was 2.96± 0.70.

3.2. Performance Data. The linear mixed effect analysis with
ART carried on validation times revealed a test× condition
interaction (F 2,1502 = 2 60, p = 0 03). Validation times were

reduced during the posttest (4.25 s± 1.36) compared to the
pretest (4.67 s± 1.97) in the tDCSDuring condition (p ART <
0 001). However, there was no significant difference between
pretest and posttest validation times in the tDCSBefore (pre-
test: 4.60 s± 1.58, posttest: 4.37 s± 1.71, p Art = 0 11) and
tDCSBefore + During (pretest: 4.41 s± 1.50, posttest: 4.24 s±
1.09, p Art = 0 50) conditions (Figure 3). We also observed
a test×difficulty interaction (F 2,1502 = 10 92, p < 0 001).
Difficult targets were validated more rapidly during the post-
test than during the pretest (pretest: 5.03 s± 2.00, posttest:
4.59 s± 1.67, p Art < 0 001), while there was no significant
difference between the pretest (4.09 s± 1.13) and the posttest
(3.99 s± 1.00) for easy targets (p ART = 0 20).

The linear mixed effect analysis with ART also revealed a
main effect of test (F 2,1502 = 19 79, p Art < 0 001) and diffi-
culty (F 2,1502 = 150 80, p Art < 0 001). Posttest targets were
overall validated faster than pretest targets (pretest: 4.56 s±
1.69, posttest: 4.29 s± 1.40), and easy targets were validated
faster than hard targets (easy: 4.04 s± 1.07, hard: 4.81± 1.86).

4. Discussion

This study aimed at investigating the optimal timing of a-
tDCS delivery when designing a MI intervention for postural
control training. Practically, we tried to determine whether
MI should ideally be scheduled right after, during, or both

(a) (b)

(c)

Figure 2: Postural task characteristics. (a1) Shift of the CoP (white cross) from a reference position until reaching a randomly assigned target
(green circle). (a2) The target changed into yellow when the CoP remained within the target during 2 seconds, green after 3 seconds, and then
disappeared (i.e., target validated). (a3) Participants shift back their CoP to validate a reference target, before the next randomly assigned
target appeared. (b) A total of 16 targets appeared on 8 different locations, with two levels of difficulty. Easy and hard targets were,
respectively, located at 20% and 50% of the theoretical maximum stability limitation, previously individually delimitated according to the
feet positions. (c) Comfortably standing on the Wii Balance Board, coordinates of the heels, and big and pinky toes were used to define
the lines on which the targets appeared. Diagonals were calculated with the heel points and half of the distance between big and pinky toe
points.
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right after and during a-tDCS, in order to evaluate the
respective effects of changing neurotransmitters activity
and membrane depolarization. While a performance
improvement was observed after the concomitant use of
a-tDCS and MI (tDCSDuring), applying a-tDCS just before
MI (either tDCSBefore or tDCSBefore + During) did not signif-
icantly affect the motor performance.

Present data first provided evidence that applying a-tDCS
during MI (tDCSDuring) contributed to increase postural reg-
ulation to reach a target. This finding confirms previous data
supporting that combining MI with a-tDCS can promote
motor learning [14–16]. Using a comparable experimental
design, Saruco et al. [16] reported that such combination
yielded to better performance improvement compared to
MI alone, hence supporting that performing MI while mem-
brane potential modulation processes enhance cortical excit-
ability might result in substantial performance gains.

In contrast, performingMI right after a-tDCS (tDCSBefore)
did not significantly improve motor performance, hence sug-
gesting that participants might not benefit from possible syn-
aptic modulations fostering the long-term potentiation [39].
This latter finding is in line with previous results showing no
effects [21, 24] or even deleterious effects of a-tDCS onmotor
learning when stimulationwas delivered before physical prac-
tice [22, 23].We thus extend this conclusion tomotor learning
byMI, confirming similar functional outcomesbetweenactual
execution and itsmental representation. Interestingly, present
result further suggests that applying stimulation just before
practice might hinder the benefits observed after a MI session
without tDCS [16].

The timing-dependent influence of a-tDCS on motor
learning throughMImight be explained by homeostatic plas-
ticity processes as proposed by the Bienenstock-Cooper-
Munro rule. This stipulates that synaptic modifications,
based on the history of their activation, are operated in
order to maintain neuronal connectivity within a useful
range [40]. Motor learning relies on activity-dependent

plasticity which can destabilize neural network properties
[41]. The Bienenstock-Cooper-Munro rule postulates that a
sliding of the modification threshold (i.e., the level of post-
synaptic activity), negatively correlated to the previous neu-
ronal firing rates, operates to avoid such destabilization. In
other words, following high levels of neural activity, homeo-
static plasticity processes raise the modification threshold for
synaptic strengthening, hence fostering inhibition. Regula-
tory homeostatic plasticity, which occurs in M1 following a-
tDCS induction [42, 43], might therefore constitute a reliable
explanation for the present results. Delivering an excitatory
input through MI right after preconditioning a-tDCS might
thus have elicited neural inhibition, hence hampering learn-
ing. The exact molecular functioning governing such homeo-
static plasticity is not yet fully identified. Some studies
highlighted the implication of the N-methyl-D-aspartate
(excitatory neurotransmitter, NMDA) receptors’ activity as
an important process involved in homeostatic plasticity
[44–46]. Amadi et al. [22] hypothesized that the homeostatic
relationship between a-tDCS and motor learning might
also occur at the level of gamma-aminobutyric acid- (inhib-
itory neurotransmitter, GABA-) ergic synapses. This sug-
gests that the sliding of modification threshold may be
governed by a modulation of both excitatory and inhibitory
nervous processes.

Another original result is the lack of effect of combin-
ing a-tDCS with MI after a-tDCS preconditioning
(tDCSBefore + During). As there was a possibility that tDCSBefore
would positively influencemotor learning [20] and as positive
effects of tDCSDuring were anticipated [16], it was relevant to
test whether this combination could yield additional improve-
ments. We postulate that further stimulation of the neural
state (sparked by tDCSDuring) contributed to trigger the sliding
of the modification threshold towards inhibition processes.
This result suggests that exogenous modulations of cortical
excitability (i.e., a-tDCS) were not sufficient to overcome
endogenous homeostatic plasticity processes. Moreover, as
wedidnotfindanydifferencewhencomparing the level of per-
formance during the posttests of tDCSBefore and tDCSBefore
+ During conditions (Figure 1), we hypothesize that a greater
input (tDCSBefore + During) did not lead to a greater reversibility
of the neural state (i.e., decrease of the cortical excitability
operated by homeostatic processes). Hence, irrespectively of
the stimulation charge (tDCSBefore + During or tDCSBefore only),
such processes would operate in a similar manner.

This study has some limitations that should be consid-
ered in future experiments. First, we did not include a control
of cortical excitability modulations induced by a-tDCS and
potential homeostatic plasticity processes. Such interaction
has previously been considered by Siebner et al. [42] and
Lang et al. [43]. The authors used repetitive transcranial mag-
netic stimulation (TMS), with the aim to increase cortical
excitability. They showed that preconditioning with a-tDCS
hampered the increase of cortical excitability induced by
repetitive TMS. Measuring the amplitude of motor evoked
potential through single-pulse TMS is a reliable method
to assess the modulation of cortical excitability. Thus, an
interesting perspective would be to collect such data during
MI training for further evidence of a-tDCS impact on

Figure 3: Behavioral outcomes. Least square mean estimates of
validation times during the pretest and the posttest across
experimental conditions. NS: no statistically significant difference
(corrected p Art values), ∗∗∗p Art value< 0.001.
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homeostatic plasticity. Also, assessing the neurobiological
factors involved in the relationship between a-tDCS and
homeostatic plasticity processes certainly deserves further
consideration [22]. From a practical perspective, this study
addressed the short-term effects of preconditioning the
neural state with a-tDCS, without scheduling a retention
test. As Sriraman et al. [24] showed that a-tDCS applied
before or during motor learning led to similar performance
improvement 24 hours after practice, the effect of time on
homeostatic plasticity should be investigated. Finally, there
was no control group receiving no stimulation (e.g., sham
stimulations before and during MI) in the design, hence
preventing from drawing final conclusions regarding the
relevance of delivering a-tDCS during MI in order to
improve the postural control. However, such direct com-
parison of the benefits of simultaneous combination of a-
tDCS with MI and those observed after MI alone (with
sham a-tDCS) were assessed in a previous study [16]. It
was found that although MI alone could improve the per-
formance, additional gains were obtained when MI was
combined with a-tDCS.

The aim of this experiment was to investigate whether a-
tDCS should be applied before, during, or both before and
during MI. Data revealed that a-tDCS scheduled before MI
(either combined with sham or anodal stimulations) did
not significantly improve motor performance, whereas a-
tDCS delivered during MI was beneficial. Promising practical
applications can be considered in the motor (re)learning
domain, as present data support the relevance of applying
a-tDCS during MI. This overall suggests that this timing
should be regarded for optimal results. Considering the
growing interest in brain stimulations and MI, specifically
during the neurorehabilitation of patients suffering from
locomotor and postural disorders, future studies should
investigate in greater details how these two techniques
might be adequately combined.
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When learning a new motor skill, we benefit from watching others. It has been suggested that observation of others’ actions can
build a motor representation in the observer, and as such, physical and observational learning might share a similar neural basis.
If physical and observational learning share a similar neural basis, then motor cortex stimulation during observational practice
should similarly enhance learning by observation as it does through physical practice. Here, we used transcranial direct-current
stimulation (tDCS) to address whether anodal stimulation to M1 during observational training facilitates skill acquisition.
Participants learned keypress sequences across four consecutive days of observational practice while receiving active or sham
stimulation over M1. The results demonstrated that active stimulation provided no advantage to skill learning over sham
stimulation. Further, Bayesian analyses revealed evidence in favour of the null hypothesis across our dependent measures. Our
findings therefore provide no support for the hypothesis that excitatory M1 stimulation can enhance observational learning in a
similar manner to physical learning. More generally, the results add to a growing literature that suggests that the effects of tDCS
tend to be small, inconsistent, and hard to replicate. Future tDCS research should consider these factors when designing
experimental procedures.

1. Introduction

Learning new motor skills is crucial for successful interac-
tions with one’s environment. However, the neural mecha-
nisms that underlie skill learning in the human brain are
not well known. Most prior neuroscience research has inves-
tigated skill acquisition through physical practice. For exam-
ple, prior studies have shown that motor skill learning can be
facilitated by applying anodal transcranial direct-current
stimulation (tDCS) to the primary motor cortex (M1) during
physical practice of new skills (for reviews, see [1–4]). These
results suggest that M1 plays a functional role when learning
novel motor skills through physical practice. However, motor
learning also occurs when watching others perform actions
in the absence of physical practice [5]. To date, the extent
to which the motor system operates similarly in physical
and observational learning remains unclear. In the present
study, therefore, we use anodal tDCS over M1 to determine

the extent to which stimulation of the motor system may also
facilitate learning via observation.

Motor learning increases excitability of M1 and
strengthens synaptic connections within M1 through
long-term potentiation- (LTP-) like mechanisms [6–8]. Sim-
ilarly, applying an anodal current over M1 via tDCS increases
excitability of cortical neurons under the surface area of the
electrode [9, 10] and the aftereffects of stimulation are
believed to be related to LTP-like changes in synaptic plastic-
ity [11]. In addition, combining anodal tDCS over M1 with a
motor learning task (so-called “online” stimulation) has been
shown to facilitate motor learning [1–4], which suggests that
there may be additive effects of combining stimulation tech-
niques with learning paradigms.

Physical practice of motor movements is not essential to
learn new skills; motor skills can also be learned by watching
others perform actions [5]. Although many studies have
shown that motor skills can be learned via observation, the
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specific neural mechanisms that are required to translate
visual input into motor programs are not well understood
[12, 13]. Several theories suggest that action observation
engages an observer’s own motor system by establishing
internal representations of the motor programs required to
perform the action (for a review, see [14]). Engagement of
premotor and parietal cortices is consistently reported during
both action execution and action observation, and these two
brain regions form the core of the so-called human mirror
system [15, 16].

Although M1 is not part of the premotor-parietal mirror
system, accumulating evidence suggests that it plays an
important role in action observation, as well as learning by
observation. Electrophysiological recordings in monkeys
have shown that cells in M1 exhibit mirror-like properties,
meaning that they respond to both observed and executed
movements [17–19]. In humans, repetitive transcranial
magnetic stimulation (TMS) over M1, which temporarily
disrupts function, effectively inducing a short-lived “virtual
lesion,” reduces the benefits of motor learning by observation
[20]. Further, M1 engagement during observation might be a
critical determinant for the success of motor learning via
observation [21]. If M1 plays a similar functional role in
observational learning as it does in physical learning, increas-
ing M1 excitability during observational learning should
facilitate skill acquisition in a similar manner as that reported
for learning by physical practice.

Here, we investigate whether applying anodal tDCS
over M1 during observational practice facilitates acquisi-
tion and retention of a keypress sequence learning task.
We hypothesise that observational practice coupled with
anodal tDCS should have beneficial effects on learning
compared to observational practice alone, as has been pre-
viously reported for learning by physical practice [1–4].
Such a pattern of findings would support the view that
M1 plays a similar functional role in learning via observa-
tion and physical practice, thus further illuminating the
functional mechanisms supporting action and perception
links in motor learning.

2. Method

2.1. Participants. Fifty-five participants consented to partici-
pate in the study. Five participants did not finish all sessions,
including the posttraining testing sessions. These five par-
ticipants were thus excluded from analyses as they did not
have posttraining performance measures that were critical
for testing our hypothesis. The final sample comprised
50 participants: 14 males and 36 females, 18 to 30 years
old (M=20.60 years, SD=2.40). All participants were
right-handed (based on self-report) Bangor University stu-
dent volunteers with normal or corrected-to-normal vision
and no history of neurological or psychiatric disorders. Par-
ticipants reported no contraindications to TMS or tDCS
(personal/family history of epilepsy or seizures, metal or
implants in the body, frequent headaches, history of seri-
ous head injury, heart disease, and possibility of being
pregnant) and were not taking any medication that affects
brain function (e.g., antiepileptic medication, tranquilizers,

or antidepressants). Prior to the first stimulation session,
participants were assigned to the sham (N = 24) or active
stimulation (N = 26) group (see Section 2.4 for assignment
procedure). No significant differences existed between the
groups in terms of demographics and baseline performance
(summarised in Table 1). Participants provided their written
informed consent prior to beginning all experimental proce-
dures and either received eight course credits or were paid
£30 for their participation following completion. The study
was conducted in accordance with the Declaration of
Helsinki and all procedures were approved by the Ethics
Committee of the School of Psychology at Bangor University
(protocol 2016-15675) and the UK Ministry of Defence
Research Ethics Committee (protocol 735/MODREC/15).

2.2. Stimuli. A keypress sequence learning paradigm was
implemented, based on the task used by Wiestler and Die-
drichsen [22]. A standard QWERTY black computer key-
board had the Q, 3, 4, 5, and Y keys covered with red tape
and all surrounding keys removed. In pre- and posttraining
sessions, participants were required to press the red keys with
the five fingers of their left hand in a specified order. During
the observational training tDCS sessions, participants
watched videos of the experimenter performing the keypress
task. For the video recordings, a similar keyboard was used
with the only difference that the sides of the five keys were
covered in yellow to improve the visibility of the key being
pressed. Stimuli presentation and response recordings were
performed using MATLAB 8.3.0 (The MathWorks, MA,
USA) and Psychophysics Toolbox 3.0.12 [23].

2.2.1. Keypress Sequences. The same set of 12 five-element
keypress sequences was used previously by Wiestler and
Diedrichsen [22]. Each sequence required the five fingers of
the left hand to be pressed once in a sequential order, with
each of the 12 sequences featuring a different order with no
more than three adjacent finger presses in a row. All
sequences were matched for difficulty, based on a previous
work [22]. For each participant, from the set of 12 sequences,
four sequences were randomly allocated to the trained condi-
tion, and four other sequences were allocated to the
untrained condition. The remaining four sequences
remained unused.

2.2.2. Videos. For the observational training sessions, 13-
second videos were created showing the experimenter’s left
hand from a first-person perspective, slightly tilted to the
right (see Figure 1(a) and Supplementary 1). Each video
showed the experimenter executing one sequence five times,
with naturally varying breaks between each sequence
repetition to ensure a more authentic presentation of the
performance. For the same reason, for each sequence, five
different video versions were recorded. This ensured closer
to natural performance variation of the same sequence. An
additional video version for each sequence was created where
one of the five sequence executions was incorrect. This
resulted in 72 videos in total.

Sequences were executed at an intermediate performance
level, which was determined by behavioural pilot test results,
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where the average time to complete a correct sequence execu-
tion was 2.29 seconds (pilot: N = 17, M=2.29 s, and
SE=0.14). Each original video, showing five repetitions of
the same sequence, was slightly sped up or slowed down
(±10%) to make it exactly 13 seconds long. Consequently,
the authenticity of movement performance was somewhat
reduced, but the relative variability within the video
remained intact. The average length of time for a single
sequence execution in the videos was 2.3 seconds. The videos
were presented on a computer monitor in full colour on a
black background. The frame rate was 29 frames per second
with the resolution of 600× 526 pixels, showing approxi-
mately natural hand size.

2.3. Procedure. Participants were required to watch and learn
four different 5-element keypress sequences performed by a
model with the left (nondominant) hand. Participants

underwent six testing sessions (Figure 2). Consecutive
multiple-day stimulation sessions were administered because
they generally produce higher tDCS effects compared to sin-
gle stimulation sessions [1], showing a cumulative increase in
cortical excitability [24] and improved motor skill consolida-
tion and retention [25, 26]. On the first day of testing (day 1),
participants’ left-hand motor area was localised with TMS
(see below for details). After the localisation procedure, par-
ticipants received task instructions and completed three
single-sequence execution trials to ensure they understand
the task. The familiarisation procedure was followed by a
pretest, which was followed immediately by the first obser-
vational practice session. The observational practice ses-
sions continued for the next three consecutive days (day
2 to day 4). For most participants, sessions were arranged
at the same time of the day as the first practice session
(with 1.5 to 2.5-hour difference for three participants in

Table 1: Group characteristics and self-reported sensations during training sessions.

Sham (N = 24) Active (N = 26) Group difference (p value, effect size)

Demographics

Gender (male/female) 8 : 16 6 : 20 0.623

Age (years; M± SD) 20.96± 2.97 20.27± 1.71 0.446, d = 0.217

Baseline performance

Pretest initiation time (s; M± SD) 0.77± 0.25 0.89± .30 0.117, d = 0.455

Pretest execution time (s; M± SD) 1.92± 0.57 2.02± 0.68 0.590, d = 0.153

Pretest error rate (%; M± SD) 25± 13 30± 15 0.203, d = 0.366

Sensations

Strongest (M± SD) 1.23± 0.49 1.46± 0.79 0.478, d = 0.202

Affected (M± SD) 0.16± 0.32 0.30± 0.36 0.037, d = 0.618

Lasted (M± SD) 1.14± 0.48 1.79± 0.71 0.001, d = 1.04

Items in italics (last two rows) highlight variables that significantly differed between the sham and active stimulation groups. Strongest: the strongest reported
sensation intensity level (0–4); affected: how much did sensations affect performance (0–4); lasted: when did the discomfort stop (0–3).
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0.4 s

Precue
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Sequence 5x
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repetitions?

Yes No

⁎
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(b) Pretraining, posttraining, and retention test example

Figure 1: Sequence learning and testing elements. (a) Observation trial example. A sequence cue was followed by a video showing a hand
executing the sequence five times, either correctly or incorrectly. Occasionally, a question was asked whether there was an error in any of
the five repetitions, and a response had to be made. (b) Execution trial example. A cued sequence had to be memorised and then executed
five times while receiving performance feedback.
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the sham group and 0.5 to 1.5-hour difference for four partic-
ipants in the active stimulation group). The day after com-
pleting the final observational practice session, participants
performed a posttest to assess learning (day 5). One week
later, they returned to the lab one final time to perform a
retention test to assess memory for the different sequences
(day 12).

Stimuli presentation and response recordings were per-
formed using MATLAB 8.3.0 (The MathWorks, MA, USA)
and Psychophysics Toolbox 3.0.12 [23]). All scripts are avail-
able at Github (https://github.com/dcdace/2017_tDCS).

2.3.1. Testing Sessions. In the pre-, post-, and retention per-
formance sessions, participants performed four trained and
four untrained sequence execution trials in a random order
with the left hand. Each trial consisted of five repetitions of
the same sequence. All trial-related information was pre-
sented centrally at the bottom of the screen against a grey
background. A trial started with a black fixation cross
(0.2 s), followed by the sequence cue presented as five digits
(2.7 s) that indicated from right to left which key to press:
“1”—the right-most key pressed with the thumb and
“5”—the left-most key pressed with the little finger (see
Figure 1(b)). After the cue, the digits were replaced by the fix-
ation cross and five black asterisks above it. This served as a
“go” signal to execute the memorised sequence five times as
quickly and accurately as possible. If the correct key was
pressed, the corresponding asterisk on the screen turned
green, if a wrong key was pressed, the asterisk turned red.

After executing a single sequence, the centralfixation cross
changed colour to provide feedback on the performance

(0.8 s): green—correct sequence execution, red—incorrect
sequence execution, blue—correct, but executed 20%
slower than the median execution time (ET) in the previ-
ous trials, and three green asterisks—correct and executed
20% faster than the median ET in the previous trials. After
this short feedback, all asterisks turned black signalling the
start of the next execution trial. After five executions of
the same sequence, the trial ended and the next sequence
was cued.

Participants’ performance was assessed as the average
sequence initiation time, execution time, and error rate
for the four trained (to-be-trained) and the four untrained
sequences. The error rate was measured as the percentage
of incorrect sequence executions. Incorrectly executed tri-
als were excluded from initiation time and execution time
measurements. The initiation time was measured as the
duration between the “go” signal and the first keypress.
The execution time was measured as the duration between
the first and fifth keypresses.

2.3.2. Observational Training Sessions. During the observa-
tional training sessions, participants received either sham or
active brain stimulation while watching videos of the
model’s left hand executing four sequences. Each video
showed five repetitions of the same sequence. A trial started
with a 5-digit cue (for 2.6 s), indicating the sequence to be
executed, followed by a video (13 s) showing five executions
of the cued sequence. Participants were instructed to watch
whether the hand executed the correct sequence all five times.
Occasionally, participants were asked whether there was an
error in any of the five executions—the error question.

S2S1 S4S3S2S1 S4S3

Day 1 Day 2, Day 3, Day 4

Pretest
perform

Trained Untrained

Localise
M1

S2S1 S4S3S2S1 S4S3 S2S1 S4S3S2S1 S4S3

Day 5 Day 12

Posttest
perform

Untrained Trained Untrained

Retention test
perform

Trained

Observational training

S2S1 S4S3

Trained

Watch videos

Cathode (7 × 5 cm)
Left supraorbital

Anode (7 × 5 cm)
Right M1

Active: 20 min
Sham: 30 s20 min training + active/sham tDCS

Figure 2: Experimental procedure. The experiment involved pretest, four 20-minute-long training sessions coupled with tDCS, posttest, and
retention test. In the pre-, post-, and retention tests, participants executed eight keypress sequences (four of them to be trained, the other four
untrained) with the left (nondominant) hand. In the training sessions, participants watched videos of a model’s left hand executing four of the
eight sequences. During training, participants received either sham or active (1mA) 20-minute stimulation over the right motor cortex
(35 cm2 large area centred on the left-hand motor area M1).
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Each practice session was divided into three blocks, sepa-
rated by a one-minute rest period. Within each block, 20
videos were presented in a random order: each sequence
video four times and one “error video” (with at least one
incorrect sequence execution) for each sequence. The error
question was asked randomly 5–7 times per block. At the
end of each block, participants received feedback on how
accurately they spotted the incorrect sequence executions.
During each session, participants saw a correct execution of
each sequence at least 60 times (3 blocks, 4 videos per block,
5 repetitions per video, plus some correct repetitions in the
“error video”). The whole training session lasted approxi-
mately 20 minutes and was coupled with 20 minutes of sham
or active tDCS.

2.4. Motor Cortex Stimulation

2.4.1. Right M1 Localisation. Single-pulse TMS was used to
localise the left-hand motor area. The TMS coil was posi-
tioned on the right hemisphere, slightly anterior and ventral
to the vertex of the skull to induce a muscle twitch in the
relaxed fingers of the left hand. The stimulator output was
started at 45% and increased in steps of 2–5% until a visible
twitch was observed. The stimulator output never exceeded
80% and participants received no more than 20 total pulses
in total, with an interpulse interval kept to at least 5 seconds.
The optimal location at which TMS evoked a just-noticeable
finger twitch was marked on the participant’s scalp with a
surgical marker. For nine participants, a visible twitch was
not observed following this procedure and the motor hand
area was instead marked per position C4 of the EEG 10-20
system (after [27]). The localisation procedure was per-
formed only on the first testing session and the marked M1
location was renewed with the surgical marker before each
stimulation session.

The nine participants whose M1 area could not be local-
ised using TMS were assigned to the sham group as the pre-
cise location of the stimulated area was not critical for sham
stimulation. We acknowledge that random assignment, inde-
pendent of localisation procedure, would have been a better
approach. The reasons why we could not evoke a visible
twitch in some participants may include extent of representa-
tion of the hand area and/or its accessibility via the cortical
surface. To ensure that any group differences are not driven
by the nonrandom assignment to groups, we repeated the
main analyses of observational training and stimulation
effects with the nine non-TMS-localised participants
excluded. The results of this analysis (see Supplementary
Materials 1) suggest that nonrandom group assignment did
not systematically bias our findings.

2.4.2. Stimulation Parameters. We performed a single-
blinded protocol. Participants were semirandomly assigned
to the sham or active stimulation group, keeping gender bal-
anced between the groups and ensuring that the motor hand
area of the active group was localised using the TMS proce-
dure described above. Participants were told that they would
receive stimulation for up to 20 minutes, not specifying the
exact length of the stimulation and not revealing the

existence of two stimulation groups. During each practice
session, the sham group received 30 seconds and the active
group received 20 minutes of tDCS (cf. [28]).

A 1mA constant current was delivered using a battery-
driven DC-Stimulator Plus (neuroConn GmbH, Ilmenau,
Germany) via a pair of conductive rubber electrodes placed
into saline-soaked sponges (7× 5 cm; 0.029mA/cm2 current
density). The electrodes were secured with elastic bands.
The contact impedance was monitored throughout the ses-
sion to ensure it stays below 15 kΩ.

The anode was centred over the previously marked
right M1. Due to the electrode size, the stimulation likely
extended into premotor and anterior parietal cortices as
well. The cathode was placed on the left supraorbital ridge
(see photographs in Figure 2). The current was ramped up
to 1mA over 10 seconds, held constant for either 30 sec-
onds (sham) or 20 minutes (active), and then ramped
down over 10 seconds. This method is recommended to
reliably blind participants to stimulation condition and
ensure similar sensations for sham and active stimulation
groups [28].

The observational training task started one minute after
stimulation onset, to allow time for participants to adapt to
the stimulation sensations and to ensure they felt comfort-
able with carrying on with the task. The stimulation ended
about one minute before the end of the task.

2.4.3. Sensation Questionnaire. After each training session,
participants provided information on the intensity of experi-
enced sensations (itching, pain, burning, heat, pinching,
metallic taste, and fatigue), the timing of any discomfort
(when did the discomfort begin and how long did it last?),
and the perceived impact of the stimulation on their perfor-
mance (adapted from [29]). At the end of the experiment
(day 12), participants were debriefed and asked whether they
think they received sham or active stimulation.

2.5. Data Analysis. All statistical analysis was performed
using R (v3.3.2, 2016-10-31) in RStudio (v1.0.136, 2016-12-
21, RStudio Inc., Boston, MA). Graphs were produced in
MS Excel 2016 (Microsoft, Redmond, WA, USA). The Excel
files, raw data, and scripts with all analysis procedures and for
reproducing results are available at https://github.com/
dcdace/2017_tDCS.

Given the total sample size of 50, the study had 80%
power to detect effects of tDCS that are conventionally
considered large (Cohen’s d=0.71; the effect size was esti-
mated with a power.t.test function in R for a two-sample,
one-sided t-test with 25 observations per group). Three
previous multiple stimulation session (3–5 consecutive
days, 20–25min per day, 1-2mA, and ~12.5 participants
per group) M1 anodal-tDCS physical training studies
reported large tDCS effects ranging from 0.95 to 1.33
Cohen’s d [25, 26, 30].

The effect of observational training on sequence-specific
learning was assessed as a posttraining difference between
the trained and untrained sequence initiation time, execution
time, and error rate. For the sequence initiation time and
execution time, we measured a percentage difference
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Figure 3: Performance results. Pre-, post-, and retention test differences in initiation time (a), execution time (b), and error rate (c) between
trained (TR) and untrained (UN) sequences for sham (blue) and active (red) stimulation groups. (d) Error detection accuracy during
observational practice sessions. (a–d) Bars and large dots: group averages; small dots: individual participant values; error bars: 95% CI
(one-tailed for (a), (b), and (c); two-tailed for (d)). (e) Regression lines of pretest (predictor) and the posttest differences between trained
and untrained sequence initiation times for the sham (blue) and active (red) stimulation groups. Intercepts of the regression lines
represent the predicted posttest difference if the pretest difference is zero. Vertical bars represent 95% CIs (one-tailed) of intercepts (f).
Same as (e), but posttest difference corrected for error detection accuracy during training sessions.
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([(untrained/trained)− 1]∗100), but for the error rate (to
avoid dividing by zero), we calculated an absolute difference
(untrained-trained) between the trained and untrained
sequences. Results for all of these measures are plotted in
Figures 3(a)–3(c) (raw performance measures are provided
in Supplementary Materials 2). To correct for possible
pretraining differences, we performed a linear regression
between the pretraining difference (predictor) and the
posttraining difference (outcome; see Figure 3(e) for an
example plot). The intercept of the regression line was
used as a measure of the posttraining difference between
trained and untrained sequences, controlling for possible
pretraining differences. This method reduces the noise of
unwanted differences in the difficulty of trained and
untrained sequences and thus allows a more accurate mea-
surement of the training effect.

For the assessment of tDCS effects, we complemented
null hypothesis significance testing with a Bayesian analysis
to provide evidence for the null result. We used the general-
TestBF function of the R package BayesFactor v0.9.12-2
[31] with its default parameters. The Bayesian test produced
a Bayes factor to allow quantification of evidence in favour of
either the alternative (BF10) or null (BF01) hypothesis based
on prior beliefs and the present data. To describe the Bayes
factor results, we used Jeffreys’ [32] classification scheme
and reported both BF10 and BF01. Jeffreys proposed
benchmarks for evaluating the strength of evidence as anec-
dotal (BF10 0–3), substantial (BF10 3–10), and strong (BF10
10–30). These Bayes Factors can be readily interpreted as a
ratio of evidence in favour of the experimental effect com-
pared to the null effect. For example, a BF10 of 3 would

represent that the experimental effect is three times more
likely than the null, given the data.

The significance threshold for all statistical compari-
sons was p < 0 05. If not specified otherwise, all sample
means are reported with their 95% confidence intervals
in square brackets. Confidence intervals for two-tailed tests
were calculated as SE ∗ 2.07 for the sham group (df 23)
and SE ∗ 2.06 for the active group (df 25), whereas confi-
dence intervals for one-sided tests were calculated as SE ∗

1.71 for df 23 and df 25 [33].

3. Results

3.1. Group Characteristics and Sensations during Training
Sessions. Gender proportion between the sham and active
stimulation groups was compared using a chi-square test.
Mann–Whitney U tests were used to compare group age
and experienced sensations during the training sessions. Par-
ticipants’ baseline performance (pretraining average of
trained and untrained sequences) was compared using a
two-tailed independent-measures t-test. Results are sum-
marised in Table 1. The reported sensations for each training
day are summarised in Table 2 and averages of all training
days are plotted in Figure 4.

There were no differences in gender, age, and baseline
performance between the groups. On average, both groups
reported mild to moderate levels of discomfort during stim-
ulation with no significant difference between the groups
(Table 1; Figure 4(a)). Although the active stimulation
group did report a small but significantly larger impact
of stimulation on performance than the sham group, the

Table 2: Frequencies of self-reported sensations during the training sessions.

(a) The strongest intensity of discomforting sensations

Intensity level
Day 1 Day 2 Day 3 Day 4

0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4

Sham 1 12 10 1 — 4 11 8 1 — 2 15 7 — — 5 14 5 — —

Active 2 11 8 3 2 2 18 2 3 1 2 15 4 2 3 3 16 5 2 —

0: none; 1: mild; 2: moderate; 3: considerable; 4: strong.

(b) How much did the sensations affect performance?

Intensity level
Day 1 Day 2 Day 3 Day 4

0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4

Sham 19 5 — — — 20 4 — — — 22 2 — — — 21 2 1 — —

Active 18 7 — 1 — 20 6 — — — 18 7 1 — — 20 6 — — —

0: not at all; 1: slightly; 2: considerably; 3: much; 4: very much.

(c) When did the discomfort stop?

Intensity level
Day 1 Day 2 Day 3 Day 4

ns 1 2 3 ns 1 2 3 ns 1 2 3 ns 1 2 3

Sham 1 15 4 4 4 14 4 2 2 19 3 — 5 18 — 1

Active 2 6 9 9 2 11 7 6 2 8 7 9 3 9 8 6

ns: no sensations; 1: quickly; 2: middle of the block; 3: end of the block.
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perceived impact for both groups was closest to zero (“no
impact”) (Table 1; Figure 4(b)). Finally, sensations lasted
significantly longer for the active compared to the sham
group (Figure 4(c)), with average sensations stopping
between “quickly” and “in the middle of the block”
across both groups.

The reported sensation data, therefore, shows that there
were small but significant sensation differences between the
sham and active stimulation groups. The sham protocol
should provide comparable sensations to the active stimula-
tion protocol [28]. However, small but significant sensation
differences between the stimulation groups, using compara-
ble protocols to ours, have been reported before [29], raising
an issue that the widely accepted sham stimulation procedure
may not be sufficiently effective.

Following the recommendation of Fertonani et al. [29], at
the end of the experiment, we asked participants whether
they think they received sham or active stimulation. In total,
54% thought they received active stimulation, 32% thought
they received sham stimulation, and 14% did not know.
There was no significant difference between the two groups
in terms of which kind of stimulation they thought they
received (χ2 = 1.24, p = 0 538), thus confirming the success
of the blinding procedure.

3.2. Accuracy during Training Sessions. During the observa-
tional practice sessions, attention to the task was assessed
by accurate responses to the error question (spotting
incorrectly executed sequences). The overall accuracy was
83%, significantly higher than a 50% chance level (yes/no
answers; t49 = 24.61, p < 0 001, two-tailed), confirming that
participants paid attention to the task. The average accura-
cies for each group and day are plotted in Figure 3(d). On
average, across the four training days, the sham group per-
formed better (M=86% (82%, 90%)) than the active group
(M=81% (77%, 85%)), with a marginally significant differ-
ence between the two groups (Welch two-sample t-test for
nonequal variance: t47.27 = 1.99, p = 0 052, two-tailed, d =
0 56).

The small difference in error detection accuracy between
the groups was an unexpected finding. It cannot be ruled out
that anodal tDCS of M1 had some negative effects on the
error detection accuracy. However, we do not have any a
priori or theoretical grounds to support this suggestion.
Another possibility is that the error detection accuracy was
influenced by the discomforting sensations during the train-
ing sessions that, as reported above, affected the stimulation
group more than the sham group. This possibility is sup-
ported by a significant negative correlation between the aver-
age error detection accuracy and the average self-report on
how much performance was affected by the discomforting
sensations (Kendall’s tau-b = −0 296, p = 0 008, two-tailed;
across both groups).

The lower error detection accuracy for the active stimula-
tion group raises a possibility that the active group may not
have been able to learn from the videos as well as the sham
group due to stimulation-related discomfort and consequent
impact on attention. To account for this possibility, we com-
plement the planned analysis with an exploratory analysis

that includes mean error detection accuracy as a covariate
when assessing the stimulation effect.

3.3. Observational Training Effects on Sequence-Specific
Learning. Both groups showed significant observational
training effects at both posttest and retention test on all three
performance measures, with medium to large effect sizes
for the performance difference between trained and
untrained sequences (dz = 0.52–1.02; comparable to previ-
ous reports on keypress sequence learning by observation,
e.g., [34–36]). The only exception to this pattern of results
was that the active stimulation group demonstrated no
effect on error rates at the retention test. Detailed results
are provided in Table 3, columns I and II, where B0 repre-
sents the percentage performance improvement from pretest.
All tests in Table 3 are one-tailed as we were testing a direc-
tional prediction for the difference between trained and
untrained sequences. Furthermore, Supplementary Materials
3 document the extent to which the training manipulation
generalised to the untrained sequences, comparing the active
and sham stimulation groups.

3.4. tDCS Effects on Sequence-Specific
Learning by Observation

3.4.1. PrimaryAnalysis.The effect of stimulation on sequence-
specific learning was assessed by comparing observational
training effects (the posttraining~pretraining regression line
intercepts) between the sham and active stimulation groups.
The performed analysis of covariance (ANCOVA) did not
reveal any significant difference between the two groups on
any of the three measures either at posttest or retention test
(Figure 3(e) plots posttest initiation time results; see
Supplementary Materials 4 for ANCOVA results of the raw
means). The Bayes factor analyses yielded anecdotal to sub-
stantial evidence against the stimulation effect.Detailed results
are provided in Table 3, column III (reporting significance of
the group as a predictor variable for the training effect).

3.4.2. Secondary Analysis: Accounting for Error Detection
Accuracy. Due to error detection differences between the
groups, in an exploratory analysis, we added mean error
detection accuracy as a covariate to the previous ANCOVA
model and repeated the group comparison analysis. This
exploratory analysis revealed evidence for the stimulation
effect on the percentage difference between trained and
untrained sequence initiation times at posttest. Compared
to the sham group, the active stimulation group showed
greater difference on this measure (see Figure 3(f)). The error
detection accuracy significantly predicted the outcome (β =
0 431, p = 0 003; the better the accuracy during training, the
faster initiation time of trained relative to untrained
sequences at posttest). All other measures showed substantial
to strong evidence against the stimulation effect when
accounting for the error detection accuracy. Detailed results
are provided in Table 3, column IV (reporting significance
of the group as a predictor variable for the training effect
accounting for the error detection accuracy).
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4. Discussion

We investigated the extent to which anodal tDCS over
M1 facilitates motor sequence learning by observation,
as previously reported for learning by physical practice
[1–4]. Both the active and sham stimulation groups
benefited from observational practice, replicating previous
findings that motor skills can be learned by observation
without overt physical practice [5, 34–39]. However,
active stimulation over M1 did not provide an advantage
to learning the motor sequences through observation

over and above sham stimulation. Furthermore, Bayesian
analyses revealed anecdotal to substantial evidence in
favour of the null hypothesis across our dependent mea-
sures. Our findings therefore do not provide strong
support for the hypothesis that excitatory M1 stimula-
tion can enhance observational learning in a similar
manner to physical learning.

4.1. Understanding the Role of the Motor System during
Observational Learning. Although there is a consensus that
shared mechanisms exist between action observation and

The strongest intensity of discomforting sensations

0 1 2 43
None Mild Moderate Considerable Strong

ns

Sham
Active

(a)

0 1 2 43

How much did the sensations affect performance?

Not at all Slightly Considerably Much Very much

⁎

Sham
Active

(b)

⁎⁎

When did the discomfort stop?

0 1 2 3
ns Quickly Middle of

the block
End of

the block
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(c)

Figure 4: The 4-day average values of self-reported sensations during the training sessions. Large dots: group averages; small dots: individual
participant values; red: active; blue: sham; error bars: 95% CI, two-tailed; ∗p < 0 05, ∗∗p < 0 01, two-tailed.
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execution [14], the role played by the motor system in obser-
vational learning is not clear [12, 13]. Indeed, several studies
have questioned the notion of motor-driven learning by
observation, arguing instead that it is driven by perceptual
and cognitive processes [40–42]. It is possible, therefore, that
primary motor areas might be engaged during action obser-
vation [43–45], but their involvement might not be critical
in shaping observational learning.

Alternatively, it is possible that the effect of anodal
tDCS over M1 during observational learning is smaller
than during physical learning and subtler than we could
detect in the current study. The current study had 80%
power to detect an effect size that is typically considered
large (0.71 Cohen’s d). Therefore, we have reasonable con-
fidence that we could detect large effects of stimulation,
similar to what were reported previously during physical
learning, should they exist. In addition, we followed recom-
mended stimulation protocols by stimulating on consecutive
days to enhance effects of stimulation [1] and skill learning
[25, 26] (although, see work by Monte-Silva and colleagues
[46] that demonstrates the abolishment of LTP-like plasticity
in motor cortex when follow-up stimulation occurs 24 hours
after initial stimulation). As such, we designed the experi-
ment to increase the likely impact of tDCS on skill learning,
but nonetheless report a null result. We suggest that future
studies wishing to further explore the role of M1 in observa-
tional learning use a similar protocol, but with larger sample
sizes, in order to increase statistical power to detect smaller
effects.

The null result we report here adds to a growing set of
null results using tDCS in tasks ranging from working mem-
ory [47, 48] to language [49, 50]. In addition, several recent
meta-analyses document conflicting evidence regarding the
efficacy of tDCS in a variety of paradigms where effects have
previously been reported, as well as growing scepticism
regarding a causal role of tDCS in performance enhancement
[48, 50]. Given concerns over publication bias in general [51]
and in the domain of tDCS in particular [52], it is important
to report null results in order to provide a less biased estimate
of the likely effect sizes that tDCS may have on behaviour.
Therefore, balanced reporting of null results (in addition to
positive results, such as those observed with tDCS over pre-
motor cortex facilitating observational learning of a motor
sequence [53]) will help to build a cumulative science of
observational learning and tDCS. For instance, based on the
details of the current study, researchers who wish to further
explore the relationship between primary motor cortex activ-
ity and observational learning will have a more accurate esti-
mate of the likely effect sizes that they might be targeting,
which will directly inform power calculations and study
design decisions.

The current study also provides a platform for future
tDCS studies to build upon in other ways. Indeed, there
are many avenues that future work could pursue in
order to probe the relationship between the motor sys-
tem and observational learning. For example, the effects
of tDCS on observational learning may be task depen-
dent. Aridan and Mukamel [21] reported a positive
relationship between M1 activity during action observation

and the success of motor skill learning via observation only if
the observed model’s performance was faster than the
observer’s performance at baseline. The current study used
an intermediate model, which may not have been challenging
enough to engage the motor system sufficiently. Future stud-
ies could use an expert model whose performance consis-
tently exceeds the observer’s baseline performance to test
this possibility directly.

Follow-up work could also investigate the impact of
different stimulation protocols. For example, several reports
demonstrate a powerful effect of dual-M1 stimulation on
motor learning [30, 54], which outperforms unilateral M1
stimulation montages [55–58]. Another possibility to explore
with future work is the impact of tDCS intensity on motor
learning effects. Recent work demonstrates that 1.5mA, but
not 1.0mA, anodal tDCS over M1 reliably facilitates motor
learning [59], which raises the possibility that our stimula-
tion intensity was not optimised to induce reliable results.
A further consideration is that small differences were
observed in the sensations associated with active compared
to sham stimulation, which is consistent with prior research
[29]. The impact that such sensation differences have on task
performance are worth studying in order to more effectively
design sham protocols. Moreover, due to the electrode size
(7× 5 cm), the focality of tDCS stimulation is necessarily
imprecise, and stimulation in our study may have extended
beyond M1 into nearby premotor and anterior parietal brain
regions as well. The modulation of cortical excitability
under and between the electrodes is still under debate
and investigation [10, 60]. As these suggestions demon-
strate, many different lines of inquiry will be needed to
better understand the relationship between motor system
engagement and observational learning.

5. Conclusions

Our results do not support the hypothesis that anodal tDCS
over M1 facilitates skill learning through observation to a
large degree. The null finding does not necessarily imply that
the motor system is not involved in sequence learning by
observation. Rather, the results suggest that using the param-
eters employed in the current study, anodal tDCS over M1
does not reliably enhance observational learning. Given that
no prior study has used tDCS over M1 in an attempt to
enhance observational learning, this finding makes an
important contribution to the literature by informing future
brain stimulation studies and offering a platform upon which
to base further investigation into the role of primary motor
cortex in observational learning.
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This study aimed at determining whether the combination of action observation and motor imagery (AO+MI) of locomotor tasks
could positively affect rehabilitation outcome after hip replacement surgery. Of initially 405 screened participants, 21 were
randomly split into intervention group (N = 10; mean age = 64 y; AO+MI of locomotor tasks: 30min/day in the hospital, then
3×/week in their homes for two months) and control group (N = 11, mean age = 63 y, active controls). The functional outcomes
(Timed Up and Go, TUG; Four Step Square Test, FSST; and single- and dual-task gait and postural control) were measured
before (PRE) and 2 months after surgery (POST). Significant interactions indicated better rehabilitation outcome for the
intervention group as compared to the control group: at POST, the intervention group revealed faster TUG (p = 0 042),
FSST (p = 0 004), and dual-task fast-paced gait speed (p = 0 022), reduced swing-time variability (p = 0 005), and enhanced
cognitive performance during dual tasks while walking or balancing (p < 0 05). In contrast, no changes were observed for body
sway parameters (p ≥ 0 229). These results demonstrate that AO+MI is efficient to improve motor-cognitive performance after
hip surgery. Moreover, only parameters associated with locomotor activities improved whereas balance skills that were not part
of the AO+MI intervention were not affected, demonstrating the specificity of training intervention. Overall, utilizing AO+MI
during rehabilitation is advised, especially when physical practice is limited.

1. Introduction

Prolonged immobilization and inactivity after injury and/or
surgery may lead to serious motor and cognitive dysfunc-
tions, especially in older adults [1, 2]. More precisely, immo-
bilization in the acute period after hip arthroplasty has
become more and more frequent in this population due to
the increasing amount of people suffering from osteoporosis,
which can result in hip fractures [3]. Despite the knowledge
that immobilization not only negatively affects cardiovascu-
lar and pulmonary parameters but also increases the risk of
falls and movement disorders [1, 4], patients are generally

inactive during this period due to their limited ability to
participate in physical exercise. In addition, immobilization
leads to several impairments of motor function [5]. Motor
impairments that follow short periods of inactivity are
believed to be principally driven by changes occurring at
the cortical level rather than the muscular level [6–8]. Indeed,
a significant reduction of the cortical motor area representing
the immobilized limb could be observed [9].

To counteract at least some of these risk factors, mental
simulation techniques such as action observation (AO) or
motor imagery (MI) have been proposed as feasible alterna-
tives to stimulate the motor system [10, 11]. The AO therapy
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requires subjects to observe a video clip or watch actions per-
formed by an operator [12, 13] while MI represents the men-
tal simulation of motor actions without any corresponding
motor output [14].

In the last decade, a growing number of AO- or MI-based
interventions were successfully conducted that aimed at
fostering rehabilitation of patients, for instance, after stroke
[12, 15, 16], Parkinson’s disease (for review, see [17]), or
orthopedic injury and/or surgery [18, 19]. The use of AO in
healthy participants has been shown to limit the reduction
of brain area that is normally induced by immobilization
[20]. Thus, activation of cerebral visuomotor systems during
AO seems sufficient to counteract negative cortical plasticity
induced by immobilization. Similarly, MI was demonstrated
to counteract the slowdown of sensorimotor processes
induced by short-term immobilization [21]. The reason for
the efficiency of those mental simulation techniques is con-
sidered to rely on activation of overlapping brain areas dur-
ing AO, MI, and physical execution of the motor task [14,
22]. Traditionally, AO and MI have been considered as inde-
pendent intervention methods. Recently, however, more and
more evidence emerged that proposes increased efficiency
when combining AO with MI (AO+MI), meaning that MI
is performed during AO (for reviews, see [23, 24]). In this
context, AO+MI has revealed higher corticospinal excitabil-
ity [25, 26] as well as greater activity in motor areas of the
brain [27] compared to either AO or MI alone. Noteworthy
some studies even reported oversummative activity [27, 28]
compared to the sum of brain activity during independent
AO and independent MI. These findings were interpreted
as evidence that neural correlates of MI and AOmight merge
rather than compete with each other [24]. However, due to a
lack of intervention studies, it is not clear to date whether the
combination of AO and MI (AO+MI) in addition to com-
mon physical therapy has important implications for neuror-
ehabilitation andmotor (re-)learning in patients (for reviews,
see [23, 24]).

The aim of the present study therefore was to evaluate
AO+MI in a clinical setting by comparing the rehabilitation
outcomes of patients undergoing an AO+MI intervention
with those of patients that were treated in the conventional
way only. One major aim of our study was to minimize the
period of inactivity and to start with an early rehabilitation.
Finally, our main hypothesis was that the combination of
AO and MI (AO+MI) would result in better rehabilitation
outcome than the conventional intervention alone.

2. Methods

2.1. Participants. Participants were recruited from the general
database of Valdoltra Orthopaedic Hospital, University of
Primorska, Ankaran, Slovenia. From 405 subjects that were
assessed for eligibility, 26 volunteered to participate in the
“PANGeA hip study, Valdoltra 2015.” Finally, 21 participants
successfully completed both (PRE and POST) measurements
(for baseline characteristics, see Table 1). Due to primary
osteoarthritis of the hip, the cementless total hip arthroplasty
(THA) was performed through direct lateral approach in all
participants. The enrolment, randomization, and final

analysis procedures are shown in the CONSORT flow dia-
gram (Figure 1). Prior to the study, all participants were
physically screened by medical doctors and interviewed by
the research team. The exclusion criteria were as follows: pre-
vious THA, severe acute metabolic, neuromuscular and car-
diovascular diseases, excessive obesity (over 45% fat),
elevated/high body temperature or other life-threatening sit-
uations, infectious diseases, cancer, bleeding, failure of vitally
important organs, complete physical exhaustion, mild cogni-
tive impairment or dementia, critical ischemia of the lower
limbs, and patients unable to intend the measurement and
rehabilitation protocols. All participants were right-handed
and had normal or corrected-to-normal vision. All proce-
dures were carried out in accordance with the ethical stan-
dards of the 1964 Declaration of Helsinki and were
approved by the National Medical Ethics Committee. Writ-
ten informed consent was obtained from all participants
prior to the study, and no payment was provided for partici-
pation in this study.

2.2. Nonphysical Training Intervention. Participants in the
intervention group received next to a standard rehabilitation
protocol with physiotherapists an additional nonphysical
intervention (AO+MI of locomotor tasks) for approximately
30 minutes per day in the hospital, then 3 times per week in
their homes, for a period of 2 months. At the same time and
for the same amount of time, participants who were ran-
domly allocated to the placebo control group were asked to
actively observe the documentary videos on the television
(in hospital and at home). Participants in both groups spent
approximately 4–6 days in the hospital before being dis-
charged. All hospital sessions were surveyed and supervised
by the authors of the study. Home sessions were supervised
by one experimenter during the beginning of the training
and then by conference (Skype) video calls. Participants in
the control group were also contacted via phone or Skype
at least once per week within the period of two months to
ensure a comparable level of commitment and to monitor
their personal notes regarding the time they spent watching
educational documentaries.

Each session of the nonphysical intervention program
started with a short relaxation protocol. Afterwards, partici-
pants watched video clips presented on a 13-inch tablet PC
showing a healthy person filmed from behind performing
different locomotor tasks. The difficulty of the presented
tasks was progressively increased from week 1 to 8: partici-
pants started observing a person walking slowly with assistive
devices (e.g., walker and crutches), continuing with normal
and fast-paced gait, walking upstairs and downstairs, and
walking on narrow (normal and narrow sport bench) and
unstable surfaces (soft mats, sand beach, and surfaces cov-
ered with snow). When participants reached the level where
they could easily imagine themselves performing the pre-
sented tasks, an additional task was added such as perform-
ing the same locomotor task while holding a glass or a jug
full of water. The videos were of different lengths (30 s to
60 s of cyclic locomotor tasks) and were displayed in blocks
of 60 to 120 s (see also underneath for more details). Thus,
the videos were repeated between two and four times while
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the participants watched the video and at the same time
imagined performing the task that was shown in the video
(AO+MI). However, as older adults indicated to have some
problems to watch and at the same time “feel the sensations
that arise from doing the task” (kinesthetic motor imagery),
we presented first the video and asked them to do AO+MI
followed by a period in which subjects should close their eyes
and imagine the sensations that arise from doing the task
(MI). First, this combination of AO+MI and MI was only
foreseen in order to familiarize participants with AO+MI.

However, this method proved very efficient to maintain the
participants’ motivation high, and therefore, the entire non-
physical training was conceptualized to maintain blocks of
AO+MI followed by the same amount of time for MI. Start-
ing with 60 seconds of AO+MI and 60 seconds of MI, partic-
ipants in the intervention group were encouraged to prolong
their AO+MI and MI sessions up to 120 seconds for each
task throughout the whole training period (two months).
Altogether 30 different videos were used as shown in
Table 2. Thus, during each training day, at least one to two

Table 1: Baseline characteristics of PANGeA hip study participants.

Intervention group (N = 10) Control group (N = 11) p value

Gender 2 women 5 women

Age (y) 64.4± 4.1 63.1± 5.6 0.550

Height (cm) 171.8± 5.1 168.6± 13.8 0.528

Weight (kg) 86.6± 8.7 76.0± 15.7 0.088

Grip strength, dominant (kg) 35.3± 9.1 32.3± 15.6 0.605

Total hip replacement, (right side, N) 7/10 7/11

MoCA score 27.9± 1.4 28.1± 1.4 0.755

Education duration (y) 12.4± 3.0 11.8± 2.4 0.636

Note: data are mean ± SD. MoCA: Montreal Cognitive Assessment.

Enrolment
Assessed for eligibility (n = 405)

Not meeting inclusion criteria (n = 342)
Declines to participate (n = 23)
Other reasons (n = 14)

Randomized (n = 26)

Allocation

Follow-up

Analysis

Excluded (n = 379)

Allocated to the intervention group (n = 13)

Allocated to the control group (n = 13)

Lost follow-up (lower back pain and cardiac
arrhythmia issues) (n = 2)

Analyzed (n = 11)
(i) Excluded from analysis (n = 0)

Standard rehabilitation protocol

Standard rehabilitation protocolReceived allocated intervention (n = 12)
Did not receive allocated intervention
(medical complications a�er surgery) (n = 1)

Analyzed (n = 10)

Lost to follow-up (not presenting at the POST
measuremants) (n = 2)

(i)
(ii)

(iii)

(i)

(i) Excluded from analysis (n = 0)

(ii)

Figure 1: CONSORT flow diagram of the PANGeA hip study, Valdoltra 2015.
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new videos were presented. Before watching the videos, the
participants were instructed as follows: “On the following
video you will see a locomotor task, which will be repeated
several times. Observe this task and imagine performing the
task yourself during the entire period of the video. After sev-
eral repetitions (60–120 s) you will be asked to close your eyes
and to continue performing mentally the task until you hear
the stop sign. From time to time, I will encourage you per-
forming the task. Now try to relax and when you are ready,
press the spacebar to start the video while concentrating as
much as possible on the task.”

2.3. Outcome Measures. All measurements were carried
out in a separate and quiet room to avoid any external
disturbances from the hospital environment. All tests
were performed twice, prior surgery (PRE measurements)
and 60 days postsurgery (POST measurements).

2.3.1. Timed Up and Go Test (TUG). The TUG test was
administered to quantify the functional mobility of patients
[29]. Patients were asked to rise from the chair, walk around
an obstacle that was 3m away, and return to take a seat as
quickly and safely. A practice trial was given, and then two
timed trials were recorded and averaged [30]. Time to com-
pletion was monitored with a stopwatch.

2.3.2. Four Step Square Test (FSST). Patients were asked to
perform stepping over 25mm high obstacles in four different
directions as quickly and safely as they could (FSST). A prac-
tice trial was given, and two timed trials were performed
where the best of both was used for further analysis [31].
Time to completion was monitored with a stopwatch.

2.3.3. Single- and Dual-Task Walking. Spatiotemporal gait
parameters were measured with the 2D OptoGait system
(Microgate, Bolzano, Italy) in the following four 1-minute
conditions in a randomized order: walking at their preferred,
self-selected speed; brisk walking to the best of their capacity;

and both speeds under a dual-task condition. The dual-task
conditions were composed of walking and at the same time
subtracting by threes from a randomly chosen number
between 400 and 500 (serial 3s). Prior to walking, a familiar-
ization trial was given to each participant. Participants were
instructed to subtract as many numbers as possible, with
their focus prioritized to task correctness prior to the speed
of subtraction. Gait speed and swing-time variability were
taken into further consideration [4]. For the cognitive task,
the amount of subtracted numbers and errors was monitored
for each condition.

2.3.4. Single- and Dual-Task Postural Control. The postural
task consisted of standing as still as possible in a tandem foot
placement position. Participants were asked to focus on a
black point placed approximately one meter in front of them
at eye level. A force plate (AMTI HE600600-2k, Advanced
Mechanical Technology Inc., Watertown, MA, USA) was
used to measure displacements of the center of pressure
(COP) in both mediolateral and anteroposterior directions.
From these values, total sway path, frequency, and amplitude
were calculated separately for each direction. This postural
task was either performed as a single task or combined with
a secondary cognitive task. The cognitive task and its instruc-
tions were identical as for walking (see Section 2.3.3).

2.4. Statistical Analyses. The data were analyzed with IBM
SPSSStatistics 24.0 software forWindows (SPSS Inc., Chicago,
Il, USA). The Shapiro-Wilk test was performed to all datasets
to test for normality of distribution. Baseline differences
between both groups were assessed with independent sample
t-test. Interactions were tested by a 2-way analysis of variance
(ANOVA)where the group (intervention and control groups)
was used as the between subject variable and time (PRE and
POST measurements) as the within subject variable. In case
of significance, post hoc comparisons with Bonferroni correc-
tions were applied. For ordinal parameters and not-normally
distributed data, a Friedman’s ANOVA was used. Statistical
significance was set at the level of p < 0 05.

3. Results

From all participants that were included and randomized, 10
participants from the intervention group (age: 64.4± 4.1
years; height: 171.8± 5.1 cm; weight: 86.6± 8.7 kg) and 11
participants from the control group (age: 63.1± 5.6 years;
height: 168.6± 13.8 cm; weight: 76.0± 15.7 kg) were consid-
ered for statistical analyses. Functional outcome data did
not violate normality of distribution as assessed by Shapiro-
Wilk test (all p ≥ 0 106). Furthermore, the independent
sample t-test showed no significant differences between the
intervention and control groups in any parameter of the
baseline characteristics (see Table 1).

3.1. TUG Test. At PRE, the intervention group did not differ
fromthe control groupwhenperforming theTUG(p = 0 731).
However, there was a significant time× group interaction
(F1,19 = 4 770, p = 0 042, η2 = 0 201). Post hoc analyses
revealed that the performance of the intervention group
did not differ between PRE and POST (−3.7± 14.0%;

Table 2: Example of cognitive training intervention blocks for three
successive trainings.

Length AO+MI Training 1 Training 2 Training 3

2 minutes each

AO+MI

Video 1 Video 2 Video 4
MI

AO+MI

MI

Break

AO+MI

Video 1 Video 3 Video 4
MI

AO+MI

MI

Break

AO+MI

Video 2 Video 3 Video 5
MI

AO+MI

MI

Note: each training session duration was approximately 30 minutes.
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p = 0 427), while there was a trend toward deterioration
in the control group, demonstrated as more time spent
in TUG at POST (+27.8± 37.2%; p = 0 061) (see Figure 2). In
addition, a significant difference between groups was
observed at POST (p = 0 031).

3.2. FSST Test. At PRE, the intervention group did not differ
fromthecontrol groupwhenperforming theFSST (p = 0 498).
However, there was a significant time× group interaction
(F1,19 = 11 077, p = 0 004, η2 = 0 368). Post hoc analyses
revealed that there was a trend toward an increase in time
for completion of FSST in the control group (+14.2± 20.9%;
p = 0 071) while there was a significant reduction in the inter-
vention group at POST (−12.6± 12.3%; p = 0 014) (see
Figure 2). Also, a significant difference between groups was
observed at POST (p = 0 001).

3.3. Single- and Dual-Task Walking. At PRE, no significant
differences were found between both groups for any of the
assessed gait parameters (all p ≥ 0 284). For the self-selected
walking speed condition, there were neither significant main
(all p ≥ 0 429) nor interaction effects (all p ≥ 0 150) for gait
speed and swing-time variability parameters.

For the single-task fast-paced walking condition, there
were no significant interaction effects for gait speed
(p = 0 132) and swing-time variability (p = 0 122). In con-
trast, during dual-task fast-paced walking, there was a signif-
icant time× group interaction for gait speed (F1,19 = 6 174,
p = 0 022, η2 = 0 245). Post hoc tests indicated that the
control group significantly decreased gait speed between
PRE and POST (−9.26± 12.67%; p = 0 029) whereas the
intervention group nonsignificantly increased their gait
speed (+5.15± 15.91%; p = 0 360) (see Figure 2). Also, for
the same parameter at POST, there was a nonsignificant
trend between the two groups (p = 0 097).

For swing-time variability parameter, there was a sig-
nificant time× group interaction (F1,19 = 10 144, p = 0 005,
η2 = 0 348). Post hoc tests revealed that the control group
significantly increased swing-time variability between PRE
and POST (+25.54± 23.39%; p = 0 006) while the interven-
tion group nonsignificantly reduced swing-time variability
(−7.18± 30.99%; p = 0 315) (see Figure 2). In addition, a
significant difference between groups was observed at
POST (p = 0 004).

For cognitive performance, there were no differences
between the two groups at PRE for neither the subtracted
numbers (all p ≥ 0 482) nor the errors made (all p ≥ 0 124).
Friedman’s ANOVA revealed a significant improvement in
subtracted numbers at POST only for the intervention group
during both self-selected (χ2 1 = 8 000, p = 0 005) and fast-
paced walking (χ2 1 = 6 000, p = 0 014) while no changes
were detected for the control group (self-selected: p = 0 317;
fast-paced: p = 0 480). Similarly, for errors made during the
serial threes subtraction task, there was a nonsignificant
trend for both groups only in the self-selected walking
condition: the intervention group nonsignificantly reduced
errors (χ2 1 = 3 000, p = 0 083) while there was a trend for
an increase in errors for the control group (χ2 1 = 3 571,

p = 0 059). Finally, in the fast-paced walking condition, there
was neither a change in the number of errors for the control
group (p = 0 705) nor the intervention group (p > 0 999).

3.4. Single- and Dual-Task Postural Control. At PRE, no sig-
nificant differences in any of the postural parameters were
found between both groups (all p ≥ 0 105).

There were no significant time× group interactions for
any of the COP parameters (total sway path, frequency,
and amplitude) in both mediolateral and anteroposterior
directions, as well as in postural single- and dual-task
conditions (all p ≥ 0 229).

For the cognitive performance assessed during the serial
threes subtraction task, there were no differences between
the two groups at PRE, neither for the numbers calculated
(p = 0 810) nor for the errors made (p = 0 819). However,
Friedman’s ANOVA revealed a significant improvement
in subtracted numbers at POST for the intervention group
only (χ2 1 = 9 000, p = 0 003) while no changes were
observed in the control group (p ≥ 0 999). For the errors
made during the serial threes subtraction task, there was
a nonsignificant trend for reduction of errors in the inter-
vention group (χ2 1 = 2 778, p = 0 096) while there was a
nonsignificant trend for an increase in the control group
(χ2 1 = 3 600, p = 0 058).

4. Discussion

The principal finding of the current study is that two months
of additional nonphysical training resulted in better func-
tional and cognitive rehabilitation outcomes in patients with
unilateral total hip replacement than with the standard reha-
bilitation program alone. More specifically, our study
supports the feasibility of AO+MI combined with kines-
thetic MI in order to accelerate and improve the acute phase
of rehabilitation (up to two months after the surgery). The
intervention group had better outcomes than the control
subjects in physical tests that measured functional mobility
and stepping over obstacles, tasks that were actually part of
the mental training. In contrast, no differences between the
intervention and control groups were found in tasks that
were not mentally trained such as static balance. This under-
lines the task specificity of the mental training intervention.

There is increasing evidence that the combination of AO
and MI (AO+MI) leads to greater brain activity in motor
areas than either AO or MI alone (for reviews, see [23, 24]).
However, the functional implications of these observations
for rehabilitation are not clear, yet, as the applicability and
effectiveness of AO+MI was scarcely investigated in func-
tional settings. Some of the first studies that concentrated
on behavioral outcomes were conducted in the sports
domain, where AO+MI was initially entitled “video-guided
imagery.” In this context, it was demonstrated that training
with AO+MIwasmore effective in order to learn golf putting
[32] or increase elbow flexors strength [33] than the same
training with MI. Similarly, Sun et al. [34] demonstrated
better rehabilitative outcome in a group practicing concur-
rent AO+MI than a group that first observed and then imag-
ined the same actions. However, less clear results were

5Neural Plasticity



obtained after nonphysical balance training with comparable
outcomes when using either AO+MI or MI alone [35].

In the present study, we initially wanted to evaluate
the influence of AO+MI in a clinical setting by comparing
AO+MI with the normal rehabilitation procedure. However,
as subjects indicated difficulties to watch and at the same
time “feel the sensations that arise from doing the task” (kin-
esthetic motor imagery), we presented first the video and
asked them to do AO+MI followed by a period in which
subjects should close their eyes and imagine the sensations
that arise from doing the task (MI). Although this kind of
mental training intervention intermingles AO+MI and MI,
and consequently, the influence of each single mental simula-
tion technique cannot be differentiated, we considered it
most important to apply a motivating, comprehensive, and
feasible mental training intervention. Furthermore, out of
the 405 screened patients, we expected to recruit a higher
number of “suitable” participants for the current study that
would have allowed the comparison of the current two
groups with an additional group performing solely MI.
However, although this was not possible, the current

approach nevertheless allows the comparison between the
standardized (best practice) rehabilitation procedures with
the same rehabilitation process amplified with mental sim-
ulation of locomotor tasks.

From the behavioral perspective, the current mental
simulation training of locomotor tasks in THA patients was
highly efficient (a) to counteract surgery-induced impair-
ments that became obvious in the control group (TUG; gait
speed and swing-time variability during dual-task walking)
and (b) to even improve some motor-cognitive skills already
two months after surgery (FSST; cognitive performance dur-
ing postural tasks and during walking). Another interesting
point is the task specificity of the mental simulation
approach. Only in tasks that were part of the mental training,
participants demonstrated improved task performance com-
pared to the control group whereas in tasks that were not
mentally trained, no differences between groups were obvi-
ous. Furthermore, the AO+MI training-related effects were
mostly seen in the more demanding tasks, such as dual-task
walking, where participants needed to perform a secondary
cognitive task while walking. The present results are in
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Figure 2: Results from functional locomotor outcome measures (mean± standard deviation): (a) gait speed in the fast-paced dual-task
walking condition; (b) results for the Timed Up and Go test (TUG); (c) swing-time variability in the fast-paced dual-task walking
condition; (d) the results for the Four Step Square Test (FSST). Note: ∗ indicates a significant change (p < 0 05) in the Bonferroni-
corrected post hoc test from PRE to POST.
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general agreement with one of our previous studies where
nonphysical training led to enhanced performance only in
the most attention-demanding walking condition [4].

The underlying mechanisms of mental simulation pro-
grams are believed to rely on overlapping brain areas during
motor execution and MI as well as during motor execution
and AO [14, 22]. In this context, Jeannerod postulated the
well-accepted hypothesis that “the motor system is part of a
simulation network that is activated under a variety of condi-
tions in relation to action, either self-intended or observed
from other individuals” [36]. Recent studies proposed the
combination of AO and MI (AO+MI) as this combined
approach was found to elicit greater [25, 37] and in some
cases even oversummative activity [27, 28] compared to the
sum of brain activity during independent AO and indepen-
dent MI. These findings were interpreted as evidence that
neural correlates of MI and AO might merge rather than
compete with each other [24]. In this sense, the involvement
of distinct brain structures that can solely be activated by
either MI or AO [38, 39] would provide supplementary and
complementary activation compared to one or the other
modality alone. In addition, the activation of common AO
and MI brain regions, mostly premotor and motor areas,
may induce an overlapping activity [22, 40] that would
further augment brain activity with AO+MI. Concerning
the execution of AO+MI, it was suggested that the mental
simulation of a movement would be facilitated by visual
guidance, which allows the participants to update their inter-
nal representations. In addition, the visual stimulus gener-
ated by AO may help participants to create a visual image,
allowing them to focus on kinesthetic modality [41], known
to be more effective to activate the motor neural processes
than visual imagery only [42]. In line with this, patients in
our intervention group reported to be able to perform better
kinesthetic MI directly after having seen a video of the task.

With advanced age mental imagery capacities can be
altered, especially the temporal features of the imagined
action [43]. Our training therefore started with relatively
short videos, and the task exposure time was progressively
increased. It has been argued that the lack of sensory feed-
back might be one of the main reasons to explain the
decreased ability to perform motor imagery with age [44].
This argues in favor of using AO+MI approaches, since
AO may help old adults to compensate for MI ability defi-
ciencies. This is further supported by the finding in elderly
subjects that revealed better effectiveness of AO+MI in
activating brain areas, than either AO or MI alone [25].

5. Conclusion

The present study highlights the benefits of AO+MI inter-
ventions for rehabilitation purposes, especially when partici-
pants are immobilized after surgery. The results demonstrate
that the integrated AO+MI approach was an efficient tool to
enhance the functional rehabilitation outcomes of postsurgi-
cal orthopedic patients. Remarkably, gains were shown to be
exclusively improving the tasks that were actually mentally
simulated during the training so that future nonphysical
training studies should take into account this task specificity.

In conclusion, AO+MI approaches represent an afford-
able, safe, and not very time-consuming tool to optimize
individual’s rehabilitation process. Furthermore, it allows
starting the rehabilitation process in the early phase follow-
ing surgery, when the patient is not able to perform a regular
physical training. Once mastered, short sessions of AO+MI
performed at home on a regular basis can significantly
improve the outcomes of the rehabilitation process, even in
frail populations.
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People with Parkinson’s disease (PD) experience kinesthetic deficits, which affect motor and nonmotor functions, including mental
imagery. Imagery training is a recommended, yet underresearched, approach in PD rehabilitation. Dynamic Neuro-Cognitive
Imagery (DNI™) is a codified method for imagery training. Twenty subjects with idiopathic PD (Hoehn and Yahr stages I–III)
were randomly allocated into DNI training (experimental; n = 10) or in-home learning and exercise program (control; n = 10).
Both groups completed at least 16 hours of training within two weeks. DNI training focused on anatomical embodiment and
kinesthetic awareness. Imagery abilities, disease severity, and motor and nonmotor functions were assessed pre- and
postintervention. The DNI participants improved (p < 05) in mental imagery abilities, disease severity, and motor and spatial
cognitive functions. Participants also reported improvements in balance, walking, mood, and coordination, and they were more
physically active. Both groups strongly agreed they enjoyed their program and were more mentally active. DNI training is a
promising rehabilitation method for improving imagery ability, disease severity, and motor and nonmotor functions in people
with PD. This training might serve as a complementary PD therapeutic approach. Future studies should explore the effect of
DNI on motor learning and control strategies.

1. Introduction

Parkinson’s disease (PD) affects sensory and cognitive [1–3]
as well as motor functions, resulting in impaired proprio-
ception and kinesthesia [3–6]. These deficits manifest as
impaired motion sensitivity, joint position sense, spatial
cognition, and haptic acuity; altered attention to action;
and inaccurate center of gravity [1, 2, 6, 7]. Forty to
63% of people with PD report sensory/perceptual deficits
[8, 9] which are more disabling than cardinal PD motor
symptoms (e.g., rigidity, tremor, and bradykinesia) during
the “off” state (i.e., when anti-Parkinsonian medications
are not functioning satisfactorily) [10].

Proprioceptive and kinesthetic deficits are closely linked
to [3, 11] and underlie [12] motor deficits in PD. This

information composes one’s body schema (“body image”
[13, 14]) [15], that is, the mental images and proprioceptive
representations of the body in relation to the environment
[14, 16] that serve as a vital component for perception,
action, and motor control [15, 17]. PD-related sensory
deficits may facilitate inaccurate body schema [1, 3], further
affecting the use and interpretation of proprioceptive
information [1, 12, 18] and exacerbating PD motor and
cognitive deficits [1, 11, 19]. However, proprioceptive and
kinesthetic deficits in PD are often underdiagnosed [20]
and have received little attention in PD rehabilitation [12].

Mental imagery (herein referred to as “imagery”) is the
cognitive process of creating visual, auditory, or kinesthetic
experiences in the mind [21] with or without overt physical
execution [22] and is an important tool for cognitive and
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motor performance [23]. In fact, imagery is a recommended
and promising, yet underresearched, tool in PD rehabilita-
tion [24–29], with kinesthetic imagery being particularly
recommended [24, 30]. The positive effects of imagery
training on people with PD are potentially derived from facil-
itating conscious motor planning and performance [31].
Imagery relies on [15] and uses [32] proprioceptive and kin-
esthetic information, including body schema [14, 33–37],
thus potentially improving awareness towards body percep-
tion and schema [33]. However, proprioceptive and kines-
thetic deficits and body schema misperception [13, 16] may
affect imagery use in people with PD [19, 25, 38], thus
limiting its therapeutic potential for this population.
Although PD affects movement speed during imagery
[25], imagery ability is generally well preserved in people
with PD [25, 39, 40] and was not found to be correlated
with the most or least affected side [25, 40]. As a trainable
skill driven by internal stimuli [28], imagery ability may be
capable of being improved following imagery practice in
people with PD [40]. Although not investigated to date,
kinesthesia-based imagery interventions may improve imag-
ery ability and use and kinesthetic deficits. This may
potentially attenuate cognitive deficits and promote physical
performance [30].

Such imagery interventions conform with recommenda-
tions in the PD literature [24, 37] because they incorporate
sensory information and body awareness for optimizing
motor learning [41] and develop correct image properties
of actual motor movements [31].

Reports on imagery interventions for people with PD
are sparse. A case report describing a 3-month motor imag-
ery (MI; i.e., the cognitive process of mentally rehearsing
motor tasks without overt physical movements [42–44])
intervention reported gains in balance, PD motor symp-
toms, and pain reduction [45]. Furthermore, imagery inter-
ventions for people with PD specifically focusing on body
schema and kinesthetic could not be found despite being
recommended [6, 13].

Reports on imagery interventions embedded within
conventional rehabilitation protocols for people with PD
are limited and focus on enhancing motor functions through
MI [37, 46]. Moreover, the imagery component in these
reports is implemented to a limited extent (i.e., 15–20% of
the total intervention [37]). In a study assessing the effects
of a combined regimen of physical and MI practice (1-hour,
biweekly intervention for 12 weeks) with no details regarding
the time dedicated to imagery training in a cohort of 23
people with PD [46], the combined MI group showed signif-
icant improvements in functional motor task performance
times (e.g., standing up and lying down), including the
Timed Up and Go (TUG) test (~2.5 sec), the “number of
steps required to rotate in a circle,” and UPDRS scores
(especially the mentation segment) [46]. Another study
assessed the effects of a single session of imagery practice
with physical practice versus a single session of physical
practice on gait in 20 people with PD. The authors reported
that the added imagery practice session did not have a signif-
icant effect [47]. Other forms of imagery training, however,
have not been explored in PD to date.

Dynamic Neuro-Cognitive Imagery (DNI) (also known
as “The Franklin Method” [48–51]) is a codified imagery-
based training method for enhancing motor and nonmo-
tor performance. DNI emphasizes correct anatomical and
biomechanical embodiment and kinesthetic awareness for
mindful and safe movement and function. DNI uses multi-
sensorial, anatomical, and metaphorical imagery techniques
[48, 49, 51]. DNI’s potential for people with PD lies in
compensating for specific PD-related sensory and cognitive
mechanisms underlying motor and nonmotor impairments,
through enhanced internal imagery-based body representa-
tions and sensory information. However, its application to
people with PD has not been investigated. Training in DNI
has shown gains in biomechanical (i.e., range of motion)
(Abraham et al., in preparation) and qualitative (e.g., jump
height) aspects [36, 52] of dance performance in university-
level dance students, as well as gains in imagery ability and
use (Abraham et al., in preparation).

The goals of the study were (1) to assess the feasibility of
delivering an intensive, 2-week DNI training for people
with PD, (2) to investigate the effects of DNI training
versus an in-home learning and exercise program that
included frequent staff checkups (herein referred to as
“learning/exercise”) on imagery abilities and disease severity
and symptoms in a cohort of individuals with mild-moderate
PD, and (3) to explore DNI impact on motor, spatial cogni-
tive, and psychological function.

Our hypotheses were as follows: (1) delivering intensive,
2-week DNI training for people with PD will be feasible with
high (>80%) retention and adherence rates; (2) participants
randomly assigned to DNI training will exhibit greater gains
in imagery abilities and disease severity and symptoms
compared to participants engaged in the same amount of
time in an in-home learning/exercise program over a
matched time period; and (3) participants in DNI training
will improve more in motor, spatial cognitive, and psycho-
logical functions compared to participants in an in-home
learning/exercise program.

2. Materials and Methods

The study was approved by the Emory University School of
Medicine Institutional Review Board. All participants pro-
vided written informed consent prior to the beginning of
the study.

2.1. Participants. Twenty participants with idiopathic PD
(Hoehn and Yahr stages I–III) were recruited from the local
community through patient support groups, educational
events, word of mouth, and the Michael J. Fox Finder
website. Inclusion criteria were adults (18 years and more)
with a clinical diagnosis of PD based upon established criteria
[53] and determined by a board-certified neurologist with
specialty training in movement disorders. To clarify, diagno-
sis of PD required the individual who originally presented
with asymmetric symptoms that included at least 3 of the
cardinal signs of PD (rigidity, bradykinesia, tremor, and
postural instability); must have shown clear symptomatic
benefit (e.g., alleviated rigidity, bradykinesia, and tremor)
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from anti-Parkinsonian medications, for example, levodopa
[54]; and must have had unilateral onset of symptoms. For
this study, participants also needed to score greater than 17
on the Montreal Cognitive Assessment (MoCA) to be
included. Exclusion criteria were any other medical condi-
tions prior to the PD onset potentially causing persistent
disability. Participants were aged 40 and older, were stages
I–III in the Hoehn and Yahr scale, and could walk 3 meters
or more with or without assistance. At the initial assessment,
participants were evaluated for general health, self-rated
ability to perform activities of daily living, fall risk, age,
and education.

2.2. Design. Participants were randomly allocated with a
computer into either DNI (experimental; n = 10) or a
learning/exercise (control; n = 10) training. Both interven-
tions were conducted simultaneously for 2 weeks and
consisted of 5 sessions per week (a total of 10 sessions). Par-
ticipants were “on,” that is, optimally medicated, during all
intervention sessions. Participants were asked to attend a
minimum of 4 sessions per week (a total of 8 sessions) and
underwent assessments within 1 week before intervention
(pretesting) and 2–5 days after the intervention ended (post-
testing). Participants and research assistants were blinded to
group allocation at pretesting. Participants were asked to
maintain their regular medical regimen and all activities
during the study.

2.3. Experimental Intervention. The DNI intervention was
intended to develop participants’ imagery skills, kinesthetic
and proprioceptive sense, and motor self-awareness. All
sessions were delivered in a group by a physical therapist
who specialized in imagery training and was also a certified
DNI educator. The DNI program was planned by a qualified,
experienced instructor (AA), to address PD-specific kines-
thetic and proprioceptive deficits, and was developed in line
with previous imagery- and PD-related literature [24, 37].
The protocol focused on (1) acquiring imagery skills and
techniques (e.g., applying different types, modalities, integra-
tion of imagery, and physical movement); (2) correcting
anatomical and biomechanical embodiment and kinesthetic
and proprioceptive awareness (i.e., understanding the design
and function of anatomical structures and identifying their
location and motion), focusing on the pelvis, hips, and spine;
and (3) using imagery for postural, balance, and coordination

enhancement. These contents included, among others,
concepts such as dynamic alignment [48] and center of grav-
ity [6] and were all introduced using a broad spectrum of
multisensory imagery [48, 49]. An example is given in
Table 1. The first session was dedicated to introduction to
imagery [34], based on previous literature emphasizing the
importance and beneficial effect of introducing imagery as
part of an imagery-based intervention in neurorehabilitation
[55, 56]. All DNI sessions were conducted at the same time of
the day (i.e., mornings) with each session lasting 2 hr (includ-
ing a break). All DNI sessions followed the same structure:
DNI warm-up (15min), DNI concept introduction and
practice part A (35min), a break (10min), DNI concept
introduction and practice part B (35min), DNI movement
session (20min), and a DNI cool-down/wrap-up (5min).
The movement session focused on the integration of DNI
into movement and exercise and included the use of elastic
bands and balls, accompanied by music. Content was prac-
ticed individually, in pairs, and in a group. Participants were
encouraged to perform according to their ability while trying
to “push their boundaries” without risking safety. Able-
bodied volunteers who have experience in fall detection
and prevention participated in all sessions to assure partici-
pants’ safety and offered them manual assistance, if needed.
Participants were encouraged to practice the DNI techniques
and tools at home while performing activities of daily living
(ADLs) as well as specific DNI exercises.

2.4. Control Intervention. The in-home learning and exercise
program, which included staff checkups [57], matched the
required time engagement of the DNI group (i.e., 2 hr per
day, 5 days per week for two weeks, with a minimum
required of 4 sessions per week). Participants were provided
with a binder of 8th-grade reading-level lessons related
to health and wellness and a 30-minute exercise video,
consisting of standing and stepping gross and fine motor
exercises that target PD impairments [58]. Participants
were instructed to read one lesson per day (estimated time:
1.5 hr) and also make a 30-minute video provided via a
secured internet website. All participants had access to the
website, but if they had not had such access, we would have
provided a DVD for viewing. Lesson topics included the
following: research, creativity, exercise, nutrition, infectious
diseases, family caregiving, kidney diseases, and health
disparities. A research assistant called participants on the

Table 1: Multisensorial DNI for enhancing anterior and posterior pelvic tilt.

DNI exercises

Anatomical embodiment
Self-touch: touching the iliac crests and innominates and imagining/feeling them moving throughout

pelvic tilting

Kinesthetic Pushing the low back (in PPT) and abdomen (in APT) into a big pillow (Figure 1)

Visual-cognitive
Watching a pelvic model and visualizing the different parts (i.e., two innominates and sacrum) moving in the

desired manner (Figure 2)

Auditory-cognitive Saying out loud: “pelvis is tilting forward” (for APT) and “pelvis is tilting backward” (for PPT)

Metaphorical The pelvis is a bowl pouring water anteriorly (in APT) and posteriorly (in PPT) (Figure 3)

Auditory Listening to the sound of pouring water (using 2 cups filled with water)

Note: APT = anterior pelvic tilt; PPT = posterior pelvic tilt. All drawings are presented with permission from Mr. E. Franklin.
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telephone 3 times over the 2 weeks (evenly spaced) to
confirm compliance and discuss educational content from
the lessons. One participant received only 2 calls because they
could not be reached for the third phone call. Each call lasted
approximately 10 minutes (range: 3 to 20 minutes).

2.5. Testing Protocol. The same measurement protocol was
administered at pre- and posttesting, using a standardized
script with instructions for each task. Participants were
assessed with a battery of measures that assessed mental
imagery, disease severity and symptoms, and motor and

(a) (b)

Figure 1: DNI “pushing the pelvis into a big pillow.”

(a) (b)

Figure 2: DNI pelvic parts moving in APT (a) and PPT (b).
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spatial cognitive functions. At posttesting, participants
from both groups completed an exit questionnaire to
assess their experiences and enjoyment of the intervention
[59, 60]. Participants were tested while they were taking
medications at a standardized time of day (on state) to
reduce potential medication-related fluctuations in per-
formance and came for their visit at a self-determined
optimal state.

2.6. Cognitive and ADL Status Measures. The Montreal
Cognitive Assessment (MoCA) is a 30-point test providing
a measure of the global status of cognitive impairment
through the assessment of a range of executive functions
including orientation, memory recall, visuospatial func-
tion, attention/concentration, and language. The MoCA
achieves high sensitivity and specificity for detecting mild
cognitive dysfunction [61] and is valid and reliable in
people with PD [62]. If an individual had fewer than
12 years of education, they received an additional point.
A score of 27 or greater is considered a normal screen
for cognition [61, 63].

The Composite Physical Function Scale (CPF) [64] asks
12 questions about an individual’s functional ability as
related to basic ADLs, intermediate ADLs, and advanced
activities. Participants are asked to rate activities as “can
do,” “can do with difficulty or assistance,” or “cannot do.”
This 24-point scale can provide estimates of risk for loss
of function.

2.7. Imagery Measures. The Movement Imagery
Questionnaire-Revised Second Version (MIQ-RS) [65, 66]
is a 14-item questionnaire that assesses visual (7 items)

and kinesthetic (7 items) imagery ability in people with
movement limitations, using gross movements of the trunk
and extremities. The examiner first reads the task, partici-
pants execute the movement physically and then imagine
performing the movement visually or kinesthetically, and
then participants score their imagery ease/difficulty. A Visual
Analogue Scale (VAS) ranging from 1 (“very hard to see/
feel”) to 7 (“very easy to see/feel”) is used with higher scores
representing better ability/increased ease.

The Kinesthetic and Visual Imagery Questionnaire
(KVIQ-20) [67] is a 20-item questionnaire that assesses
visual (10 items) and kinesthetic (10 items) imagery ability
in people with restricted mobility, using gross and fine motor
tasks of the trunk and extremities. The examiner first
describes the movement, then demonstrates it, and then the
participant is asked to perform the movement, imagine it
(using a first-person perspective), and then rate the clarity
of the visual imagery or the intensity of the sensations associ-
ated with a movement imaged, using a VAS ranging from 1
(“no image/sensation”) to 5 (“image as clear as seeing/as
intense as executing the action”) with higher scores reflecting
greater imagery ability. The KVIQ-20 was previously used to
assess imagery ability in people with PD [25, 31, 40, 68].

The Vividness of Movement Imagery Questionnaire-
Revised Version (VMIQ-2) [69], previously used in PD [39],
is a 36-item questionnaire that assesses the vividness of 3
modes (i.e., external visual, internal visual, and kinesthetic)
of movement imagery using 12 actions. VAS ranging from
1 (“perfectly clear and as vivid as normal vision or feel of
movement”) to 5 (“no image at all, you only ‘know’ that
you are thinking of the skill”) is used. Low scores reflect
greater imagery ability.

(a) (b)

Figure 3: DNI “pelvis as a bowl and water pouring out of it to the front (in APT (a)) and to the back (in PPT (b)).”
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2.8. Disease Severity and Psychological Measures. PD-
specific measures included the Movement Disorder Society-
Unified Parkinson’s Disease Rating Sub-Scales I–IV (UPDRS
I–IV) [70].

Balance confidence was measured with the Activities-
Specific Balance Confidence Scale (ABC) [71]. The ABC
asks 16 questions about an individual’s confidence in
“not losing his/her balance” in life situations. Participants
rate their confidence for each situation on a scale of 0%
to 100% confidence. Scores are averaged, and the overall
percent confidence was used for analysis.

The Impact on Participation and Autonomy Scale
Questionnaire (IPA) [72] is a reliable and valid instrument
for assessing autonomy and participation in chronic disor-
ders. The IPA measures self-perceived participation in five
aspects of life: autonomy indoors, autonomy outdoors, social
life, family role, and work/education.

Subjective pain experience was measured with the Brief
Pain Inventory (BPI; pain severity and interference with
daily life) [73], and depression was measured with the
Beck Depression Inventory-II (BDI-II) [74].

2.9. Motor Function Measures.Mobility measures include the
Single and Dual Timed Up and Go (TUG) test [75] that mea-
sures mobility and dual tasking ability [76] with baseline,
cognitive (counting backwards by 3 s), and manual (carrying
a full glass of water) conditions. Participants rise from a
chair, walk 3 meters away, turn, and walk back to the chair
and sit down.

Forward (Fwd) Gait Speed [77] was assessed with a stop-
watch. Participants walk 20 feet (~6 meters) and are given
a meter of space before and after the 20-foot distance.
Gait time and number of steps were measured, allowing
for gait speed calculation. Three trials from each condition
were averaged.

The 6-Minute Walk Test (6MWT) measures overall
mobility in older people and those with PD [78].

The 30-Second Chair Stand [79] is a test in which par-
ticipants rise from a chair to full standing as many times
as possible in 30 seconds, without using their hands. The
examiner counts aloud the number of repetitions completed.

The 360° Turn Test (Time and Number of Steps) [80] is a
test in which the participant is asked to complete a 360° turn
while time to complete and number of steps required to turn
are recorded. Right and left directions were tested.

The Push and Release Test (PRT) [81] rates the postural
response of the participant to a sudden release of the partic-
ipant pushing backwards on the examiner’s hands placed on
the participant’s back. The VAS scale ranging from 0 (“falls
without attempting a step or unable to stand without assis-
tance”) to 4 (“recovers independently with 1 step of normal
length and width”) is used.

2.10. Cognitive Function Measures. The Trail Making Test
Parts A and B [82] is a cognitive function test of visual
attention, processing speed, executive function, and set
switching. In Trail A, a test of visual motor speed and
numeric sequencing, the participant connects numbers
scattered on the page in ascending order. In Trail B, a test

of global frontal lobe dysfunction and executive function,
the participant connects numbers and letters on a page in
alternating ascending order (i.e., 1-A-2-B-3-C). Participants
are required to connect the letters and/or numbers as quickly
as possible, without lifting the writing utensil from the paper.
They also receive a practice attempt for both Trails A and B.
Errors made while completing the task are pointed out
immediately so the participant can correct them. Time to
complete each trial (up to a maximum of 300 seconds) is
recorded. The time difference between Trails A and B (Trail
difference =Trail B−Trail A) is considered for analyses.

The Reverse Corsi Blocks Visuospatial Task [83] is a test of
visuospatial function which requires participants to watch
the examiner point to a series of blocks and then repeat the
pattern backwards. The examiner begins with two moves
and progresses to a maximum of nine moves, with two trials
per level. Each level consists of two trials with the same num-
ber of moves. At each subsequent level, the number of
required moves increases by one move. Participants are given
one practice trial of two moves. A participant will advance to
the next level if he or she successfully completes at least one
of the trials in a level. Once a participant gets both trials
of a level incorrect, the task is concluded. The span (total
number of moves remembered) and number of trials
successfully completed are considered for analyses.

The Brooks Spatial Memory Task (BSM) [84] is a test of
visuospatial mental imagery in which the participant is asked
to visualize a 4× 4 grid in which the location of numbers 1
through 8 is described. Next, the participant is requested to
repeat the numbers’ location. Participants practice with three
instructions and progress up to 8 instructions. All levels are
completed regardless of errors in performance, and percent-
ages correct (out of 50) were used for analysis.

The Body Position Spatial Task (BPST) [59] is modelled
after the Corsi Blocks task [83], which assesses visuospatial
short-term working memory. Whereas with Corsi Blocks
the examiner points to a sequence of blocks in a particular
spatial pattern coded by numbers, in BPST, the examiner
demonstrates (verbally and visually) a sequenced pattern of
steps to the side, forward, and turning (in place). The partic-
ipant then repeats the pattern exactly. The examiner begins
with twomoves and progresses to a maximum of nine moves.
At each subsequent level, the number of required moves
increases by one move, with two trials per level. Participants
are given one practice trial of two moves. Participants
advance to the next level if they correctly complete at least
one of the trials in a level. Once a participant misses both
trials of a level, the task is concluded. The span (number of
moves remembered) and number of trials performed cor-
rectly are used for analyses. Participants are allowed to use
their assistive device (i.e., a cane or a walker) if they use
it habitually.

2.11. Participants’ Satisfaction Measures. An exit question-
naire [59, 60] was administered to all participants after the
intervention for assessing whether participants enjoyed the
intervention or would continue and whether they noted
improvements in aspects of well-being. A VAS ranging from
1 (“strongly agree”) to 5 (“strongly disagree”) was used.
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2.12. Statistical Analysis. The last observation was carried
forward for participants who did not complete a mini-
mum of 8 of the 10 offered sessions for their group
assignment (DNI or learning/exercise) before posttesting
(n = 2). Data were analyzed using SPSS (Version 19.0,
IBM Corp., Armonk, NY). Descriptive statistics and two-
way [group (DNI, learning/exercise)× time (pre, post)]
mixed-design analysis of variance (ANOVA) were used to
assess the effect of the interventions. Two-tailed hypotheses
were used with a p value of .05 or less regarded as significant.
Effect sizes (ηp

2) and confidence intervals (95% CI) were also
calculated. For the 360° Turn Test, data were analyzed for the
right side only after conducting paired-sample t-tests which
yielded nonsignificant differences (p > 05) between sides
for both time and number of steps.

3. Results

Participants’ demographics are displayed in Table 2. At
pretesting, the groups had normal cognition (as assessed
by MoCA), there were more males, about half of them
had experienced falls in the previous year or used an assis-
tive device, they were at low risk for losing function (as
measured by the CPF), and they had mild-moderate PD.
The groups differed slightly in cognitive function as
assessed by MoCA (Table 2), but both groups were within
the normal range for cognition (i.e., >26 points). There
were no significant differences between groups in imagery
ability, as measured by MIQ-RS, KVIQ-20, and VMIQ-2
(not shown) nor between visual and kinesthetic imagery
abilities at pretesting (Table 3).

Delivering both the DNI and learning/exercise inter-
ventions was feasible with high adherence and compliance.
Two participants did not complete the intervention and
posttesting: One DNI participant fell at home while skate-
boarding recreationally, resulting in back pain that pre-
vented him from attending, and one learning/exercise

participant could not complete assignments because of
Parkinsonian complications.

Compliance for the DNI group was 100%. All partici-
pants in learning/exercise read the information and discussed
with staff (verified by staff), but 4 out of 9 learning/exercise
participants did not complete the exercise video 8 times as
requested. All participants used the video at least twice.

3.1. Outcome Measures. Results for all outcome measures are
detailed in Table 4. There was a group× time interaction in
the mental imagery measures. The DNI group improved
more than the learning/exercise group did in all mental
imagery measures except for the kinesthetic MIQ-RS and
kinesthetic VMIQ-2.

There were significant group× time interactions in the
UPDRS-III, the TUG-manual, time and number of steps
to turn 360°, reactive postural control, and BPST span.
The DNI group improved more than the learning/exercise
group did.

There was a significant group× time interaction in the
IPA score. The learning/exercise group improved more.

Both groups strongly agreed that they enjoyed their
program and strongly agreed that they were more mentally
active and would continue the program if possible. DNI

Table 2: Baseline participants’ demographics (M, SD).

DNI (n = 10) M (SD) Learning/exercise (n = 10) M (SD) pa

Sex 1 woman, 9 men 3 women, 7 men .58b

Age (years) 66.4 (12.5) 65.1 (7.5) .78

UPDRS Motor Subscale III 38.4 (13.8) 32.1 (12.2) .29

Hoehn and Yahr stage (median (first, third quartiles)) 2.0 (1.8, 2.5) 2.0 (2.0, 2.5) .80

Duration of PD (years) 6.1 (3.8) 8.5 (4.5) .21

MoCA (/30) 28.3 (1.4) 26.6 (2.0) .04∗

CPF (/24) 19.9 (4.6) 20.3 (3.71) .83

Education (years) 16.2 (2.2) 16.4 (2.0) .83

Number of comorbidities 3.4 (1.7) 2.6 (1.7) .32

Number of prescription medications 5.7 (3.4) 3.1 (3.1) .09c

Use of assistive device (yes/no) 3/7 4/6 1.00b

History of ≥1 falls in the past year (yes/no) 6/4 4/6 .65b

Previous experience with imagery (yes/no) 4/6 1/9 .30b

Note: values are mean (SD), unless otherwise noted. PD = Parkinson’s disease; UPDRS =Unified Parkinson’s Disease Rating Sub-Scale; MoCA =Montreal
Cognitive Assessment; CPF = Composite Physical Function Scale. aIndependent t-tests’ compared groups. bFisher’s exact test. cEqual variance not
assumed. ∗p < 05.

Table 3: Visual and kinesthetic imagery abilities at pretesting.

Visual
M (SD)

Kinesthetic
M (SD)

pa

MIQ-RS (/7) 4.86 (1.64) 4.68 (1.63) .72

KVIQ-20 (/5) 3.19 (1.04) 2.86 (.93) .28

VMIQ-2† (12–70)
External: 29.30 (12.68)
Internal: 30.35 (13.86)

32.05 (13.55) .47b

aPaired-sample t-tests’ compared categories. bPaired-sample t-tests’
compared internal-visual and kinesthetic categories. †Lower values represent
better scores.

7Neural Plasticity



Table 4: Outcome measures at pre- and posttesting.

DNI
M (SD) [range] {95% CI}

Learning/exercise
M (SD) [range] {95% CI}

F(1,18)
! p ηp

2

Mental imagery

MIQ-RS (/7)

Visual

Pre 4.98 (1.56) [1.86–6.71] {3.86–6.10} 4.74 (1.79) [1.00–6.43] {3.62–5.86}
5.84 .02∗ .245

Post 5.85 (.79) [4.71–7.00] {4.89–6.81} 4.31 (1.88) [1.00–6.57] {3.35–5.27}

Kinesthetic

Pre 5.07 (1.43) [2.29–6.57] {3.99–6.15} 4.30 (1.79) [1.00–6.29] {3.22–5.38}
1.69 .20 .086

Post 5.47 (1.48) [2.29–7.00] {4.31–6.62} 4.05 (1.96) [1.00–6.57] {2.90–5.21}

Total

Pre 5.02 (1.14) [3.36–6.64] {4.21–5.83} 4.52 (1.29) [2.50–6.36] {3.71–5.33}
5.30 .03∗ .228

Post 5.66 (.96) [4.14–7.00] {4.85–6.47} 4.18 (1.43) [2.21–6.57] {3.37–4.99}

KVIQ-20 (/5)

Visual

Pre 3.29 (1.22) [1.30–4.80] {2.58–3.99} 3.10 (.88) [1.50–4.00] {2.39–3.80}
6.12 .02∗ .254

Post 3.95 (.63) [3.00–4.90] {3.31–4.58} 2.67 (1.18) [1.00–4.20] {2.03–3.30}

Kinesthetic

Pre 3.07 (1.10) [1.00–4.70] {2.44–3.69} 2.66 (.72) [1.30–3.50] {2.03–3.28}
6.58 .01∗ .268

Post 3.65 (1.18) [1.00–5.00] {2.94–4.35} 2.39 (.92) [1.00–4.10] {1.68–3.09}

Total

Pre 3.18 (.89) [2.00–4.75] {2.69–3.66} 2.88 (.51) [2.10–3.75] {2.39–3.36}
9.62 .00∗∗ .348

Post 3.80 (.80) [2.50–4.90] {3.27–4.32} 2.53 (.77) [1.25–3.45] {2.00–3.05}

VMIQ-2† (/12–70)

External visual

Pre 26.10 (11.68) [12.00–47.00] {17.73–34.46} 32.50 (13.42) [20.00–60.00] {24.13–40.86}
6.70 .01∗ .271

Post 21.20 (6.64) [12.00–31.00] {15.10–27.29} 36.40 (11.13) [19.00–60.00] {30.30–42.49}

Internal visual

Pre 27.70 (15.09) [12.00–56.00] {18.42–36.97} 33.00 (12.73) [19.00–60.00] {23.72–42.27}
5.79 .02∗ .244

Post 20.00 (7.39) [12.00–35.00] {12.66–27.33} 36.30 (13.76) [17.00–60.00] {28.96–43.63}

Kinesthetic

Pre 29.40 (14.53) [12.00–53.00] {20.33–38.46} 34.70 (12.69) [14.00–60.00] {25.63–43.76}
1.96 .17 .098

Post 22.10 (11.44) [12.00–48.00] {14.02–30.17} 34.70 (12.83) [15.00–60.00] {26.62–42.77}

Disease severity and psychological

UPDRS-I†

Pre 11.90 (5.19) {7.67–16.12} 15.00 (7.34) {10.77–19.22}
.00 1.00 .000

Post 10.40 (5.58) {6.15–14.64} 13.50 (7.10) {9.25–17.74}

UPDRS-II†

Pre 16.50 (5.87) {12.82–20.17} 18.20 (5.18) {14.52–21.87}
.01 .90 .001

Post 14.10 (6.17) {10.33–17.86} 15.60 (5.12) {11.83–19.36}

UPDRS-III†

Pre 38.40 (13.87) {29.70–47.09} 32.10 (12.24) {23.40–40.79}
4.08 .05∗ .185

Post 31.60 (13.85) {22.96–40.23} 31.20 (12.06) {22.56–39.83}

UPDRS-IV†

Pre 3.50 (4.11) {0.89–6.10} 4.60 (3.71) {1.99–7.20}
.02 .87 .001

Post 4.50 (5.03) {1.84–7.15} 5.40 (2.54) {2.74–8.05}

ABC (%)

Pre 78.20 (18.31) {67.14–89.26} 73.20 (14.79) {62.14–84.26}
.00 .94 .000

Post 74.23 (18.02) {67.61–90.27} 74.23 (18.02) {62.90–85.57}
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Table 4: Continued.

DNI
M (SD) [range] {95% CI}

Learning/exercise
M (SD) [range] {95% CI}

F(1,18)
! p ηp

2

IPA†

Pre 32.60 (21.80) {14.96–50.23} 43.50 (30.54) {25.86–61.13}
5.20 .03∗ .224

Post 35.00 (22.28) {20.03–49.96} 36.20 (22.75) {21.23–51.16}

BPI-severity†

Pre 2.82 (2.25) {1.22–4.42} 3.03 (2.56) {1.23–4.82}
.95 .34 .056

Post 2.55 (2.25) {1.05–4.04} 3.28 (2.20) {1.60–4.95}

BPI-interference†

Pre 2.44 (1.79) {.86–4.01} 2.21 (2.90) {.45–3.97}
2.48 .13 .134

Post 1.41 (1.24) {.40–2.42} 2.14 (1.79) {1.01–3.27}

BDI-II†

Pre 12.90 (8.41) {6.93–18.86} 14.50 (9.51) {8.53–20.46}
.75 .39 .040

Post 9.20 (5.82) {4.73–13.66} 12.40 (7.50) {7.93–16.86}

Motor function

Fwd gait† (meters/sec)

Pre 1.08 (.18) {.95–1.21} 1.06 (.20) {.93–1.19}
.00 .92 .001

Post 1.09 (.15) {.98–1.20} 1.07 (.16) {.96–1.17}

6MWT (meters)

Pre 410.52 (127.05) {348.89–472.14} 393.34 (32.61) {331.72–454.96}
2.46 .13 .120

Post 447.32 (84.22) {399.53–495.11} 370.05 (57.06) {322.26–417.85}

30-Second Chair Stand (reps)

Pre 14.20 (6.52) {10.60–17.80} 11.10 (4.01) {7.50–14.70}
1.49 .23 .077

Post 16.00 (5.61) {12.69–19.30} 11.40 (4.24) {8.09–14.70}

Mini-BEST (/28)

Pre 22.50 (4.37) {19.68–25.31} 21.80 (4.10) {18.68–25.31}
1.60 .22 .082

Post 23.30 (3.30) {20.86–25.73} 21.20 (3.99) {18.76–23.63}

TUG† (sec)

Pre 9.00 (2.18) {7.61–10.40} 9.85 (2.02) {8.45–11.25}
2.21 .15 .110

Post 8.40 (1.85) {7.00–9.80} 10.26 (2.32) {8.86–11.66}

TUG-cognitive† (sec)

Pre 13.72 (8.07) {9.57–17.87} 12.76 (3.57) {8.61–16.91}
3.07 .09 .146

Post 11.14 (3.21) {6.65–15.63} 15.61 (9.01) {11.12–20.11}

TUG-manual† (sec)

Pre 13.61 (5.44) {10.75–16.46} 12.69 (2.71) {9.83–15.55}
4.43 .05∗ .198

Post 11.16 (2.76) {9.28–13.03} 12.99 (2.87) {11.11–14.87}

360° Turn Test (steps)†

Pre 10.20 (5.57) {7.43–12.96} 6.90 (1.91) {4.13–9.66}
6.63 .01∗∗ .269

Post 9.00 (2.53) {6.26–11.73} 9.70 (5.22) {6.96–12.43}

360° Turn Test (sec)†

Pre 4.23 (2.98) {2.75–5.70} 3.12 (.95) {1.64–4.59}
7.58 .01∗∗ .296

Post 3.38 (1.46) {1.96–4.80} 4.69 (2.64) {3.27–6.11}

PRT (/4)

Pre 2.80 (1.31) {2.07–3.52} 2.70 (.82) {1.97–3.42}
5.68 .02∗ .240

Post 3.40 (.84) {2.82–3.97} 2.10 (.87) {1.52–2.67}

Cognitive function

Trail A† (sec)

Pre 27.46 (10.33) {20.64–34.28} 30.44 (10.19) {23.62–37.26}
1.24 .27 .065

Post 28.19 (7.03) {23.51–32.88} 27.68 (7.06) {23.00–32.37}

9Neural Plasticity



participants agreed that they noted improvements in balance,
walking, mood, and coordination, and they were more phys-
ically active. Median and interquartile values are reported for
exit questionnaire responses in Table 5.

4. Discussion

This study represents one of the first efforts to examine
the effects of imagery training on imagery ability, disease
severity, motor, and nonmotor functions in people with
mild-to-moderate PD. The DNI intervention provided par-
ticipants with imagery information based on correct body
biomechanics and encouraged them to use this knowledge
for increasing self-awareness and improving motor perfor-
mance. This is different from other approaches to imagery,
in which participants’ existing motor experiences serve as
the foundation for the imagery training [37]. Further, the
DNI intervention included imagery contents only (unlike
previous reports using combined imagery and conventional
therapies), thus resulting in a high volume of imagery train-
ing (100 min per session) in comparison to previous reports
(e.g., 15–20 minutes [46] and 20 minutes [37]).

Delivering intensive, 2-week DNI training was feasible
with high adherence and compliance rates, thus confirm-
ing our first hypothesis. Participants in the DNI group

enjoyed the training, attended sessions beyond the mini-
mum required, and commented that the training was very
useful for them in improving their ADLs. The DNI group
benefitted significantly more from the training versus the
learning/exercise group and exhibited greater improvements
in measures of imagery ability, disease severity, and motor
and nonmotor functions.

The lack of significant differences between visual and
kinesthetic imagery ability found at pretesting agrees with
previous findings [40] but contradicts other findings sug-
gesting visual imagery to be better than kinesthetic imagery
in PD [25, 68]. Kinesthetic and visual imagery trainings
may be equally relevant and potentially beneficial for people
with PD. Future studies, however, should compare between
the two modalities in terms of their effectiveness in
this population.

MIQ-RS and KVIQ-20 scores in the current study could
not be compared with previous reports of people with PD
due to significant differences in delivery protocol [68] or
VAS scales [25, 31, 40]. There is therefore a need for
homogenous delivery protocols in this population. VMIQ-2
scores in the current study (23.30± 12.68, 30.35± 13.86, and
32.05± 13.55 for external-visual, internal-visual, and kines-
thetic abilities, resp.) were higher than previous published
values (27.5± 7.4 and 28.3± 6 for internal-visual and

Table 4: Continued.

DNI
M (SD) [range] {95% CI}

Learning/exercise
M (SD) [range] {95% CI}

F(1,18)
! p ηp

2

Trail B† (sec)

Pre 78.26 (52.49) {32.03–124.49} 95.79 (83.23) {49.56–142.02}
.01 .90 .001

Post 68.29 (29.35) {28.34–108.23} 87.52 (79.80) {47.58–127.47}

Trails B-A† (sec)

Pre 50.79 (45.11) {8.70–92.89} 65.34 (77.42) {23.24–107.44}
.18 .66 .010

Post 40.09 (25.35) {2.91–77.27} 59.84 (74.97) {22.66–97.02}

Corsi-trials

Pre 6.30 (1.82) {4.91–7.68} 6.70 (2.31) {5.31–8.08}
1.87 .18 .094

Post 7.30 (1.49) {5.97–8.62} 6.80 (2.39) {5.47–8.12}

Corsi-span

Pre 4.70 (1.15) {3.98–5.41} 4.90 (.99) {4.18–5.61}
1.05 .31 .055

Post 5.30 (1.05) {4.47–6.13} 5.00 (1.41) {4.17–5.83}

BSM

Pre 72.40 (14.07) {58.92–85.87} 66.40 (24.99) {52.92–79.87}
.19 .66 .011

Post 77.60 (14.56) {65.53–89.66} 68.20 (21.15) {56.13–80.26}

BPST-trials

Pre 4.10 (1.52) {3.14–5.05} 4.40 (1.34) {3.44–5.35}
.48 .49 .026

Post 4.70 (1.56) {3.48–5.91} 4.60 (2.06) {3.38–5.81}

BPST-span

Pre 3.40 (.69) {2.60–4.19} 4.20 (1.54) {3.40–4.99}
6.68 .01∗∗ .271

Post 3.90 (.99) {3.19–4.60} 3.80 (1.13) {3.09–4.50}

Note: values represent group × time interactions. MIQ-RS =Movement Imagery Questionnaire-Revised Second Version; KVIQ =Kinesthetic and Visual
Imagery Questionnaire; VMIQ=Vividness of Movement Imagery Questionnaire-Revised Version; UPDRS = Unified Parkinson’s Disease Rating Sub-Scales;
ABC = Activities-Specific Balance Confidence Scale; IPA = Impact on Participation and Autonomy Scale Questionnaire; BPI = Brief Pain Inventory;
BDI = Beck Depression Inventory; 6MWT = 6-Minute Walk Test; TUG= Timed Up and Go; FAB = Fullerton Advanced Balance Scale; DGI = Dynamic
Gait Index; PRT = Push and Release Test; BSM= Brooks Spatial Memory Task; BPST = Body Position Spatial Task. !Differences were calculated using
mixed-design ANOVA. ∗p < 05. ∗∗p < 01. †Lower values represent better scores.
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kinesthetic) in a group of 15 people with PD [39]. In another
study, a mean score of 24.4± 7.1 was reported, with no
specifications regarding the imagery modality [85].

The DNI group improved significantly in all three modal-
ities of imagery ability (i.e., external-visual, internal-visual,
and kinesthetic) following the intervention, whereas the
learning/exercise group did not exhibit these improvements,
which match, and may be explained by, the multi-imagery
perspectives (i.e., 1st- and 3rd-person) and multisensorial
imagery approach (i.e., visual, auditory, and kinesthetic) used
by DNI. This finding supports the notion that imagery ability
can be enhanced following imagery training in people with
PD and suggests that imagery performance (e.g., vividness)
in people with PD can improve not only with actual
visual cues (i.e., a target on a screen) [31] but also with
imagery training.

Previous literature suggests that people with PD are less
likely to use a “first-person” strategy for imagery (i.e., kines-
thetic or internal-visual), which involves internal-visual or
kinesthetic information [29], possibly reflecting kinesthetic
and proprioceptive deficits [1, 4, 7] and altered body schema
[6, 16, 86] associated with PD. Therefore, the improvements
in kinesthetic and internal-visual and imagery abilities
noticed following the DNI training may suggest an enhanced
ability to access kinesthetic, internal information, thus poten-
tially more likely to use a first-person imagery modality. Such
improvements in kinesthetic and internal-visual imagery
ability may lead to better somatosensory integration and
body schema [14, 33], as well as reduced external (e.g., audi-
tory and visual) cue or feedback dependency, frequently
observed in PD [18]. Being more available and not dependent
on space and time constraints, relying on internally guided,
kinesthetic stimuli and cues, has potential for enhancing
independence and decreased reliance on externally provided
cues in ADLs for people with PD, thus improving the quality
of life [31, 41]. Future studies should investigate the effect of
DNI training on the ability of people with PD to spontane-
ously generate and use internally generated cues [87]. Such
insights, once demonstrated, could be translated into clinical
guidelines and embedded within PD rehabilitation protocols,
as previously suggested with imagery [26, 27].

This study is the first, to our knowledge, to demonstrate
significant improvement in UPDRS-III, that is, motor symp-
toms, following imagery training. A previous study reported
a significant improvement in the mental subscale (UPDRS-
I) following a combined physical and motor imagery training
[46]. Gaps in knowledge prohibit explaining the relationships
between different types of imagery training or contents and
the effects on aspects of disease severity, as measured by
the UPDRS.

The DNI group improved significantly more than the
learning/exercise group did in selected measures of motor
and cognitive functions, including TUG-manual and 360°

turns. These improvements are especially notable because
the DNI intervention focused on anatomical and biomechan-
ical embodiment and kinesthetic-proprioceptive imagery
and not on the training of specific functions/tasks to be
measured as outcome measures (e.g., TUG-manual and
6MW), as is the case in previous reports [37, 46]. As such,
the current findings might suggest changes in motor control
and planning strategies, involved in such functions, following
relevant DNI contents, such as imagery for embodying the
center of mass and central axis. These aspects were not
within the scope of this study and should be looked at
in future works.

The mechanisms of effect of DNI are not fully revealed to
date and should be examined in light of previous literature
highlighting brain strategies and compensatory mechanisms
involved with imagery in PD [88]. Specifically, such investi-
gations should take into account previous reports suggesting
that performance of an imagery task (i.e., mental rotation of
body parts; as measured by reaction time and brain activity)
in people with PD is affected by various factors, such as
visual information (e.g., image orientation), the affected/
nonaffected limb, and the presence of tremor [88, 89].
Moreover, it was concluded that people with PD used first-
person, kinesthetic imagery to solve the imagery task [89].

The improvements noted in the DNI group in motor
and nonmotor functions could be explained, in part, by
the following: (1) imagery plays an important role in
motor and nonmotor functions [23], and gains in imagery
ability could contribute to enhanced motor and nonmotor

Table 5: Participants’ satisfaction from intervention.†

Question DNI (median (1st, 3rd quartiles)) Learning/exercise (median (1st, 3rd quartiles))

(1) Did you enjoy? 1.00 (1.00, 1.00) 1.00 (1.00, 2.00)

(2) Balance improved 2.00 (1.00, 3.00) 3.00 (3.00, 3.00)

(3) Walking improved 2.00 (1.50, 2.00) 3.00 (2.50, 3.50)

(4) Mood improved 2.00 (1.00, 3.00) 3.00 (2.00, 3.50)

(5) Coordination improved 2.00 (2.00, 3.00) 3.00 (3.00, 4.00)

(6) Strength improved 3.00 (1.00, 3.00) 3.00 (3.00, 3.00)

(7) Endurance improved 3.00 (3.00, 3.00) 3.00 (3.00, 3.50)

(8) I would continue 1.00 (1.00, 1.00) 2.00 (1.00, 3.50)

(9) More physically active 2.00 (1.00, 2.50) 3.00 (2.00, 3.50)

(10) More mentally active 1.00 (1.00, 2.00) 2.00 (1.50, 3.50)
†Lower values represent better scores.
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capabilities; (2) correcting (and enhancing) body posture
and biomechanics is important for proper motor perfor-
mance [90, 91]; and (3) providing additional sensory infor-
mation could optimize motor learning in people with PD
[41]. In addition, the imagery-cognitive strategies used in
DNI could potentially serve to bypass the basal ganglia-
supplementary motor area circuit [46] and contribute to
the establishment of a more clear and accurate body
schema [14].

This study has limitations: (1) it evaluated only a small
sample, (2) differences existed between groups on the MoCA
and imagery experience, (3) the intervention was only two
weeks long, and (4) there was a lack of follow-up testing to
evaluate the retention effect. In addition, four out of the 9
participants in the learning/exercise group reported that
they did not complete the exercise video 8 times as
requested, which resulted in a reduced volume of the control
intervention for these participants. All of these limitations
have affected the results in unknown ways; therefore, the
current findings should be interpreted cautiously. Future
studies should investigate the effects of DNI training with
larger samples and longer interventions with long-term
follow-up measurements.

Future research should also explore the potential for
beneficial effects of DNI in people with PD in other circum-
stances, for example, during the off state [40] and when com-
bined with other training approaches, for example, physical
therapy group exercise.

5. Conclusion

This study provides preliminary evidence for the clinical
application and effectiveness of imagery training in PD. The
demonstrated gains in imagery ability and motor and non-
motor functions in people with PD following DNI training
further support the incorporation of imagery training in PD
rehabilitation. Research into imagery and motor control
and planning in PD is warranted.
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Age-related changes in brain activation other than in the primary motor cortex are not well known with respect to dynamic balance
control. Therefore, the current study aimed to explore age-related differences in the control of static and dynamic postural
tasks using fMRI during mental simulation of balance tasks. For this purpose, 16 elderly (72± 5 years) and 16 young
adults (27± 5 years) were asked to mentally simulate a static and a dynamic balance task by motor imagery (MI), action
observation (AO), or the combination of AO and MI (AO+MI). Age-related differences were detected in the form of larger
brain activations in elderly compared to young participants, especially in the challenging dynamic task when applying AO+MI.
Interestingly, when MI (no visual input) was contrasted to AO (visual input), elderly participants revealed deactivation of
subcortical areas. The finding that the elderly demonstrated overactivation in mostly cortical areas in challenging postural
conditions with visual input (AO+MI and AO) but deactivation in subcortical areas during MI (no vision) may indicate that
elderly individuals allocate more cortical resources to the internal representation of dynamic postural tasks. Furthermore, it
might be assumed that they depend more strongly on visual input to activate subcortical internal representations.

1. Introduction

Aging is associated with deterioration of postural control [1].
This is indicated by an increased variation of the center of
pressure, an increase of postural sway, and a higher risk of falls
in the elderly [2]. This deterioration has been related to struc-
tural and functional changes in the central nervous system [3].

When considering postural control in general, early
studies believed that mainly spinal and brainstem structures
were involved in postural control [4, 5], although more recent
studies showed the crucial importance of cortical and subcor-
tical brain regions [6, 7]. For instance, studies applying trans-
cranial magnetic stimulation (TMS) reported the importance

of the primary motor cortex (M1) in the control of dynamic
and static postural tasks [7, 8] and showed adaptations in
M1 that were correlated with adaptations in balance control
[9]. In line with this, structural changes assessed by magnetic
resonance imaging (MRI) in the supplementary motor area
(SMA) and prefrontal cortex (PFC) were shown to be corre-
lated with changes in postural control, underlining the impor-
tance of these cortical areas for postural control [10].

Considering subcortical structures, the cerebellum and
basal ganglia were shown to play a fundamental role in
balance control. For instance, lesions in those brain regions
resulted in severe deterioration of balance [11–14]. More-
over, larger brain activation was found in the cerebellum
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when a more challenging static postural task was performed
[15]. In addition, Goble et al. [16] observed that the level of
activation of the basal ganglia during stimulation of the foot
muscle spindle was correlated with balance performance
indicating that the sensory processing in the basal ganglia is
also important for an adequate postural control.

Based on these aforementioned studies, it can be
concluded that postural control relies on a brain network
involving the PMC, SMA, PFC, M1, brainstem, basal ganglia,
and cerebellum. It is important to note that these regions are
influenced by aging. For manual motor tasks, numerous
functional MRI (fMRI) studies showed greater cortical
activity in M1, PMC, and PFC in elderly adults compared
to young adults [17–20]. This phenomenon of greater and
more diffuse cortical activity in the elderly was observed for
both cognitive function and motor function, and it is still
debated whether this so-called (cortical) overactivation is
related to compensatory processes or dedifferentiation of
(i.e., less distinctive) representations [21, 22]. Irrespective of
its exact nature, it is reasonable to assume that this age-
related overactivation can also be found during the perfor-
mance of balance tasks. In line with this, changes in the
activation of M1 were recently shown by means of TMS
during postural tasks. Papegaaij et al. [23] observed a reduc-
tion of intracortical inhibition when elderly people were
standing on foam compared to standing on a rigid surface
while young people displayed unchanged intracortical inhibi-
tion. Moreover, a facilitation of motor-evoked potentials
during upright stance was observed in the elderly compared
to young participants [24, 25], suggesting that aging is
accompanied by disinhibition of M1.

In a first step, the current study therefore aimed to clarify
whether different ways of mentally simulating postural tasks
(action observation=AO, motor imagery =MI, and combi-
nation of AO and MI=AO+MI) could reproduce the
phenomenon of cortical overactivation known from studies
investigating the actual execution of postural tasks. So far,
only MI of gait and upright stance was compared between
young and elderly subjects using fMRI.

Compared to young adults, elderly participants displayed
increased activity in the multisensory vestibular cortices,
motion-sensitive visual cortices (MT/V5), and somatosen-
sory cortices (right postcentral gyrus) during motor imagery
(MI) of upright stance [26]. The authors supposed that the
observed overactivation in the elderly was the result of a
reduced reciprocal inhibitory sensory interaction, which
may be a compensatory mechanism and may reflect a more
conscious postural control. Similarly, an age-related over-
activation in the right supplementary motor area (SMA,
BA6), the right orbitofrontal cortex (BA11), and the left
dorsolateral frontal cortex (BA10) was observed during
MI of gait [27].

Taken together, TMS and fMRI studies convincingly
demonstrated age-related cortical overactivation during
motor tasks in general and postural tasks in particular.
However, little is known about differences in subcortical
brain regions between young and elderly adults.

Functional MRI studies of the upper extremity reported
divergent results when comparing subcortical brain activity

in young and elderly participants. Some described reduced
activity in the cerebellum or the basal ganglia [28–30] while
others observed higher activation levels in subcortical regions
in the elderly [19, 20]. With respect to balance control, there
is no study to date that compared (subcortical) brain activa-
tion levels in young and elderly subjects. This seems impor-
tant as challenging postural tasks are differently organized
than easy postural tasks [31] and age-related differences
become more pronounced in complex (e.g., more dynamic)
postural tasks [31, 32]. Thus, to better understand postural
control and to better tailor nonphysical balance training
interventions, it is important to gain a better understanding
of age-related changes in the neural processing while men-
tally simulating postural tasks. In particular, there is a need
to clarify the activation of subcortical centers in the aging
brain, which is considered to be essential for a more auto-
matic movement execution (e.g., [33]).

Therefore, the main aim of the current study was to
explore age-related differences in the internal representation
of dynamic postural tasks by means of fMRI in order to
detect not only cortical but also subcortical changes. For this
purpose, young and older participants were asked to men-
tally simulate balance tasks by either MI, AO, or the com-
bination of the two (AO+MI) while lying in the scanner.
Two postural tasks were simulated: quiet upright stance
(static) and the compensation of a mediolateral perturbation
(dynamic). As the dynamics of actual balance tasks limit
brain accessibility, mental simulation was chosen, which is
certainly not a perfect effigy of real task execution but, never-
theless, demonstrates important parallels. It was shown, for
instance, that physical task performance and mental simula-
tion activate similar brain areas in a similar manner [34–37].
Based on the activation of overlapping brain areas, Jeannerod
[36] postulated the well-accepted theory that “the motor
system is part of a simulation network that is activated under
a variety of conditions in relation to action, either self-
intended or observed from other individuals” (p.103). It is
believed that the positive training/learning effects of mental
simulation on physical task performance are explained by
the activation of this common neural network. With respect
to postural control, mental simulation of balance tasks has
recently been shown to be effective in improving postural
control [38] and to substantially activate motor centers
responsible for postural control [39]. It therefore seems
reasonable to assume that the activation patterns seen during
mental simulation are, indeed, neural representations of
postural tasks with a high functional relevance. Thus, the
comparison of brain activation patterns in young and elderly
adults seems a promising way to assess differences in cortical
and subcortical representations of challenging dynamic pos-
tural tasks. Based on the results of dual-task studies indicat-
ing that processing of motor control shifts from automatic
(more subcortical) processing to more consciously controlled
(cortical) processing [33, 40], we hypothesized to find greater
activation in cortical and lower activation in subcortical areas
in old compared to young adults during mental simulation of
postural tasks.

Moreover, this design allowed us to investigate age-
related differences in the role of vision (or visual guidance)
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during mental simulation in order to activate internal repre-
sentations of balance tasks. It is known that elderly people
depend more strongly on visual information for postural
control than do young adults [41–43] and this dependency
was argued to be mainly due to a deterioration of executive
functions [44]. In addition, with respect to mental simulation
techniques, the combination of AO and MI, the so-called
AO+MI, has repeatedly been demonstrated to be more
effective than AO or MI alone (for reviews, see [45, 46]).
Thus, we speculated that AO+MI might be especially bene-
ficial in the elderly to activate not only cortical but also
subcortical brain areas that are important for balancing due
to their stronger dependency on visual input with age.

To summarize, the current study aimed to investigate
age-related differences in the internal representation of
dynamic postural control. We assumed to observe (1) greater
activation in cortical and deactivation in subcortical areas as
well as (2) larger dependency on visual input to activate
internal representations in elderly compared to young people
during mental simulation of postural tasks.

2. Methods

2.1. Participants. Sixteen healthy elderly adults (seven
females) aged between 65 and 80 years (mean± SD=
72± 4.6) participated in this study. Their results were com-
pared to the results of a group of sixteen healthy young adults
(six females) aged between 20 and 37 years (27± 4.8) from
a previous study [39]. All participants were free from neu-
rological and orthopedic disorders. They had normal or
corrected-to-normal vision. Participants were briefed on
the experiments and provided written informed consent
for the experimental procedure before testing. The study
was approved by the local ethics committee and was in
accordance with the Declaration of Helsinki.

2.2. Experimental Procedure. The same protocol as in our
previous study in young adults [39] was applied to the group
of elderly adults. They were instructed to observe or mentally
simulate two balance tasks in three different conditions while
lying in the scanner. The three mental simulation conditions
were (1) AO, (2) MI, and (3) the combination of the two
(AO+MI). In the AO condition, the instruction was to
merely watch the videos showing a person performing bal-
ance tasks. In the MI condition, the participants were asked
to imagine themselves performing the respective task with
their eyes closed. For the AO+MI condition, the participants
were asked to combine the two by watching the video while
imagining performing the task themselves at the same time.
The MI was performed in a first-person perspective. Two dif-
ferent balance tasks were used in all three mental simulation
conditions: (1) standing still on stable ground (Figure 1(a))
and (2) compensating a mediolateral perturbation while
standing on a free-swinging platform (Figure 1(b)).

The three mental simulation conditions were tested in
separate runs. In the scanner, written and verbal information
was provided about which mental simulation condition and
which balance task were about to be performed. Each
experimental condition (mental simulation) consisted of

eight segments (four times each balance task) presented in
a random order. Each segment was composed of a 2 s video
repeated 10 times, which resulted in video sequences of
20 s, followed by a rest period of 21 s, where a white cross
was shown on a black screen. In the video showing the
dynamic balance task, each of these 2 s iterations corre-
sponded to one perturbation. In order to notify participants
about the start of a new iteration, the start of each video
was signaled by a tone. This was particularly important for
the MI condition where participants had their eyes closed.
All participants were carefully introduced to the tasks and
familiarized with the videos by the experimenter before they
were placed in the scanner. It was underlined that it was
essential that they performed all the tasks only mentally,
without any actual movements. The elderly’s ability to imag-
ine movements was assessed by a standardized questionnaire
(short version of the Kinesthetic and Visual Imagery
Questionnaire (KVIQ-10); [48]). In all elderly participants,
the average rating of the clarity of the image and the intensity
of the sensation was at least three (moderately clear image/
moderately intense sensation) on a five-point scale.

2.3. Material.Visual stimuli were displayed on an LCD screen
(32″ LCD Monitor, NordicNeuroLab, Bergen, Norway)
with E-Prime 2.0 software (Psychology Software Tools
Inc., http://www.pstnet.com, PA, USA) at a refresh rate of
60Hz. Participants looked at the screen through a mirror
system. Auditory information was transmitted through
MRI-compatible headphones (Starter f mkII+ MRI Audio
System, MR confon, Magdeburg, Germany).

2.4. Image Acquisition. Participants were in a supine posi-
tion in the scanner, and cushions were used to reduce
head motion. Data were acquired with a 3T MRI scanner
(Discovery MR750, GE Healthcare, Waukesha, Wisconsin,
USA) at the Cantonal Hospital of Fribourg, Switzerland
(http://www.h-fr.ch). A 32-channel standard head coil was
employed for acquisition. High-resolution T1-weighted ana-
tomical scans were collected in the coronal plane (FSPGR
BRAVO sequence; voxel size = 0.86× 0.86× 1mm, number
of slices = 280, repetition time (TR)=7300ms, echo time
(TE) = 2.8ms, and flip angle = 9°; parallel imaging with an

(a) (b)

Figure 1: Balance tasks displayed during the experiment. (a) For the
static balance task, a person was displayed standing on stable
ground. (b) For the dynamic balance task, a person was shown
compensating for a mediolateral perturbation while standing on a
free-swinging platform (from [47]).
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acceleration factor of 1.5). Functional T2∗-weighted images
were recorded with a Gradient Echo-Echo Planar Imaging
sequence. The blood oxygenation level-dependent (BOLD)
contrast was used as an index of local increases in brain
activity. For each experimental session, 150 dynamic
volumes with axial acquisitions were collected over the
whole brain (voxel size = 1.875× 1.875× 3mm, matrix
size = 128× 128, and number of slices = 40; interleaved
acquisition from the bottom to the top of the head, inter-
slice spacing = 0.3mm, TR=2500ms, TE=30ms, and flip
angle = 85°; parallel imaging with an acceleration factor
of 2). To secure steady-state tissue magnetization, the first
7.5 s of each functional run was defined as dummy scans.

2.5. Data Processing and Analysis. MRI data were analyzed
with the Statistical Parametric Mapping SPM8 software
(http://www.fil.ion.ucl.ac.uk/spm) running on MATLAB
2012b (The MathWorks Inc., http://www.mathworks.com,
MA, USA). Functional volumes were preprocessed using
standard methods implemented in SPM8: spatial realign-
ment, coregistration with anatomical scan, normalization
on MNI space (2× 2× 2mm), and smoothing with an
isotropic 6mm full width at half maximum (FWHM)
Gaussian kernel. Details have been described previously
[39]. The preprocessed images were then subjected to a
fixed effect analysis (first-level analysis) based on a general
linear model to each voxel [49, 50] for each participant
(block design) using an autoregressive [AR(1)] function
to account for temporal correlations between voxels across
the whole brain.

In a first step, a two-way random effect full factorial
model (ANOVA 3× 2) with the within-subject factor mental
simulation condition (AO versus MI versus AO+MI) and
balance task (static versus dynamic) was used to estimate
brain activity in the elderly group. The pattern of brain
activation in each experimental condition (the combination
of mental simulation condition and postural task) was
studied at the whole brain level by calculating simple effects
(contrasts between task and baseline activities, p < 0 05
FWE corrected at the voxel level) and direct comparisons
between conditions. Brain activation patterns in the young
adults have been presented previously [39]. Commonalities
as well as differences in brain activation patterns between
groups were evaluated by comparing elderly with young
people in a second-level analysis. For this purpose, a full
factorial model with the age group as a between-subject fac-
tor was performed. On the full factorial model, a conjunction
analysis [51] was used to determine the common activation
of the two groups at the whole brain level (p < 0 001 at the
voxel level, extended by a p < 0 05 FWE corrected at the
cluster level and with an extended cluster threshold of 5
contiguous voxels). The FWE-corrected p values of the
significant clusters are presented in Results.

For the evaluation of age-related differences between
groups, a region of interest (ROI) analysis was performed
on the full factorial model (p < 0 05 FWE at the voxel level
and with an extended cluster threshold of 5 contiguous
voxels). The FWE-corrected p values of the significant voxels
are displayed in Results.

Regions analyzed were based on sensorimotor regions
that were previously shown to be activated during execution
and mental simulation of balance and gait tasks in the
literature [14, 15, 27, 52–55]: SMA, PMC, M1, cerebellum,
PFC, and putamen.

The locations of ROI were defined with the anatomy tool-
box [56], and the locations of the putamen and PFC were
based on the automated anatomical labeling (AAL) atlas
[57]. To assess the effect of task difficulty on age-related dif-
ferences in cerebral activity, the interaction between balance
task (dynamic versus static balance task) and age group was
analyzed for each mental simulation condition (AO+MI,
AO, and MI). Finally, to investigate the effect of aging on
the type of mental simulation and the impact of visual guid-
ance, the interaction between mental simulation condition
(AO+MI versus AO versus MI) and age group was analyzed
for both balance tasks.

3. Results

In the following, brain activation patterns in elderly adults
are described first. Afterwards, common activity (revealed
by the conjunction analysis) in young and elderly adults is
displayed before describing differences in brain activation
between the two groups. The results for the young partici-
pants have recently been presented elsewhere [39].

3.1. Brain Activity Pattern in Elderly Adults

3.1.1. Simple Effects. For elderly adults, activity in brain
regions important for postural control was detected in all
mental simulation conditions for the dynamic postural task.
During MI of the dynamic balance task, activities in the
bilateral SMA (p < 0 001), right PMC (p = 0 006), bilateral
PFC (p < 0 001), and left putamen (p < 0 001) were observed.
The AO+MI condition of the dynamic task involved the
bilateral SMA (p < 0 001), bilateral M1 (p < 0 001), bilateral
putamen (p = 0 001), right PMC (p < 0 001), bilateral PFC
(p < 0 001), and left cerebellum (p < 0 001, lobules I–IV
and lobule VI). Furthermore, during AO of the dynamic
task, the right SMA (p = 0 03), right PFC (p < 0 001), and
left cerebellum (p = 0 03; lobules VIIa and VIIb) were acti-
vated. The static balance task induced activation in the right
PMC (p = 0 01) and right PFC (p < 0 001) during MI and in
the right SMA (p = 0 02) during AO+MI. Interestingly, no
significant activity was detected in brain areas associated
with balance control during AO of the static balance task.
We also found activity in areas processing visual and audi-
tory information (results not illustrated).

3.1.2. Complexity of the Balance Task. In order to investigate
whether the complexity of the balance task had an influence
on the activation of brain centers in elderly adults, the
dynamic balance task was compared to the static task. During
AO+MI, this comparison displayed stronger activation in
the bilateral SMA (p < 0 001), bilateral PMC (p < 0 001),
bilateral PFC (p = 0 001), and left cerebellum (p < 0 001;
lobules I–IV and V) for the dynamic task (results are
presented in Table 1 of Supplementary Materials which
provide the table of brain activities observed in the
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elderly when the dynamic balance is compared with the
static task during action observation combined with motor
imagery (AO+MI)). No significant differences between the
dynamic and the static tasks were detected for the MI and
AO conditions.

3.1.3. Effect of Mental Simulation Condition. There were no
significant differences in brain activation in areas impor-
tant for balance control between mental simulation condi-
tions for the dynamic task when comparing AO+MI with
MI and MI with AO. However, when AO+MI was com-
pared with AO, higher activations were seen in the left
putamen (p < 0 001), bilateral SMA (p < 0 001), and bilateral
PMC (p < 0 001).

Motor imagery during action observation (AO+MI) of
the dynamic task did not equal the sum of the AO andMI con-
ditions. Indeed, the elderly presented significantly larger acti-
vation during AO+MI than the sum of brain activity during
independent MI and independent AO in the bilateral M1
(p < 0 001), bilateral SMA (p < 0 001), left PMC (p < 0 001),
bilateral cerebellum (p < 0 005), and left putamen (p < 0 001).

3.2. Common Activity in Young and Elderly Adults. In order
to identify brain regions that were activated in both age
groups, a conjunction analysis was conducted for each
mental simulation condition (Figure 2). Common activa-
tion was observed in the bilateral SMA (dynamic: p < 0 001;
static: p = 0 05) and bilateral PFC (dynamic: p < 0 001;
static: p < 0 001) for MI of both balance tasks and in the
right putamen (p < 0 001) only for the dynamic task.

During AO+MI of both balance tasks, common activation
was observed in the bilateral SMA (dynamic: p < 0 001;
static p = 0 009), bilateral PMC (dynamic: p < 0 001;
static: p = 0 01), the left putamen (dynamic: p < 0 001;
static: p < 0 001), and PFC (dynamic: p < 0 001; static:
p < 0 001). Common activity was further seen in the bilateral
cerebellum (lobule VIIa Crus I, p < 0 001) during AO of the
dynamic balance task, but no common cerebral activation
was found for the static task. Not surprisingly, there was also
common activity in areas processing visual and auditory
information (results not illustrated).

3.3. Age-Related Differences in Brain Activity

3.3.1. Simple Effects. In order to detect differences in brain
activity between elderly and young adults, comparisons of
the simple effects (conditions compared to the baseline,
Figure 3) were performed by means of an ROI analysis. The
AO+MI of the dynamic task condition induced stronger
activity in SMA (p = 0 01) and M1 (p = 0 03) in elderly com-
pared to young people. No significant difference between
groups was found for AO+MI of the static task. AO of the
dynamic task induced larger activity in SMA (p < 0 001),
PMC (p = 0 05), PFC (p = 0 03), and putamen (p = 0 01) in
elderly compared to young participants. AO of the static task
revealed increased brain activity only in the SMA (p = 0 02).
During MI, larger brain activations were observed in older
individuals compared to young adults in the PFC (p = 0 04)
for the dynamic task and in the putamen (p = 0 01) for the
static task. The younger adults did not present significantly
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Figure 2: Common brain activity in young and elderly adults detected by a conjunction analysis. The three mental simulation conditions were
contrasted with the baseline (mental simulation> baseline). The figure presents shared activities for the dynamic balance task during (a) motor
imagery (MI), (b) motor imagery during action observation (AO+MI), and (c) action observation (AO). Colored circles underline significant
common brain activity. Whole brain results are presented with p < 0 001 at the voxel level, extended by a p < 0 05 FWE corrected at the
cluster level. Colored bars display the significance level of the contrast. Spatial coordinates (x, y, and z) are provided in MNI space.
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higher brain activity than the elderly individuals in any
mental simulation condition.

3.3.2. Complexity of the Balance Task. To evaluate age-related
differences in the effects of balance task type, task effects in
the two groups were compared. During AO+MI, an ROI
analysis revealed that the effect of task (dynamic task> static
task) was greater in old individuals compared to the young

adults in the SMA (p = 0 04) and PFC (p = 0 001). No signif-
icant age-related differences in task-specific effects were
found for MI and AO.

3.3.3. Effect of Mental Simulation Condition

(1) AO+MI versus AO. An ROI analysis for this contrast
indicated larger activation of the bilateral SMA (p = 0 02)

x=−6 y=−8 z=54 z=12
z = 34 x = −6 y = −8 z = 54 z = 12

PFC SMA PMC M1 Putamen

4
3
2
1
0

(a) Motor imagery

z=34 y=6 y=8 z=54 z=12

z = 34 y = −6 y = −8 z = 54 z = 12

4
3
2
1
0

(b) Motor imagery during action observation

z = 26 y = 8 y = −16 z = 52 z = 10

8
7
6
5
3
2
1
0

(c) Action observation

Figure 3: Age-related differences in brain activity. The three mental simulation conditions were contrasted between age group by means of an
ROI analysis. Presented are significantly different activities for the dynamic balance task during (a) motor imagery (MI), (b) motor imagery
during action observation (AO+MI), and (c) action observation (AO). Colored circles highlight significantly greater brain activity in elderly
adults. Activations are presented with p < 0 001 at the voxel level, extended by a p < 0 05 FWE corrected at the cluster level. Colored bars
indicate the significance level of the contrasts. Spatial coordinates (x, y, and z) are provided in MNI space.
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Figure 4: Age-related differences in brain activity when motor imagery during action observation (AO+MI) is contrasted with action
observation (AO), revealed by an ROI analysis. (a) presents differences in activity in the SMA (p = 0 02) and PMC (p = 0 02) between
groups. (b) shows the activation level of a representative voxel (8, −24, and 58) of the SMA. Colored circles highlight significantly stronger
brain activity. Activations are presented with p < 0 001 at the voxel level, extended by a p < 0 05 FWE corrected at the cluster level.
Colored bars indicate the significance level of the contrasts. Spatial coordinates (x, y, and z) are provided in MNI space.
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and the right PMC (p = 0 02) in the elderly group for the
dynamic task (see Figure 4). In contrast, young subjects
did not show higher activation than elderly participants in
any brain area for the dynamic task. For the static task,
the young presented stronger activation in the cerebellum
(p = 0 01; lobule VIIa Crus I, lobule VIIIb, and lobule VI).

(2) AO+MI versus MI. The comparison of AO+MI versus
MI of the dynamic task revealed greater activation in the
PFC (p = 0 05) in elderly individuals (see Figure 5).

(3) MI versus AO. When comparing the interaction between
MI and AO (MI>AO) in the two age groups, an ROI analysis
revealed that in the cerebellum (p = 0 02; lobule VIIa Crus
I) and the putamen (p = 0 05), young adults had greater
cerebral activity than the elderly for the dynamic task
(see Figure 6). There was no difference between groups
in the static task.

4. Discussion

This first study about different ways to mentally simulate
dynamic postural tasks in old and young participants
revealed a considerable amount of common brain activity
between elderly and young adults. However, there were also
marked differences in the activation patterns of elderly par-
ticipants evidenced by greater cortical activation in PFC,
SMA, PMC, M1, and putamen. Moreover, when MI (no
visual input) was contrasted to AO (visual input), the elderly,
relative to young participants, demonstrated deactivation of
subcortical areas such as the cerebellum and the putamen
in the condition with no visual input. Thus, elderly individ-
uals appear to rely more on visual guidance to activate
subcortical representations of balance tasks and it might

therefore be even more important to combine AO with MI
(AO+MI) in elderly than in young subjects.

4.1. Similarities in Cerebral Activity between Age Groups. The
current results demonstrate that both young and elderly
adults activated brain regions involved in postural control
when they observed and/or imagined a postural task. In
line with recent observations for nonpostural [26, 27, 58]
and our previously reported results for postural tasks in
young participants [39], elderly participants demonstrated
greatest activity during AO+MI, followed by MI and
AO. Moreover, brain activities observed in the M1, SMA,
PMC, cerebellum, and putamen during AO+MI were not
simply the addition of activity of independent AO and
independent MI but were significantly larger than the sum
of those two conditions. This finding supports previous
studies reporting the phenomenon of supra-additive effects
of AO+MI compared to AO or MI alone (e.g., Sakamoto
et al. and Taube et al. [39]).

It was recently speculated that the combination of
AO+MI may enable subjects to gain better physiological
sensations and kinesthetic experiences of the imagined
movement [45]. Importantly, the present study demonstrates
that this supra-additive effect can also be seen in elderly sub-
jects and therefore proposes that AO+MI is a very promising
approach to activate internal movement representations of
postural tasks in the elderly.

The importance of combining AO+MI in the elderly was
also apparent, when combining the two different balance
tasks. Only with AO+MI, the more demanding dynamic
balance task induced significant greater activation in brain
regions important for postural control than the simple
balance task. This result is also in line with previous findings
in young adults showing larger effects for the more demand-
ing postural task [39]. Therefore, it is not surprising that
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Figure 5: Age-related differences in brain activity when motor imagery during action observation (AO+MI) is contrasted with motor
imagery alone (MI), revealed by an ROI analysis. (a) shows higher brain activity for the dynamic task in the PFC (p = 0 05) in older adults
when compared to young adults. (b) shows the activation level of a representative voxel (−28, 34, and −14) of the PFC depending on the
group and the mental simulation condition (AO+MI or MI). Colored circles highlight significantly stronger brain activity in elderly
adults. Activations are displayed with p < 0 001 at the voxel level, extended by a p < 0 05 FWE corrected at the cluster level. Colored bars
indicate the significance level of the contrasts. Spatial coordinates (x, y, and z) are provided in MNI space.
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when directly assessing common activity of brain centers in
elderly and young people by means of a conjunction analysis,
considerable overlap could be observed. However, despite
these similarities there were also distinct differences between
young and elderly participants.

4.2. Differences in Cerebral Activity between Age Groups.
Compared to young adults, elderly participants displayed
greater activity in the SMA, M1, PMC, and putamen dur-
ing mental simulation of the dynamic balance tasks. For
the upper extremity, most studies associated such an age-
specific overactivation with better motor performance
compared to age-matched subjects that did not show overac-
tivation/disinhibition [18–20]. Therefore, it is generally
believed that increased cortical activity and reduced cortical
inhibition serve as compensatory mechanisms for structural
degeneration (“compensation hypothesis”; for review, see
[3]). Alternatively, it was suggested that elderly adults might
present a more nonselective recruitment of brain regions
(“dedifferentiation hypothesis”; [22]). However, this second
hypothesis seems less likely, as elderly adults showed a very
similar task-dependent pattern of activity as young adults

(conjunction analysis) in the present study. In line with this,
greater activations were seen in the cerebellum and SMA,
when the dynamic task was contrasted with the static task
during the AO+MI condition in both populations. However,
comparison of elderly with young adults for this contrast
revealed stronger activation of the SMA and PMC in the
elderly. These results indicate that age-related changes were
more prominent in the more complex dynamic postural task
than in the static standing task. Furthermore, as these
differences were only significant in the AO+MI condition,
this finding supports the assumption of greater efficacy of
AO+MI compared to AO or MI alone (for review, see
[45]). From a motor control point of view, it can be argued
that elderly people relied more strongly on cortical areas to
active internal representations of the dynamic postural task.
Alternatively, the age-related difference observed in this
study could also indicate the decline of cognitive function
in the elderly. However, we can only speculate regarding
the latter, as the participants’ cognitive abilities were not
assessed, which is one limitation of this study. Nonetheless,
as all our elderly participants were able to adequately perform
MI, we do not think that cognitive abilities were substantially
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Figure 6: Age-related differences in the interactions between brain activity during motor imagery (MI) and action observation (AO), revealed
by an ROI analysis. (a) shows higher brain activity in the cerebellum (p = 0 02) and putamen (p = 0 05) in young adults compared to older
adults, when a condition with no visual support (MI) is contrasted with one with visual support (AO) for the dynamic task. Inversely,
(b) presented greater cerebral activity in the cerebellum (p = 0 02) and putamen (p = 0 008) in elderly adults compared to young adults,
when a condition with visual support (AO) is contrasted with one with no visual support (MI). (c) and (d) represent the activation of
the cerebellum and the putamen depending on the group and the mental simulation condition. The plots for the cerebellum and the
putamen are based on voxels (−2, −60, and −34 and 30, −18, and 2, resp.). Colored circles highlight significantly stronger brain activity
in young adults. Activations are displayed with p < 0 001 at the voxel level, extended by a p < 0 05 FWE corrected at the cluster level.
Colored bars indicate the significance level of the contrasts. Spatial coordinates (x, y, and z) are provided in MNI space.
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different between groups. This is in line with previous studies
on motor imagery reporting that the vividness is well pre-
served in the elderly [59, 60]. In addition, elderly individuals
were shown to present similar temporal congruence between
MI and movement execution to young adults [61–64].
Therefore, we reckon that the age-related changes detected
in this study more likely indicate a decline of the mental
ability to simulate challenging postural tasks than a general
deterioration of the ability to perform mental simulation.
This is further supported by the fact that there were no age-
related differences when comparing the static postural task.

The age-related overactivation in cortical brain areas
during mental simulation of the dynamic balance task con-
firms data from neurophysiological measurements during
actual postural task execution. By means of TMS, several
studies demonstrated increased corticospinal excitability in
elderly compared to young people when performing balance
tasks [25, 65]. In addition, intracortical inhibition was shown
to be reduced in elderly compared to young participants in
challenging postural conditions [23]. Thus, age-related over-
activation of cortical areas seems to be apparent during both
actual task execution and mental simulation of dynamic
postural tasks. Unfortunately, measurements during balance
activities are restricted to motor cortical areas accessible with
TMS. Therefore, little is known about age-specific activity of
subcortical brain regions during postural task execution. Fur-
thermore, there exist no studies comparing young and elderly
adults during mental simulation of dynamic postural tasks.

Allali et al. [27] investigated brain activation while
subjects were asked to imagine walking over even ground
or over cobblestones. In general, elderly adults demonstrated
larger activation than did young adults in the left middle
frontal gyrus (BA10), right SMA, and right superior orbito-
frontal cortex (BA11). Furthermore, compared to young
subjects, elderly participants displayed stronger activation
in the left hippocampus when switching from walking over
even ground to the more challenging task of walking over
cobblestones [27]. However, although balance certainly plays
a considerable role during walking, it may, nevertheless, not
be entirely comparable to other postural tasks such as upright
stance. For instance, when evaluating age-dependent alter-
ations during imagined walking, running, and standing,
Zwergal et al. [26] demonstrated the greatest multisensory
activation during standing followed by walking and finally
running in the elderly. The authors argued that gait relies
strongly on subcortical locomotor centers that are evolution-
arily old structures and, therefore, probably less susceptible
to atrophy or dysfunction in advanced age. In contrast,
unperturbed stance [8] and perturbed stance [7] were shown
to rely on motor cortical areas, and cortical plasticity in these
regions was correlated with behavioral adaptations after
balance training [9, 55, 66]. Thus, the (cortical) control of
dynamic upright stance may be more prone to aging. This
may also explain the pronounced differences in cortical
centers that were detected in the present study. Compared
to young adults, elderly participants displayed greater activity
in the SMA, M1, and PMC during mental simulation. How-
ever, there were also differences in subcortical brain activa-
tion patterns. However, these differences seemed to strongly

depend on whether or not elderly subjects received “visual
guidance” during mental simulation of postural tasks.

4.3. Impact of Visual Input for the Mental Simulation of
Postural Tasks. In the current study, different types of mental
simulation (AO+MI versus AO versus MI) were compared
in terms of activating brain centers responsible for postural
control in young and elderly subjects. In the elderly, stronger
cortical activity was mainly found for the conditions with
visual input (AO+MI and AO). In the condition without
visual input (MI), elderly participants displayed solely facili-
tation in the PFC while reduced activity was found in sub-
cortical areas such as the putamen and the cerebellum.
Therefore, it seems that, in elderly adults, the activation
of subcortical representations responsible for the control
of (perturbed) stance strongly depended on visual input.
Activation in these areas is considered important for auto-
mated (postural) task execution [67]. Based on mainly
dual-task findings, the group around Stephan Swinnen
stressed that elderly adults exhibit less automatic processing
of upright posture, resulting in greater activation of cognitive
resources [33]. Furthermore, dual-task studies investigating
the influence of vision demonstrated that dual-task costs,
that is, the reduction in performance due to the execution
of a concurrent secondary task, were especially pronounced
in elderly adults when secondary tasks that required substan-
tial visual processing were chosen [42, 44]. Thus, the findings
of the current study may provide a first indication that, for
elderly people, visual input is important during mental
simulation to better activate subcortical brain centers that
enable more automatized movement control. When vision
is removed (MI condition), elderly participants display a
decrease of activation of these subcortical areas while, at the
same time, activity in the PFC increases, indicating the
greater involvement of cognitive resources.

4.4. Functional Considerations and Conclusion. Elderly and
young adults demonstrated very similar brain activation
patterns when mentally simulating postural tasks. Both age
groups increased brain activity in the dynamic postural task
and when combining AO with MI (AO+MI). Thus, for both
age groups, interventions involving mental simulation
should involve dynamic (complex) postural tasks and
AO+MI. The comparison of brain activation in young and
elderly participants between mental simulation conditions
proposes that the combination of AO and MI might be even
more important for elderly people. Indeed, in conditions
with visual input (AO+MI and AO), the elderly demon-
strated greater cortical activity whereas in the condition
without visual input (MI), they showed solely facilitation in
the PFC but a decrease in activity in subcortical areas such
as the putamen and the cerebellum. Our results, therefore,
indicate that the activation of internal representations of
postural tasks by means of mental simulation in elderly
people depends more strongly on visual input than that in
young participants. This visual input seems especially
important to activate subcortical brain centers, such as the
cerebellum and the basal ganglia, which are probably impor-
tant to enable automatized task execution. Consequently,
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nonphysical balance training in elderly adults should use
visual guidance to promote activity in these brain areas.

Conflicts of Interest

The authors declare that there is no conflict of interest.

Acknowledgments

The authors thank Fabien Matthey, Eric Dafflon, and
Marie-Paule Oberson for their technical assistance. This
work was supported by the Swiss National Science
Foundation (SNF Research Grant 320030_144016/1).

Supplementary Materials

Table 1: brain activity observed in the elderly when the
dynamic balance is compared with the static task dur-
ing action observation combined with motor imagery
(AO+MI). The table presents all significant brain activations
observed in the condition. The spatial location (coordinates
x, y, and z) of the voxel with the highest Z-score (Z-max)
inside of each cluster is presented. (Supplementary Materials)

References

[1] B. E. Maki and W. E. McIlroy, “Postural control in the older
adult,” Clinics in Geriatric Medicine, vol. 12, no. 4, pp. 635–
658, 1996.

[2] S. W. Muir, K. Berg, B. Chesworth, N. Klar, and M. Speechley,
“Quantifying the magnitude of risk for balance impairment on
falls in community-dwelling older adults: a systematic review
and meta-analysis,” Journal of Clinical Epidemiology, vol. 63,
no. 4, pp. 389–406, 2010.

[3] S. Papegaaij, W. Taube, S. Baudry, E. Otten, and
T. Hortobágyi, “Aging causes a reorganization of cortical and
spinal control of posture,” Frontiers in Aging Neuroscience,
vol. 6, p. 28, 2014.

[4] P. Luccarini, Y. Gahery, and O. Pompeiano, “Injection of a
cholinergic agonist in the dorsolateral pontine tegmentum of
cats affects the posturokinetic responses to cortical stimula-
tion,” Neuroscience Letters, vol. 114, no. 1, pp. 75–81, 1990.

[5] C. S. Sherrington, “Flexion-reflex of the limb, crossed
extension-reflex, and reflex stepping and standing,” The
Journal of Physiology, vol. 40, no. 1-2, pp. 28–121, 1910.

[6] J. V. Jacobs and F. B. Horak, “Cortical control of postural
responses,” Journal of Neural Transmission, vol. 114, no. 10,
pp. 1339–1348, 2007.

[7] W. Taube, M. Schubert, M. Gruber, S. Beck, M. Faist,
and A. Gollhofer, “Direct corticospinal pathways contribute
to neuromuscular control of perturbed stance,” Journal of
Applied Physiology, vol. 101, no. 2, pp. 420–429, 2006.

[8] C. D. Tokuno, W. Taube, and A. G. Cresswell, “An enhanced
level of motor cortical excitability during the control of
human standing,” Acta Physiologica, vol. 195, no. 3, pp. 385–
395, 2009.

[9] W. Taube, M. Gruber, S. Beck, M. Faist, A. Gollhofer, and
M. Schubert, “Cortical and spinal adaptations induced by
balance training: correlation between stance stability and
corticospinal activation,” Acta Physiologica, vol. 189, no. 4,
pp. 347–358, 2007.

[10] M. Taubert, B. Draganski, A. Anwander et al., “Dynamic
properties of human brain structure: learning-related changes
in cortical areas and associated fiber connections,” The Journal
of Neuroscience, vol. 30, no. 35, pp. 11670–11677, 2010.

[11] H. C. Diener and J. Dichgans, “Pathophysiology of cerebel-
lar ataxia,” Movement Disorders, vol. 7, no. 2, pp. 95–109,
1992.

[12] L. Luciani, Il cervelletto: nuovi studi di fisiologia normale e
patologica, Le Monnier, Florence, 1891.

[13] L. M. Nashner, “Adapting reflexes controlling the human
posture,” Experimental Brain Research, vol. 26, no. 1, pp. 59–
72, 1976.

[14] J. E. Visser and B. R. Bloem, “Role of the basal ganglia in
balance control,” Neural Plasticity, vol. 12, no. 2-3, pp. 161–
174, 2005.

[15] Y. Ouchi, H. Okada, E. Yoshikawa, S. Nobezawa, and
M. Futatsubashi, “Brain activation during maintenance of
standing postures in humans,” Brain, vol. 122, no. 2,
pp. 329–338, 1999.

[16] D. J. Goble, J. P. Coxon, A. Van Impe et al., “Brain activity
during ankle proprioceptive stimulation predicts balance
performance in young and older adults,” The Journal of
Neuroscience, vol. 31, no. 45, pp. 16344–16352, 2011.

[17] C. Calautti, C. Serrati, and J. C. Baron, “Effects of age on brain
activation during auditory-cued thumb-to-index opposition: a
positron emission tomography study,” Stroke, vol. 32, no. 1,
pp. 139–146, 2001.

[18] S. Heuninckx, N. Wenderoth, and S. P. Swinnen, “Systems
neuroplasticity in the aging brain: recruiting additional
neural resources for successful motor performance in elderly
persons,” The Journal of Neuroscience, vol. 28, no. 1,
pp. 91–99, 2008.

[19] V. S. Mattay, F. Fera, A. Tessitore et al., “Neurophysiological
correlates of age-related changes in human motor function,”
Neurology, vol. 58, no. 4, pp. 630–635, 2002.

[20] T. Wu andM. Hallett, “The influence of normal human ageing
on automatic movements,” The Journal of Physiology, vol. 562,
no. 2, pp. 605–615, 2005.

[21] J. A. Bernard and R. D. Seidler, “Evidence for motor cortex
dedifferentiation in older adults,” Neurobiology of Aging,
vol. 33, no. 9, pp. 1890–1899, 2012.

[22] R. D. Seidler, J. A. Bernard, T. B. Burutolu et al., “Motor
control and aging: links to age-related brain structural,
functional, and biochemical effects,” Neuroscience and
Biobehavioral Reviews, vol. 34, no. 5, pp. 721–733, 2010.

[23] S. Papegaaij, W. Taube, M. Hogenhout, S. Baudry, and
T. Hortobágyi, “Age-related decrease in motor cortical inhibi-
tion during standing under different sensory conditions,”
Frontiers in Aging Neuroscience, vol. 6, p. 126, 2014.

[24] S. Baudry, S. Collignon, and J. Duchateau, “Influence of age
and posture on spinal and corticospinal excitability,” Experi-
mental Gerontology, vol. 69, pp. 62–69, 2015.

[25] S. Baudry, F. Penzer, and J. Duchateau, “Input-output charac-
teristics of soleus homonymous Ia afferents and corticospinal
pathways during upright standing differ between young and
elderly adults,” Acta Physiologica, vol. 210, no. 3, pp. 667–
677, 2014.

[26] A. Zwergal, J. Linn, G. Xiong, T. Brandt, M. Strupp, and
K. Jahn, “Aging of human supraspinal locomotor and postural
control in fMRI,” Neurobiology of Aging, vol. 33, no. 6,
pp. 1073–1084, 2012.

10 Neural Plasticity

http://downloads.hindawi.com/journals/np/2018/1598178.f1.docx


[27] G. Allali, M. van der Meulen, O. Beauchet, S. W. Rieger,
P. Vuilleumier, and F. Assal, “The neural basis of age-related
changes in motor imagery of gait: an fMRI study,” The
Journals of Gerontology Series A, Biological Sciences and
Medical Sciences, vol. 69, no. 11, pp. 1389–1398, 2014.

[28] J. P. Coxon, D. J. Goble, A. Van Impe, J. De Vos,
N. Wenderoth, and S. P. Swinnen, “Reduced basal ganglia
function when elderly switch between coordinated move-
ment patterns,” Cerebral Cortex, vol. 20, no. 10, pp. 2368–
2379, 2010.

[29] T. Taniwaki, A. Okayama, T. Yoshiura et al., “Age-related
alterations of the functional interactions within the basal
ganglia and cerebellar motor loops in vivo,” NeuroImage,
vol. 36, no. 4, pp. 1263–1276, 2007.

[30] A. Van Impe, J. P. Coxon, D. J. Goble, N. Wenderoth, and S. P.
Swinnen, “Ipsilateral coordination at preferred rate: effects of
age, body side and task complexity,” NeuroImage, vol. 47,
no. 4, pp. 1854–1862, 2009.

[31] S. Papegaaij, W. Taube, H. G. van Keeken, E. Otten, S. Baudry,
and T. Hortobagyi, “Postural challenge affects motor cortical
activity in young and old adults,” Experimental Gerontology,
vol. 73, pp. 78–85, 2016.

[32] S. Papegaaij, S. Baudry, J. Negyesi, W. Taube, and
T. Hortobagyi, “Intracortical inhibition in the soleus muscle
is reduced during the control of upright standing in both
young and old adults,” European Journal of Applied Physiology,
vol. 116, no. 5, pp. 959–967, 2016.

[33] M. P. Boisgontier, I. A. M. Beets, J. Duysens, A. Nieuwboer,
R. T. Krampe, and S. P. Swinnen, “Age-related differences in
attentional cost associated with postural dual tasks: increased
recruitment of generic cognitive resources in older adults,”
Neuroscience and Biobehavioral Reviews, vol. 37, no. 8,
pp. 1824–1837, 2013.

[34] J. Grèzes, J. L. Armony, J. Rowe, and R. E. Passingham,
“Activations related to “mirror” and “canonical” neurones in
the human brain: an fMRI study,” NeuroImage, vol. 18,
no. 4, pp. 928–937, 2003.

[35] M. Jeannerod, “Mental imagery in the motor context,”
Neuropsychologia, vol. 33, no. 11, pp. 1419–1432, 1995.

[36] M. Jeannerod, “Neural simulation of action: a unifying
mechanism for motor cognition,” NeuroImage, vol. 14, no. 1,
pp. S103–S109, 2001.

[37] C. J. Olsson, B. Jonsson, and L. Nyberg, “Learning by doing
and learning by thinking: an FMRI study of combining motor
and mental training,” Frontiers in Human Neuroscience, vol. 2,
p. 5, 2008.

[38] W. Taube, M. Lorch, S. Zeiter, and M. Keller, “Non-physical
practice improves task performance in an unstable, per-
turbed environment: motor imagery and observational
balance training,” Frontiers in Human Neuroscience, vol. 8,
p. 972, 2014.

[39] W. Taube, M. Mouthon, C. Leukel, H. M. Hoogewoud, J. M.
Annoni, and M. Keller, “Brain activity during observation
and motor imagery of different balance tasks: an fMRI study,”
Cortex, vol. 64, pp. 102–114, 2015.

[40] S. Heuninckx, N. Wenderoth, F. Debaere, R. Peeters, and S. P.
Swinnen, “Neural basis of aging: the penetration of cognition
into action control,” The Journal of Neuroscience, vol. 25,
no. 29, pp. 6787–6796, 2005.

[41] P. G. Anderson, B. Nienhuis, T. Mulder, and W. Hulstijn,
“Are older adults more dependent on visual information

in regulating self-motion than younger adults?,” Journal of
Motor Behavior, vol. 30, no. 2, pp. 104–113, 1998.

[42] R. Beurskens and O. Bock, “Does the walking task matter?
Influence of different walking conditions on dual-task perfor-
mances in young and older persons,” Human Movement
Science, vol. 32, no. 6, pp. 1456–1466, 2013.

[43] M. Jamet, D. Deviterne, G. C. Gauchard, G. Vancon, and
P. P. Perrin, “Higher visual dependency increases balance
control perturbation during cognitive task fulfilment in
elderly people,” Neuroscience Letters, vol. 359, no. 1-2,
pp. 61–64, 2004.

[44] O. Bock and R. Beurskens, “Effects of a visual distracter task
on the gait of elderly versus young persons,” Current Geron-
tology and Geriatrics Research, vol. 2011, Article ID 651718,
7 pages, 2011.

[45] D. L. Eaves, M. Riach, P. S. Holmes, and D. J. Wright, “Motor
imagery during action observation: a brief review of evidence,
theory and future research opportunities,” Frontiers in
Neuroscience, vol. 10, p. 514, 2016.

[46] S. Vogt, F. Di Rienzo, C. Collet, A. Collins, and A. Guillot,
“Multiple roles of motor imagery during action observation,”
Frontiers in Human Neuroscience, vol. 7, p. 807, 2013.

[47] A. Mouthon, J. Ruffieux, M. Walchli, M. Keller, andW. Taube,
“Task-dependent changes of corticospinal excitability during
observation and motor imagery of balance tasks,” Neurosci-
ence, vol. 303, pp. 535–543, 2015.

[48] F. Malouin, C. L. Richards, P. L. Jackson, M. F. Lafleur,
A. Durand, and J. Doyon, “The kinesthetic and visual imagery
questionnaire (KVIQ) for assessing motor imagery in persons
with physical disabilities: a reliability and construct validity
study,” Journal of Neurologic Physical Therapy, vol. 31, no. 1,
pp. 20–29, 2007.

[49] K. J. Friston, A. P. Holmes, K. J. Worsley, J. P. Poline, C. D.
Frith, and R. S. J. Frackowiak, “Statistical parametric maps in
functional imaging: a general linear approach,” Human Brain
Mapping, vol. 2, no. 4, pp. 189–210, 1994.

[50] K. J. Worsley and K. J. Friston, “Analysis of fMRI time-
series revisited—again,” NeuroImage, vol. 2, no. 3, pp. 173–
181, 1995.

[51] C. J. Price and K. J. Friston, “Cognitive conjunction: a new
approach to brain activation experiments,” NeuroImage,
vol. 5, no. 4, pp. 261–270, 1997.

[52] M. U. Ferraye, B. Debu, L. Heil, M. Carpenter, B. R. Bloem, and
I. Toni, “Using motor imagery to study the neural sub-
strates of dynamic balance,” PLoS One, vol. 9, no. 3, article
e91183, 2014.

[53] K. Jahn, A. Deutschlander, T. Stephan, M. Strupp,
M. Wiesmann, and T. Brandt, “Brain activation patterns
during imagined stance and locomotion in functional mag-
netic resonance imaging,” NeuroImage, vol. 22, no. 4,
pp. 1722–1731, 2004.

[54] F. Malouin, C. L. Richards, P. L. Jackson, F. Dumas, and
J. Doyon, “Brain activations during motor imagery of
locomotor-related tasks: a PET study,” Human Brain Map-
ping, vol. 19, no. 1, pp. 47–62, 2003.

[55] M. Taubert, G. Lohmann, D. S. Margulies, A. Villringer, and
P. Ragert, “Long-term effects of motor training on resting-
state networks and underlying brain structure,” NeuroImage,
vol. 57, no. 4, pp. 1492–1498, 2011.

[56] S. B. Eickhoff, K. E. Stephan, H. Mohlberg et al., “A new SPM
toolbox for combining probabilistic cytoarchitectonic maps

11Neural Plasticity



and functional imaging data,” NeuroImage, vol. 25, no. 4,
pp. 1325–1335, 2005.

[57] N. Tzourio-Mazoyer, B. Landeau, D. Papathanassiou et al.,
“Automated anatomical labeling of activations in SPM using
a macroscopic anatomical parcellation of the MNI MRI
single-subject brain,” NeuroImage, vol. 15, no. 1, pp. 273–
289, 2002.

[58] V. Nedelko, T. Hassa, F. Hamzei et al., “Age-independent
activation in areas of the mirror neuron system during action
observation and action imagery. A fMRI study,” Restorative
Neurology and Neuroscience, vol. 28, no. 6, pp. 737–747, 2010.

[59] F. Malouin and C. L. Richards, “Mental practice for relearning
locomotor skills,” Physical Therapy, vol. 90, no. 2, pp. 240–
251, 2010.

[60] T. Mulder, J. B. H. Hochstenbach, M. J. G. van Heuvelen, and
A. R. den Otter, “Motor imagery: the relation between age and
imagery capacity,” Human Movement Science, vol. 26, no. 2,
pp. 203–211, 2007.

[61] P. Personnier, C. Paizis, Y. Ballay, and C. Papaxanthis,
“Mentally represented motor actions in normal aging II. The
influence of the gravito-inertial context on the duration
of overt and covert arm movements,” Behavioural Brain
Research, vol. 186, no. 2, pp. 273–283, 2008.

[62] N. Schott and J. Munzert, “Temporal accuracy of motor
imagery in older women,” International Journal of Sport
Psychology, vol. 38, no. 3, pp. 304–320, 2007.

[63] X. Skoura, C. Papaxanthis, A. Vinter, and T. Pozzo, “Mentally
represented motor actions in normal aging. I. Age effects on
the temporal features of overt and covert execution of actions,”
Behavioural Brain Research, vol. 165, no. 2, pp. 229–239, 2005.

[64] X. Skoura, P. Personnier, A. Vinter, T. Pozzo, and
C. Papaxanthis, “Decline in motor prediction in elderly sub-
jects: right versus left arm differences in mentally simulated
motor actions,” Cortex, vol. 44, no. 9, pp. 1271–1278, 2008.

[65] S. Baudry and J. Duchateau, “Independent modulation of
corticospinal and group I afferents pathways during upright
standing,” Neuroscience, vol. 275, pp. 162–169, 2014.

[66] M. Taubert, A. Villringer, and P. Ragert, “Learning-related
gray and white matter changes in humans: an update,” The
Neuroscientist, vol. 18, no. 4, pp. 320–325, 2012.

[67] V. Puttemans, N. Wenderoth, and S. P. Swinnen, “Changes in
brain activation during the acquisition of a multifrequency
bimanual coordination task: from the cognitive stage to
advanced levels of automaticity,” The Journal of Neuroscience,
vol. 25, no. 17, pp. 4270–4278, 2005.

12 Neural Plasticity



Review Article
How Visual Body Perception Influences Somatosensory Plasticity

Esther Kuehn 1,2 and Burkhard Pleger3

1Aging and Cognition Research Group, DZNE, 39120 Magdeburg, Germany
2Center for Behavioral Brain Sciences Magdeburg, 39120 Magdeburg, Germany
3Department of Neurology, BG University Hospital Bergmannsheil, Ruhr-University Bochum, 44789 Bochum, Germany

Correspondence should be addressed to Esther Kuehn; esther.kuehn@dzne.de

Received 1 October 2017; Revised 9 January 2018; Accepted 16 January 2018; Published 11 March 2018

Academic Editor: Michela Bassolino

Copyright © 2018 Esther Kuehn and Burkhard Pleger. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work
is properly cited.

The study of somatosensory plasticity offers unique insights into the neuronal mechanisms that underlie human adaptive and
maladaptive plasticity. So far, little attention has been paid on the specific influence of visual body perception on somatosensory
plasticity and learning in humans. Here, we review evidence on how visual body perception induces changes in the functional
architecture of the somatosensory system and discuss the specific influence the social environment has on tactile plasticity and
learning. We focus on studies that have been published in the areas of human cognitive and clinical neuroscience and refer to
animal studies when appropriate. We discuss the therapeutic potential of socially mediated modulations of somatosensory
plasticity and introduce specific paradigms to induce plastic changes under controlled conditions. This review offers a
contribution to understanding the complex interactions between social perception and somatosensory learning by focusing on a
novel research field: socially mediated sensory plasticity.

1. Introduction

The tactile modality is the first to develop in a human
embryo and has important implications for human sensa-
tion, action, and cognition. This review addresses the
specific question how social cues influence the functional
architecture and plasticity of the human somatosensory
system. Social neuroscience is a rapidly developing field,
but the specific influence of social cues on somatosensory
perception is still an underinvestigated topic. Here, we
first introduce basic mechanisms of tactile plasticity and
learning, such as Hebbian plasticity, GABAergic learning
mechanisms, and deprivation-related plasticity (Section 2).
Then, we discuss the influence of social cues on human
somatosensory cortex functioning and synthesize evidence
on the neuronal pathways and experimental conditions that
induce nonafferent (visually driven) activity in the human
somatosensory system (Section 3). Before combining both
research streams to answer the final question (“How do
socially-induced ‘resonance’ responses in the somatosen-
sory system influence tactile plasticity?”), we provide an

overview over the role of touch in human cognition to
broaden the scope in which the results can be discussed
(Section 4). Finally, we use the introduced frameworks
(tactile plasticity, Section 2; socially induced “resonance”
responses in the somatosensory system, Section 3; and the
role of touch in human cognition, Section 4) to discuss
the influence of social cues on tactile plasticity and learning
at multiple levels (both mechanistic and cognitive) and its
consequences for human behavior in healthy participants,
and in patients (Section 5). Whereas the first three sections
therefore provide relevant background information, the
final section combines the introduced research streams to
focus on socially mediated tactile plasticity. We focus on
the literature offered by human cognitive and clinical
neuroscience, while sometimes referring to animal studies
when specific plasticity mechanisms are introduced. This
review offers a contribution towards the development of a
better understanding of the complex interactions between
social perception and somatosensory learning by focusing
on a novel and rapidly developing research field: socially
mediated sensory plasticity.
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2. Plasticity Mechanisms in the
Somatosensory System

Perceptual learning is the specific modification of perception
following sensory experience. This, in turn, involves struc-
tural and functional changes in primary sensory cortices
[1]. In tactile learning, most of our knowledge about brain
plasticity is derived from primary somatosensory cortex
(S-I). Larger representations of certain body parts, such
as the fingers or lips, are partly due to higher receptor
densities reflecting higher demands for cortical processing.
These cortical body maps in animals and humans, how-
ever, are dynamic constructs that are constantly remodeled
by changes in the sensory input statistics throughout life.
Structural myelin borders between major body part repre-
sentations such as the hand and the face in human S-I
[2, 3] may to a certain extent limit such plastic changes
[4]. Despite the traditional view that perceptual learning
requires attention or reinforcement, there is also evidence
that only the timing of input statistics can mediate cortical
plasticity [5–11]. In fact, since Hebb [12] and even since
James [13], the aspect of simultaneity has become ametaphor
in neuronal plasticity.

An important feature of the Hebbian metaphor is the
coincident pre- and postsynaptic firing of synapses that
evokes long-lasting changes in synaptic efficacy. First evi-
dences that temporally correlated activity is required for
input-dependent modification in synapses come from the
hippocampus in rats [14] and Aplysia ganglia [15]. Although
pairing of synaptic inputs and outputs has been hypothesized
to play a key role in mediating plastic changes [16–18],
more recent evidences suggest that Hebbian plasticity also
occurs at dendritic spines without simultaneous pre- and
postsynaptic activation [19].

In vitro and computational studies suggested that beyond
a simultaneous activation of pre- and postsynaptic cells, there
is a “critical time window” of spiking for synaptic modifica-
tion that is highly specific to certain brain regions [20–26].
These activity-induced changes can occur in vitro at a preci-
sion of down to a few milliseconds thus influencing the
strength and sign of synaptic plasticity. A critical window
for the induction of long-term potentiation (LTP) and
long-term depression (LTD) has been characterized in rat
hippocampal neurons. This window is about 40ms long
and is temporally asymmetric. Bi and Poo found that repeti-
tive postsynaptic spiking that precedes presynaptic activation
in a time window of 20ms (60 pulses at 1Hz) resulted in
LTP, whereas postsynaptic spiking 20ms before repetitive
presynaptic activation led to LTD. Apart from a critical
window for modification of synaptic excitability, synaptic
strength and specific postsynaptic cell types (NMDA and
GABAergic receptors) are crucial factors for the induction
of LTP and LTD [21]. In line with these findings, an almost
identical time dependence was described in developing
Xenopus retinotectal synapses [27]. In contrast, neurons
in cortical layer 4 of somatosensory cortex seem to have
only a symmetric time window for LTD within ±10ms,
whereas no long-term potentiation in synaptic response
was observed [28].

Also, the deprivation of sensory input leads to changes in
the functional architecture of S-I representations. In limb
amputees, where afferent input to the limb is absent, the
cortical representation of the face shifts towards the territory
of the hand [29, 30]. Recent findings indicate, however, that
these shifts are smaller than originally suggested and that
the representation of the absent hand is still preserved
[30–32]. Also, altered hand use in amputees induces soma-
tomotor plasticity in amputees. Makin et al. [33] showed
that deprived sensorimotor cortex is employed by whichever
limb individuals are overusing.

Perceptual learning occurs continuously throughout life
and involves either transient or persistent changes in central
nervous perceptual systems, which in turn improves the
ability to respond to the environment [34–36]. To obtain
information about the role of input statistics alone in
mediating plasticity in perceptual systems, several protocols,
in which neuronal activity was generated by associative
pairing, have been developed [37]. In adult rats, for instance,
it has been shown that “whisker pairing,” which involves
trimming of whiskers except two neighboring vibrissae,
resulted in changes in sensory neural activity [37].

Based on the same idea of paired sensory inputs, several
studies in animals and humans demonstrate that a variation
of input statistics using passive stimulation protocols results
in cortical plasticity [5–11]. Godde and coworkers developed
a stimulation protocol, called “tactile coactivation,” to recep-
tive fields on the hindpaw of adult rats. The basic idea behind
this stimulation protocol was to coactivate a large number of
receptive fields in a Hebbian manner in order to strengthen
their mutual interconnectedness. Coactivation consists of
tactile stimuli that were presented at different interstimulus
intervals from 100 to 3000ms in pseudorandomized order
with a mean stimulation frequency of 1Hz. Coactivation of
the hindpaw for 3 hours revealed a selective enlargement of
corresponding cortical maps and receptive fields [38]. To
investigate the perceptual relevance of the coactivation effect,
tactile spatial discrimination performance was tested in
humans. Coactivation of receptive field on the fingertip
resulted in an improved tactile spatial discrimination ability
that lasted for 24 hours. Perceptual changes were highly
selective because no transfer of improved performance to
nonstimulated fingers was found [5].

Pleger et al. studied the relation between those
coactivation-induced perceptual changes and parallel plastic-
ity in human S-I. Using somatosensory-evoked potential
(SSEP) mapping [6] and functional magnetic resonance
imaging (fMRI) [7], they found that coactivation-induced
changes in tactile acuity were reflected in the degree of
cortical reorganization. The cortical representation of the
coactivated finger in S-I post- versus precoactivation was
considerably larger on the coactivated side than on the
control side [6, 7]. Using fMRI, Pleger et al. extended the
focus on cortical plasticity in the secondary somatosensory
cortex (S-II). Contralateral to the coactivated finger, S-II
presented with enhanced BOLD signal change comparable
to the effects observed in S-I. In line with previous find-
ings [5], tactile discrimination thresholds recovered to base-
line 24 hours after coactivation. Furthermore, the relation
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between cortical plasticity in S-I and perceptual changes
was linearly correlated, indicating a close link between the
magnitude of plastic changes and coactivation-induced
spatial discrimination improvements [6, 7]. In S-II, no such
brain-behavior relationship was observed, which might be
due to the less fine-grained representational organization
of S-II as compared to S-I [39]. Coactivation-induced
cortical plasticity together with perceptual improvements
was found not only in the young brain but also in older
adults suggesting that coactivation-induced effects occur
continuously throughout life [40].

To shed light on the underlying cellular mechanisms
mediating this specific type of perceptual learning and
associated cortical plasticity, Dinse et al. manipulated
coactivation-induced perceptual learning with different
drugs that specifically block or stimulate central nervous
receptors assumed to play a key role in mediating brain
plasticity [8, 9]. Under memantine, a NMDA receptor
blocker [41], they found that both perceptual improvements
and associated cortical plasticity were blocked [8]. Under a
single dose of amphetamine, which is known to modify
long-term changes in synaptic function [42], perceptual
improvements and cortical plasticity were boosted [8]. These
results emphasize the prominent role of the NMDA receptor
in mediating coactivation-induced perceptual improvements
and cortical plasticity. Monoaminergic substances such as
amphetamine instead seem to facilitate this specific type of
perceptual learning. In line with these experimental findings,
perceptual learning after the application of coactivation was
shown to be dependent on GABAergic mechanisms. Tactile
discrimination improvement was completely abolished by
lorazepam, indicating that this GABAA receptor agonist acts
to suppress the coactivation-induced effect [9]. Positive
correlations between levels of GABA in primary brain
regions and sensory discriminative abilities stress the impor-
tance of GABA in increasing the perceived contrast of
sensory percepts [43].

3. The Influence of Social Cues on the
Somatosensory System

A dominant theory holds that similar motor areas in the
brain are activated when a specific action is either observed
or executed [44–46]. This reactivation during observation is
often referred to as “neuronal resonance” response [47] and
has been investigated quite extensively in recent years
[48–51]. Neuronal resonance responses in the motor system
are supposed to allow an understanding of others’ goals,
intentions, and motor plans [44, 46, 52–55] and can lead to
interference effects between one’s own actions and observed
actions [55]. The concept of neuronal resonance was subse-
quently transferred to other domains, such as the domain
of pain, emotion, and touch [52, 56–60], but also to the
domain of touch [60–65]. Neuronal resonance responses in
the pain matrix or sensory cortices are assumed to trigger
shared affective or sensory states, respectively, between
observed person and observer.

S-I holds dense connections to S-II, the parvocellular area
(PV), the primary motor cortex (M-I), the premotor cortex

(PM), and the frontal cortices [66, 67]. Particularly, the
posterior end of S-I is strongly connected to the superior
parietal cortex (SPC) and, even more densely, to the anterior
bank of the inferior parietal sulcus (aIPS) [68–70]. The aIPS
connections themselves are also widespread and include the
motor and premotor cortices, the supplementary motor
cortex, S-II, PV, other areas of the posterior parietal cortex
(PPC), the cingulate cortex, and the extrastriate visual cortex
[67]. Although most of these connections are stronger in the
outward direction than in the inward direction, anatomical
evidence shows that many connections between S-I and other
brain areas are bidirectional and allow an influence of S-I
activity not only on other parts of the brain but also on the
reverse direction [71–75].

S-I and S-II are typically activated when people observe
another person receiving tactile stimulation [61, 63–65, 76].
The S-I activation is topographic, and the activation of
single-finger receptive areas in S-I can be triggered purely
by observing touches to different fingers [64, 77]. The degree
of S-I activity during touch observation seems to be particu-
larly strong in vision-touch synaesthetes who actually feel
touch on their own body when they merely observe touch
to another person’s body [62]. Somatosensory cortices also
respond to observing actions [51, 65, 78] and to observing
haptic explorations [79] not only in humans but also in
monkeys [80].

S-I is composed of altogether four subunits, three of
which are mainly responsible for tactile perception (area 3b,
area 1, and area 2). Whereas activation of area 1 and area 2
during touch observation is established ([63, 64, 76], but
see [81]), there has been a long debate about the social
response properties of area 3b, which is the homologue of
S-I in other mammals [82]. Whereas some studies reported
the activation of area 3b during the observation of touch
[76], most studies found this area to be silent during touch
observation [63, 64]. A recent study shed light on this issue.
Kuehn et al. invited 16 healthy participants to a series of
fMRI measurements using a 7-Tesla MRI system. Partici-
pants viewed individual touches to four fingers (index finger,
middle finger, ring finger, and small finger) or received
physical touches to the same four fingers in a separate
scanning session [77]. Weak but fine-grained finger maps
in contralateral area 3b were activated both when partici-
pants physically perceived touches at their own fingers and
when they merely observed touches at another person’s
hand. This effect was robust across viewing perspectives but
did not occur when the observed hand was not touched.
The tactile-driven finger maps and the visually driven finger
maps in fact overlapped in area 3b in most participants. For
the first time, this study provides empirical evidence that area
3b has mirror-like response properties and that plasticity
mechanisms mediated by this area should in principle be
influenced by vision of touch.

Also, a number of behavioral studies showed an influence
of viewing the body on somatosensory processing. Taylor-
Clarke et al. showed that perceived distances between objects
touching the skin are altered when participants looked at a
distorted version of their body [83, 84]. Because this percep-
tual shift was induced by viewing the body, not by viewing
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the object touching the body, the effect was assumed to be
driven by visual body perception. The ability to spatially
discriminate two small needles applied to the skin surface
([85] but see [86]) and the ability to judge the spatial orienta-
tion of gratings touching the skin [84, 87, 88] also increased
specifically when looking at one’s own body compared to
looking at an object. Finally, the ability to detect and discrim-
inate the amplitude of electrical stimuli when presented to
the skin clearly above threshold improved when viewing
the body [89, 90].

An effect of visual body perception on tactile abilities,
however, is not restricted to seeing one’s own life body. They
also seem to occur when participants look at a video image of
a body [88, 91], at another person’s body [63, 77, 92–94], or
at a rubber hand [95, 96], although the effect is often stronger
the more the viewed body part can be assigned to the
observer’s own body ([90, 95–97] but see [63]).

Evidence for a causal role of S-I in mediating tactile
improvements when viewing the body was provided by a
transcranial magnetic stimulation (TMS) study [98]. Here,
repetitive TMS pulses were delivered to S-I or to S-II shortly
after the body was visible but before the tactile stimulus
arrived. TMS pulses applied to S-I, but not to S-II, dimin-
ished the effect of body vision on tactile abilities.

4. The Role of Touch in Human Cognition

S-I is known to be involved in the detection [99], perception
[100], discrimination [101–103], and categorization [104] of
touch. However, touch plays manifold roles in human cogni-
tion that go beyond the mere perception of object qualities
[63, 105–107]. For example, tactile stimulation triggers emo-
tions. Pleasant touch applied in a social context is assumed to
build the basis for affiliative behavior, to contribute to the
formation and maintenance of social bonds, and to build a
means for communicating emotions [108, 109]. Tactile C
fiber afferents particularly respond to pleasant, caress-like
touch applied to hairy parts of the skin [109–111]. They
terminate at the posterior insula and are assumed to elicit
positive, rewarding emotions [112, 113]. Patients lacking C
fiber afferents therefore perceive caress-like stroking as less
pleasant than normal controls [111]. S-I may also play a role
in processing affective aspects of touch [114], and it may aid
in conveying socially elicited emotions to the perceiver [112].

Touch also influences human spatial perception. The
incoming information in S-I is spatially ordered and repre-
sents the contralateral side of the human body in a medio-
lateral sequence. This body map in S-I offers a body-centered
reference frame for sensory perception [115–120]. The
body-centered reference frame is seen in some contrast
to an external (spatial) reference frame mediated by the
PPC (see [118] for a review) or the temporoparietal junction
(TPJ) [121]. The body-centered reference frame may convey
more self-centered information to the perceiver because
information about the body as stored in S-I is assumed to
be little influenced by spatial variables such as body posture
[116–118, 122, 123], whereas information about the body
that is stored in the PPC changes more dynamically with
spatial variables (for reviews see [118, 124]).

Touch may also provide structural information about the
body and its parts [125, 126]. In one experiment, participants
were better in a tactile task when different tactile stimuli
touched the same body part, compared to when they touched
different (but adjacent) body parts [127]. Tactile processing
in S-I may therefore take anatomical borders between body
parts into account (see also [2]). Beauchamp et al. used
multivariate pattern analyses (MVPA) to ask which aspects
of body part-specific tactile processing are stored in S-I and
which are stored in S-II [128]. They showed that touch
applied to digits of one hand can be decoded on the basis of
activity pattern in S-I, whereas gross anatomical distinctions
are better decoded in S-II. Also, deafferented patients, who
are deprived of somatosensory and proprioceptive input,
have particular difficulties to distinctly control body parts
that are nearby [129]. Finally, anaesthetizing a body part
leads to an enlargement of the cortical area in S-I represent-
ing this body part [130], which presumably leads to the
illusory feeling that this part of the body is larger than it
actually is [131].

Touch also influences action and motor control. For
example, when deprived of vision, humans have problems
maintaining a stable body position. When allowed to touch
an object, this supports balance, helps to control body sway
[132–135], and prevents recovery falls [136]. Other examples
of how tactile input influences action are haptic exploration
[137, 138] or precision grips [126, 139].

5. The Influence of Visual Body Perception on
Somatosensory Plasticity

Above, we have introduced basic mechanisms of somatosen-
sory plasticity and learning (Section 2), discussed possible
input pathways and experimental conditions that trigger
nonafferent (visually driven) activations of human somato-
sensory cortices (Section 3), and provided an overview over
the role of touch in human cognition (Section 4). Next, we
will combine these research streams to target the final ques-
tion, that is, “How do socially-induced ‘resonance’ responses
in the somatosensory system influence tactile plasticity?”

Hebbian tactile plasticity in S-I is mediated by NMDA
receptors (see Section 2) that mostly reside in superficial
cortical layers of the coactivated receptive field [140, 141].
So far, it is not clear whether visual signals that reach human
S-I during touch observation are integrated into deeper or
more superficial cortical layers in S-I. This question is
relevant, because only if signals integrated into superficial
cortical layers and activated similar neurons, an influence
of vision of touch on S-I-mediated Hebbian learning would
be expected. To target this question, Kuehn et al. [11] used
the established coactivation protocol as introduced above
(see Section 2) to induce S-I-mediated Hebbian plasticity in
three groups of healthy participants by applying weak tactile
stimulation to the tip of the index finger for the duration of
three hours. Whereas one group only received tactile stimu-
lation, two other groups were additionally presented with
temporally congruent visual signals during the learning
phase. One group observed object-to-hand touch; the other
group observed object-to-object touch. Whereas all three
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groups but not the control group showed the expected tactile
learning effect as measured by decreased tactile spatial
discrimination thresholds after the stimulation compared to
before the stimulation, there were no significant learning
differences between the tactile and the two visual groups.
The additional visual inputs therefore did not influence
tactile plasticity to a measurable (i.e., significant) extent.
Whereas different reasons can explain this finding, for
example, the specific training protocol used, or different cell
types that were activated by vision of touch compared to
touch [142], one possibility is that visual signals integrate
into deeper cortical layers in S-I. Because Hebbian learning
takes place primarily in superficial cortical layers as outlined
above, this would explain weak or absent effects of touch
observation on Hebbian-mediated plasticity in S-I.

GABAergic inhibitory interactions are an important
driving force of S-I-mediated tactile plasticity (see Section
2). Inhibitory interactions in S-I are classically characterized
by measuring the relative shrinkage of index- and middle-
finger receptive areas in S-I when both are activated simul-
taneously, compared to when they are activated alone
[143, 144]. Kuehn et al. [64] replicated this effect using
7-Tesla fMRI and additionally showed that such inhibitory
interactions between index-finger and middle-finger recep-
tive areas in S-I also occur when touch to the fingers is only
observed but not physically perceived. Also, a prior study
has indicated an influence of vision of a body part on inhib-
itory interactions in somatosensory cortex during physical
touch perception [87], and there is evidence that vision
triggers particularly the activation of interneurons in S-I
[142]. Positive correlations between levels of GABA in
primary brain regions and sensory discriminative abilities
stress the importance of GABA in increasing the perceived
contrast of sensory percepts [43]. Weakened cortical inhibi-
tion is also a main contributor to age-related changes in
somatosensation [40]. Suppressive interactions in S-I trig-
gered by touch observation may therefore sharpen S-I recep-
tive fields even without any afferent tactile input [64].

A single-neuron recording study in monkeys showed that
there are not only (mirror) neurons that respond positively
(i.e., with an increase in firing rates) to action observation
but also neurons which respond negatively (i.e., with a
decrease in their firing rates [145]). Although this study
recorded mirror neurons in the vPM during action observa-
tion and not neurons in the somatosensory system during
action or touch observation, this finding indicates that
neuronal resonance responses can in principle also be
inhibitory. And indeed, BOLD signals recorded in S-I
during touch observation were mostly negative for the
observation of noncongruent finger touches [77]. In line
with this, viewing the body typically increases tactile detec-
tion thresholds [89, 90].

To study the influence of environmental conditions on
somatosensory plasticity, rats were in one experimental series
either reared in groups of 12 rats in spacious cages that
offered multiple possibilities for object manipulation and
social interaction or they were reared alone in small cages
that offered fewer possibilities for object manipulation and
social interaction. Rats that were reared in groups and in

spacious cages showed an expansion of the forepaw maps
in S-I compared to those who were reared alone and in an
impoverished environment [146]. This effect occurred both
for young and older rats [147]. However, it cannot be
derived from these studies whether the effects were driven
by increased rates of object manipulation (i.e., sensorimotor
experience) and/or the presence of social interaction part-
ners (i.e., social touch). Dissociating both influences on
somatosensory plasticity would be an important goal for
future research.

Rubber hands are an often-used tool to study the influ-
ence of visuotactile stimulation on bodily awareness. Press
et al. [148] used a similar paradigm to study the influence
of vision on somatosensory plasticity. They applied touches
to a rubber hand or to a rubber object when participants
perceived either synchronous or asynchronous touches at
their own hand. After the bimodal (synchronous or asyn-
chronous) training, ERPs over somatosensory cortex were
measured in response to unimodal tactile stimulation to the
hand. The temporal contingency of visuotactile stimulation
delivered during the training phase influenced the ERPs in
response to pure tactile stimulation: those participants who
trained with synchronous visuotactile stimulation showed
an enhanced somatosensory N140 component compared to
those who trained with asynchronous visuotactile stimula-
tion. The N140 component is assumed to be elicited in S-II,
which contains bilateral receptive fields. This may explain
why the effect was not side specific but occurred for both
hands. The enhanced N140 after the learning was found
both after participants observed touch to a hand and after
they observed touch to an object. Classical mirror mecha-
nisms were likely not at play but perhaps bottom-up effects
mediated by multisensory integration.

As introduced above (Section 4), touch plays a significant
role in emotion perception. Disrupting S-I activity impairs
the ability to recognize emotional facial expressions in peers
[149–151], and S-I plays a role in recognizing emotional
voices [152]. Somatosensory plasticity may therefore also
influence emotion perception, such as those elicited by social
stimuli. To study this, Friedrich et al. [153] conducted a
training study on children with autism spectrum disorder
(ASD). For the duration of 6 to 10 weeks, children were
trained to either increase mu power (group 1) as measured
with EEG over somatosensory cortex or decrease mu power
(group 2) when performing a social interaction video game.
Suppression of mu power is assumed to reflect neuronal
resonance responses in the somatosensory cortex. When
comparing pretraining with posttraining mu suppression
during an independent task that was not used during training
and where children observed emotional facial expressions,
only group 2 showed more mu suppression after the training
compared to before the training and also showed more mu
suppression than group 1 after the training. It is worth noting
that other outcome measures did not differ between groups.
Training the responsivity of the somatosensory cortex during
social perception may therefore enhance empathic responses
towards emotional conspecifics also in situations that were
not part of the training data set. Further work will have to
confirm this finding.
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As outlined above (see Section 4), touch contributes to a
body-centered reference frame. S-I activity during touch
observation may therefore trigger the ability to “put yourself
into the shoes of others” [78]. The positive correlation
between S-I activity during touch observation and perspec-
tive taking abilities as assessed by questionnaires ([154],
see similar results in [78]) may be interpreted in this
direction. Physical touch perception, on the other hand,
could prevent undertaking such a shift in reference frames.
This is indicated by a study of Palluel et al. [155]. Here, a
virtual reality setup was chosen that allowed showing par-
ticipants their own back in front. They saw their own back
being stroked by brushes, either synchronously or asyn-
chronously to the stroking they felt on their real back. This
situation typically triggers participants to feel that the
virtual back is their own back, which induces a strong
visuotactile interference effect (see also [156]). When par-
ticipants were stimulated by vibration stimuli on their leg,
however, they did not feel the illusion anymore, and they
also did not show the visuotactile interference effect [155].
One may argue that the perceived leg vibration caused an
activation of their own body-centered reference frame,
which prevented them from taking over the other person’s
reference frame. To the best of our knowledge, so far, no
study has specifically studied the effect of tactile training
on social perspective taking. The above-outlined studies
would indicate a reverse relationship.

Touch observation has also been used to study clinical
populations, such as limb amputees, and extinction patients.
Hand amputees are an often used model system to study
somatosensory plasticity in humans. As outlined above (see
Section 2), in spite of an absent hand, limb amputees show
an astonishingly intact and only slightly shifted representa-
tion of the missing hand in the sensorimotor cortex. It has
been argued that both the degree of distortion [29] and the
degree of preservation [31] of somatotopic maps in limb
amputees contribute to the perception of phantom limb pain.
To induce activation and/or to modify the representation of
the S-I missing-hand territory in amputees therefore seems
to be a goal worth pursuing. Again, the rubber hand illusion
may be a suitable tool. Ehrsson et al. [157] showed that
observing a rubber hand that is touched synchronously to
the stump evokes the illusion in upper limb amputees that
the observed hand is their own hand, even though in fact
their hand is missing. This effect was present using different
psychophysical markers and was also seen in self-report
questionnaires. Also, Goller et al. [158] showed that when
limb amputees observe another person being touched at
different body sites, some of them start feeling touch on their
own phantom limb (see also [159]). This did not only occur
in patients who frequently experienced phantom limb sensa-
tions but also in patients who reported experiencing phan-
tom limb sensations only occasionally, or not at all. Similar
to the mirror-box illusion where the moving intact hand
creates the illusion of a moving missing hand, also the rubber
hand illusion may serve as a therapeutic tool for influencing
somatosensory plasticity in limb amputees. However, con-
genital limb amputees do not show S-I activity when observ-
ing another person in pain [160], which indicates possible

functional differences between S-I responsivity to touch and
pain in limb amputees.

Extinction impairs the ability to perceive multiple stimuli
of the same type simultaneously and occurs usually after
damage to the contralateral hemisphere. One study investi-
gated whether also the visual presentation of a rubber hand
can cause tactile extinction in patients with right brain
damage [161]. In patients with left tactile extinction, a visual
stimulus was presented near a right rubber hand and near the
real right hand. The rubber hand condition induced visuotac-
tile extinction similar to the real hand, indicating that tactile
extinction is not specific for perceiving one’s own body, but it
can also be induced by observing another person’s body.

Finally, as outlined above (see Section 3), besides mirror-
ing observed touches, S-I also responds to the observation of
human movements, and S-I influences different aspects of
human action and motor control (see Section 4). In this
last paragraph, we therefore concern with the interaction
between action observation, motor resonance, and somato-
sensory plasticity. TMS is an often-used tool to induce or
modulate cortical plasticity. Avenanti et al. [162] investigated
the specific influence of virtual lesions in S-I as induced by
repetitive TMS (rTMS) over S-I on motor-evoked potentials
(MEPs) measured at the hand during observed hand move-
ments. The authors found rTMS to specifically disrupt the
ability to resonate with extreme joint-stretching finger move-
ments that induced, by subjective report, strong tactile/
proprioceptive sensations during observation. In a different
study, TMS pulses delivered over S-I disrupted the ability to
correctly judge the weight of a box lifted by a hand but not
the ability to correctly judge the weight of a bouncing ball
[163]. A contribution of S-I to proprioceptively driven weight
judgments has also been indicated by a patient study. Here,
deafferented patients were shown to be impaired in their
ability to correctly estimate the weight of a box lifted by a per-
son [164]. On the other hand, TMS-adaptation (TMS-A)
over S-I can be used for behavioral enhancement [165].
Jacquet and Avenanti showed that TMS-A over S-I leads to
a reduction in reaction times when participants were asked
to recognize the goal (but not the movement) of an observed
hand movement. Somatosensory plasticity can therefore
potentially be used to enhance empathic abilities during
action observation. There also seems to be the potential to
use action observation to induce somatosensory plasticity.

6. Summary

Converging evidences from human and monkey research
support the notion that S-I is not only involved in the
detection, perception, discrimination, and categorization of
touch but also linked to more complex cognitive and emo-
tional functions. More recent work even proposes S-I as a
reference frame for social “resonance” that involves those
subareas formally assumed to only respond to “real” physical
tactile inputs arising from the thalamus [77]. This raises the
fundamental question of whether social tactile cues may
induce or boost tactile processing, perception, and even plas-
ticity [11] and whether this may offer new treatment options,
for instance, in phantom limb pain, stroke rehabilitation, or
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even social distortions. Future research is needed to under-
stand the functional role of cortical social “resonance” in
primary and further downstream sensory regions and their
specific contribution to perception and plasticity.
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