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Editorial on the Research Topic

Mind-Brain Plasticity and Rehabilitation of Cognitive Functions: What Techniques Have Been

Proven Effective?

Contributions to this special issue represent an effective effort toward the understanding of how and
to what extent rehabilitation drives neuronal changes, promoting recovery. Table 1 summarizes all
these studies.

A series of reviews have dealt with the efficacy of trainings aimed at the treatment of motor
(Mateo et al.; Pazzaglia and Galli), visual (Sale and Berardi; Dundon et al.), sensory and (Bolognini
et al.) and spatial disorders (Pedroli et al.).

Mateo et al. made an extensive review on motor imagery effectiveness during reach-to-grasp
rehabilitation in spinal cord injury patients with tetraplegia. They found that motor imagery of
possible non-paralyzed movements improved reach-to-grasp performance by increasing tenodesis
grasp capabilities and muscle strength, decreasing movement time and trajectory variability, and
reducing the abnormally increased brain activity. Moreover, motor imagery can be used to control
brain-computer interfaces that successfully restore grasp capabilities.

Pazzaglia and Galli wrote a perspective study with the aim of translating novel findings in
the perceptual and motor domains into the rehabilitation of movement disorders. Visual-motor
approaches seem to maximize neural plasticity and lead to greater effect than visual inputs alone:
according to the authors, this is because the first involve multiple sensory channels and thus enable
individuals to better predict and optimize motor behavior.

Sale and Berardi reviewed interesting findings in adult rodents concerning the possibility of
treating amblyopia, a severe visual function impairment which, until recently, has been effectively
treated only in children, as there was no known way to foster adult visual cortex plasticity.
Among the new proposed intervention strategies, non-invasive procedures based on environmental
enrichment, physical exercise or visual perceptual learning appear particularly promising in terms
of future applicability in the clinical setting.

Dundon et al. reviewed neuropsychological training methods of visual rehabilitation of
homonymous visual field defects. They include “compensation” paradigms, which compensate
vision loss by training eye scanning movements, and “restorations” paradigms, which activate
residual visual functions by training light detection and discrimination of visual stimuli. The
authors propose that both plasticity within peri-lesional spared tissue and changes between
networks (i.e., recruiting alternative visual pathways) contribute to recovery.
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TABLE 1 | Assessment techniques and types of treatments.

Assessment technique Behavioral Behavioral and brain activity

TYPE OF TRAINING

Behavioral * Bolognini et al. (spatial and body representations, sensory and motor

impairments)

* Pedroli et al. (spatial, virtual reality, neglect)
◦ Ciaramelli et al. (memory, PFC lesions)
◦ Lévy-Bencheton et al. (vision, HVFD)
◦ Livelli et al. (multi-domains, HIV/AIDS NCD)
◦ Mattioli et al. (central executive functions, MS)
◦◦ Panerai et al. (multi-domains, NCD)

* Sale and Berardi (vision, rodents)

* Dundon et al. (vision, HVFD)

* Mateo et al. (motor, SCI)

# Costa et al. (BDNF, executive domains, Parkinson + MCI)

# Kamran et al. (fNIRS)
◦◦ Sacco et al. (communication, TBI)
◦ Tsai and Wang (executive functions, elderly)

Nervous System Stimulation ◦ Bisio et al. (motor, PNS, healthy)
◦ de Aguiar et al. (language, tDCS, aphasia)

* Pazzaglia and Galli (visuo-motor, movement disorders)
◦ Chaieb et al. (motor learning, tNIRS, healthy)
◦ D’Agata et al. (motor, rTMS, tDCS, stroke)
◦ Sacco et al. (attention, tDCS, TBI)

BDNF, brain-derived neurotrophic factor; fNIRS, functional near-infrared spectroscopy; HVFD, Homonymous visual field defects; MCI, mild cognitive impairment; MS, multiple sclerosis;

NCD, neurocognitive disorder; PFC, prefrontal cortex; SCI, spinal cord injury; TBI, traumatic brain injury; tDCS, transcranial direct current stimulation; tNIRS, transcranial near-infrared

stimulation.
◦ Individual sessions.
◦◦ Group sessions.

# Biomarker research; Model development.

* Review/Perspective study.

Bolognini et al. produced a mini-review to show how
crossmodal illusions—products of multisensory integration—
can be used in rehabilitation settings to restore disarranged
spatial and body representations related to pain, sensory,
and motor impairments, as well as their use for improving
neuroprosthetics.

Pedroli et al. carried out a systematic review of the most recent
virtual reality applications for the assessment and rehabilitation
of unilateral spatial neglect, providing crucial indications for
neurorehabilitation interventions and clinical practice.

Two papers presented biomarker research and model
development.

Costa et al. showed a significant positive correlation between
brain-derived neurotrophic factor (BDNF) serum levels and
cognitive functioning in attention and executive domains in 13
Parkinson’s disease patients with mild cognitive impairment.
Given the role of BDNF in regulating synaptic plasticity, this
trophic factor may be a potential biomarker for evaluating
cognitive changes in neurological syndromes associated with
cognitive decline.

Kamran et al. working with functional near-infrared
spectroscopy (fNIRS), developed an hemodynamic response
model able to estimate inter-subject variations in HRF and
physiological noises for better cortical functional maps.

A series of research papers looked at behavioral changes as a
consequence of behavioral treatments.

Lévy-Bencheton et al. studied 14 left- or right homonymous
visual field defect patients with a training based on a single 15
min voluntary anti-saccades task toward the blind hemifield.
When combined with an adaptation paradigm, letting automatic
sensorimotor adaptation to increase AS amplitude, it improved
visual quality of life while exploring visual scenes or reading a
text.

Livelli et al. tested a 4 month cognitive rehabilitation protocol
on 16 HIV/AIDS patients with HIV-associated Neurocognitive
Disorder (HAND), compared to 16 HIV/AIDS without HAND.
The experimental group showed cognitive improvements in
various domains: those in Abstraction/executive functioning and
in Attention/working memory were still present at the 6 month
follow up. On the contrary, the control group significantly
worsened in the same domains.

Mattioli et al. evaluated the efficacy of a 15 week domain
specific cognitive training, compared to a specific psychological
intervention, in 41 patients with multiple sclerosis, showing that,
at 2 years follow up, patients’ submitted to the specific training
improved in the majority of the cognitive tests and ameliorated
their perceived cognitive performance.

Ciaramelli et al. tested the Preview-Question-Read-State-Test
method, a technique used to enhance long-term memory when
reading a text, in 7 patients with mild memory problems due
to prefrontal cortex lesions, showing that it improves immediate
and delayed recall, as well as the ability to answer questions of
comprehension. The same improvement is present both when the
experimenter formulated the questions about the text, and when
the patients did it on their own.

Panerai et al. carried out a daily group Intensive Cognitive
Activation protocol, over a period of 2 months, in 16 patients
with major neurocognitive disorder (NCD) and 15 with mild
NCD; a control group of 11 patients with major NCD was used
as a control group. General cognitive functioning and other
specific functions, including attention, ideomotor praxis and
visual memory, improved in all patients. Besides, while long- and
short-term verbal memory worsened in controls, they did not in
the experimental groups.

Two research papers looked at behavioral changes as a
consequence of nervous system stimulation.
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Bisio et al. showed, on 48 healthy participants, that
spontaneous movement tempo—the movement freely produced
by subjects tapping out a rhythm with their fingers—can be
modified by action observation (AO) combined with peripheral
nerve stimulation (PNS), even in absence of immediate
movement execution. The induced changes in spontaneous
movement tempo, attributable to neuroplasticity mechanisms,
indicate possible application of AO-PNS in rehabilitative
treatments.

de Aguiar et al. showed that a linguistically-motivated
language therapy focusing on verb inflection and sentence
construction, combined with transcranial Direct Current
Stimulation (tDCS), is effective in producing both item-specific
and generalized improvement in 9 individuals with post-stroke
aphasia.

Two research papers looked at behavioral and brain activity
changes as a consequence of behavioral treatments.

Sacco et al. proposed a group training program for the
rehabilitation of communicative abilities and tested it on 8
traumatic brain injury patients, showing an improvement in
overall communicative performance which was still present 3
months later. Besides, they found increased amplitude of low
frequency fluctuation, measured through resting state functional
magnetic resonance imaging (fMRI), in brain regions involved in
communication.

Tsai and Wang studied 64 elderly individuals, divided in
three groups, showing that physical exercise reduces reaction
times during a task-switching paradigm with unpredictable
and infrequent switches, and it enhances electrophysiological
response related to executive functioning (P2 and P3 amplitudes).
It seems that open-skill exercise has a small advantage on
executive control with respect to closed-skills.

Finally, three papers dealt with behavioral and brain activity
changes as a consequence of brain stimulation treatments.

Chaieb et al. studied the neuroplastic effects of transcranial
near-infrared stimulation (tNIRS) on the motor cortex in
healthy participants. The serial reaction time task was

used to investigate the possible effect of tNIRS on implicit
learning. A significant decrease in the amplitude of motor-
evoked-potentials (MEPs) was observed up to 30 min
post-stimulation. Furthermore, the short interval cortical
inhibition was increased and facilitation decreased significantly
after tNIRS. Such results have to be taken into account
when using tNIRS to elicit plastic changes in TBI or stroke
patients.

D’Agata et al. used Transcranial Magnetic Stimulation (rTMS)
and transcranial Direct Current Stimulation (tDCS), for upper
limb rehabilitation of 34 patients with stroke, showing that
the effects of the two techniques are comparable, with some
advantages using tDCS versus rTMS. They also found that more
than one cycle (2–4 weeks), spaced out by washout periods,
should be used, only in responder patients, to obtain clinical
relevant results.

Sacco et al. showed that 10 sessions of transcranial direct
current stimulation (tDCS), each followed by computer-assisted
training, improved divided attention in 16 traumatic brain
injured (TBI) patients, compared to 16 TBI for whom the training
was preceded by sham stimulation.

Functional magnetic resonance imaging (fMRI) data showed
neural changes, interpreted as normalization of previously
abnormal hyperactivations.
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In everyday life, many diverse bits of information, simultaneously derived from the
different sensory channels, converge into discrete brain areas, and are ultimately
synthetized into unified percepts. Such multisensory integration can dramatically
alter the phenomenal experience of both environmental events and our own body.
Crossmodal illusions are one intriguing product of multisensory integration. This
review describes and discusses the main clinical applications of the most known
crossmodal illusions in rehabilitation settings. We consider evidence highlighting the
contribution of crossmodal illusions to restore, at least in part, defective mechanisms
underlying a number of disorders of body representation related to pain, sensory, and
motor impairments in neuropsychological and neurological diseases, and their use for
improving neuroprosthetics. This line of research is enriching our understanding of the
relationships between multisensory functions and the pathophysiological mechanisms
at the basis of a number of brain disorders. The review illustrates the potential of
crossmodal illusions for restoring disarranged spatial and body representations, and,
in turn, different pathological symptoms.

Keywords: crossmodal illusions, neurorehabilitation, multisensory, body representation, pain, motor disorders,
sensory disorders

Introduction

In everyday life, we are surrounded by a plethora of different sensory signals that concurrently
hit our senses. Although our first-hand perception seems dominated by a single modality,
commonly vision (Wade and Swanston, 2001), different sensory signals are simultaneously
processed and integrated. In this way, without any conscious effort, perceptual and cognitive
functions, as well as the underlying brain activity, are shaped by interactions between senses.
The brain is endorsed with specialized neural and cortical mechanisms for the synthesis of
information derived from the different senses into coherent, unitary representations that guarantee
adaptive behavioral responses (Stein and Meredith, 1993; Driver and Noesselt, 2008). The
primary advantage of multisensory integration consists in the enhancement of the salience
of sensory stimuli, which, in turn, facilitates behavioral responses to them, as, for instance:
fastening spatial orienting, improving memory and language comprehension, optimizing
sensorimotor control (Bolognini et al., 2005; Alais et al., 2010). Multisensory facilitatory effects
typically arise through the processing of congruent sensory signals. However, our brain also
tends to impose coherence to discordant sensory information. This process may give rise to
crossmodal illusions. Indeed, the way we perceive signals from our own body, or from the external
space, can be conceived as the output of brain processes, based on an informed interpretation
of the stimuli. Crossmodal illusions occur when what we sense with one modality affects
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what we experience in another modality. Seen in this perspective,
crossmodal illusions represent perceptual strategies for dealing
with inter-sensory conflicts, ultimately aimed at giving coherence
to the on-going perceptual experience. Remarkably, this function
does not result from inferential, or other higher-level ‘‘cognitive’’
processes, such as deploying a decision strategy for responding
to ambiguous or conflicting experiences; rather, it is based
on automatic multisensory interactions in the brain, which
occur largely outside the realm of conscious perception. Two
basic mechanisms have been proposed as to how multisensory
interactions can affect perception. First, feedback projections
from higher-order association regions of the cortex provide a way
for information regarding one modality (e.g., vision) to influence
sensory processing at putatively unisensory cortical stages,
committed to a different modality (e.g., touch); alternatively,
feed-forward anatomical connections between primary sensory-
specific areas may allow a fast exchange of sensory information
at lower-level stages of cortical processing (Driver and Noesselt,
2008; Cappe et al., 2009).

In recent years, there has been an explosion of research
on crossmodal illusions, which has attempted at unravelling
how multisensory interactions shape human perception and
cognition. Crossmodal illusions have been applied also in
clinical populations. In neuropsychological research, for
instance, crossmodal illusions have been used to look for
evidence of disrupted or abnormal multisensory integration
in patients with acquired focal brain lesions, using anatomo-
clinical data to infer associations between the site of a brain
lesion, the resultant multisensory disorder, and findings
from neuroimaging experiments in healthy humans (for
a review of this line of research see Bolognini et al.,
2013a). The present review considers another intriguing
field of research, concerned with the possibility of using
crossmodal illusions as tools for rehabilitation. Here, we focus
on the two most renowned crossmodal illusions applied
with clinical purposes, the Mirror Box and the Rubber
Hand illusions, illustrating their efficacious use for the
treatment of pain (phantom limb pain, complex regional
pain syndrome, spinal cord injury), and post-stroke motor,
spatial, and bodily impairments (hemiparesis, visuo-spatial
neglect, somatoparaphrenia, anosognosia for hemiplegia,
alien hand syndrome); finally, their potential for optimizing
neuroprosthetics is discussed.

Therapeutic Applications of Crossmodal
Illusions

Mirror Box Illusion
The Mirror Box Illusion (MBI) is one of the most famous
crossmodal illusions (Ramachandran and Altschuler, 2009;
Lamont et al., 2011). The MBI is generated by a visual-
motor conflict: when participants move one hand in front of
a parasagittal mirror, while the other hand is kept behind the
mirror, hidden from view, they may experience the illusion
of symmetrical bimanual movements, as well as other illusory
kinaesthetic and motor effects on the hidden limb (e.g.,
Altschuler, 2005; Snijders et al., 2007; Romano et al., 2013).

Watching the mirror reflection of own movements also increases
the excitability in the motor cortex, ipsilateral to the moving
hand (Garry et al., 2005). Additionally, the mismatch between
the movement performed by participants and the movement
they observe increases neuronal activity in areas associated with
self-awareness and spatial attention (i.e., precuneus, posterior
cingulate and posterior parietal cortices; Fink et al., 1999; Dohle
et al., 2004; Matthys et al., 2009; Michielsen et al., 2011a; Nojima
et al., 2012).

The first clinical application of the MBI has been for
alleviating Phantom Limb Pain (PLP) after amputation
(Ramachandran et al., 1995). Melzack (1992) first proposed
a central role of multisensory integration of bodily signals by
the so-called ‘‘neuromatrix’’ in the construction of the body
image and the generation of pain. When, through the mirror
reflection, the intact arm is superimposed on the phantom
limb, patients report the sensation that they can move and
relax the cramped phantom limb, and experience pain relief.
In this framework, relief from PLP presumably results from
the correction of the incongruence between motor output
(intention) and sensory (proprioceptive) feedback, brought
about by the visual input of movements of the missing limbs.
As a consequence, the ‘‘latent’’ cortical map of the missing
limb may be re-activated (Moseley et al., 2008; Ramachandran
and Altschuler, 2009; Moseley and Flor, 2012). Moreover, the
sensory-motor conflict generated by the MBI can modulate
motor cortical excitability, which is altered in many patients
suffering from chronic pain of central origin (Lefaucheur,
2013; Bolognini et al., 2015). However, not always moving
the phantom limb diminishes PLP: in some amputees the
phantom movement can actually increase PLP (cramping
sensations). Therefore, an alternative version of the MBI has
been developed, whose main feature is that patients look at
the mirror reflection of touches applied to the intact hand,
while receiving touches on the stump positioned behind the
mirror (Schmalzl et al., 2013). The induction of illusory touch
on the phantom hand effectively reduces PLP in patients
who do not respond to the standard MBI. Hence, different
inter-sensory conflicts may be appropriate for amputees
with different types of phantom sensations: while the MBI is
effective for reinstalling voluntary movements of paralyzed
phantoms, and release concomitant clenching sensations, the
visual-tactile version of the MBI is useful for patients who
can voluntarily move their phantom, but tend to experience a
concomitant increase in cramping sensations (Schmalzl et al.,
2013).

Besides PLP, successful use of MBI has been reported in
patients with other pain syndromes, such as the Complex
Regional Pain Syndrome, and even in sensory re-education
of severe hyperesthesia after hand injuries (Moseley and
Flor, 2012). The finding of analgesic effects of the MBI
across different pain disorders is suggestive of a common
pathophysiological mechanism, linked to defective or
altered multisensory processing, which can be regulated
by the sensory-motor conflict of the MBI. Chronic pain
is indeed associated with the disruption of a range of
multisensory body-related cortical representations, which,
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in turn, reflects maladaptive neuroplastic changes in the
brain.

One recent development of MBI for pain relief concerns
its combined use with transcranial Direct Current Stimulation
(tDCS) of the motor cortex. Different physiological mechanisms
mediate the analgesic action of motor cortex stimulation
by tDCS, which share some similarities with those of the
MBI, namely: modulation of motor cortex excitability and
changes in perceptual and emotional processing of the pain
experience (Brunoni et al., 2012; Knotkova et al., 2013).
Therefore, the use of tDCS as an add-on intervention to
MBI could potentiate its antalgic action. This strategy was
applied in patients with neuropathic pain following Spinal Cord
Injury (Soler et al., 2010): tDCS over the motor cortex was
delivered during a modified version of the MBI, consisting
in a virtual reality procedure to induce a visual illusion
of walking. The combined use of tDCS and MBI reduced
the overall severity of pain, as well as improved various
subtypes of neuropathic pain (continuous and paroxysmal
pain, mechanical allodynia and dysaesthesias) in patients with
spinal cord injury, with greater and longer-lasting effects
than those induced by each single intervention (tDCS or
MBI).

Another well-known application of the MBI is for the
rehabilitation of hemiparesis in stroke patients (e.g., Altschuler
et al., 1999; Dohle et al., 2009; Ramachandran and Altschuler,
2009; Michielsen et al., 2011b; Thieme et al., 2013). Although
the precise mechanisms whereby MBI contributes to post-stroke
motor recovery are still unclear, neuroimaging data highlight
the key role of the sensory-motor mismatch (Michielsen et al.,
2011a). Watching the reflection of self-generated movements in
the mirror increases attentional demands for the integration of
vision and proprioception, induced by the mirror, and neural
activity in multisensory areas associated with self-awareness and
spatial attention. These effects may translate into an increased
awareness of the affected limb, which may counteract learnt
non-use (Michielsen et al., 2011a,b). This hypothesis is also
supported by evidence showing beneficial effects of the MBI
on unilateral visuo-spatial neglect (Dohle et al., 2009). In
this case, watching self-induced movements in the left side
of space, contralateral to the side of the hemispheric lesion
(contralesional), may facilitate leftward visuo-spatial orienting,
impaired in left spatial neglect, and awareness of events occurring
in the left, neglected, side of space. Noteworthy, self-observation
in a mirror is also useful for ameliorating somatoparaphrenia,
a somatic delusion usually following right-hemisphere lesions,
which typically manifests as a defective sense of ownership of
the patient’s left, contralesional, body parts (Fotopoulou et al.,
2011; Jenkinson et al., 2013). Finally, ‘‘off-line’’ self-observation
in a video replay reinstates motor awareness in patients with
anosognosia for hemiplegia, speeding up recovery (Fotopoulou
et al., 2009).

Recently, the MBI has been used to improve disorders of
motor control, such as the Alien Hand Syndrome (AHS). The
AHS is a higher-order disorder of motor control featured
by involuntary, yet purposeful, movements of the affected
limb, typically the hand, which may follow infarction in the

vascular territory of anterior cerebral artery, midline tumors,
and neurodegenerative illnesses. The impaired voluntary motor
control in the AHS has been proposed to be due to a pathological
neurofunctional disconnection between motor intentions and
sensory information. Following this line of reasoning, in one
patient with right AHS due to an intracerebral hemorrhage in
the left fronto-parietal cortex, the MBI was used for restoring
the congruency between motor intentions and visual feedback,
consequently improving the voluntary fine motor control of the
alien hand (Romano et al., 2014).

Rubber Hand Illusion
The Rubber Hand Illusion (RHI) is another crossmodal illusion
widely investigated in clinical settings (Botvinick and Cohen,
1998), although its application in rehabilitation is still in an early
stage (Christ and Reiner, 2014). The RHI is induced by brushing a
person’s hand, hidden from view, while synchronously brushing
a visible rubber hand. This results in a sense of ownership of
the rubber hand, and in a projection of sensations from the
brushed rubber hand to the person. The RHI is also associated
with a measurable proprioceptive drift in the perceived location
of the hand towards the rubber hand, and changes in reaching
movements performed with the stimulated hand (Tsakiris and
Haggard, 2005; Kammers et al., 2010). The RHI has been used
to uncover mechanisms of body ownership, the plasticity of
body representations, and their dependency on multisensory
integration of touch, proprioception, and vision. Deficient
body ownership is the hallmark of somatoparaphrenia, which
therefore represents the optimal condition for assessing the
chance of manipulating and, possibly, restoring a deranged
multisensory representation of the body concerned with self-
representation and body-part ownership (Vallar and Ronchi,
2009). In one study in two right-brain-damaged patients
with a stable somatoparaphrenia, we first applied the classical
RHI paradigm to verify whether multisensory mechanisms
supporting the sense of body-part ownership were disrupted,
notwithstanding the patients’ pathologic delusion for their left
hand (Bolognini et al., 2014; see also Jenkinson et al., 2013).
Both patients proved to be susceptible to the RHI to the same
extend as healthy subjects: this suggests undamagedmultisensory
mechanisms for the synthesis of bodily signals concerned with
body ownership. In the light of such evidence, we investigated
whether the RHI could also induce a remission of the delusional
beliefs concerning the left hand. This hypothesis was tested with
a modified version of the RHI, which consisted in stroking both
the patient’s visible (disowned) left hand, and the right hand,
hidden from view. Notably, patients could not report the feeling
of being touched during stroking of their left hand, due to
a co-occurring hemianesthesia. Our manipulation induced an
immediate self-re-attribution of the left hand, with one patient
showing a long-lasting remission of the somatic delusion. This
evidence indicates that the multisensory representation of the
body concerned with ownership, deranged as a somatic delusion
in somatoparaphrenia, is not completely lost, as indicated by its
restoration by multisensory bodily stimulations in the form of
the RHI, which allows regaining the sense of ownership of the
disowned hand.
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The use of RHI in the Complex Regional Pain Syndrome
(Reinersmann et al., 2013) and in Cervical Spinal Cord Injury
(Lenggenhager et al., 2013) is based on a similar line of reasoning.
In both these conditions, the RHI can be used to improve tactile
awareness and processing, likely by reactivating tactile memories,
and restoring an altered bodily self-representation, that may
follow impaired sensorimotor abilities. The RHI is also useful for
the treatment of chronic pain in these disorders, considering the
tight link between pain and body image distortions along with
disruption of a range of body-related cortical representations
(Lotze and Moseley, 2007).

The aim of using the RHI to strengthen spatial and
body awareness has guided its application in patients with
unilateral visuo-spatial neglect. In a right-brain-damaged patient,
immediately after the induction of the RHI (with the rubber hand
located in the left side of space), a short-lasting amelioration
of left spatial neglect took place in letter cancellation and
midline pointing tasks, with the patient experiencing a shift
in the felt position of his right hand towards the left-
sided rubber hand (Kitadono and Humphreys, 2007). The
amelioration of visual neglect could be due to changes in
the patient’s egocentric reference frames, brought about the
RHI, by cueing spatial attention, by modifying visuo-motor
mapping, or by a combination of these different mechanisms.
The susceptibility of patients with spatial neglect to crossmodal
illusions suggests that multisensory integration is largely spared
in this neuropsychological syndrome (Bolognini et al., 2013a),
despite the possible presence of modality-specific attentional
disturbances, which may impact perceptual awareness in
different sensory modalities (Vallar and Bolognini, 2014).

Another field of application of the RHI concerns
neuroprosthetics, where the major goal is to develop artificial
limbs that feel like a real part of the body. Here, the RHI was
used to favor, in a simple and non-invasive way, the embodiment
of the prosthesis, re-creating a coherent representation of the
body, and producing tactile sensations in the prosthetic limb
in amputees. Indeed, for a limb to be functionally useful one
must be able to sense not only movements, but even touch;
additionally, the acceptance of the prosthesis as one’s own body-
part influences the overall well-being of the amputee (Gallagher
and MacLachlan, 1999). In upper limb amputees, the RHI can
be induced by simultaneously touching the stump and the finger
of the prosthesis; this elicits an illusion of sensing touch on
the artificial hand and a feeling of ownership of it (Ehrsson
et al., 2008; Rosén et al., 2009). A similar approach was used in
upper limb amputees with surgically redirected nerves (Marasco
et al., 2011). Of note, such crossmodal manipulations with the
prosthesis activate in amputees the same multisensory regions
in the premotor cortex and the intraparietal sulcus involved,
in healthy individuals, in the integration of visual, tactile and

proprioceptive signals, on which the feeling of body ownership
(Schmalzl et al., 2013), and phantom sensations (Bolognini
et al., 2013b) are based. This supports the use of this crossmodal
strategy to guide post-amputation cortical plasticity.

Discussion

The examples considered in this review indicate that ‘‘tricking’’
the brain with simple crossmodal illusions may offer an effective
strategy to boost and wake up its multisensory capabilities,
which may be latent or weakened by a brain disease. In this
way, inter-sensory conflicts can restore altered sensory and
motor representations subtending various disorders of body
awareness, body ownership, movement, sensibility, attention and
pain. Overall, these findings suggest that the brain may preserve
its natural and basic tendency to integrate information from
different sensory modalities in many pathological conditions,
with crossmodal illusions resulting from hardwired perceptual
organizing strategies or principles that, in general, are adaptive
and advantageous. Such strategies involve rules for modulating
experiential responses to multisensory information and rules
that deal with important regularities (O’Callaghan, 2008), as
ways for coping with environmental and corporeal changes that
may emerge in pathological conditions. Noteworthy, current
evidence points to an overall spared ability of combining
multisensory cues, and, in particular, inputs from a damaged
sensory modality with inputs from a spared modality, at
least in patients with focal brain lesions (Bolognini et al.,
2013a). This is likely to be the case since multiple, parallel,
cortical and subcortical pathways are available for multisensory
integration to occur: accordingly, if a key node of a multisensory
network is damaged, alternative spared pathways may be
used to re-connect the sensory systems. This allows to re-
arrange sensory interactions, in order to preserve an optimal,
reliable, multisensory experience. Importantly, the effects of
crossmodal illusions may be even stronger in patients with
brain disease than in healthy subjects, likely because neurological
patients may present with sensory or motor deficits (e.g., Burin
et al., 2015) that could be more vulnerable to crossmodal
interferences from the intact senses. Moreover, some evidence
suggests that increasing the degree of inter-sensory conflict
can even enhance brain responses to crossmodal illusions
(Senna et al., 2015). Many other crossmodal illusions were
tested in clinical populations, though not in rehabilitation
settings, including: the Ventriloquism illusion in hemianopia
and neglect (Bertelson et al., 2000; Leo et al., 2008), the
Aristotle’s illusion in focal hand dystonia (Tinazzi et al., 2013),
and the Sound-induced flash illusion in migraine (Brighina
et al., 2015). They could offer novel frameworks for therapeutic
developments.
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After experiencing a stroke in the right hemisphere, almost 50% of patients showed

Unilateral Spatial Neglect (USN). In recent decades, Virtual Reality (VR) has been

used as an effective tool both for the assessment and rehabilitation of USN. Indeed,

this advanced technology allows post-stroke patients to interact with ecological and

engaging environments similar to real ones, but in a safe and controlled way. To provide

an overview of the most recent VR applications for the assessment and rehabilitation of

USN, a systematic review has been carried out. Since 2010, 13 studies have proposed

and tested innovative VR tools for USN. After a wide description of the selected studies,

we discuss the main features of these VR tools in order to provide crucial indications for

future studies, neurorehabilitation interventions, and clinical practice.

Keywords: virtual reality, USN, assessment, rehabilitation, PRISMA

Introduction

Each year about 500,000 people suffer a stroke. Strokes are the third leading cause of death in
Western countries (after cardiovascular and neoplastic diseases) and one of the leading causes
of long-term severe disability (Sudlow and Warlow, 1997; Pendlebury et al., 2009; Zhang et al.,
2012). Indeed, it is a catastrophic and often unexpected event with a wide range of physical and
psychological consequences that involve both patients and their relatives (Wolfe, 2000; Di Carlo,
2009). Due to the debilitating initial symptoms and long-term impairment in daily life activities like
locomotion and speech, the consequences of a stroke depend on type, severity, and location of the
occlusion. After a stroke, it is commonly possible to identify two basic categories of impairment
or disability: motor disability (including the inability to walk, problems with coordination and
balance, hemiparesis, or hemiplegia) and cognitive impairments (including aphasia, memory, and
visuo-spatial and executive functions impairments) (Hendricks et al., 2002; Pohjasvaara et al., 2002;
Hackett et al., 2005; Langhorne et al., 2009; Lloyd-Jones et al., 2009; Sundar and Adwani, 2010).
The most common cognitive impairment after a stroke, which appears in approximately 50% of
patients, is Unilateral Spatial Neglect (USN) (Bowen et al., 1999; Appelros et al., 2002; Nijboer et al.,
2013a). USN commonly (in 90% of cases) occurs after lesions in the right hemisphere, particularly
in the parietal (inferior), temporal (superior), and/or frontal (ventral) cortex and sometimes in
subcortical nuclei (Buxbaum et al., 2004). This complex syndrome can be defined as “a failure to
report, respond, or orient to contralateral stimuli that is not caused by an elemental sensorimotor
deficit” (Heilman et al., 1985). Patients with USN may show several symptoms in everyday life,
such as eating food only on the right side of the plate, putting make-up only on the right side
of their face and, forgetting to look left before crossing the street (Nijboer et al., 2013b, 2014b).
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For these reasons, USN is a poor prognostic sign for both motor
and cognitive rehabilitation outcomes (Buxbaum et al., 2004;
Jehkonen et al., 2006; Mutai et al., 2012; Nijboer et al., 2014a).

An increasing number of theories have been proposed
to explain the behaviors characteristic to USN; to date, the
most interesting theories are attentional-based (Bartolomeo and
Chokron, 2002; Corbetta et al., 2005; Corbetta and Shulman,
2011). Specifically, Bartolomeo said that “left neglect does not
reflect an attentional deficit but an attentional bias consisting of
enhanced attention to the right” (Bartolomeo andChokron, 2002,
p. 221). Indeed, Bartolomeo and Chokron argue that USNmay be
caused by an impairment in the exogenous (i.e., stimulus-related)
orienting of attention because the endogenous (i.e., strategy-
driven) way is relatively well-preserved, although it operates
slowly (Bartolomeo and Chokron, 2002). In the same direction,
Corbetta and colleagues (Corbetta et al., 2005; Corbetta and
Shulman, 2011) argued that the attentional deficits in UNS may
be mediated by a dysfunction, both functional and structural, of
the two frontoparietal attention networks, in addition to damages
resulting from the lesion (Corbetta et al., 2005; Corbetta and
Shulman, 2011).

Paper-and-pencil tests are traditionally used to assess the
presence of USN symptoms in a clinical setting. In “cancelation
tasks,” patients are required to find a target symbol mixed
with several other distractors. The most common tests are
cancelation of line (Albert, 1973), letter (Diller and Weinberg,
1976), circle (Vallar and Perani, 1986), and star (Wilson et al.,
1987). However, as noted by Rengachary et al. (2009), these
paper-and-pencil tests may be particularly poor at detecting USN
symptoms, especially in the chronic stage (Halligan et al., 1989).
Driven by attentional-based theories, it is crucial to acknowledge
that patients may be able to learn a compensatory attentional
strategy and, consequently, to pass a test in which they have
unlimited time to identify static targets. In clinical practice,
two major methods for USN rehabilitation are visual searching
and stimulation techniques: the first one is meant to improve
voluntary exploration of the contralesional space (Pierce and
Buxbaum, 2002; Paci et al., 2010), while the second one implicitly
forces the patients to explore contralesional space (i.e., prismatic
adaptation or caloric, galvanic, and optokinetic stimulation)
(Kerkhoff and Schenk, 2012).

None of these approaches alone is the gold standard for
rehabilitation of UNS (Pierce and Buxbaum, 2002; Bowen et al.,
2013); it is strictly recommended that a combination of multiple
approaches be used to develop a personalized rehabilitation
process (Kerkhoff and Schenk, 2012).

Computerized methods offer a promising alternative
approach for USN assessment and rehabilitation (Gontkovsky
et al., 2002; Pflugshaupt et al., 2004; Deouell et al., 2005; Yong
Joo et al., 2010; Bonato, 2012; Rabuffetti et al., 2012; Bonato and
Deouell, 2013; Smit et al., 2013; Dalmaijer et al., 2014; Vaes et al.,
2015). Computerized tests are able to identify subtle deficits
that a static paper-and-pencil test might miss. Moreover, the
traditional methods may lack ecological validity (which is crucial
for rehabilitation) (Perez-Garcia et al., 1998; Levick, 2010), and
there is often no correspondence between performance at the
task and performance in real life (Eslinger et al., 1992, 2004;

Vriezen et al., 2001). Finally, these protocols are time-consuming
and tedious both for therapists and patients because people
suffering from UNS also often experience anosognosia, meaning
that they are unaware of their disability.

One of the most promising solutions to improve the quality
of neuropsychological assessment and rehabilitation is the use
of Virtual Reality (VR). VR can make more neuropsychological
practice more involving, generalizable, and ecological thanks to
its ability to measure behavior in valid, safe, and controlled
environments objectively and automatically; dynamic learning
also may increase engagement of the patients (Rizzo et al., 2002;
Brooks and Rose, 2003; Riva, 2009; Sugarman et al., 2011).
First, a systematic review about the potentiality of VR for USN
assessment and rehabilitation was carried out by Tsirlin et al.
(2009). They underlined that VR provides an advanced human-
computer interface that allows the patients to interact with,
and become immersed in, a computer-generated environment
similar to the real-life experience. Thanks to this advanced
technology, patients can be evaluated and trained through
simulations that are relevant for everyday life, eliminating
the necessity to use real environments that are not always
available inside a hospital. VR can also improve traditional
assessment methods by providing information about head and
eye movements, postural deviations, and limb kinematics, which
can be useful in detecting subtle deficits. Finally, Tsirlin et al.
(2009) argued that VR assessment and rehabilitation of USN
could be more engaging and consequently more effective than
traditional methods. Despite the incredible potential of VR for
assessment and rehabilitation of USN, Tsirlin et al. (2009) noted
that there are several challenges that may limit future applications
in this field: the ergonomic aspects of VR systems (considering
the reduced mobility of post-stroke patients), the necessary
collaboration between clinicians and technicians to set up VR
systems, and the costs related to the design, maintenance and use
of a VR system.

Thanks to the dramatic development of VR technology,
several researchers have exploited the potential of VR both for
the cognitive evaluation and rehabilitation of USN. On this
basis, the main goal of this systematic review is to provide an
overview of the latest applications in the field of assessment and
rehabilitation of USN with VR applications since 2010 to provide
crucial indications for future studies and neurorehabilitation
interventions. Below, we analyze the articles and describe the
methodology and technology used in the articles in order to
understand the developments and new perspectives.

Methods

We followed the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis (PRISMA) guidelines (Moher et al.,
2009).

Search Strategy
To achieve this, a computer-based search in several databases
was performed for relevant publications. Databases used for the
search were: PsycINFO, Web of Science (Web of Knowledge),
PubMed and Medline.

Frontiers in Behavioral Neuroscience | www.frontiersin.org August 2015 | Volume 9 | Article 226 | 16

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Pedroli et al. Assessment and rehabilitation of USN

The search string was: (“Virtual Reality” OR Technolog*)
AND [“Neglect” OR (“Unilateral Spatial Neglect” OR
“Hemispatial Neglect” OR “Visual Neglect” OR “Visuospatial
Neglect”)]. A graphical representation of the search string can
been seen in Figure 1.

Our choice to search for both “virtual reality” and
“technolog*” was to avoid missing papers due to the misleading
terminologies that are often used in some studies. Acting within
this strategy, we can be confident that this review is both
replicable and inclusive of all possible records.

The articles were individually scanned to elaborate whether
they fulfill the following inclusion criteria: (a) research article;
(b) providing information about the used sample; (c) providing
information about measures, and (d) published in English. These
inclusion criteria were used for several reasons. As noted above,
information about the sample and measures are a prerequisite.

The second search strategy (with the term Technolog∗) had as
a further exclusion criterion being present in the first list (already
screened).

Systematic Review Flow
The flow chart of the systematic review is shown in Figure 2

for the term “Virtual Reality” and in Figure 3 for the term
Technolog*. By searching in PsycINFO, PubMed, Medline and
Web of Science (Web of Knowledge: WoK), our initial search
yielded 1048 non-duplicate citations screened with “Virtual
Reality” and 3892 with “Technolog∗.” More details are available
in the Search Strategy Table (Table 1). After the application of the
inclusion criteria, papers were reduced to 204 and 240 articles,
respectively. A deeper investigation of the full papers resulted in
the exclusion of 191 and 237 articles, respectively. During the data
extraction procedure, three additional full papers were excluded.

In the end, 13 studies met the full criteria and were included in
this review (Table 1). A flow diagram showing the procedure is
detailed in Figure 2 for “Virtual Reality” search strategy and in
Figure 3 for “Technolog*.”

Expert colleagues in the field were contacted for suggestions
on further studies to consider in our search. Four new studies
arose and have been included in the analyzed studies. To assess a
risk of bias, PRISMA recommendations for systematic literature
analysis have been strictly followed. Three authors (E.P., S.S.,
and P.C.) independently selected paper abstracts and titles and
analyzed the full papers that met the inclusion criteria, resolving
disagreements through consensus.

Results

In the current systematic review, we aim to provide a review of
state-of-the-art experimental studies (from 2010 to 2014) focused
on the use of VR for the assessment and rehabilitation of USN.
In total, 12 studies met the inclusion criteria, were critically
reviewed, and are summarized in Table 2.

In the following paragraphs, we critically reviewed the selected
studies by dividing them according to the main purposes of
the virtual tools proposed: (1) neuropsychological assessment of
USN symptoms; (2) neuropsychological rehabilitation of USN
symptoms; and (3) comprehensive platform for both assessment
and rehabilitation of USN symptoms.

The Application of VR in the Assessment of USN
As it was described in the introduction, USN is typically evaluated
by paper-and-pencil tests despite the aforementioned limitations
of these tools. In this section, to deeply review the potential of
VR for improving and/or integrating the traditional evaluations

FIGURE 1 | Search strategy. A graphical representation.
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PubMed / Medline

February 6th, 2015

 420 Citations

3892 Non-Duplicate

Citations Screened

Inclusion/Exclusion

Criteria Applied

PsycInfo

February 6th, 2015

 626 Citations

Web of Science (Web of Knowledge)

February 6th, 2015

 3310 Citations

Medline

February 6th, 2015

 869 Citations

3652 Articles Excluded

After Title/Abstract Screen

240 Articles Retrieved

Inclusion/Exclusion

Criteria Applied

 1 Article Excluded

During Data Extraction

237 Articles Excluded

After Full Text Screen

2 Articles Included

FIGURE 2 | Search strategy using “Virtual Reality” term.

of USN, we analyzed the selected articles to provide an overview
of the most recent virtual diagnostic tasks.

The first article analyzed was written by Kim et al. (2010),
who used a 3D immersive VR program for street-crossing to
assess USN in post-stroke patients. They assessed 32 patients, 16
with USN and 16 without USN. USN was assess by physiatrists
and occupational therapists. They observe patients in the real life
situations in order to find evidence of USN.

Patients was assesses during one session both with virtual
and paper-and-pencil test. The test used are the Line Bisection
Test (Schenkenberg et al., 1980) and the Line Cancellation Test
(Albert, 1973).

At the beginning of virtual task, the patient see an avatar in
front of a traffic light, the mission is cross the street without
accident. If a car approaching to the avatar, patient have to push
a stop button in order to avoid an accident. If patients failed to
recognize the car approaching, they had visual and auditory cues
to stop the avatar before failing their mission.

The results demonstrated that the two groups (patients with
USN vs. patients without USN) showed differences in several
variables analyzed during the task: deviation angle, left-to-right
reaction time ratio, left visual, auditory cue rates, and left failure
rate. Kim et al. (2010) showed that USN can be detected and
measured easily and safely using their VR test. The authors also
compared these virtual tools to the paper-and-pencil tests and

found one correlation: the Line Bisection Test (Schenkenberg
et al., 1980) correlated significantly with the deviation angle in
the USN group.

In a similar test developed by Mesa-Gresa et al. (2011),
they used a conventional LCD monitor, a surround system,
a navigation and interaction joystick, and an optical tracking
system (TRACKIR). Head movements were detected thanks to
a cap with three reflecting markers and a USB infrared camera. A
sample of 25 patients was analyzed, divided into neglect patients
(n = 5) and non-neglect patients (n = 20) according to
results obtained at the following tests: Behavioral Inattention Test
(BIT), Color Trail Making Test (CTT), and Conners’ Continuous
Performance Test-II (CPT-II) (Peña-Casanova et al., 2006).

They planned a training session before the task that consisted
of crossing a two-way road twice to arrive at a supermarket and
then return. The task ended when patients went to and came
back from the supermarket twice, making a maximum of four
collisions with a car. They evaluated the following: how many
times the participants looked to the left and to the right, the
total time needed, the total number of accidents, whether the task
was successfully accomplished, and a neuropsychological battery.
During the VRSCT, negligent subjects showed a higher number
of collision with a car than the other group, indeed indicating
that the tool was able to discriminate between the two groups in
clinical practice.
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PubMed / Medline

February 6th, 2015

 67 Citations

1048 Non-Duplicate

Citations Screened

Inclusion/Exclusion

Criteria Applied

PsycInfo

February 6th, 2015

 72 Citations

Web of Science (Web of Knowledge)

February 6th, 2015

 208 Citations

Medline

February 6th, 2015

 916 Citations

844 Articles Excluded

After Title/Abstract Screen

204 Articles Retrieved

Inclusion/Exclusion

Criteria Applied

2 Articles Excluded

During Data Extraction

191 Articles Excluded

After Full Text Screen

11 Articles Included

FIGURE 3 | Search strategy using “Technolog*” term.

Peskine et al. (2011) developed a task that took place in a
virtual city: patients have to count the number of bus stops they
see. The sample included nine patients with a history of right
cerebrovascular accidents (five of whom had visuospatial USN)
and matched controls both for age and sex. USN was assessed
using the Bells Cancellation Test (Gauthier et al., 1989) and the
Catherine Bergego Scale (CBS; Azouvi et al., 2006). Patients used
an HMD with an electromagnetic sensor system able to detect
movements and sat on a swivel chair to turn on their own vertical
axis. They had to move in the city, locate the swings in a park,
and count all the bus stops; the examiner noted the patient’s
progress. The virtual assessment was done in just one session.
Results showed that patients omitted more targets than controls
and, most importantly, four patients without USN during the
cancelation test showed USN in the virtual task.

Another navigation task was developed by Buxbaum et al.
(2012). They created a “Virtual Reality Lateralized Attention
Test” (VRLAT), a computerized measure of USN. They
compared 71 USN patients with 10 control subjects. For the
clinical assessment Buxbaum et al. (2012) used: a modified
version of Bell Cancellation Test (Gauthier et al., 1989), the Letter
Cancellation and Line Bisection Tests (Wilson et al., 1987), a
modified version of the “fluff” test (Cocchini et al., 2001), a laser
line-bisection task (Buxbaum et al., 2004), and amodified version
of the Moss Real World Navigation (RWN) test (Buxbaum et al.,

2008). During the VRLAT patient had to name all stationary
objects in the scene while following a virtual winding path (i.e.,
navigation can be executed sometimes by the participants and
sometimes by the experimenter). The program included three
array conditions (i.e., simple, complex, and enhanced), and all
patients completed all levels twice, once “coming” and once
“going.” The software ran on a personal computer with a flat-
screen video display; patients used a Logitech Attack 3 joystick.

This test seems to be better than traditional tests at predicting
performance in real world. For this reason the VRLAT is a
good tool for the assessment of USN. It’s quick and easy to use,
doesn’t require specialized equipment, and could be useful both
in clinical settings and in rehabilitation.

Aravind and colleagues (Aravind and Lamontagne, 2014;
Aravind et al., 2015) developed a navigation task in a virtual room
divided into three sub-tasks and analyzed the performance of
12 patients. A diagnosis of USN was based on the motor free
visual perceptual test (MVPT; Colarusso and Hammill, 1972),
and/or the Star Cancellation Test (Wilson et al., 1987). Clinical
assessment included: Bells Cancellation Test (Gauthier et al.,
1989), Line Bisection Tests (Wilson et al., 1987), the Montreal
Cognitive Assessment (MOCA; Nasreddine et al., 2005), and
the Trail Making Test-B (Army Individual Test Battery, 1944).
Two of these tasks (“obstacle detection task” and the “joystick-
driven obstacle avoidance task”) were analyzed in the first
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TABLE 1 | Search strategy results.

“Virtual Reality” and “Neglect” “Unilateral spatial “Hemispatial “Visual “Visuospatial Other Total

neglect” neglect” neglect” neglect” source

PsycINFO 52 5 7 4 4 72

Web of Science (Web of Knowledge) 112 18 35 25 18 208

PubMed 42 7 9 4 5 67

Medline 881 7 14 8 6 916

TOTAL 1087 37 65 41 33 12 1275

Non duplicated 911 13 57 31 24 12 1048

Excluded (after reading Title and Abstract) 844

Retrieved 204

Excluded (after applying inclusion criteria) 191

Excluded (missing experimental data) 2

Included 11

Technolog* and “Neglect” “Unilateral Spatial “Hemispatial “Visual “Visuospatial Other Total

Neglect” Neglect” Neglect” Neglect” source

PsycINFO 591 7 11 12 5 626

Web of Science (Web of Knowledge) 3281 6 11 6 6 3310

PubMed 396 7 6 8 3 420

Medline 838 4 5 3 19 869

TOTAL 5106 24 33 29 33 12 5237

Non duplicated 3813 11 17 14 25 12 3892

Excluded (after reading Title and Abstract) 3652

Retrieved 240

Excluded (after applying inclusion criteria) 237

Excluded (missing experimental data) 1

Included 2

selected paper (Aravind et al., 2015); the other task, “locomotor
obstacle avoidance task,” was described in another publication
(Aravind and Lamontagne, 2014). Patients wearing a Visor SX60
head-mounted display (HMD) (NVIS, USA) and had a joystick
(Attack3, Logitech, USA) to interact with the environment.

In the “locomotor obstacle avoidance task” (Aravind and
Lamontagne, 2014) patient had to walking toward a target and
avoid a collision with anmoving object. Themoving obstaclemay
approaching from center, right, or left.

During the “obstacle detection task” (Aravind et al., 2015) the
patient was seated at a table with a joystick in the non-paretic
hand. One of the three objects placed in center, right or left in the
other side of the virtual room may approach toward the patient.
When patient perceived the object had to push the button.

During the “joystick-driven obstacle avoidance task” (Aravind
et al., 2015) the patient is passively moved toward a target and
must avoid objects that move at him. The patient may avoid the
object moving to the right or left or up or slow down the speed of
movement with the joystick.

In the first task, patients detected contralesional obstacles
at closer proximities compared to ipsilesional ones. For the

“joystick-driven obstacle avoidance task,” participants begin to
avoid objects at the last moment before the collision. Instead,
they found that the performances on these paper-and-pencil tests
were negatively associated with distances at detection, but the
association lost significance with the exclusion of one patient (an
outlier). For the “locomotor obstacle avoidance task,” Aravind
and colleagues (Aravind and Lamontagne, 2014; Aravind et al.,
2015) showed that 8 out of 12 subjects collided with either
contralesional or head-on obstacles or both. Delay in detection
and execution of avoidance strategies and smaller distances
from obstacles were observed for colliders subjects compared
to non-colliders one. After analyzing all three tasks, Aravind
and colleagues (Aravind and Lamontagne, 2014; Aravind et al.,
2015) argued that their system showed a typical pattern for USN
patients and thus can be used for assessment.

The last article in this section is that of Fordell et al. (2011).
They designed a VR Diagnostic Test Battery (VR-DiSTRO). The
battery included the virtual version of four classical sub-tests:
Star Cancellation and Line Bisection Test (Wilson et al., 1987),
Visual Extinction Test (Geeraerts et al., 2005), and Baking Tray
Task (Tham, 1996). During the experiment, patients have to
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TABLE 2 | Studies which met the inclusion criteria.

References Characteristics of sample Characteristics of VR

applications

Sessions Main outcomes

THE APPLICATION OF VR IN THE ASSESSMENT

Kim et al., 2010 Thirty-two post-stroke patients

divided into two groups: .with

USN (n = 16: 6 female, 10 male;

mean age = 52.9, SD = 16.8;

mean onset (months) = 3.9,

SD = 3.2), .without USN (n = 16:

5 female, 11 male; mean

age = 60.1, SD = 12.1; mean

onset (days) = 2.2, SD = 1.7)

3D immersive VR program for

street crossing. Patients had 16

missions: four missions at four

different velocities. If patients

failed to recognize the car

approaching, they had visual and

auditory cues to stop the avatar

before failing their mission

Patients completed the two

conventional neuropsychological

paper-and-pencil tests (Line

Cancellation Test and Line

Bisection Test) on the same day

they completed the 3D virtual

street assessment

Deviation angle, left-to-right

reaction time ratio, left visual

auditory cue rates and left failure

rate in the VR program showed

significant differences between

the two groups. Depending on

the direction of approach of the

virtual car, the left parameters

were significantly higher than the

right parameters in the USN

group. Risky behavioral aspects

in unilateral neglect patients can

be safely detected using this

program

Mesa-Gresa et al.,

2011

Twenty-five post-stroke patients:

11 female, 14 male;

mean age = 51.2, SD = 12.6;

mean onset (days) = 504.4,

SD = 335.1

The VRSCT (VR Street Crossing

Test): during the training session,

patients did a single task without

traffic or other distractors. In the

assessment session, the task

consisted of twice crossing a

two-way road to arrive at a

supermarket and return. The

task ended when patients went

to and came back from the

supermarket twice, making a

maximum of four accidents

The cognitive assessment (BIT,

CT ad CPT-II) was conducted

during the same week as the

virtual training. The training

session took approximately

10min and the evaluation

session lasted until the patient

finished the task and/or the

patient was considered to have

failed the task

Validity of VRSCT for the

assessment of both negligent

and non-negligent ABI patients

VRSCT system correlated with

BIT score for non-negligent

patients. Negligent patients

show more accidents than other

patients. Also assessed the

appropriate emotional response

Peskine et al., 2011 Nine post-stroke patients: 5 with

USN and 4 without USN (4

female, 5 male; mean age = 50,

SD = 15; mean onset (months) =

16.1, SD = 30.2. Nine control

participants: 4 female, 5 male;

mean age = 50.6, SD = 16.1;

Patients had to move in the city,

locate a main target (swings in a

park), and count all the bus

stops. The town had 13 bus

stops, six on one side and seven

on the other side of the street

Neglect was assessed with the

Bell test and the CBS. All

subjects and controls received

one session of virtual navigation

The main finding is that four

patients who did not display

USN on the cancelation task

test, or in some cases on the

behavioral scale, showed neglect

symptoms on the virtual task

Buxbaum et al., 2012 Seventy post-stroke patients: 31

female, 39 male; mean age =

59.5, SD = 10.6; mean onset

(months) = 29, SD = 23.7, 10

control participants: 5 female, 5

male; mean age = 62.2,

SD = 15.1;

The VRLAT requires participants

to travel along a virtual,

non-branching path, either

propelling themselves using a

computer joystick (participant

condition) or passively viewing

the environment while an

examiner navigates the path at a

constant rate (examiner

condition). Participants were

asked to identify virtual objects

on either side of the path and to

avoid colliding with the objects

All participants completed a

testing protocol (VRLAT and a

real-world navigation task, tests

of sensory and motor function,

modified Bell Cancellation Test,

Letter Cancellation and Line

Bisection Tests, modified Fluff

Test, laser Line-Bisection Task,

and RWN) in approximately

90min

The VRLAT demonstrated strong

sensitivity and specificity, minimal

practice effects, and strong

validity, and outperformed

traditional paper-and-pencil tests

in the prediction of real-world

collisions

Aravind and

Lamontagne, 2014

Twelve post-stroke participants

with USN: 8 female, 4 male;

mean age = 60.7, SD = 8.6;

mean onset (months) = 13.5,

SD = 24.3

VR environment consisted of a

room with a blue circular target

on the wall at the far end and

three red cylinders (the

obstacles). In the locomotor

obstacle avoidance task patient

had to walking toward a target

and avoid a collision with an

moving object

The locomotor obstacle

avoidance task, the tests for the

diagnosis of USN (MVPT, and

Star Cancellation), the clinical

assessment (Bells Test, Line

Bisection Tests, MOCA, and Trail

Making Test-B), and hand

dominance were administered on

2 separate days within 1 week

8 out of 12 participants collided

with either contralesional or

head-on obstacles or both. Delay

in detection (perceptuo-motor

task) and execution of avoidance

strategies, and smaller distances

from obstacles (locomotor task),

were observed for colliders

compared to non-colliders

(Continued)
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TABLE 2 | Continued

References Characteristics of sample Characteristics of VR

applications

Sessions Main outcomes

Aravind et al., 2015 Twelve post-stroke participants

with USN: 8 female, 4 male;

mean age = 60.7, SD = 8.6;

mean onset (months) = 13.5,

SD = 24.3

VR environment consisted of a

room with a blue circular target

on the wall at the far end and

three red cylinders, the

obstacles. During the “obstacle

detection task” one object

approaching to the patients from

the center, right or the left side of

the room. When patient

perceived the object had to push

the button. During the

“joystick-driven obstacle

avoidance task” the patient is

passively moved toward a target

and must avoid objects that

move at him. The patient may

avoid the object moving to the

right or left or up or slow down

the speed of movement with the

joystick

The obstacle detection task,

joystick-driven obstacle

avoidance task, the tests for the

diagnosis of USN (MVPT, and

Star Cancellation), the clinical

assessment (Bells Test, Line

Bisection Tests, MOCA, and Trail

Making Test-B), and hand

dominance were administered on

2 separate days within 1 week

In the detection task, the

contralesional and head-on

obstacles were detected at

closer proximities compared to

the ipsilesional obstacle. For the

avoidance task, collisions were

observed only for the

contralesional and head-on

obstacle approaches. For the

contralesional obstacle

approach, participants initiated

their avoidance strategies at

smaller distances from the

obstacle and maintained smaller

minimum distances from the

obstacles. The distance at

detection showed a negative

association with the distance at

the onset of avoidance strategy

for all three obstacle approaches

Fordell et al., 2011 Thirty-one post-stroke patients

divided into two groups:.with

USN (n = 9: 3 female, 6 male;

mean age = 73.3, SD = 12;

mean onset = 2 weeks), .without

USN (n = 22: 6 female, 16 male;

mean age = 74.4, SD = 10.8;

mean onset = 2 weeks)

VR-DiSTRO: virtual star

cancelation, line bisection, visual

extinction, Baking tray task. The

patients used a robotic pen and

shutter glasses for stereoscopic

vision

The virtual and the classic

versions of the test were

administered with no time limits.

Mean assessment time was

15min for the VR-DiSTRO

VR-DiSTRO total score showed

a 100% sensitivity and 82%

specificity in accurately

identifying USN patients

THE APPLICATION OF VR IN THE REHABILITATION

Kim et al., 2011 Twenty-four post-stroke patients

with USN divided into two

groups: virtual reality (VR) group

(n = 12: 3 female, 9 male; mean

age = 62.3, SD = 10.2; mean

onset (months) = 22.8,

SD = 7.6) and the control group

(n = 12: 7 female, 5 male, mean

age = 67.2, SD = 13.9; mean

onset (months) = 25.5,

SD = 18.5)

The VR group received VR

training with a system equipped

with a monitor, a video camera

and computer-recognizing

gloves. There are three tasks:

“Bird and Ball” (i.e., they had to

touch a flying ball to turn it into a

bird), “Coconut” (i.e., they had to

catch coconuts falling from a

tree) and “Container” (i.e., they

had to move a box from one side

to another). The control group

received conventional neglect

therapy such as visual scanning

training

30min a day, 5 days per week

for 3 weeks. Both groups were

assessed, before and after the

training, with: Star Cancellation

Test and the Line Bisection Test,

CBS, and K-MBI

The changes in star cancelation

test results and CBS in the VR

group were significantly higher

than those of the control group

after treatment

Navarro et al., 2013 Thirty-two post-stroke patients

divided into three groups:.with

USN (n = 17: 5 female, 12 male;

mean age = 58.5, SD = 10.1;

mean onset (days) = 322.6,

SD = 243.9), .without USN

(n = 15: 7 female, 8 male; mean

age = 50.8, SD = 13.5; mean

onset (days) = 482.9, SD =

216.8). control group (n = 15: 3

female, 12 male; mean age =

54.6, SD = 5.7)

The VRSCT (VR Street Crossing

Test): during the training session,

patients did a single task without

traffic or other distractors. In the

assessment session, the task

consisted of twice crossing a

two-way road to arrive at a

supermarket and return. The

task ended when patients went

to and came back from the

supermarket twice, making a

maximum of four accidents

One session divided into two

parts: training (patients became

acclimated to the hardware and

software) and assessment (two

consecutive repetitions of virtual

street crossing). The

neuropsychological assessment

(BIT, CPT-II, Stroop Test, Color

Trail Test, BADS—Zoo Map Test

and Key Search Test) was made

3 days before or after the VR

session

Patients with USN have a lack of

efficacy in the task. That is,

stroke subjects with USN

received poorer results (higher

values) than patients without

USN, and stroke subjects as a

whole received poorer results

than healthy subjects

(Continued)

Frontiers in Behavioral Neuroscience | www.frontiersin.org August 2015 | Volume 9 | Article 226 | 22

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Pedroli et al. Assessment and rehabilitation of USN

TABLE 2 | Continued

References Characteristics of sample Characteristics of VR

applications

Sessions Main outcomes

Mainetti et al., 2013 One right-hemisphere stroke

patient with USN: Male, 65 years

old, right fronto-temporal

intraparenchymal hemorrhagic

lesion in 2009

The “Duckneglect” platform,

which included

specially-designed games that

require patients to reach targets

with an increasing level of

difficulties and visual and

auditory cues

The rehabilitation lasted for half

an hour each day, 5 days a week,

for 1 month. with a follow-up 5

months later. A complete

neuropsychological assessment

(Line Cancellation Test, Letter

Cancellation Test, Line Bisection

Test, MMSE, Attentional Matrices

and the Token Test).was done

before, after and 5 months later

the training

Significant improvement in the

follow-up test, and a

generalization to everyday life

activities

van Kessel et al., 2013 Twenty-nine post-stroke patients

divided into two groups:.control

(n = 15: 5 female, 10 male;

mean age = 59.1, SD = 6.8;

mean onset (days) = 157.6, SD

= 117.2), .experimental (n = 14:

7 female, 7 male; mean age =

61.8, SD = 7.8; mean onset

(days) = 140.6, SD = 133.6)

New computerized training

based on the “Visual Scanning

Training” (TSVS) + Driving

simulator tasks: in the first, they

have to maintain their position in

the middle of a street while an

car moved at 50 km/h (Line

Tracking Task); in the second,

patients were asked to select a

large rectangular dot target

overlapping with the driving

scene (Single Detection

Task—CVRT); the third one was

the combination of the previous

two tasks

All patients received 30 training

sessions (5 days a week, 1 h

each day, for 6 weeks). A

neuropsychological assessment

(Line Cancellation Test, Letter

Cancellation Test, Line Bisection

Test, Bells Test, Word Reading

Task, Gray Scales, and Baking

Tray Task).was done before and

after the training

No significant group and

interaction effects were found

that might reflect additional

positive effects of dual task

training

INTEGRATED PLATFORMS

Tanaka et al., 2010 Two right-hemisphere stroke

patients with USN: Patient A

(female, 78 years old, parietal

and temporal lobe infarction,

onset 1 week) and Patient B

(male, 62 years old, infarction in

the middle cerebral artery

territory, onset 49 weeks)

Using a head-mounted display

(HDM), they administered

different versions of the Line

Cancellation Test: zoomed,

normal or reduced,

object-centered or with

egocentric coordinates, with or

without arrows

One session. Also the

paper-and-pencil version of the

Line Cancellation Test was

administrated

The assessment of USN using

an HMD system may clarify the

left neglect area, which cannot

be easily observed in the clinical

evaluation for USN

Sugarman et al., 2011 One right-hemisphere stroke

patient with USN: Female,

66-year old, massive right

hemisphere stroke, onset 15

months

SeeMe system. Participants

stood in a specific area in front of

a large monitor that displayed

the virtual scenes, seeing herself

on the screen in real time, and

being able to use trunk and limb

movements to interact with the

virtual environment

8 weekly 1-h treatment sessions

using the SeeMe system. Three

of the SeeMe tasks/games were

used for treatment and a fourth

task was used for evaluation.

She was assessed on the first

and last days of treatment

The right hippocampus plays a

critical role in allocentric

navigation, particularly when

cognitive impairment is present

do both virtual and classic versions of the test. The patients
used a robotic pen (Phantom Omni haptic device) and shutter
glasses for stereoscopic vision. All virtual tests took 15min.
The sample was composed of 31 post-stroke patients: 12 had
a left-sided lesion and 19 had a right-sided one. VR-DiSTRO
correctly identified the USN patients in the group, showing a
100% sensitivity and 82% specificity to correctly identify USN
in the sample. Additionally, 77% of the sample said that the
system was easy to use. The agreement with paper-and-pencil
tests was moderate to almost perfect, indicating that this virtual
battery was able to detect USN at least as well as the classic
tests.

The Application of VR in the Rehabilitation of USN
In order to investigate the potential of VR in USN rehabilitation,
we provided an overview of the most recent studies showing
different and alternative solutions compared with the traditional
methods of rehabilitation. First of all, neuropsychological
rehabilitation of USN must take into account the specific
needs of each patient. For this reason, a more customizable
neuropsychological application is essential.

The traditional rehabilitation methods are often characterized
by repetitive exercises, non-consideration of the individual
patients’ differences and needs, and the inability to generalize
the performance and outcomes as not measured and quantified.
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For instance, the prisms technique, one of the most effective
techniques in the neuropsychological rehabilitation of USN,
induces an optical shift of the visual field to the right; the patients
have an adaptation to this visual distortion that reduces neglect
symptoms (Rossetti et al., 1998; Jacquin-Courtois et al., 2013;
Leigh et al., 2015). Between the various techniques it is the most
effective one, but not yet to be widely used in clinical practice. For
this reason there is a need for innovative rehabilitations methods
able to decrease USN behavior for long-term.

Kim et al. (2011) examined 24 stroke patients with USN
divided into two groups. The VR group (n = 12) received a VR
training with a system equipped with a monitor, a video camera,
and computer-recognizing gloves. Patients had to complete three
tasks: “Bird and Ball” (i.e., they had to touch a flying ball to
turn it into a bird), “Coconut” (i.e., they had to catch coconuts
falling from a tree), and “Container” (i.e., they had to move
a box from one side to another). The control group (n =

12) received conventional USN therapy such as reading, visual
tracking, writing, drawing and copying, and puzzles. Both groups
had daily sessions of 30min day, five sessions per week for 3
weeks. Both groups were assessed with conventional USN tests
such as: the Star Cancellation Test and the Line Bisection Test
(Wilson et al., 1987), the CBS (Azouvi et al., 2003) and the Korean
version of the Modified Bartel Index (K-MBI; Jung et al., 2007).
Results showed that only the VR group improved in the Star
Cancellation Test (Wilson et al., 1987) and in the CBS (Azouvi
et al., 2003) after the rehabilitation period.

Navarro et al. (2013) assessed the clinical validation, usability,
and convergent validity of the “Virtual Street Crossing System”
(Mesa-Gresa et al., 2011) to find out if it could be used
for rehabilitation of USN. Their sample was composed of 17
USN patients, 15 non-USN patients and 15 control subjects.
The rehabilitation task was the same used by Mesa-Gresa and
colleagues in their study (Mesa-Gresa et al., 2011) and described
previously. After the virtual task patients were administered a
modified version of the Short Feedback Questionnaire (SFQm;
Witmer and Singer, 1998). Patients were also assessed with
some neuropsychological tests like: BIT, CPT-II, Stroop Test,
Color Trail Test, BADS—Zoo Map Test, and Key Search Test
(Peña-Casanova et al., 2006). The assessment was administered
3 days before or after the VR session. Patients with USN showed
a lack of efficacy in the task, for example, they made more
accidents than other groups. The results of their study showed the
clinical effectiveness of the street-crossing system as confirmed
by the VR outcomes, and the correlation with the scores of the
neuropsychological tests.

The “Duckneglect” platform was developed by Mainetti et al.
(2013). They analyzed a single case in order to check the
improvement in USN using their system for rehabilitation. The
patient, IB, was a 65-year-old male with a right fronto-temporal
intraparenchymal hemorrhagic lesion that occurred in 2009; he’s
right-handed and has had 18 years of education. This system
included specially-designed games requiring patients to reach
some targets through different levels of difficulty using visual
and auditory cues. A webcam, connected to the host PC, was
positioned frontally to the patient’s face, and two loud speakers
were positioned near the patient to create a spatialized sound.

Video of the patient was acquired from the camera and real-
time processed to extract his silhouette from the background.
The silhouette was then pasted onto the virtual scene of the
rehabilitation task. In the end, the final scene was displayed on
a screen in front of the patient. Before and after rehabilitation
training a fully neuropsychological battery was administered:
Line Cancellation Test (Albert, 1973), Letter Cancellation Test
(Diller and Weinberg, 1976), Line Bisection Test (Schenkenberg
et al., 1980), theMiniMental State Examination (MMSE; Folstein
et al., 1983), the Attentional Matrices (Spinnler and Tognoni,
1987), and the Token Test (DE RENZI and Vignolo, 1962). The
rehabilitation lasted for half an hour every day, 5 days a week for 1
month. 5 months later, the patient came back for a follow-up and
exhibited a significant improvement both on a classic paper-and-
pencil test and other neuropsychological tasks. The improvement
was also present for activities of daily living.

van Kessel et al. (2013) analyzed the performance of 29 post-
stroke (right hemisphere) patients during their rehabilitation
with a new computerized training method based on the “Visual
Scanning Training” (TSVS) of Pizzamiglio (Pizzamiglio, 1990).
Patients were divided into two groups: the experimental group
(n = 14) received the computerized training while control group
(n = 15) received traditional training. All patients received 30
training sessions 5 days a week for 6 weeks, 1 h per day. They
used several tests for pre- and post-training assessment: paper-
and-pencil tests, observation scales and the Driving Simulator
Tasks. The paper-and-pencil tests are: Line Cancellation Test
(Albert, 1973), Letter Cancellation Test (Diller and Weinberg,
1976), Bells Cancellation Test (Gauthier et al., 1989), Line
Bisection Test (Schenkenberg et al., 1980), Word Reading Task
(Làdavas et al., 1997), Gray Scales (Tant et al., 2002), and Baking
Tray Task (Tham and Tegnér, 1996). The observation scales
include: Semi-structured scale for the evaluation of personal and
extrapersonal neglect (Zoccolotti et al., 1992), and Subjective
Neglect Questionnaire (Towle and Lincoln, 1991). In the Driving
Simulator Tasks, patients had to perform three tasks: Line
Tracking Task, Single Detection Task (CVRT), and a combination
of the previous two tasks. During the training sessions, the TSVS
was composed of the following exercises: Large Screen Digit
Detection, copying lines drawn on a dot matrix, reading and
copying training and figure description. During the first and third
weeks, both groups received the same treatment: on Monday
and on Wednesday they did the TSVS tasks and on Thursday
and Friday they did the TSVS and the lane tracking. During the
second and fourth weeks, patients worked for just 2 days: the
experimental group did the TSVS and the dual task while the
control group did the TSVS and the lane tracking. van Kessel
et al. (2013) didn’t find any significant group or interaction effects
that might underline additional positive effects of the dual task
training; they weren’t the result of other factors like spontaneous
recovery or learning effects.

The Application of Integrated Platform for USN
Two of the selected studies proposed integrated VR platforms
that are useful both for assessment and rehabilitation of USN.

An interesting example was given by Tanaka et al. (2010), who
developed anHMD for the assessment and rehabilitation of USN.
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They tested two post-stroke patients with USN using a combined
system (Charge-Coupled Device camera, HMD, and a computer)
programmed to show in the display a modified version of the
classic Line Cancellation Test (Albert, 1973). They administered
the standard paper-and-pencil task and sixmodified versions task
created by manipulating the zoom (in or out), the coordinates
of visual field (object-centered and egocentric), and the presence
of cue (arrows). These manipulations have been made in order
to find and identify the left neglect area. The study confirmed
that, thanks to the special assessment through HDM, it was
easier to identify the neglected area of the patients. These results
might provide a more precise assessment and a more focused
rehabilitation. Tanaka et al. (2010) showed that, with a reduced
image condition and the arrows condition, performance at the
cancelation task improved.

The other article was a feasibility study by Sugarman et al.
(2011) proposing new tools that could be used both for
assessment and rehabilitation: SeeMe. The system was tested on a
single USN patient (66 years old) who had a right hemisphere
stroke 15 months previously. The woman was invited to use
the tool for 1 h each day for 8 weeks. The patient stood in
a specific area in front of a large monitor that displayed the
virtual scenes, seeing himself on the screen in real time and
being able to use trunk and limb movements to interact with
the virtual environment. A single screen-mounted camera and
a vision-based tracking system captured and converted the user’s
movements. Three tasks were used for the rehabilitation and four
for the assessment (i.e., React task, the patient have to touch the
virtual balls that appear randomly on both sides of the screen).
The patient was assessed on the first and on the last day of
the treatment with SeeMe and with the standard paper-and-
pencil tests. Also the SFQ (Witmer and Singer, 1998) an open
ended interview was administered on the last day of treatment.
To the SFQ (Witmer and Singer, 1998) patient assigns 5 points
out of 5 in almost every question except the one that assesses
whether the virtual environment looks real. To this question the
patient assigns a score of 2 out of 5. For the assessment task
results indicated a difference between movement times (defined
as “the time elapsed between the appearance of the target and
the subject’s virtual contact with the target”) in the right and the
left space. Moreover, after training there was an improvement in
movement times for the neglected space and in the paper-and-
pencil test for USN.

Conclusions

The aim of this review is to describe and to critically analyze the
most recent virtual tools developed and tested for the assessment
and rehabilitation of USN in order to provide crucial indications
for future studies, neurorehabilitation interventions, and clinical
practice.

To date, traditional paper-and-pencil methods are still the
most widely used technique in the clinical practice, despite
several concerns both for assessment and rehabilitation of USN
symptoms.

Regarding the assessment, the traditional paper-and-pencil
tests may be deficient in detecting USN symptoms in the

chronic stage of the disease (Rengachary et al., 2009), and their
sensitivity and specificity varies between 38 and 52% (Agrell et al.,
1997; Lindell et al., 2007; Fordell et al., 2011). On the other
hand, regarding rehabilitative interventions, there is the prisms’
technique, which is one of the most effective, but not the most
used, techniques in neuropsychological rehabilitation of USN. It
typically consists of sessions of repetitive exercises that have to be
done several times a week but, unfortunately, have a limited effect
in time (Rossetti et al., 1998; Newport and Schenk, 2012).

It is possible to note that paper-and-pencil tools use static,
two-dimensional, and geometrical targets, which are far from
those of a real, or virtual, environment. These tasks generally
require a simple visual search in the near space, allowing only the
diagnosis of peripersonal USN (Robertson and Halligan, 1999;
Deouell et al., 2005; Kim et al., 2010; Aravind and Lamontagne,
2014). Otherwise, a real environment requires dynamic responses
to the relevant stimuli that, in personal and extrapersonal space,
change every time (Deouell et al., 2005; Buxbaum et al., 2008;
Kim et al., 2010). This is a crucial feature of virtual environments
since personal and extrapersonal USN are two subtypes of this
syndrome that can be dissociated (Robertson and Halligan, 1999;
Halligan et al., 2003). Specifically for rehabilitation, the use
of moving stimuli may be crucial to modulate patients’ visual
attention; these kinds of objects can capture and drive attention
to the left side of the space. Indeed, some recent evidence has
reported that a moving cue in the left side of a task’s space
improved target detection in that area (Butter et al., 1990;
Mattingley et al., 1994; Tanaka et al., 2010).

Moreover, both for static and moving stimuli there were
different gradients of increasing reaction times, with a
progression from the ipsilesional field toward the midline
and into the contralesional field (Smania et al., 1998; Deouell
et al., 2005; Dvorkin et al., 2007). Because of this feature, the
computer version of reaction time tasks was generally more
sensitive than paper-and-pencil tests (Rengachary et al., 2009;
Bonato et al., 2012). One of the reasons for this behavioral
pattern could be the predisposition of the patient with USN
to initiating visual scanning of the environment from the
ipsilesional side (Smania et al., 1998; Dvorkin et al., 2007;
Aravind and Lamontagne, 2014; Aravind et al., 2015).

VR technologies offer impressive opportunities both for the
rehabilitation and assessment of different cognitive deficits,
including USN (Schultheis and Rizzo, 2001; Riva et al., 2004;
Bohil et al., 2011).

According to the results of this systematic review, VR seems a
promising instruments both for the assessment and rehabilitation
of USN.

However, the trade-off between the incredible progress of VR
and the need of methodological rigor and the possibility to the
apply experimental protocols in the clinical practice has still to
cope with different challenges.

First, as mentioned previously, Tsirlin and colleagues in their
review (Tsirlin et al., 2009) underlined some characteristics of VR
technologies that should be taken into consideration for future
VR applications in this field.

The most important one is the ergonomic aspect of VR
tools. Patients have specific needs to be considered, especially
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post-stroke patients who typically have to use a wheelchair for
locomotion (Tsirlin et al., 2009). Our analysis showed that most
of the selected studies have proposed VR assessment tools with
greater attention paid to the ergonomic aspect in order to meet
the needs of patients. In particular, it emerged that most of
the recent VR systems could possibly be used with a chair or
a wheelchair. Moreover, three selected studies have proposed
some VR systems that can be easily controlled with one hand
(Fordell et al., 2011; Kim et al., 2011), this is a great advantage
for USN patients since hemiparesis is extremely common. Given
this disability, it is very important to analyze usability aspects of
the setting as Kim et al. (2011), Mainetti et al. (2013), Navarro
et al. (2013), and van Kessel et al. (2013) did for their tools.

A second critical challenge for the clinician is the technical
usability of the VR system/software since the clinical staff often
has no programming skills. For this reason, cooperation with
software developers is necessary for the use and customization
of the technology. By designing intuitive VR applications and
providing adequate training, developers may also help medical
personnel in using these tools independently. First of all, Mainetti
et al. (2013) emphasized the necessity of close collaboration
between technical and clinical staff to tailor virtual environments
to the specific requirements of patients. Moreover, three selected
studies specifically addressed these issues, emphasizing the need
for an easy-to-use application (Fordell et al., 2011; Sugarman
et al., 2011; Sedda et al., 2013). Sugarman et al. (2011) have
commented on their special attention to the usability aspects
of their system, specifying that “SeeMe does not require any
equipment beyond a webcam camera and a standard computer
with a good video card” (p. 1). Indeed, there is a growing diffusion
of VR-based telerehabilitation systems for post-stroke patients
(for a review, see Brochard et al., 2010), which has allowed
new directions for the design of ecological scenarios supporting
multimodal interaction (Perez-Marcos et al., 2012).

The third important challenge that may limit the use of VR in
the assessment and rehabilitation of USN is the high costs often
required for designing and testing a technological system. Our
analysis showed that only two selected studies have tried to pay
particular attention to the costs (Kim et al., 2011; Mainetti et al.,
2013), while the others tried to use cutting-edge technology in
order to maximize the performance of the system.

Specifically for the neuropsychological rehabilitation of USN,
it is essential to take into account the specific needs of
the different patients. For this reason, a more customizable
neuropsychological rehabilitation would be essential. A platform
that allows the clinician to customize the tasks might also make a
difference.

Finally, all the articles analyzed suggest several methods
for the assessment and rehabilitation of USN, but there are
some “methodological weaknesses.” Few studies compared VR
methods with conventional ones (Kim et al., 2010, 2011;
Mesa-Gresa et al., 2011; van Kessel et al., 2013; Aravind and
Lamontagne, 2014; Aravind et al., 2015), only few studies
compared the results with a control group (Kim et al., 2010;
Peskine et al., 2011; Buxbaum et al., 2012; Navarro et al., 2013)
and often the samples were too small to allow a generalization of
the result (Peskine et al., 2011; Sugarman et al., 2011; Mainetti

et al., 2013; Aravind and Lamontagne, 2014; Aravind et al.,
2015), while controlled randomized trials testing the VR training
in comparison with traditional protocol should be important.
For further research, we also recommend adequate follow-up
to maximize the benefits and monitor the persistence of the
effect of neglect rehabilitation interventions. More, to enhance
the potentiality of a multi-sensory and engaging VR stimulation,
it is reasonable that USN patients should start a VR rehabilitation
program in the acute stage.

However, the results obtained from the reviewed studies
are promising and showed that VR systems stimulate interest
and participation of patients (Kim et al., 2011). Indeed,
VR simulations can be highly engaging by supporting a
process known as “transformation of flow” (Riva et al., 2006),
defined as an individual’s ability to use and identify an
optimal experience (i.e., flow) to promote new and unexpected
psychological resources. This process may be particularly
important since rehabilitation programs can be particularly
demanding for patients. However, it is crucial to take into
account potential transient side effects of immersive VR, such
as cyber-sickness which occurs as a result of conflicts between
visual, vestibular and proprioceptive signals. In addition to
technological advancements, reducing the VR sessions (i.e.,
between 20 and 30min) and giving precise explanations may
alleviate any symptoms of discomfort.

Despite the great improvements in technology over the last
6 years, very few articles use new tools for assessment or
rehabilitation in neuropsychology. The new technology systems
for VR and the devices for “communication” with the virtual
world could be very useful for neuropsychology; the possibility of
acting in a virtual environment like in the real one is an important
goal. Many efforts are aimed at improving the immersive virtual
reality system, and there are two particularly important tools: VR
wearable visors and the Cave Automatic Virtual Environment
(CAVE). The VR head-mounted display is developed for virtual
reality systems and video games. This tool uses custom tracking
technology and creates a stereoscopic 3D view with excellent
depth, scale and parallax by presenting unique and parallel
images for each eye and using a 3-axis gyroscope, accelerometer
and magnetometer to process data. The CAVE is a room with
projection screens on the walls, floors and, in some cases, ceiling.
The stereoscopic projectors are used for a 3D effect. These
characteristics, together with the high-resolution of the graphics,
allow an increase in the sense of presence. Users in the CAVE
use head-trackers and hand-trackers in order to allow natural
movements to interact with the virtual environment. CAVE is
used mostly for design and fashion applications, but recently
there have been some clinical applications, principally for the
treatment of phobias and emotional disorders (Meyerbröker
et al., 2010; Bouchard et al., 2013).

In terms of input devices, the classics are controllers for
game consoles like Wii or Xbox. Wired gloves could be a way
to improve the usability and comfort of the interaction and
allow more fluid and natural movement in the environment. To
remove the intermediation of tools, a solution could be using
cameras to recognize models and identify motion, like Kinect or
Vicon.
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One input and output device is the Haptic device that allows
people to feel the physical characteristics of the environment like
gravity and viscosity.

The critical aspects of these devices are the high
price and the complexity of both software and hardware
components. To implement this device, support from
technicians and developers is necessary in order to create
the environments. Despite this limitation, this device has
great potential to improve clinical practice. This new
device allows for a completely different interaction with the
virtual world and offers endless opportunities to analyze
subject behavior in multiple ecological and controlled
situations.

The aim of future studies could be to explore these possibilities
in order to better understand the characteristics of each
patient and his disorder and to create customized rehabilitation
programs.

Additionally, the development of portable devices with
good performance and reasonable prices may improve research
concerning telemedicine, which would open the door to patients
being treated at home without sacrificing medical supervision.
Patients and doctors would be linked by a virtual platform that
would allow monitoring of the patient’s progress. The medical
data could be mixed with the cognitive to make a complete
picture of the healthy state of the patient. Medical data can be
recorded by a wearable device capable of acquiring physiological
signals.
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We tested (1) whether the PQRST method, involving Preview (P), Question (Q), Read
(R), State (S), and Test (T) phases, is effective in enhancing long-term memory in
patients with mild memory problems due to prefrontal cortex lesions, and (2) whether
patients also benefit from a more self-initiated version of the PQRST. Seven patients
with prefrontal lesions encoded new texts under three different conditions: the Standard
condition, requiring to read texts repeatedly, the PQRST-Other condition, in which
the experimenter formulated questions about the text (Q phase), and the PQRST-Self
condition, in which patients formulated the relevant questions on their own. Compared
to the Standard condition, both the PQRST-Other and the PQRST-Self condition resulted
in higher immediate and delayed recall rates, as well as a higher ability to answer
questions about the texts. Importantly, the two PQRST conditions did not differ in
efficacy. These results confirm that the PQRST method is effective in improving learning
of new material in brain-injured populations with mild memory problems. Moreover, they
indicate that the PQRST proves effective even under conditions with higher demands
on patients’ autonomy and self-initiation, which encourages its application to real-life
situations.

Keywords: long-term memory, episodic memory, cognitive rehabilitation, prefrontal cortex, amnesia

Introduction

Long-term memory disorders are among the most challenging cognitive impairments following
acquired brain damage, and may have a profound impact on patients’ daily living, ranging from
minimal forgetfulness to a pervasive inability to learn new information and cope with life demands.
For this reason, there is great interest in developing methods aimed at restoring or compensating
memory impairment.

Memory is a multicomponential process. Consequently, memory deficits are multifaceted,
and call for different treatment options. Lesions to the medial temporal lobe may result
in an inability to explicitly encode and retrieve new information, while implicit memory is
spared (Kopelman, 2002; Wilson, 2009). Damage to the prefrontal cortex more commonly
hampers “working-with-memory” processes supporting encoding and retrieval operations
(Moscovitch, 1992; Shimamura, 1995). Prefrontal cortex may assist encoding operations
by favoring selection of goal-relevant incoming information (Otten et al., 2001; Badre
and Wagner, 2007; Blumenfeld and Ranganath, 2007) and its meaningful organization in
working memory (Fletcher and Henson, 2001; Blumenfeld and Ranganath, 2007). At retrieval,
prefrontal cortex may support selection of relevant memories according to retrieval goals
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(Kuhl et al., 2007; Barredo et al., 2015) and monitoring processes
assessing the veridicality of the retrieval output (Gilboa and
Moscovitch, 2002; Ciaramelli and Spaniol, 2009).

While treatment options for severe amnesia include
techniques based on spared implicit memory processes and
memory aids (Baddeley and Wilson, 1994; Wilson, 2009; Ptak
et al., 2010), patients with less severe deficits and partial sparing
of explicit memory may benefit from “internal” mnemonics
directed at optimizing encoding and retrieval operations (Van
der Linden and Van der Kaa, 1989; Ptak et al., 2010). These
include the generation of images connected to the material
to be learned (e.g., Jones, 1974; Kaschel et al., 2002), verbal
strategies (Harris, 1992), and optimal structuring of information
(Doornheim and De Haan, 1998). The PQRST method is one
such strategy (Moffat, 1992).

PQRST is the acronym of Preview (establish the general theme
of the text), Question (formulate main questions about the text),
Read (read carefully, thinking at the questions), State (summarize
the main information), and Test (test your knowledge) (Moffat,
1992). This method drives individuals through an ordinated
series of steps favoring deep analysis and organization of texts to
be learned, which improves later retention (Wilson, 2009).

Wilson (1987, 2009) has tested the efficacy of PQRST
empirically in several cases of memory-impaired patients. First,
she described a few cases of patients with severe amnesia due to
various etiologies who studied newspaper articles either under
PQRST instructions or repeated practice instructions (i.e., they
were read the passages several times). Compared to repeated
practice, PQRST generally led to an improvement in answering
questions about the text. Since questions were part of the
PQRST learning procedure, however, the observed improvement
may be due to “encoding specificity,” the reinstatement of the
original learning situation at recall (Tulving and Thomson, 1973).
Patients, indeed, did not improve in free recall, suggesting that
PQRST brings little benefit to patients with severe amnesia
(Wilson, 1987). Different seems the case of patients with less
severe memory deficits. In a group of patients with mild memory
deficits due to traumatic brain injury (TBI), the PQRST method
led to an improvement not only in answering questions about
the texts, but also in (delayed) recall (Wilson, 1987). In this case,
the improvement could not be explained by encoding specificity
alone. Rather, the PQRST seems to optimize encoding operations,
though it is not completely clear through which mechanisms.
One candidate mechanism is deep encoding. According to Craik
and Lockhart (1972), material processed at a deep (e.g., semantic)
level is retained better than information processed at a shallow
(e.g., phonological) level, and PQRST (compared to repeated
practice) demands a deeper semantic analysis of the text in order
to answer the relevant questions. More recently, Franzen et al.
(1996) have applied the PQRST to two young TBI patients. Both
patients improved following the PQRST compared to a control
“metacognitive” treatment, but returned to baseline levels soon
(Franzen et al., 1996). As well, Bussman-Mork et al. (2000) noted
that PQRST led to better retention of new material compared to
no-treatment, but that it was lacking in generalization (Wilson,
2009). In sum, there is some evidence that the PQRST method
is effective in improving long-term memory in patients with

mild memory deficits, but there are not many studies evaluating
its efficacy. Moreover, extant studies raise concerns about the
generalization of training effects.

The first aim of this study is to test the efficacy of the PQRST
method in a group of patients with mild memory problems due
prefrontal cortex lesions. Given that prefrontal cortex supports
strategic encoding and retrieval processes (Moscovitch, 1992),
and that patients with prefrontal lesions may fail to adopt
strategies spontaneously (Stuss et al., 1994; Gershberg and
Shimamura, 1995; Alexander et al., 2009), we predict that this
patient population should benefit enormously from strategic
encoding conditions such as those promoted by the PQRST
method. One second aim of the study pertains to the “Question
phase” of the PQRST, which constitutes the “skeleton” around
which the PQRST procedure unfolds. In principle, questions
about the main aspects of the text may be formulated by the
experimenter or the patients themselves. Previous studies have
mainly adopted questions formulated by the experimenter, and
no study so far has investigated whether the two strategies are
equally effective. Of course, severely compromised patients may
not be able to formulate questions on their own. However, if they
are, one may predict an even larger effect of PQRST using self-
generated questions, compared to other-generated question. Self-
generated questions would reflect those aspects of the text that
captured patients’ attention, and would therefore be ideally suited
to motivate patients to scrutinize the texts further. Recall, indeed,
tends to be better for information that is more personally salient
(e.g., Westmacott and Moscovitch, 2003). Understanding the
effectiveness of self-generated questions would be important with
respect to generalization. Generalization, that is, the spontaneous
transfer of a trained technique to new material and real-life
situations, is the ultimate goal of cognitive rehabilitation. One
prerequisite for the spontaneous use of the PQRST in real life is
the ability, on the patients’ part, to formulate questions on their
own. Demonstrating that the PQRST method also works with
self-generated questions, therefore, would be one first step toward
promoting its use in real life.

To these aims, a group of patients with prefrontal lesions
memorized texts in three different encoding conditions: a
Standard condition, requiring to read the text repeatedly (see
below), and two different PQRST conditions; in one, the
questions were created by the experimenter (PQRST-Other
condition), whereas in the other questions were created by the
patients themselves (PQRST-Self condition). To foreshadow the
results, we found that, compared to the Standard condition,
both the PQRST-Other condition and the PQRST-Self condition
resulted in better memory for the texts. Importantly, the PQRST-
Self condition proved as effective as the PQRST-Other condition.

Materials and Methods

Participants
Participants were seven patients (one female) with lesions to the
prefrontal cortex due to anterior communicating artery (AcoA)
aneurysm or TBI (see Table 1 for demographic and clinical
data). Patients had a mean age of 45 years (range 32–60),
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and a mean education of 11.57 years (range 8–13). Time since
injury was, on average, 7.4 years (range 1–20). Patients were
recruited at the Centre for Studies and Research in Cognitive
Neuroscience of the University of Bologna, in the context of
a routine neuropsychological assessment, which highlighted, in
all cases, long-term memory deficits. All patients complained
about memory deficits in real life, and participated voluntarily
to the study. Included patients were not receiving psychoactive
drugs, and had no other diagnosis likely to affect cognition or
interfere with the participation in the study (e.g., significant
psychiatric disease, alcohol abuse, history of cerebrovascular
disease) as determined by history. Participants gave written
informed consent to participate in the study according to the
Declaration of Helsinki (International Committee of Medical
Journal Editors, 1991) and the Ethical Committee of the
Department of Psychology, University of Bologna.

Neuropsychological Profile
Patients’ general cognitive functioning was generally preserved,
as indicated by the scores they obtained in the Mini Mental State
Examination, which were within the normal range in all cases
(M = 26.7). Patients performed normally also in several tests
assessing attentional and executive functions, such as selective
attention (assessed with the Attentional Matrices test; Equivalent
score (ES) = 3. Note that the ES ranges from 0 = impaired
performance, and 1 = borderline performance, to 2–4 indicating
normal performance; Spinnler and Tognoni, 1987), inhibition of
automatic responses (assessed with the Stroop Color–Word test;
mean number of errors = 0.14, cut off >7.5), semantic fluency
(ES = 3.2; Spinnler and Tognoni, 1987) and phonemic fluency
(ES = 2.2; Spinnler and Tognoni, 1987). Patients showed a weak
performance in the Wisconsin Card Sorting Test, which was
characterized by several perseverative errors (mean percentile
score= 19.1). All patients, however, exhibited long-termmemory
deficits (Spinnler and Tognoni, 1987). On the Wechsler Memory
Scale (Wechsler, 1945; Barletta-Rodolfi et al., 2011), patients’
mean general memory index was borderline (M = 87.4).
Performance in immediate recall of word lists (assessed either
with the Buschke–Fuld Test or the Rey 15 words test; Barletta-
Rodolfi et al., 2011) and of a prose-passage recall task was weak
(ES = 1 in both cases), and delayed recall of word lists was
highly pathological (ES = 0.28; Spinnler and Tognoni, 1987).
In contrast, scores in verbal short-term memory (ES = 3.2) and
spatial short-term memory (ES = 2.4; assessed with Digit Span
and Corsi test, respectively) were normal (Spinnler and Tognoni,
1987).

Materials
Twenty-four prose passages were selected and adapted from
various online media (e.g., online newspapers) as well as the
reading comprehension section of a high school book. Each
passage was between 145 and 190 words in length (M = 172,
SD = 13), covered a single topic, and was divided into 28–30
idea units for scoring purposes. For each passage, four questions
were developed, covering the main aspects of the story (other-
generated questions; see below). The 24 prose passages were
randomly divided into three sets of eight passages, matched
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for number of words [F(2,21) = 0.47; p = 0.62] and units
[F(2,21) = 0.24; p = 0.78]. The assignment of the three sets to
the different experimental conditions (Standard, PQRST-Other,
PQRST-Self) was counterbalanced across participants.

Procedures
The 24 prose passages were administered in 24 different
experimental sessions. The alternance of experimental conditions
across sessions was counterbalanced across participants (e.g.,
day 1: PQRST-Self; day 2: Standard; day 3: PQRST-Other: day
4: PQRST-Self, and so on), and the order of administration of
each prose passage within each set was determined randomly
for each participant. Depending on the experimental condition,
participants received different encoding instructions.

PQRST-Other Condition and PQRST-Self Condition
In the Preview (P) phase, the experimenter read the passage
aloud, to make the participants get a general idea of the material.
The Question (Q) phase was different in the PQRST-Other
and PQRST-Self conditions: in the PQRST-Other condition, the
experimenter read the four (other-generated) questions about the
text (e.g., How did the fireman solve the problem of the five
people?). In the PQRST-Self condition, the patient formulated
four questions regarding the text (self-generated questions). The
experimenter stressed the need to formulate four questions that
covered the whole story. In both PQRST conditions, the four
questions were written on a card that was placed on the desk,
in front of the participant, and remained there throughout the
Read phase (R), in which participants read the material carefully
to look for the answers to the questions. In the following State
(S) phase, patients stated the answers, and, if necessary, read the
text again. The whole “study session” lasted 10 min on average.
Immediately afterward, the Test (T) phase began, in which the
experimenter tested memory for the text by (1) asking the same
questions that had been embedded in the study phase (i.e., the
other-generated questions in the PQRST-Other condition, and
the self-generated questions in the PQRST-Self condition), (2)
asking for free recall of the passage, and (3) asking for delayed
free recall of the passage, after 10min of non-interfering activities
(e.g., videogames). In the PQRST-Self condition, after delayed
recall of the self-generated questions, patients were also asked
the other-generated questions, i.e., those commonly used in the
PQRST-Other condition. This was done to verify whether the
improvement in answering questions about a text was limited to
those questions that were part of the procedure, or generalized to
untrained questions.

Standard Condition
The standard condition was designed to (1) be representative
of patients’ usual encoding strategies and (2) last as long as the
PQRST-based conditions. A preliminary, informal interview with
each patient and a relative revealed that patients’ most common
strategy to learn new material was to re-read texts over and over
again, and in some cases highlight the relevant parts. In a second
session, the experimenter asked patients to memorize a text,
which confirmed that this was indeed the most frequent learning
strategy they adopted. The Standard enconding condition was

designed to mimic patients’ spontaneous strategies. First, similar
to the two PQRST conditions, the experimenter read the passage
aloud (Preview phase). Patients were then left free to read the
text over and over again for 10 min, during which they could
take notes and underline the most important parts (Study phase).
Importantly, also in the Standard condition patients had the
four questions about the passage introduced early on, which
remained in front of them for the entire duration of the Study
phase (see also Wilson, 1987). Patients were told that those
questions highlighted the principal parts of the passage. This
was done to verify if the mere availability of the four relevant
questions accounted for performance improvements in the two
PQRST conditions. After the study phase, patients were tested
for retention in the same way as in the PQRST conditions (Test
phase).

Scoring
A scorer blind to the aim of the study and to the experimental
hypotheses evaluated, for each prose passage, the frequency of
passage units recalled correctly and the frequency of questions
answered correctly. The scorer was instructed to consider an
answer, or a passage unit, correct when it conveyed the relevant
information completely and unambiguously, no matter whether
verbatim or not.

Results

Six dependent variables were considered: the frequency of
passage units recalled immediately after the study phase and after
the delay, and the frequency of correct answers given to the four
questions, both immediately and after the delay. For the PQRST-
Self condition, we also evaluated the frequency of correct answers
given to the other-generated questions. In all cases, the variables
were distributed normally (Komolgorov–Smirnov p > 0.20 in all
cases) and were analyzed with parametric tests.

Free Recall
An analysis of variance (ANOVA) on free recall rates with
Test (immediate, delayed) and Condition (PQRST-Other,
PQRST-Self, Standard) as within-subject factors showed a
significant effect of Test [F(1,6) = 11.72, p = 0.01], such that
participants recalled more units at the immediate compared
to the delayed test, and a significant effect of Condition
[F(2,12) = 7.71, p = 0.007]. Post hoc Newmann–keuls tests
showed that patients recalled more units in the PQRST-Other
condition and in the PQRST-Self condition compared to
the Standard condition (p < 0.05 in both cases), with no
difference between the two PQRST conditions (p = 0.95; see
Figure 1). The Condition × Test interaction was not significant
(p = 0.82).

Frequency of Correct Answers
Similar results were found on the ability to answer questions
about the texts. The ANOVA on the frequency of correct answers
with Test and Condition as factors showed a significant effect of
Test [F(1,6) = 6.88, p = 0.04], such that correct answers were
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FIGURE 1 | Free recall rates by encoding condition (Standard,
PQRST-Other, PQRST-Self) and test (immediate, delayed). Bars
represent the SE of the mean. ∗p < 0.05.

more frequent immediately after study than after a delay, and a
significant effect of Condition [F(2,12) = 27.73, p = 0.000032].
Post hoc tests showed that patients answered more questions in
the PQRST-Other condition and in the PQRST-Self condition
compared to the Standard condition (p < 0.0003 in both cases),
with no difference between the two PQRST conditions (p = 0.79)
(see Figure 2). The Condition × Test interaction was not
significant (p = 0.57).

We also ran the same ANOVA using the frequency of correct
answers to the other-generated questions also for the PQRST-
Self condition. There was a significant effect of Condition
[F(2,12)= 15.65, p= 0.0005], which was qualified by a Condition
X Test interaction [F(2,12) = 5.62, p = 0.02]. Post hoc tests

FIGURE 2 | Frequency of correct answers by encoding condition
(Standard, PQRST-Other, PQRST-Self) and test (immediate, delayed).
Bars represent the SE of the mean. ∗p < 0.05.

showed that in the immediate testing session correct answers
were more frequent in the PQRST-Other condition compared to
the Standard condition (p < 0.0001), but there was no difference
between the PQRST-Self and the Standard conditions (p = 0.15)
(see Figure 2). However, in the delayed testing session, correct
answers were more frequent in both the PQRST-Other and
the PQRST-self condition compared to the Standard condition
(p < 0.0004 in both cases) (see Figure 2). The PQRST-Other
condition proved more effective than the PQRST-Self condition
both immediately and after a delay (p < 0.006 in both cases).

Neuropsychological Profile and PQRST
Efficacy
In order to shed light on the type of patients that would
benefit the most from the PQRST method, and that would
benefit differentially from the classic, PQRST-Other method vs.
the PQRST-Self method, we ran correlation analyses between
patients’ results at standard neuropsycological tests and (1) the
difference between scores attained in the PQRST-Other condition
and the Standard condition, and (2) the difference between scores
attained in the PQRST-Other condition and the PQRST-Self
condition (in both cases collapsing across immediate and delayed
conditions). Given that, in some cases, the variables were non-
normally distributed (Komolgorov–Smirnov p < 0.05), we run
non-parametric correlation analyses.

We first investigated which aspect of patients’
neuropsychological profile predicted the degree of improvement
in the PQRST-Other vs. Standard condition. We found that
the improvement in answering questions about the texts in
the PQRST-Other vs. Standard condition correlated negatively
with standardized prose recall scores (rSpearman = −0.76,
p < 0.05) and WMS scores (rSpearman = −0.77, p < 0.05),
and the improvement in free recall correlated negatively
with semantic fluency (rSpearman = −0.92, p < 0.005; see
Figure 3A). Thus, patients with weak memory and executive
functioning benefited the most from a well-organized plan to
encode new material. We next investigated which aspect of
patients’ neuropsychological profile predicted performance
differences between the PQRST-Other and PQRST-Self
conditions. We found that differences in the ability to answer
questions in the PQRST-Other vs. PQRST-Self condition
correlated negatively with WMS scores (rSpearman = −0.82,
p < 0.05), and differences in free recall correlated negatively
with semantic (rSpearman = −0.89, p < 0.01) and phonemic
fluency (rSpearman = −0.90, p < 0.01; see Figure 3B). Thus,
in individuals with more preserved memory and executive
functioning the PQRST-Self condition tended to be as effective
as the PQRST-Other condition.

Discussion

The present study has two main findings. First, it shows
that the PQRST method is effective in improving long-term
memory in patients with mild memory and executive problems
due to prefrontal cortex lesions. Specifically, the PQRST-Other
condition, the version of the PQRST method most frequently
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FIGURE 3 | Scatterplots of the correlations between patients’ scores at neuropsychological tests and performance differences between the
PQRST-Other and the Standard condition (A), and between the PQRST-Other and the PQRST-Self condition (B). ∗p < 0.05.

described in the literature, led to an improvement in both the
ability to answer questions about a text and in free recall, both
immediately after study as well as after a delay. On average,
patients exhibited a 28% improvement in the ability to answer
questions and a 40% improvement in free recall. The second
main finding of the study is that the same improvement was
obtained in the PQRST-Self condition, a modified version of
the PQRST procedure in which patients themselves formulated
the questions to be used during the study and test phases,
indicating that patients can benefit even from alternative forms
of the PQRST method that load more heavily on self-initiated
processes.

The present results are important in two ways. First, they
show that internal methods aimed at optimizing memory
encoding can improve memory performance significantly in
patients with prefrontal lesions. Importantly, the improvement
we observed was not limited to answering questions about

a text, which could merely reflect encoding specificity, but
extended to free recall, as well as to answering questions different
from those that patients had considered at study (PQRST-Self
condition, delayed test). This suggests that the PQRST method
actually improved patients’ ability to encode and store new
material.

It has often been hypothesized that patients with prefrontal
cortex lesions exhibit problems in learning new information
due to an impairment in engaging effective encoding strategies
spontaneously (Moscovitch, 1992; Stuss et al., 1994; Gershberg
and Shimamura, 1995; Shimamura, 1995; Alexander et al., 2009;
Ptak et al., 2010). As discussed earlier, these patients may fail
to select the relevant information to attend, and to process and
organize it optimally for encoding. For example, an efficient
strategy to learn lists of words, a task on which patients in
the present study were highly impaired, is to associate them
on the basis of their semantic relations, instead of repeating
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them passively. Making meaningful associations, and processing
information semantically, however, require strategy selection
and manipulation of information in working memory, which
both depend on prefrontal cortex (Shallice and Burgess,
1991; Duncan and Owen, 2000; Baddeley, 2003; Nyberg
et al., 2003). Savage et al. (2001) examined the neural
bases of spontaneous and directed semantic organization
strategies during verbal encoding and found that activity in
the inferior prefrontal cortex, dorsolateral prefrontal cortex, and
orbitofrontal cortex tracked the degree of semantic clustering
observed in free recall. These regions may thus be crucial for the
initiation of effective memory strategies (see also Schuck et al.,
2015).

The systematic series of encoding operations probed by the
PQRST method provided patients with a unique opportunity to
process incoming information optimally for learning. Multiple
mechanisms may underlie the efficacy of PQRST. First of
all, PQRST favors deep (e.g., sematic) encoding of incoming
information (Craik, 2002), requiring individuals to scrutinize and
interpret the text carefully in order to answer the questions,
and to participate actively in the learning process (e.g., Hunt
and McDaniel, 1993). Moreover, the PQRST “forces” patients to
use the questions as the structure around which they organize
encoding. This may help patients to link the different parts
of the story to each other, and to appreciate its meaning,
again favoring semantic encoding. Notably, questions were
available also in the Standard condition, but only the PQRST
conditions explicitly demanded their usage. This aspect of
the procedure is optimally suited for prefrontal patients, who
fail in applying strategies spontaneously. Indeed, the more
patients were impaired in memory and executive functions, the
more they benefited from application of the PQRST. Another
mechanism that may be responsible for memory improvements
in the PQRST condition relates to the Question phase being
a memory test. Recent research has shown that interpolating
the study of prose passages with memory tests can substantially
improve learning (Roediger and Butler, 2011), reducing lapses
of attention (Pastötter et al., 2011) and mind-wandering
(Szpunar et al., 2013). Several prefrontal cortex regions, including
ventromedial prefrontal cortex (which was damaged in most our
patients), are activated during mind-wandering (Christoff et al.,
2009), and may help down-regulate mind-wandering during
encoding.

In addition to the (classic) PQRST-Other condition, patients
in the present study encoded texts through a modified
PQRST-Self condition, in which they formulated the questions
on their own. The rationale behind this choice was that,
under these encoding instructions, patients would select the
passages of the text that were relevant to them, motivating
them to inspect the text carefully. Information that is more
personally meaningful generally undergoes greater elaboration
and organization at encoding, resulting in higher recall
rates compared to information that does not have the same
relevance (e.g., Klein and Kihlstrom, 1986; Symons and
Johnson, 1997). Moreover, the PQRST-Self condition entails
self-generation, another factor favoring learning (Slamecka
and Graf, 1978). We did not find, however, an advantage

of the PQRST-Self over the PQRST-Other condition. One
possibility is that because the PQRST-Self condition is more
demanding cognitively than the PQRST-Other condition, any
advantage caused by self-relevant encoding is offset by the
general reduction of cognitive resources in patients. Indeed,
patients who performed relatively better in the PQRST-Self
condition were those with more preserved executive functioning.
Alternatively, given that the ventromedial prefrontal cortex
is intimately related to self-processing (e.g., Philippi et al.,
2012; D’Argembeau, 2013; Kim and Johnson, 2015), self-
relevancy may have not played the strong role we expected
in our patients. Interestingly, our data suggest an increased
memory advantage from the PQRST-Self condition at the
delayed compared to immediate test (i.e., in other-generated
questions). Possibly, a brief delay supports the build-up of
associations between different parts of the text and with existing
semantic structures. Time-dependent memory consolidation
effects are tipically found for emotional and rewarding
material (Kensinger, 2009), as is self-relevant information.
Future studies investigating the effect of different PQRST
procedures at delays longer than 10 min, such as hours or
days, would help clarify the possible mechanisms through
which they operate. It would also be interesting to test the
efficacy and neuropsychological basis of PQRST’s efficacy in
healthy individuals. Unfortunately, a pilot study using our
material evinced ceiling effects across conditions in these
individuals.

The fact that the two PQRST procedures were equally
effective in patients is of great importance for rehabilitation.
As anticipated, the ultimate goal of rehabilitation is the
ability to transfer the trained skills to other contexts than
the laboratory, such as real life. The present finding that
a PQRST procedure based on self-formulated questions
is effective in ameliorating memory performance suggests
that patients with prefrontal lesions could be trained
to apply this method in real life, for example to keep
track of news or to re-learn some aspects of their
autobiography.

Conclusion

We have confirmed that the PQRST is effective to promote
new learning in patients with mild memory impairment, and
shown that patients may benefit even from alternative versions
of the procedure requiring higher levels of self-initiation. Future
studies should verify whether patients can generalize the use of
PQRST to untrained, and real-life situations. In our laboratory,
we are currently investigating whether repeated encoding via
the PQRST-Self procedure improves learning of untrained
materials.
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Homonymous Visual Field Defects (HVFD) are common following stroke and can be

highly debilitating for visual perception and higher level cognitive functions such as

exploring visual scene or reading a text. Rehabilitation using oculomotor compensatory

methods with automatic training over a short duration (∼15 days) have been shown as

efficient as longer voluntary training methods (>1 month). Here, we propose to evaluate

and compare the effect of an original HVFD rehabilitation method based on a single

15min voluntary anti-saccades task (AS) toward the blind hemifield, with automatic

sensorimotor adaptation to increase AS amplitude. In order to distinguish between

adaptation and training effect, 14 left- or right-HVFD patients were exposed, 1 month

apart, to three trainings, two isolated AS task (Delayed-shift and No-shift paradigm), and

one combined with AS adaptation (Adaptation paradigm). A quality of life questionnaire

(NEI-VFQ 25) and functional measurements (reading speed, visual exploration time in

pop-out and serial tasks) as well as oculomotor measurements were assessed before

and after each training. We could not demonstrate significant adaptation at the group

level, but we identified a group of nine adapted patients. While AS training itself proved to

demonstrate significant functional improvements in the overall patient group, we could

also demonstrate in the sub-group of adapted patients and specifically following the

adaptation training, an increase of saccade amplitude during the reading task (left-HVFD

patients) and the Serial exploration task, and improvement of the visual quality of

life. We conclude that short-lasting AS training combined with adaptation could be

implemented in rehabilitation methods of cognitive dysfunctions following HVFD. Indeed,

both voluntary and automatic processes have shown interesting effects on the control of

visually guided saccades in different cognitive tasks.

Keywords: compensatory training, lateral homonymous hemianopia, reading, saccadic adaptation, visual

exploration
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INTRODUCTION

Homonymous Visual Field Defects (HVFDs) refers to binocular
deficits of lateral visual field, involving either half field
(Homonymous Hemianopia) or quarter field (Homonymous
Quandranopia). If the deficit persists after 6–8 months following
a stroke, it is considered as a chronic visual disorder (Hier et al.,
1983; Zhang et al., 2006). Such patients keep having difficulties
in high-level cognitive functions such as reading (Zihl, 1995a) or
exploring a visual scene (Zihl, 1995b). Disorganized patterns of
eye movements might also contribute to the functional problems
(Kerkhoff et al., 1992). Compensatory eye-movement strategies
can spontaneously take place with time (Zangemeister et al.,
1995; Pambakian et al., 2000) but rarely allow patients to reach
healthy subjects’ performance (Machner et al., 2009). Therefore,
during the last decades many rehabilitation techniques have been
developed. Among them, the compensatory method, aiming at
facilitating large saccades into the blind hemifield in order to
bring targets in the normal hemifield, is mainly recommended
by experts (Bouwmeester et al., 2007).

Top-down strategy, based on explicit instructions and
voluntary saccade training, has demonstrated functional
improvements accompanied by oculomotor changes in the visual
exploration (Kerkhoff et al., 1994; Zihl, 1995b) or reading (Zihl,
1995a) tasks. However, improvements are usually restricted to
the trained ability and do not transfer to other tasks (Schuett
et al., 2012). Furthermore, this strategy, where cognitive control
is required to improve performance, requires repeated training
sessions over months.

Bottom-up strategy relies on implicit oculo-motor training via
sensory stimulation. Using a combination of auditory and visual
stimuli (Passamonti et al., 2009; Keller and Lefin-Rank, 2010)
or creating an optokinetic nystagmus thanks to presentation
of a right-to-left moving text (Spitzyna et al., 2007), this
strategy has already demonstrated promising results, with a
transfer to both reading and visual exploration tasks, with a
lower number of training sessions. A protocol combining visual
pursuit and target jump toward the blind field has even shown
to enhance functional performance following a single 30min
training (Jacquin-Courtois et al., 2013). Therefore, bottom-up
strategy represents potentially more efficient and less costly
rehabilitation of HVFDs.

Saccadic adaptation has been used for decades as a tool to
explore plasticity mechanisms in animal models and humans
(see Hopp and Fuchs, 2004; Pélisson et al., 2010 for reviews).
It can be induced when subjects perform a series of saccade
toward a visual target, which is shifted during the movement,
producing a systematic post-saccadic error, which simulates the
visual consequence of inaccurate saccades (McLaughlin, 1967).
When the target is shifted away simulating short saccades,
automatic corrective saccades are elicited. The repetition of
such post-saccadic error signals over hundreds of trials is
enough to implicitly trigger plasticity mechanisms increasing the
amplitudes of saccades. This saccadic adaptation procedure could
therefore represent an efficient bottom-up rehabilitation method
in order to increase the amplitude of saccades made toward
the blind field in HVFD patients. However, since in HVFD

patients the target cannot be presented in the blind hemifield,
we choose to apply the above procedure to an anti-saccade
(AS) task in which subjects have to perform a saccade toward
the direction opposite (blind hemifield) to the hemifield where
the visual target is presented (healthy hemifield), but with the
same amplitude (Hallett, 1978). We recently described in normal
subjects that a version of this task with an outward target shift
(more eccentrically) occurring at the completion of the AS is
capable of adaptively increasing the amplitude of anti-saccades
(Lévy-Bencheton et al., 2013).

The objective of this study was to test the effects of this
short-lasting saccadic training (15min), in which we take
advantage of the oculo-motor plasticity mechanisms of visuo-
motor adaptation in the context of voluntary AS training. In
order to distinguish between the effects of the AS training
(top–down method since AS involve the inhibition of the
automatic saccade toward the peripheral visual target) and of
the visuo-motor adaptation elicited by specific feedback target
presentation (bottom-up method), 14 left- and right-HVFD
patients were randomly submitted to three different 15min
AS tasks separated by 4 or 5 weeks, only one being designed
to trigger outward oculo-motor adaptation of saccades made
toward the blind field. Immediate re-appearance of the saccade
target systematically shifted further away with respect to eye
landing position at the saccade offset is known to trigger
implicitly plasticity mechanisms increasing saccade amplitude
(Adaptation), contrary to delayed or un-shifted re-appearance of
the saccade target (Fujita et al., 2002; Lévy-Bencheton et al., 2013)
which correspond to control conditions to test for the specificity
of the effects of bottom-up adaptation mechanisms.

Visual Exploration (Pop-out and Serial) and Reading tasks
were performed immediately before and after each AS task, as
well as aVisual FunctionQuestionnaire, to evaluate the functional
and oculomotor effects of the three different trainings.

MATERIALS AND METHODS

Participants
Seventeen patients with a chronic HVFD after a stroke
were asked to attend the inclusion visit (V0). Each patient
underwent neurological and ophthalmological clinical
examinations and assessment of the 30◦ central visual field
(automated static system, Metrovision R©, Pérenchies, France). A
neuropsychological assessment of unilateral spatial neglect was
performed during V0, including 10 trials of 20 cm line bisection
test (Harvey and Milner, 1995), a stars cancelation test from the
Behavioral Inattention Test (Halligan et al., 1991), a spontaneous
daisy drawing and a clock test. None of them were under
medications altering cognitive functions required for the task.
All patients signed the written informed consent to participate
to the study. Approval of all procedures was received from the
National French ethical committee on human experimentation
(Agence Nationale de Sécurité du Médicament et des produits de
santé (ANSM) and Comité de Protection des Personnes (CPP)
Sud-Est III), in agreement with French law (March 4, 2002) and
the Declaration of Helsinki (n◦ 2008-057B).
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According to inclusion and exclusion criteria (Table 1)
checked during the inclusion visit, 14 patients participated to the
study (mean age 57 ± 10.51 y.o.; range 38–78; nine men and
five women). Eight patients presenting a right-HVFD, six a left-
HVFD, were included at least 6 months following an ischemic
stroke (Figure 1). Clinical data of the patients are summarized in
Table 2.

TABLE 1 | Inclusion and exclusion criteria assessed at the inclusion visit

(V0).

Inclusion criteria Exclusion criteria

3 Patient with right- or left-HVFD

3 Age: 18–80 years (included)

3 Etiology: ischemic stroke

3 Post stroke delay: at least 6

months

3 Single lesion demonstrated on

MRI

3 Far and near visual acuity

≥5/10

3 Understanding the

experimental

recommendations

3 Sitting position possible for 2 h

3 Patient consenting to the

study

3 Visuo-spatial neglect

3 Ophthalmologic (monocular visual acuity

≤4/10; strabismus, diplopia; ocular

instability; nystagmus; maculopathy;

glaucoma; retinopathy; ongoing orthoptic

rehabilitation)

3 Neurologic (understanding disorder;

degenerative neurologic disorder;

epilepsia; severe handicap not allowing

sitting position for 2 h or concentrate for

30min)

3 Not French reader

3 Non-stabilized medical affection

3 Pregnancy

3 Patient unable to sign consent

Study Design
After the inclusion visit V0, the patient came for three successive
visits (V1, V2, and V3) each separated by 4–5 weeks. During
each visit, one out of the three computerized-training (Delayed-
shift, Adaptation, No-shift) was tested. Delayed-Shift training
was systematically performed in V1, so that each patient could
learn how to proceed with the training task (more details
below). During V0, within each group of patient with right- or
left-HVFD and with or without macular sparing, the patients
were randomly attributed the training order for V2 and V3
(Adaptation or No-Shift training) (Figure 2). A fourth follow-
up visit (V4) was organized after V3. The whole duration of
the protocol for a given patient was between 14 and 21 weeks.
Each visit started with the NEI-VFQ 25 (National Eye Institute
25-Item Visual Function Questionnaire, 2000) systematically
assessed by a blind investigator. The three training visits (V1,
V2, and V3) included the training period and immediate
pre- and post-visual exploration and reading phases. A last
assessment of NEI-VFQ 25, visual exploration and reading
performance, and visual field was performed during the last
visit (V4).

Eye Movement Recording and Analysis
Horizontal and vertical eye positions were continuously recorded
during visual exploration, reading and training, using an infrared

FIGURE 1 | Patients number. Patients with (*) or without (no *) positive slope, MRI (either T2 or FLAIR axial sequences) and 30◦ central visual field (automated static

system, Metrovision®, Pérenchies, France) in the overall group of patients. White part of the visual field refers to the blind part of the visual field.
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Eye-Tracker system (Cambridge Research System, Cambridge,
UK). The infrared camera was mounted above a chin-rest and
allowed high frequency (250Hz) acquisition of the eye images
which were reflected by a 45◦ tilted mirror located in front of
the subject. The patient was seated in front of a computer screen
(140Hz vertical refresh rate), his head maintained by the chin-
rest at 57 cm from the screen. Patient’s eye position was calibrated
using a nine-point grid at the beginning of each session (or
anytime he/she moved the head).

TABLE 2 | Clinical data of the patients.

Patients Sex Age Delay in Cerebral artery

months territory

1 M 67 30 Posterior

2 M 57 48 Middle

3 F 44 78 Posterior

4 M 66 12 Posterior

5 M 63 84 Posterior

6 F 52 180 Posterior

7 M 59 120 Posterior

8 M 78 7 Posterior

9 M 53 36 Posterior

10 M 60 138 Posterior

11 F 50 108 Middle

12 F 38 96 Posterior

13 F 50 72 Posterior

14 M 67 12 Posterior

Patients 1–8 represent right-HVFD and patients 9–14 represent left-HVFD following a left

and right hemisphere lesion, respectively.

All horizontal and vertical saccades were analyzed offline
using a laboratory-developed program under Matlab version 7.8
(Mathworks, MA, USA) and this automatic analyze wasmanually
checked and corrected by the experimenter if needed.

Pre- and Post-Phases
Visual Exploration Tasks
For both Pop-out and Serial exploration tasks, 63 images (20◦

horizontal, 15◦ vertical) representing black-edges balloons on
a white background were successively presented on the screen,
with a variable amount of stimuli (12, 24, or 48). Patient was
asked to find a target among distracters, and pushed a button
as soon as he found the target or another button if no target
was found. The target was present in 20 trials and absent in
one trial per stimulus difficulty (amount of distracters). In the
Pop-out exploration task, the patient had to find a balloon with
a string among balloons without strings (Figures 3A,B). In the
Serial exploration task, he had to find the only balloon without
string among balloons with strings (Figures 3C,D; Morris et al.,
2004).

Reading Task
Two texts were successively presented to the patient. Each text
was extracted from French newspaper, written in black letters on
a white background, in Times New Roman font, size 30, justified
(Figure 3E). Sets of three letters spanned 2◦ of visual angle. Each
text had similar number of words (85–90 words per text), and had
the same neutrality in order to avoid emotional bias. The patient
was asked to silently read each text at his own speed, and had to
push a button as soon as he finished reading. After reading the
two texts, comprehension was confirmed by asking the patients
to verbally summarize their content. A new text was presented at
each session and visit in order to avoid any learning effect.

FIGURE 2 | Study design. Each patient came first for an inclusion visit (V0) and then four times: three visits with a training (V1, V2, and V3) plus a follow-up visit (V4).

V1 occurred 1–6 weeks after V0 and an interval of 4 or 5 weeks spanned between each of the four following visits. Black blocks correspond to the eye movements

recording tasks. Gray blocks correspond to tests performed with a blind investigator. Light gray block corresponds to the medical assessment and the randomization

of training.
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FIGURE 3 | Examples of eye movement recordings during visual

exploration and reading tasks in a patient (#8) with right-HVFD. Gray

traces represent raw eye movements performed by the patient. In the Pop-out

(A,B) and Serial (C,D) exploration tasks, arrow signals the endpoint of the

saccade made to the target. When the target is in the healthy hemifield (A,C)

fewer exploration saccades are made as compared to when the target is in the

blind hemifield (B,D). In the reading task (E), arrows point to the typical

oculomotor deficits of right HVFD patients, i.e., smaller saccades with higher

rate of fixations.

NEI-VFQ 25
The 25-item National Eye Institute Visual Functioning
Questionnaire (NEI-VFQ 25) attests the quality of life (QOL) of
patients with 25 different items focusing on vision and grouped
in 12 subscales including one single-item subscale focusing on
general health. Each subscale is scored within a 100-point scale
with 100 indicating no difficulty and 0 indicating the worst
difficulties. A composite score—mean score of all subscales
except the general health item—is used.

Training
The training consisted of three different anti-saccades (AS)
training: one with (Adaptation) and two without (Delayed-shift
and No-shift) saccadic adaptation (Figure 4). More details of the
general procedure and on these three trainings can be found in a
previous study (Lévy-Bencheton et al., 2013).

Task Common to the Three Trainings
Each patient gazed at a central red cross used as a Fixation Point
(FP). After a random time (range: 1100–1500ms), a peripheral
target was presented in the healthy hemifield, on the horizontal
meridian, randomly at 6◦, 9◦, or 12◦ lateral to the FP (overlap
paradigm). The patient was instructed to execute an AS in the
direction opposite to the target (thus in the blind hemifield),
with equivalent amplitude. He had to react within a delay of
1400ms after peripheral target presentation, which remains on
the screen until detection of the saccade. The timing could
be adapted to the patient’s ability, usually by increasing the
delay if the patient was too slow. Thanks to a gaze-contingent
paradigm, the appearance and disappearance of stimuli on the
screen were strictly controlled: as soon as the AS was detected, FP
and peripheral target were extinguished by the software. Upon
completion of the AS a “feedback” target (FT) was presented
either at the mirror position of the peripheral target (No-Shift)
or shifted 10% outward with respect to the executed saccade
(i.e., shifted in the blind hemifield; Adaptation andDelayed-shift)
depending on the actual training (see following paragraphs). To
re-inforce saccade accuracy, a spatio-temporal criteria had to
be met in order to present the feedback target: the saccade has
to reach at least 90% of the mirror peripheral target distance
(spatial threshold) within 600ms (temporal threshold) after the
initiation of the saccade following FP and target disappearance
(more details in Lévy-Bencheton et al., 2013). If succeeded, a
short and high-pitched “success” sound was presented to the
subject. If the spatio-temporal criteria were not fulfilled, a longer
low-pitched “error” sound occurred and the feedback target was
not presented. After completion of the AS, patient was instructed
to shift his gaze back to the center of the screen in preparation to
the next trial. A total of 240 trials (80 for each target position) was
presented. In case of excessive failure trials (above 20%), the total
amount of presented trials was increased up to 300. Each training
lasted around 15–20min.

Differences between Training
Only parameters concerning the feedback target were varied
between the three trainings (Figure 4). For the adaptation
training, the feedback target was systematically presented with
an offset, with respect to final eye position, in the direction of
increasing eccentricity (outward) and with an amount equal to
10% of the actual size of eye displacement (Figure 4B). This
feedback target was turned on at the end of the anti-saccade
without any delay (0ms). For the delayed-shift training, the
feedback target was presented at the offset location but delayed
from the end of the anti-saccade by 800ms (Figure 4A). For the
No-shift training, the feedback target was presented without any
delay but at a location, which corresponded to the mirror target
position (Figure 4C).

Data Analysis
Computerized-tests (Visual exploration, reading) were submitted
to two different kind of measurements. The functional and
oculomotor measures represent parameters defining the subject’s
performance in the different tasks excluding eye movements (i.e.,
time needed to perform the visual exploration and reading tasks,
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FIGURE 4 | Schema of AS training in the different training. These illustrations are for Left-HVFD patients (leftward AS elicited by a target in the right visual field).

For each training, the Fixation Point (FP) is first presented, followed by a peripheral target appearing between 1100 and 1500ms (horizontal black arrow represented in

A) after FP presentation, located on the right. In the Delayed-Shift training (A), the feedback target (FT) is presented 800ms after AS completion at a location shifted

outward by 10% of the anti-saccade amplitude. In the Adaptation training (B), the FT is also presented at the shifted location (same 10% offset) but at the time of

anti-saccade completion (0ms). In the No-Shift training (C), the FT is presented without delay from anti-saccade completion (0ms) but also without offset, i.e., at the

mirror position of the peripheral target. For Right-HVFD patients, the training was similar except that the peripheral target was now presented on the left side and

anti-saccades performed to the right.

measuring the Reaction time, word per minute, respectively) and
parameters defining the subject’s performance in the different
tasks including eye movements (mean saccadic amplitude, mean
fixation duration), respectively. The questionnaire of Quality
of Life (NEI-VFQ 25) and the Visual Field were analyzed
separately.We present below themain analysis, which specifically
tested our hypotheses, and the complementary analyses, which
were performed as follow-up when the main analysis provided
significant results.

Main Data and Statistical Analyses

Regression slope
The regression slope of the relationship, during all training,
between primary saccade gain and trial number was measured
for each patient separately, for each target eccentricity (6◦, 9◦,
and 12◦) and was then averaged across target eccentricities. To
evaluate whether the saccadic gain evolved significantly over the
time of training, we performed a one-sample t-test comparison
of the averaged regression slopes to the standard value 0.

Predictive independent factors
Individual positive or negative slope during the adaptation
training was used as a two levels predictive independent factor
in all following functional and oculomotor statistical analysis, to
test for the potential effect of gain change during the adaptation
training (i.e., plasticity mechanisms). HVFD-side and Macular
Spare are two factors, which can influence reading performance
(Zihl, 1995a; Trauzettel-Klosinski and Brendler, 1998; Upton
et al., 2003). Thus, these last two factors have been added as
predictive independent factors in the ANOVAs related to reading.

Visual field
The mean macular threshold and the mean corrected deficit
for the two eyes were calculated in each patient, separately for
the inclusion visit (V0) and the last visit (V4). Paired t-test
was performed to compare the macular threshold and the mean

corrected deficit, separately, between the first (pre-phase: V0) and
last visit (post-phase: V4).

Visual exploration tasks (Pop-out and Serial)
Functional measures. Reaction time (RT, in ms) was calculated
for trials with target present as the period elapsing between the
presentation of the image on the screen and the response of the
patient (press button). A Two-way repeated measures ANOVA
was performed on the RT, separately for the Pop-out and Serial
exploration tasks, with the following dependent factors: Training
(Delayed-Shift/Adaptation/No-shift) and Phase (Pre-phase/Post-
phase) with the factor slopes (Positive/Negative) as predictive
independent factor.

Oculomotor measures. Mean horizontal amplitude of saccades
performed toward the treated-side and non-treated side were
calculated over the entire block and averaged for each participant.
Mean fixation duration before the forthcoming saccades toward
the treated vs. non-treated side (beginning of the forthcoming
saccade—ending of the previous saccade) were also calculated
for each block and averaged for each patient. Mean horizontal
saccadic amplitude and mean fixation duration were submitted
to a Three-way repeated measures ANOVA, separately for
the Pop-out and Serial exploration tasks, with the following
factors: Saccade Direction (Treated/Non-treated side), Training
(Delayed-Shift / Adaptation / No-Shift) and Phase (Pre-phase
/ Post-phase), with the factor slopes (Positive / Negative) as
predictive independent factor.

Reading task
Functional measures. Reading time was calculated as the time
elapsing between the eye fixating the very first word and
the very last word of each text. Reading speed (word per
minute) was calculated as the number of words read divided
by reading time. A Two-way repeated measures ANOVA was
performed on the word per minute (WPM) with the Training
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and the Phase as dependent factors, with the factor slopes
(Positive/Negative) HVFD side (Left-HVFD/Right-HVFD) and
macular spare (<5◦/>5◦) as predictive independent factors.

Oculomotor measures. Mean horizontal amplitude of saccades
performed toward the treated-side and non-treated side
were calculated over the entire text and averaged for each
participant. A Three-way repeated measures ANOVA was
performed on the mean horizontal saccadic amplitude testing
the effect of Training (Delayed-Shift/Adaptation/No-Shift),
Saccade Direction (Treated side/Non-treated side) and Phase
(Pre-phase/Post-phase). The slopes, HVFD side and macular
spare were added as predictive independent factors. Note that
here, Treated-side corresponds to leftward return saccades and
Non-treated side to rightward reading saccades in left HVFD
patients, whereas the opposite is true for right HVFD patients.
Note also that for the return saccades, only those from the
right-end of a line to the left-start of the next line were taken into
account (Zihl, 1995a). Mean fixation duration and numbers of
saccades before a forthcoming return saccade vs. a forthcoming
reading saccades were also calculated for each text and averaged
for each patient. Because of the different nature of the reading
(rightward) vs. return (leftward) saccades (i.e., fewer return
saccades as compared to the reading saccades, independently of
the treated-side) these analysis were performed separately with
the factors Training and Phase submitted to a Two-way repeated
measures ANOVA excluding the treated-side factor.

NEI-VFQ 25
Composite scores measured during each visit were used to
determine the potential effect of training on the patients’
quality of life (QOL). Pre-phase scores were determined
by the questionnaire at the beginning of the session while
the corresponding post-phase scores were determined at the
beginning of the next visit 1 month later. A One-way repeated
measure ANOVA with four levels (i.e., pre-delayed/baseline,
post-delayed, post-adapt and post-no-shift) was performed on
the composite score with the dependent factors Training.
Additionally, because of the different categories tested in
that questionnaire (including reading component) we assessed
whether the saccadic training influences the composite score
of the NEIVFQ25 questionnaire. For these reasons, we thought
relevant to add the slopes, the HVFD side and macular spare as
predictive independent factors.

Complementary Data and Statistical Analysis
In case of specific increase of performance immediately after the
adaptation training, in functional or oculomotor parameters, we
performed long-term analyses thanks to paired-t tests on the
same parameter at 1 month. These long-term analyses compared
the immediate post-phase following the adaptation training with
the pre-phase at 1 month (visit V3 or V4).

Note that in case of specific and simultaneous (functional and
oculomotor) increase of performance following the adaptation
training, additional analyses were performed on oculomotor
parameters such as number of saccades and were also checked
at 1 month.

Statistical analyses were performed with the Statistica
10 software (Statsoft, Tulsa, OK). Post-hoc Least Significant
Difference (LSD) Fischer was performed following a significant
interaction in ANOVAs. Significant level was set at p < 0.05.

RESULTS

Regression Slope and Adaptation Marker
The slope of the relationship between gain of the anti-saccades
and trial number during the three trainings did not differ
significantly from zero at the group level, [t(41) = −0.28, p =

0.78; t(41) = 1.41, p = 0.16; t(41) = −1.90, p = 0.06 for the
Delayed-shift, Adaptation and No-shift training, respectively].
However, five patients had a negative (range from −0.001118
to −0.000080) and nine patients a positive slope (range from
0.000033 to 0.001294), five of whom had right-HVFD and four
left-HVFD. The slope of the relationship between gain of the
anti-saccades and trials numbers during the adaptation training
differed significantly from zero at a group level, for patients who
showed positive slope [t(26) = 4.65, p < 0.01]. The signed slope
of the relationship between gain and trial number during the
adaptation training was used as a marker of the efficiency of the
outward anti-saccade adaptation for the oculomotor statistical
analyses (see Section Materials and Methods) and for the NEI-
VFQ 25 questionnaire.

Visual Field
Meanmacular threshold andmean corrected deficit did not differ
at visit V4 (28.83 and 8.23 dB) as compared to the pre-phase
(28.78 and 8.56 dB) [t(13) = −0.07, p = 0.94 and t(13) = −1.92,
p = 0.07].

Visual Exploration Tasks
Pop-out

Functional measures
Following the Two-way repeated measures ANOVA with the
factors Training and Phase, and the factor slopes as predictive
independent factor, we observed a significant decrease of the
RT following all training [main effect of Phase: F(1, 12) = 5.17,
p = 0.04]. Further, a significant Training × Phase interaction
[F(2, 24) = 3.78, p = 0.037] resulted from a significant decrease
of the RT in post-phase [1504.6ms] relative to the pre-phase
[1650.4ms] for the delayed-shift training only [p = 0.019].
Neither the decrease of RT in post-phase for the adaptation
training [1473.9 pre-/1380.8 post-] nor the increase in the post-
phase for the no-shift training [1436.4 pre-/1504.7 post] were
significant (p = 0.12 and 0.25, respectively; Figure 5A).

Oculomotor measures
Despite a significant interaction between Training × Phase ×

Slope [F(2, 24) = 4.76, p = 0.018], following the Three-way
repeated measures ANOVA with the factors Training, Phase
and Saccade Direction, and the factor slopes as predictive
independent factor, there was no significant increase of saccade
amplitude during the Pop-out exploration task in the group
of patients who demonstrated a positive slope i.e., an increase
of anti-saccade amplitude during the adaptation training [p =
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FIGURE 5 | Results of exploration tasks. Functional (A,B) and oculomotor (C,D, gray background) measures of Pop-out (A,C) and Serial (B,D) exploration tasks.

Bars represent the confident interval at 0.95. Stars represent significant differences between pre- and post-phases revealed by Post-hoc LSD Fisher test.

0.70] (Figure 5C). The interaction was instead driven by a
significant amplitude decrease of saccades following the delayed-
shift training for this group [p = 0.04] and following the no-
shift training for the group in which the adaptation training
was inefficient (negative slope) [p = 0.02]. These changes were
also supported by the three level interaction of the Saccade
direction × Training × Phase [F(2, 24) = 5.68, p = 0.009]
showing that the significant amplitude decrease following the
delayed-shift training occurs for the treated-side [p = 0.005]
and for the non-treated-side following the no-shift training
(p < 0.001). There was no change of fixation duration in either
training (Phase effect [F(1, 12) = 0.08, p = 0.77]; Training ×

Phase interaction [F(2, 24) = 3.28, p = 0.055]; Table 3).

Serial

Functional measures
Following the Two-way repeated measures ANOVA with the
factors Training and Phase, and the factor slopes as predictive
independent factor, we observed a main effect of Phase [F(1, 12) =
20.15, p < 0.001], due to a significant decrease of RT in the post-
phase [3148.2ms] as compared to the pre-phase [3451.4ms],
independently of the training (no interaction; Figure 5B). In
addition, we found a Training × Slope interaction [F(2, 24) =

7.28, p = 0.003] in which the group of patients with positive
slopes is faster than the group of patients with negative slopes to
explore the visual scene in the adaptation [p = 0.04] and no-shift
[p = 0.02] training, independently of the phase.

Oculomotor measures
Three-way repeated measures ANOVAwith the factors Training,
Phase and Saccade Direction, and the factor slopes as predictive
independent factor has been performed and revealed a significant
and specific increase of the saccadic amplitude following the
adaptation training only, for the patients with positive slopes
[p = 0.003] (Training × Phase × Slope interaction [F(2, 24) =

5.69, p = 0.009]; Figure 5D). No significant interactions occur
for the Saccade direction × Training × Phase [F(2, 24) = 3.01,
p = 0.068] nor the for the Saccade direction × Training ×

Phase × Slope [F(2, 24) = 2.97, p = 0.07]. Concerning fixation
duration, neither Phase effect nor Training effect nor Training×
Phase interaction were demonstrated [F(1,12) = 1.16, p = 0.30;
F(2, 24) = 1.00, p = 0.38; F(2, 24) = 2.53, p = 0.10, respectively]
(Table 3).

Reading
Functional Measures
Two-way repeated measures ANOVA with the factors Training
and Phase and the slopes, HVFD-side and Macular spare as
predictive independent factors has been performed for the
functional measures of the reading task. Analyses of the WPM
could not be performed in one patient because we failed to
identify the end of the reading due to a lack of eye-tracking signal
(see Section Materials and Methods). Reading speed (WPM) of
the 13 analyzed patients was significantly increased following the
adaptation and the no-shift training (p = 0.0003 and 0.002,
respectively), yielding a significant Training × Phase interaction
[F(2, 10) = 6.66, p = 0.014]. Additionally, the Training ×

Phase × HVFD-side interaction [F(2, 10) = 4.50, p = 0.04]
showed that in right-HVFD patients the reading speed increased
following each training [125.6–139.5 WPM, p = 0.03; 130.5–
148.6 WPM, p = 0.009; 121.5–142.5 WPM, p = 0.004 for
Delayed-shift, Adaptation, and No-shift training, respectively],
while in left-HVFD patients a specific increase of reading speed
from 136.2 to 168 WPM was found after the adaptation training
only [p = 0.001; p = 0.1; p = 0.1 for adaptation, delayed-
shift, and no-shift training, respectively] (Figures 6A,B). Long-
term analyses performed on the reading speed of left-HVFD
patients at 1 month following the adaptation training visit did
not reveal any difference with the initial post-adaptation measure
[t(4) = − 2.13, p = 0.10], showing that the beneficial effects
remained at long-term.

Oculomotor Measures
Three-way repeated measures ANOVA performed on
the oculomotor measures revealed a significant HVFD-
side × Saccade direction interaction [F(1, 5) = 404.61,
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TABLE 3 | Mean fixation duration in ms (±SD) of the forthcoming saccades performed toward the treated- vs. non-treated side in visual exploration and

reading tasks.

Delayed-shift Adaptation No-shift

Pre-phase Post-phase Pre-phase Post-phase Pre-phase Post-phase

POP-OUT

Treated-side 213.38 206.28 220.56 196.85 200.31 240.98

(±38.09) (±44.57) (±88.93) (±82.14) (±44.64) (±145.30)

Non-treated side 208.02 199.31 193.81 183.70 195.84 222.09

(±41.59) (±45.33) (±49.57) (±71.29) (±45.81) (±104.18)

SERIAL

Treated-side 218.83 213.97 223.14 214.24 211.66 235.14

(±41.70) (±46.09) (±76.34) (±51.33) (±48.64) (±103.80)

Non-treated side 220.59 215.65 222.11 215.31 213.09 245.33

(±53.12) (±47.97) (±62.85) (±48.82) (±48.90) (±143.75)

READING (BEFORE RETURN SACCADES)

Treated-side 206.76 232.88 230.93 228.93 225.40 233.28

(left-HVFD) (±91.73) (±102.05) (±71.11) (±66.94) (±102.90) (±130.42)

Non-treated side 294.53 230.48 271.86 266.61 259.50 275.56

(right-HVFD) (±118.38) (±44.98) (±71.68) (±86.02) (±68.72) (±87.28)

READING (BEFORE READING SACCADES)

Treated-side 274.87 247.18 271.32 258.95 277.04 263.37

(right-HVFD) (±61.86) (±41.45) (±66.21) (±61.51) (±66.23) (±61.09)

Non-treated side 257.34 270.76 273.82 266.24 252.10 224.72

(left-HVFD) (±68.87) (±37.38) (±82.70) (±68.95) (±71.79) (±33.32)

p < 0.0001] led us to perform separate analyses for saccades
in the treated-side and those in the non-treated side. Results
for the treated-side saccades showed a significant increase of
the amplitude of return leftward saccades for the left-HVFD
patients with positive slopes following the adaptation training
only [p = 0.001] [interaction Training× Phase× HVFD-side×
Slope [F(2, 10) = 7.68, p = 0.009] (Figure 6C). The absence of
difference in the follow-up long-term analysis [t(2) = −0.93,
p = 0.45] suggests that this improvement is still present at 1
month. In addition, in the same patients (left-HVFD patients
with positive slopes), we observed a decrease of the number
of leftward saccades again specifically following the adaptation
training (Training × Phase × HVFD-side × Slope interaction
[F(2, 18) = 6.26, p = 0.008]; Figure 6G) and again remaining
stable at 1 month [t(2) = 1.15, p = 0.37]. Mean fixation duration
was unchanged both for the return saccades (Main effects, all
p > 0.12; interactions, all p > 0.14) and the reading saccades
(Main effects, all p > 0.53; interactions, all p > 0.08; Table 3).

NEIVFQ 25
One-way repeated measures ANOVA revealed a significant
improvement of the composite score following the adaptation
training (composite score 91.41%) as compared to the baseline
pre-delayed-shift training (composite score 73.48%, p = 0.005)
and post-delayed-shift training (composite score 84.84%, p =

0.03) only for the patient presenting a positive slope and having
a macular spare superior to 5◦ [3 levels interaction Training ×

Macular spare× Slope; F(3, 18) = 4.99, p = 0.01] (Figure 7).

DISCUSSION

In this study, we aimed to test whether a procedure of adaptation
of anti-saccades in hemianopic patients could improve their
performance in visual exploration, reading and quality of
life. To test the specificity of the adaptation component of
this procedure, we also designed two control tasks in which
subjects simply performed AS without adaptation (Delayed-shift,
No-shift). While AS adaptation procedure has been validated
in healthy subjects (Lévy-Bencheton et al., 2013), only nine
among 14 patients showed the expected increase of AS gain
(positive slope). Overall, we found that all three trainings
significantly improved visual exploration (decreased RT) in the
entire group of patients. In addition, all training improved
the reading speed in right-HVFD patients. These functional
improvements were not associated to a training-specific increase
in saccade amplitude. We, however, found effects specific to
the adaptation training, in patients showing a positive slope.
First, a significant improvement of reading speed in left-HVFD
patients, associated with specific changes of leftward (return)
saccades (increased amplitude and decreased number). These
effects of the brief adaptation training in left-HVFD patients
were maintained 1 month later. Second, an increase of the
saccadic amplitude was observed in the Serial exploration task for
patients who increased their AS amplitude during the adaptation
training. Finally, patients with a macular spare superior to
5◦ and a positive slope demonstrated a specific improvement
of the visual quality of life score following the adaptation
training.
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FIGURE 6 | Results of reading task. Functional and oculomotor (gray background) measures are represented separately for the left-HVFD (A, C, E, G, I) and

right-HVFD (B, D, F, H, J) patients. Oculomotor measures include the amplitude of saccades toward the treated-side (C,D), non-treated side (E,F) in degree and the

number of return (G,H) and reading (I,J) saccades. Bars represent the confident interval at 0.95. Stars represent the significant difference between pre- and

post-phases revealed by Post-hoc LSD Fisher test.

In the next paragraphs we will discuss (1) the improvement
of functional measures obtained following the AS training; (2)
the improvement of oculomotor measures obtained specifically
following the AS adaptation training; (3) finally, the usefulness
of AS adaptation as a potential rehabilitation method and the
different ways to increase its efficiency and long-term after-
effects.

Functional Measures: Effects of
Anti-saccade Training Paradigms?
Our results suggest that the 15min of anti-saccade training is
by itself sufficient to allow right-HVFD patients to read faster
and all patients to explore faster. Indeed, after any of the three
trainings, we observe a 4% improvement of reaction time in
the Pop-out exploration task, a 7% improvement of reaction

time in the Serial exploration task, and a 12% improvement of
reading speed for the right-HVFD patients (Table 4). Due to
absence of consensus about methods to evaluate the functional
outcomes in the rehabilitation of HVFD (Bouwmeester et al.,
2007), it is difficult to compare these findings to the literature.
For example, several studies found a 46–48% improvement of
visual exploration reaction time (according to Figure 5 of Zihl,
1995b), but testing only the blind side (Roth et al., 2009) or the
best responsive subgroup (Pambakian et al., 2004; Keller and
Lefin-Rank, 2010). Other studies revealed an improvement of
reading performance ranging from 18 to 58% (Spitzyna et al.,
2007) or from 53 to 96 WPM for right-HVFD patients (Zihl,
1995a; Keller and Lefin-Rank, 2010). However, as compared
to ours, these studies were based on long training duration,
on recruitment starting 3 months after the lesion and / or
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FIGURE 7 | Results of the questionnaire NEI-VFQ25. Composite score of

patients with a macular spare superior to 5◦ are represented separately for

patients having positive (black circles) and negative (white squares) slopes.

Bars represent the confident interval at 0.95. Star represents the significant

difference of the Baseline (pre-delayed-shift training) and the post-delayed

training as compared to the post-adaptation training, as revealed by Post-hoc

LSD Fisher test.

TABLE 4 | Percentage of modification ((post-phase – pre-phase)/

pre-phase)*100 (± SD) of functional measures for all tasks, separately for

each training, and averaged over all the training (right column).

Delayed-shift Adaptation No-shift All training

POP-OUT

Reaction time 10.48 5.01 –3.59 3.97

(±12.57) (±10.51) (±11.69) (±12.76)

SERIAL

Reaction time 8.93 10.99 1.92 7.28

(±7.67) (±9.69) (±13.09) (±10.87)

READING

Word per minute

(all)

3.06 17.68 10.17 10.30

(±21.37) (±14.12) (±21.34) (±19.68)

Word per minute

Left-HVFD

–5.30 24.20 4.17 7.69

(±28.69) (±12.98) (±25.42) (±25.10)

Word per minute

Right-HVFD

8.29 13.61 13.92 11.94

(±15.22) (±14.01) (±19.22) (±15.80)

Positive (negative) values represent an improvement (decline) of performance in post-

phase relative to pre-phase.

on outcomes evaluation restricted to the material used during
training. Still, our results are encouraging since they reveal
significant effects, albeit smaller, for both visual exploration and
reading following a very brief (15min) training session.

Improvement of performance after a short-lasting saccadic
training has already been observed in a controlled study (Jacquin-
Courtois et al., 2013) using a 30min training in a target ramp-
step paradigm eliciting a sequence of pursuit and saccadic ocular
movements toward the blind hemifield. Results disclosed a 23%

improvement of the performance in an ecological version of
Serial exploration task. In both their training paradigm and ours,
a visuo-spatial cueing provided by the ramp target presented
foveally and the static target presented in the healthy hemifield,
respectively, provided the patient with information about the
location of the target in the blind hemifield. Such cueing may
crucially contribute to boost the performance and shorten the
duration of the compensatory training in patients with HVFD.
Note however that the cueing cannot explain the long-term and
generalized benefit found in the present study, since in Jacquin-
Courtois et al. (2013) the improvement shown for Serial-like
exploration tasks did not generalize to Pop-out exploration and
reading.

Previous studies have demonstrated that the training-related
improvements in reading and visual exploration are highly
specific and task-dependent (Schuett et al., 2009, 2012; Jacquin-
Courtois et al., 2013). However, we demonstrate in the present
study an effect of anti-saccade training on both reading (for
right HVFD) and visual exploration tasks. Such generalization
of saccadic training to different visual tasks has already been
shown in a paradigm using an audio-visual training of 4 h daily
over a period of 2 weeks in which the patient had to detect a
visual stimulus in the blind hemifield, simultaneously presented
with a temporally and spatially coincident sound (Passamonti
et al., 2009; Keller and Lefin-Rank, 2010). In this audio-visual
training, the authors suggested that the generalization wasmainly
due to low-level neural mechanisms (Bolognini et al., 2005): i.e.,
by using a multi-sensory integration paradigm their approach
reinforces the activation of subcortical structures, specifically the
Superior Colliculus, and of cortical areas which contribute to its
multisensory activity (Passamonti et al., 2009).

Anti-saccades are not supposed to be based on low-level
neural mechanisms but instead involve a large frontal network
such as Frontal Eye Field (FEF), Supplemental Eye Field, and
Dorsolateral Prefrontal Cortex (Everling and Munoz, 2000;
Munoz and Everling, 2004; Pierrot-Deseilligny et al., 2004;
McDowell et al., 2008). HVFD being due to either occipital or
optic radiations lesions and the neural network involved in eye
movements, including cortical areas described above for AS being
usually spared (Nelles et al., 2007, 2009), we rather speculate
than this extensive network might favor the generalization of
AS training to other kind of saccades like those involved in
reading and visual exploration in which FEF is also called for
(Gitelman et al., 2002; Heinzle et al., 2010). We speculate that
thanks to the use of this large network, this might have influenced
and boosted high cognitive functions required for perceptual
task.

Are Oculomotor Measures Changes
Specifically Related to as Plasticity
Mechanisms?
Despite a global improvement of functional measures in
the visual tasks following all three trainings, the spatial
(amplitude) or temporal (fixation) parameters of associated
eye movements did not systematically change, in contrast to
reports of previous controlled studies (Zihl, 1995a; Spitzyna
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et al., 2007; Passamonti et al., 2009). Zihl (1995a,b) has
shown that repetitive sessions of saccadic training are
necessary to improve eye movements in both reading and
visual exploration tasks. In our study, the single training
session might have been insufficient to trigger significant
reorganization of eye movements. Furthermore, the observed
dissociation between significant functional performance
and absent oculomotor changes suggests that anti-saccade
training might stimulate visuo-attentional functions. Changes
in oculomotor measures were observed only following the
adaptation training, a 15min training which was sufficient to
induce an amplitude increase of saccades in nine patients that
could also be observed in the Serial exploration task and, for
left-HVFD patients, in the reading task. These fast oculomotor
changes suggest the involvement of the specific plasticity
mechanisms elicited during saccadic adaptation, as discussed in
the following.

First of all, we could not demonstrate a robust effect of
the anti-saccade adaptation paradigm in the entire group of
patients with HVFDs, as measured by the slopes of AS gain
vs. trial number relationship during the training. However, a
sub-group of nine patients showed a positive slope of the AS
gain in the adaptation training, independently of their side of
HVFD and their macular spare. In this sub-group, we could also
demonstrate, and specifically following the adaptation training,
an increase of saccade amplitude during the reading task (left-
HVFD patients) and the Serial exploration task. Note however
that patients of this sub-group did not show any change of
saccades in the Pop-out task, as well as the right-HVFD patients
in the reading task. We did not evaluate the laterality in our
patients. However, the only difference between left and right-
HVFD patients concerns the reading task, which we believe
are related to reading direction rather than to hemispheric
asymmetry or laterality. Furthermore, given the voluntary nature
of anti-saccades, the stronger transfer of AS adaptation to
saccades of the Serial exploration task than to saccades of the
Pop-out exploration task is consistent with the fact that saccades
in the Serial exploration task are triggered on a more voluntary
basis than in the Pop-out exploration task.

In the reading task, right-HVFD patients did not present
any oculomotor changes while left-HVFD patients did. Several
arguments from the saccadic adaptation literature can explain
this difference. First, according to the notion of adaptation
field (Frens and van Opstal, 1994), adapting one single saccade
transfers more to saccades of larger amplitude than to saccades
with a shorter amplitude (Schnier et al., 2010). Since we adapted
AS of 6◦ to 12◦, this could explain the lack of transfer to rightward
reading saccades of around 3–4◦ in amplitude for right-HVFD
patients and the presence of transfer to leftward return saccades
(around 25◦) for left-HVFD patients. Another explanation is that
the lack of after-effect on rightward saccades during the post-
phase reading task results from a faster de-adaptation, due to
the large number of saccades performed toward this direction
as compared to leftward saccades (Alahyane and Pelisson, 2005).
Finally, a last explanation would be that right-HVFD patients
would need to train twice more than the left-HVFD to show
oculomotor changes, as Zihl suggested in a previous study (Zihl,

1995a). We should however keep in mind that the effects are
demonstrated on a small group of patients (left-HVFD patients),
and that such effects should be further tested and reproduced in
a larger group of patients.

Finally, the neural underpinnings of the functional benefits
related to the involvement of specific plasticity mechanisms
elicited during the AS adaptation training has still to be
determined. Indeed, beyond the classical contribution of the
cerebellum, the neural substrates of saccadic adaptation remains
largely unknown, notably those of AS adaptation. Recent studies
using fMRI (Blurton et al., 2012; Gerardin et al., 2012) or TMS
(Panouilleres et al., 2014) in healthy subjects have revealed the
involvement of parieto-frontal areas of the cerebral cortex in
adaptation of reactive saccades and of scanning saccades, and
studies in patients with a thalamic lesion provided evidence for
a role of the cerebello-thalamo-cortical pathways for reactive
saccades adaptation (Gaymard et al., 2001; Zimmermann et al.,
2015). Concerning anti-saccades, our study demonstrating the
possibility to induce AS adaptation in healthy subjects (Lévy-
Bencheton et al., 2013) is to our knowledge the only study on
AS plasticity so far. In this study, we speculated that the frontal
cortex and its recurrent connections with the basal ganglia could
be the locus of AS adaptation. According to this hypothesis, AS
adaptation training in the present study could have changed the
activity of these basal ganglia-frontal systems in HLH patients
and led to functional improvements in tasks (reading, serial visual
exploration) requiring not only accurate oculomotor control but
also efficient “frontal functions” such as cognitive flexibility and
short-term working memory.

Anti-Saccade Adaptation as a Potential
Rehabilitation Method
The patients who showed an increase of the anti-saccade
gain during the adaptation training (i.e., positive slope) also
demonstrated some specific functional and oculomotor effects
in the reading task. That specificity for the same subgroup
of patients (i.e., positive slope) is also observed in the
composite score of the quality of life questionnaire, which
is significantly increased following the adaptation training for
patients presenting a macular spare superior to 5◦. This suggests
that using outward adaptation of anti-saccades is a promising
paradigm, whose effect might be further tested in more repetitive
training.

The first advantage of such paradigm compared to previous
ones is that saccadic adaptation is induced fast and effortless. The
first study aiming at testing such an automatic strategy on reading
performance showed that following a 15 h training (in right-
HVFD only) patients presented a 18% increase of their reading
speed (Spitzyna et al., 2007). In our study, for the sub-group of
patients with a positive slope (i.e., “adapted-group”) a significant
improvement up to 24.20% was found in left-HVFD patients.
This result is quite remarkable given the use of a single and short
(only 15min) session of eye movement training. For this reason,
we think that adding an automatic component (adaptation) to
the anti-saccade training improves the possibility to enhance
performance.
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Additionally, patients presenting a positive slope during the
adaptation training seem to feel the benefice 1 month after
the training as demonstrated by the specific increase of their
composite score in this condition. Most importantly, the results
reported that this efficiency occurs only for patients presenting
a macular spare superior to 5◦ suggesting that they might
have better facilities to detect the feedback target, (as compared
to patients presenting a macular spare inferior to 5◦), thus
reinforcing the effect of plasticity mechanisms. However, it
is important to underline that patients presenting a macular
spare inferior to 5◦ do adapt as well, as suggested by their
inclusion/presence in the subgroup of nine patients. Despite
the small results, albeit promising, demonstrated in the post-
phases during the computerized tasks (i.e., reading and visual
explorations tasks) we should keep in mind that the patients
explicitly reported an enhancement in their daily life activities
and, this measure, although subjective, should be all the more
taken into account in all studies focusing on rehabilitation
methods.

Finally, even though our saccadic adaptation paradigm failed
to induce functional effects on reading for right-HVFD patients,
and in visual exploration tasks (although oculomotor changes
occurred in the Serial exploration task), we suggest that a longer
adaptation training would allow right-HVFD patients to reach
the same level of performance than left-HVFD patients (Zihl,
2000). Repeating the 15min protocol over 2 weeks could also help
to increase the generalization of transfer to different visual tasks
(Bolognini et al., 2005; Passamonti et al., 2009; Keller and Lefin-
Rank, 2010) and its long term retention (Passamonti et al., 2009;
Wang et al., 2012).

CONCLUSION

We demonstrate for the first time that 15min of an anti-saccade
adaptation training improves both reading and visual exploration
tasks. Furthermore, all patients having a macular spare superior
to 5◦ still benefit from the training at 1 month, as evaluated by a
questionnaire on quality of life. Taken together, we believe that AS
adaptation training, with some suggested improvements, could
become an efficient and costless rehabilitation tool for patients
suffering of HVFD.
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The primary aim of the present study was to evaluate the efficacy and stability over time of

a cognitive rehabilitation protocol (restorative and compensatory approach) in HIV/AIDS

patients with HIV-associated Neurocognitive Disorder (HAND). At baseline, 32 HIV/AIDS

patients (16 with and 16 without HAND) were assessed with a neuropsychological

battery (i.e., pre-assessment) consisting of 22 tests covering eight cognitive domains.

Then, the experimental group was administered over 4 months a cognitive rehabilitation

protocol aimed at improving four cognitive domains by means of eight paper and

pencil/computer-based exercises. The control group received guideline-adherent clinical

care (i.e., standard of care). At the end of the cognitive treatment, both groups were

re-administered the neuropsychological battery (i.e., post-assessment). Additionally,

6 months after post-assessment, the experimental group was given the same

neuropsychological battery (i.e., follow up-assessment). In order to test the efficacy

of the cognitive rehabilitation protocol, we compared between groups the results of

the neuropsychological battery at the pre- and post-assessments. In order to evaluate

the stability over time, the effects of the cognitive rehabilitation protocol was examined

comparing within the experimental group the results of the neuropsychological battery

at post- and follow up-assessments. Our results show that the two groups did

not differ at the pre-assessment, but differed at post-assessment. Specifically, the

experimental group showed a significant improvement in five domains (Learning and

memory, Abstraction/executive functioning, Verbal fluency, Attention/working memory,

and Functional), whereas the control group significantly worsened in the same domains.

The improvement of the experimental group did not change in the follow up-assessment

in two domains (Abstraction/executive functioning, Attention/working memory, and

Functional). Overall, these findings support the efficacy and, to some extent, the stability

over time of our cognitive rehabilitation protocol.

Keywords: HIV, cognitive impairment, HIV-associated neurocognitive disorders, neurocognitive rehabilitation,

HAND
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INTRODUCTION

Combination antiretroviral therapy has extended the survival of
patients living with Human Immunodeficiency Virus (HIV) and,
as a result, HIV is becoming a chronic disease. At the same
time, however, patients appear to be more commonly affected
by physical, social and cognitive disabilities (e.g., O’Brien et al.,
2014) than the general population. For instance, in a population-
based sample of people living with HIV, over 80% of patients
reported at least one impairment, activity limitation or social
participation restriction (Rusch et al., 2004). One of the most
common causes of disability is HIV-associated Neurocognitive
Disorder (HAND; Heaton et al., 2010). The largest HAND
study to date reported deficits in 52% of HIV-seropositive adults
(Heaton et al., 2010). Since, these disabilities can affect clinical
outcomes, cognitive rehabilitation may be a key step in the
maintenance or improvement of quality of life of HIV patients.

Consensus research criteria for classifying HAND were
published in 2007 (Antinori et al., 2007). Specifically, the authors
proposed three categories: Asymptomatic Neurocognitive
Impairment (ANI), Mild Neurocognitive Disorder (MND), and
HIV-Associated Dementia (HAD). The taxonomy is based on
objective diagnostic criteria and account for daily functioning.
The diagnosis of mild (MND) or severe (HAD) symptomatic
HAND, for instance, requires a functional decline in at least two
cognitive domains.

While the incidence of HAD has been reduced with
combination antiretroviral therapy, the prevalence of less severe
forms of neurocognitive disorders (i.e., ANI and MND) has
remained relatively stable. Further, a large longitudinal study
found that both ANI and MND were associated with cognitive
worsening (Grant et al., 2014). One explanation for the
persistence of mild HAND is antiretroviral neurotoxicity (Giunta
et al., 2011; Robertson et al., 2012). Such toxicity may occur via
direct drug effects on neurons and glia or indirectly via drug-
linked effects on other organs, such as the cardiovascular system
(Underwood et al., 2015).

The development of treatments for HAND is an important
unmet clinical need. With regard to cognitive rehabilitation,
three studies have been published to date (Boivin et al., 2010;
Becker et al., 2012; Vance et al., 2012) but none employed
HAND diagnoses as inclusion criteria and all used the so-called
restorative approach that aims to restore the neural circuits
underlying impaired cognitive processes by means of practice
and focused training exercises. These studies reported positive
effects on visual learning (Boivin et al., 2010) and speed of
information processing (Boivin et al., 2010; Vance et al., 2012).
However, the improvement did not extend to other ecologically
relevant cognitive domains, such as executive functioning or
working memory, and the durability of the benefits was not
strongly addressed.

In the present study, we aimed to examine the efficacy and
durability of a cognitive rehabilitation treatment for HAND
in HIV+ adults taking suppressive antiretroviral therapy. To
maximize the ecological impact of the training, our intervention
combined the restorative approach of prior studies with the
compensatory approach known to better enable learning of new

strategies and minimizing the impact of remaining impairment
(Robertson and Murre, 1999; Cicerone et al., 2005; Dams-
O’Connor et al., 2009). We predicted a significant improvement
of the neuropsychological picture in HAND-treated, respect
to HAND-untreated patients. Additionally, we predicted the
stability over time of these effects.

MATERIALS AND METHODS

Participants
Thirty-two patients (16 with and 16 without HAND) in
care to the Infectious Disease Unit “Division A,” Amedeo
of Savoia Hospital (Turin, Italy) provided written informed
consent to participate in the study, which was approved by
the Local Bioethics Committee (ASL TO2). The study did not
include any pharmacological intervention, and it was performed
in accordance with the ethical standards described in the
Declaration of Helsinki (World Medical Association, 2013).

Patients were randomized 1:1 to either the experimental
group or the control group. The two groups did not differ in
demographic, clinical, or treatment characteristics (all p > 0.05,
see Table 1).

Both groups were administered a pre-assessment
neuropsychological battery (see below). Then, the experimental
group was given the cognitive rehabilitation intervention
for 4 months (see below for the full description) and the
control group was given standard of care. At the end of
the cognitive treatment, both groups were re-administered
(post-assessment) the neuropsychological battery. The
experimental group was also given the neuropsychological
battery 6 months after the post-assessment (follow up) in
a within-subjects randomized order. Raw scores on each

TABLE 1 | Demographical/Clinical data of the two groups of patients and

their statistical comparisons at baseline (pre-assessment).

Experimental Control p

group group

Sample size 16 16 >0.05

Plasma HIV-RNAb (≤ 50 c/mL)2 16 16 >0.05

Years HIV infecteda 11.25 (5.8) 8.75 (6) >0.05

Current CD4+ T-cell countc 539 (299–611) 614 (369–810) >0.05

Nadir CD4 T-cell countc 212 (100–273) 177 (57–265) >0.05

HCV seropositiveb (%) 3 (19) 1 (6) >0.05

Number of current antiretroviralsc 3 (3–4) 3 (3–4) >0.05

CPE (CNS penetration

effectiveness score) of current

regimena

7.1 (2) 7.5 (1.3) >0.05

Age (years)c 47.5 (12.2) 50 (8.4) >0.05

Ethnicity (Cau)b 16 (100) 14 (87.5) >0.05

Educationc 10 (3) 9 (3.9) >0.05

Gender (Women)b 5 (31) 3 (19) >0.05

Mean (SD) Median (IQR) or Number (%).
aMean (Standard deviation).
bNumber (%).
cMedian (Inter-quartile range).
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TABLE 2 | Groups’ pre-, post-, and follow up- raw/T-scores on each test/domain of the neuropsychological battery.

Time Domain/Test Experimental group Control group

Raw scores T scores Raw scores

Pre-assessment Screening 50.2 (5.3)

3Q 1.1 (1.1) 48.1 (11.1) 0.7 (0.9)

MMSE 27.6 (1.27) 5.3 (8.3) 27.5 (1.4)

IHDS 9.3 (1.7) 51.2 (10.5) 8.9 (1.6)

Speed Information Processing 49.8 (7.9)

TMT-A 45.9 (20.5) 49.8 (10.1) 44.9 (20.6)

STROOP-T 28.8 (11.4) 49.8 (11.1) 28.5 (9.4)

Learning & Memory 51.1 (7.7)

RAVLT-IR 39.7 (9.3) 51.6 (9.4) 36.5 (10.1)

RAVLT-DR 8.3 (2.8) 51.3 (8.9) 7.4 (3.5)

ROCF-DR 10.4 (5.2) 50.3 (11.1) 10.1 (4.3)

Abstraction/Executive Functioning 50.4 (5.4)

TOL 16.9 (1.5) 51.1 (10.2) 16.6 (1.5)

STROOP-E 2.75 (1.8) 50.8 (7.5) 3.2 (3)

TMT-B 149 (53.4) 52.9 (7.3) 190.7 (84.8)

FAB 13.3 (3.3) 49.9 (12.4) 13.3 (1.98)

ROCF-C 26.9 (5.5) 47.3 (10.6) 29.7 (4.6)

Verbal Fluency 51.9 (8.2)

FAS 28.6 (9.3) 53 (10.8) 23.3 (7.3)

VS 3.2 (0.6) 50.9 (10.5) 3.1 (0.5)

Attention/Working Memory 50.6 (5.3)

CORSI 3.6 (0.8) 47.8 (9.98) 3.9 (0.75)

DS 6.6 (1.9) 50.8 (9.6) 6.3 (2)

TMT-BA 103.1 (41.2) 53.2 (6.4) 144.4 (77.4)

Functional 49.6 (9.6)

IADL 7.2 (0.8) 49.6 (9.6) 7.2 (0.9)

Mental Health 47.7 (10.3)

PHQ-9 10.4 (6.8) 47.9 (10.5) 7.6 (6)

GAD-7 9.6 (6.2) 47.6 (10.9) 6.9 (4.9)

Post-assessment Screening 53.3 (4.2)

MMSE 28.2 (0.8) 52.6 (6.6) 27.5 (1.6)

IHDS 10 (0.7) 54 (4.6) 9.5 (1.8)

Speed Information Processing 51.3 (8.1)

TMT-A 46.4 (15) 50.8 (9.5) 48.9 (16.9)

STROOP-T 25.7 (10.9) 51.9 (9.97) 29.8 (10.9)

Learning and Memory 55.7 (6.2)

RAVLT-IR 44.5 (8.1) 55.4 (7.9) 33.4 (9.3)

RAVLT-DR 9.6 (3.5) 53.8 (9.8) 6.9 (3.2)

ROCF-DR 20.5 (4.5) 58.1 (6.8) 9.7 (3.1)

Abstraction/Executive Functioning 54.5 (2.8)

TOL 18 (0.9) 54.3 (5.9) 16.7 (1.7)

STROOP-E 1.6 (1.4) 54 (5.1) 3.8 (3.3)

TMT-B 128.6 (34.1) 52.2 (5.5) 155.9 (80.3)

FAB 15.8 (1.1) 56.5 (5.3) 13.1 (1.9)

ROCF-C 32.4 (1.7) 55.5 (5.2) 28.7 (3.6)

Verbal Fluency 56.7 (4.3)

FAS 37.5 (7.3) 56.8 (6.9) 23 (8.3)

VS 4 (0.5) 56.5 (6.8) 3.1 (0.6)

(Continued)
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TABLE 2 | Continued

Time Domain/Test Experimental group Control group

Raw scores T scores Raw scores

Attention/Working Memory 54.4 (4.9)

CORSI 4.7 (0.8) 53.4 (9.8) 4.1 (0.8)

DS 9 (1.5) 56.4 (6.3) 6.1 (2)

TMT-BA 82.2 (28.3) 53.4 (5.2) 119.1 (66.9)

Functional 53.9 (5.6)

IADL 7.8 (0.4) 53.9 (5.6) 7.2 (0.9)

Mental Health 49.5 (11.1)

PHQ-9 8.7 (6.3) 49.5 (10.9) 8.2 (5.4)

GAD-7 6.8 (5.8) 49.6 (11.7) 6.4 (4.2)

Follow up-assessment Screening 50 (5)

MMSE 28.8 (0.7) 50 (10)

IHDS 10.8 (0.9) 50 (10)

Speed Information Processing 50 (7.9)

TMT-A 38.2 (15.2) 50 (10)

STROOP-T 25.4 (8.5) 50 (10)

Learning and Memory 50 (7.9)

RAVLT-IR 49.8 (13.6) 50 (10)

RAVLT-DR 10.4 (2.6) 50 (10)

ROCF-DR 21.5 (5.1) 50 (10)

Abstraction/Executive Functioning 50 (3.6)

TOL 18.2 (0.7) 50 (10)

STROOP-E 1.9 (1.1) 50 (10)

TMT-B 114.4 (24.2) 50 (10)

FAB 16.1 (1) 50 (10)

ROCF-C 31.9 (2) 50 (10)

Verbal Fluency 50 (8.5)

FAS 38.2 (11.4) 50 (10)

VS 3.5 (0.6) 50 (10)

Attention/Working Memory 50 (6.9)

CORSI 4.7 (0.5) 50 (10)

DS 8.7 (1.2) 50 (10)

TMT-BA 73.8 (19.3) 50 (10)

Functional 50 (10)

IADL 7.9 (0.25) 50 (10)

Mental Health 50 (9.5)

PHQ-9 8.5 (4.8) 50 (10)

GAD-7 6.7 (3.6) 50 (10)

Scores are corrected for age, educational level and gender in the Italian population.

3Q, Simioni’s 3 question test, <1 pathological; MMSE, Mini Mental State Examination, <26 pathological; IHDS, International HIV Dementia Scale, <10 pathological; TMT-A, Trial

Making Test Part A, >68 pathological; STROOP-T, Stroop Time, ≥31.66 pathological; RAVLT-IR, Rey Auditory Verbal Learning Test Immediate Recall, <32.26 pathological; RAVLT-DR,

Rey Auditory Verbal Learning Test Delayed Recall, <5.8 pathological; ROCF-DR, Rey-Osterrieth Complex Figure Delayed Recall, ≤11.22 pathological; TOL, Tower of London, <15

pathological; STROOP-E, Stroop Errors, ≥2.81; TMT-B, Trial Making Test Part B, >177 pathological; FAB, Frontal Assessment Battery, <14.4 pathological; ROCF-C, Rey-Osterrieth

Complex Figure Copy, ≤30.04 pathological; FAS, Phonemic Fluency; <21.33 pathological; VS, Verbal Span, <3.5 pathological; CORSI, Corsi block-tapping test, <3.76 pathological;

DS, Digit Span, <8 pathological; TMT-BA, Trial Making Test Part BA, > 111 pathological; IADL, Instrumental Activity of Daily Living Questionnaire, ≤6 pathological; PHQ-9, Patient

Health Questionnaire, >15 pathological; GAD-7, Generalized Anxiety Disorder, >15 pathological.

Mean (Standard error).

test are reported in Table 2. Scores were corrected for age,
educational level and gender using Italian normative data. Since
the Grooved Pegboard Test has no standardization, it is not
reported.

Neuropsychological Battery
Initially, 220 consecutive HIV/AIDS patients were administered
three different screening tests of the neuropsychological battery in
a between-subjects randomized order:
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• Mini Mental State Examination (MMSE; Folstein et al., 1975)
• International HIV Dementia Scale (IHDS; Sacktor et al., 2005)
• Simioni’s 3 question test (3Q; Simioni et al., 2010)

Then, patients with a score below the cut off in MMSE,
and/or at three questions test, and/or at the IHDS were
administered in a between-subjects randomized order
the rest of the neuropsychological battery (N = 110)
composed by 19 tests covering seven different cognitive
domains:

• Speed of information processing

◦ Trail Making Test Part A (TMT-A, Giovagnoli et al., 1996)
◦ Stroop Color Test-Time (STROOP-T, Caffarra et al., 2002a)

• Learning and Memory

◦ Rey Auditory Verbal Learning Test Immediate Recall
(RAVLT-IR, Carlesimo et al., 1996)

◦ Rey Auditory Verbal Learning Test Delayed Recall (RAVLT-
IR, Carlesimo et al., 1996)

◦ Rey-Osterrieth Complex Figure Delayed Recall (ROCF-DR,
Caffarra et al., 2002b)

• Abstraction/Executive Functioning

◦ Tower of London simplified version (ToL; Allamanno et al.,
1987)

◦ Stroop Color Test-Errors (STROOP-E, Caffarra et al.,
2002a)

◦ Trail Making Test Part B (TMT-B, Giovagnoli et al., 1996)
◦ Frontal Assessment Battery (FAB, Appollonio et al., 2005)
◦ Rey-Osterrieth complex Figure Copy (ROCF-C, Caffarra
et al., 2002b)

• Verbal Fluency

◦ Phonemic Fluency (FAS, Carlesimo et al., 1995)
◦ Verbal Span (VS, Spinnler and Tognoni, 1987)

• Attention/Working Memory

◦ Corsi’s block-tapping Test (CORSI, Orsini et al., 1987)
◦ Digit Span (DS, Orsini and Laicardi, 1997)
◦ Trail Making Test Part BA (TMT-BA, Giovagnoli et al.,
1996)

• Motor

◦ Grooved Pegboard Test Dominant and non- dominant
hands (Heaton et al., 1991)

• Functional

◦ Instrumental Activity of Daily Living Questionnaire (IADL,
Lawton and Brody, 1969). This latter test was administered
to investigate 10 areas of autonomy in activities of daily
living: ability to use the phone, grocery shopping, preparing
meals, take care of the house, laundry, moving away from
home, assumption drugs, use of money, work ability, work
efficiency.

• Mental Health

◦ Patient Health Questionnaire (PHQ-9, Kroenke and Spitzer,
2002)

◦ Generalized Anxiety Disorder (GAD-7, Kroenke and
Spitzer, 2002)

Sixty of 110 tested patients (54%) were diagnosed withHAND (48
ANI, 10 MND, and 2 HAD). Participants (N = 32) were selected
among those with HAND based on specific eligibility criteria:
receiving antiretroviral therapy for at least 6 months, plasma
HIV RNA below 50 copies/mL for at least 6 months, CD4+ T
lymphocyte count above 350 cells/µ L from at least 6 months,
fluent Italian speaker, and absence of severe comorbidities,
including neurodegenerative or psychiatric disease, metabolic
encephalopathy, psychoactive drug use, alcohol use, or head
trauma.

Cognitive Rehabilitation Treatment
The cognitive rehabilitation protocol included both paper-
and-pencil and computer-based exercises and it was composed
of eight different exercises repeated in 36 sessions (around
50min each) over 4 months. The eight tests were administered
in a randomized-within subjects order. The protocol aimed
at improving with the different group of tests four cognitive
domains:

• Attention

◦ Time Pressure Management (Fasotti et al., 2000)

� Five minute paper-and-pencil exercise to improve
functional impairments related to slowed information
processing and complex attention. Patients learn
compensatory strategies as, for instance, allowing
sufficient time to manage a task

◦ Attention Process Training Task (Cicerone et al., 2005)

� Five minute paper-and-pencil exercise organized
hierarchically to improve different components of
attention: sustained, selective, alternating and divided
attention. Patients learn compensatory strategies as,
for instance, removing environmental distractors or
employing using cues to maintain attention

• Visual-verbal memory and learning

◦ COG.I.T.O. (open platform. ASPHI and San Camillo
Hospital, Turin

� Ten minute computer-based exercise to improve
attention/visual-spatial memory. Patients have to encode
daily-use objects in domestic environments (i.e., kitchen,
bedroom, garage). Then, objects disappear and they
have to put them back in their correct location, or
recognizing them among distractors and relocating
them, or writing their names and relocating them. From
session to session, the available time decreases whereas
the number of objects increases.
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◦ Errorless Learning (Ehlhardt et al., 2005)

� Five minute paper-and-pencil exercise providing
sufficient cues during training so that patients can only
give correct responses. Then, cues are progressively
sequentially reduced

◦ Process-Oriented Memory Learning (Huildebrandt et al.,
2006)

� Five minute paper-and-pencil exercise to improve
strategies adapted to different situations with memory
requirements (e.g., practice, managing interferences
between acquisition and recall, principles to optimize
memory performance)

• Executive Functioning and Working Memory

◦ Metacognitive Strategy Training (Kennedy et al., 2008)

� Five minute paper-and-pencil exercise to improve daily
problem-solving abilities (e.g., use of metacognitive
approaches incorporating emotional self-regulation
strategies which facilitates clear thinking)

◦ Goal Management Training (Levine et al., 2000)

� Five minute paper-and-pencil exercise to improve the
ability to stop and think about what one is doing,
identifying a specific goal, delineating the steps or
achieve a goal and evaluating the outcomes

• Metacognitive Awareness

◦ Increased Awareness (10min)

� Oneminute at the beginning of each session, 1min at the
end of each exercise for 10min to improve awareness of
neurocognitive deficits (Dams-O’Connor and Gordon,
2010).

RESULTS

Raw corrected scores on each neuropsychological test at pre
pre-, post-, and follow up- were standardized (T-score). When
necessary, the standard scores were reversed in order to keep the
interpretation of all tests in the same direction, namely higher

scores reflecting a better performance. Then the standard scores
were averaged within each domain.

In order to evaluate the efficacy of the cognitive rehabilitation
protocol, we performed a repeated measures ANOVA on
each domain of the neuropsychological battery with the mean
standard scores as dependent variables, TIME (two levels:
pre-assessment, post-assessment) as within-subjects factor, and
GROUP (two levels: experimental, control) as between-subjects
factor.

Respect to “Screening,” the TIME x group interaction resulted
to be significant [F(1, 30) = 7.05, p = 0.013]. Post-hoc
comparisons (Duncan) revealed that the two groups did not
differ at pre-assessment (experimental group: mean = 50.23,
SE = 1.32; control group: mean = 49.77, SE = 1.31), but
differed (p = 0.007) at post-assessment (experimental group:
mean= 53.3, SE= 1.74; control group: mean= 46.7, SE= 1.74);
see Figure 1. The analysis on “Speed information processing”
was not significant. As regards “Learning and memory,” the
TIME × GROUP interaction was significant [F(1, 30) = 31.58,
p < 0.0001]. Post-hoc comparisons (Duncan) revealed that the
two groups did not differ at pre-assessment (experimental group:
mean = 51.11, SE = 1.96; control group: mean = 48.89, SE =

1.95), but differed (p = 0.0002) at post-assessment (experimental
group: mean = 55.75, SE = 1.54; control group: mean = 44.24,
SE = 1.54) because the mean score of the experimental group
significantly (p = 0.0005) increased and the mean score of
the control group significantly (p = 0.0001) decreased (see
Figure 1). The TIME × GROUP interaction was significant
[F(1, 30) = 21.42, p < 0.0001 also for “Abstraction/Executive
Functioning.” Duncan post-hoc showed that the groups did not
differ at pre-assessment (experimental group: mean = 50.41,
SE = 1.9; control group: mean = 49.6, SE = 1.38), but differed
(p < 0.001) at post-assessment (experimental group: mean =

54.51, SE = 1.27; control group: mean = 47.48, SE = 1.27)
because the mean score of the experimental group significantly
(p = 0.003) increased, and the mean score of the control
group significantly (p = 0.003) decreased (see Figure 1). The
same was true for the “verbal fluency” in which the TIME ×

GROUP interaction was significant [F(1, 30) = 11.45, p =

0.002]. Duncan post-hoc analysis revealed that groups did not
differ at pre-assessment (experimental group: mean = 51.95,
SE = 1.91; control group: mean = 48.05, SE = 1.91), but

FIGURE 1 | Between-groups comparisons (domains) along time (pre- vs. post-assessment). Error bars represent standard errors. Asterisks indicate

significant comparisons, n.s. indicate non-significant comparisons.

Frontiers in Behavioral Neuroscience | www.frontiersin.org November 2015 | Volume 9 | Article 306 | 58

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Livelli et al. Cognitive Rehabilitation Intervention in HIV

differed (p < 0.0001) at post-assessment (experimental group:
mean = 56.66, SE = 1.34; control group: mean = 43.34,
SE = 1.34) because the mean score of the experimental group
significantly (p = 0.02) increased and the mean score of
the control group significantly (p = 0.02) decreased (see
Figure 1). The TIME × GROUP interaction was significant
[F(1, 30) = 13.8, p = 0.001] also for “Attention/Working
memory.” Duncan post-hoc analysis revealed that groups did
not differ at pre-assessment (experimental group: mean = 50.62,
SE = 1.49; control group: mean = 49.38, SE = 1.49), but
differed (p = 0.0001) at post-assessment (experimental group:
mean = 54.42, SE = 1.22; control group: mean = 45.58,
SE = 1.22) because the mean score of the experimental group
significantly (p = 0.016) increased and the mean score of
the control group significantly (p = 0.016) decreased. The
same was true for “Functional” in which the TIME × GROUP
interaction was significant [F(1, 30) = 12.91, p = 0.001]. Duncan
post-hoc revealed that groups did not differ at pre-assessment
(experimental group: mean = 49.64, SE = 2.54; control group:
mean = 50.36, SE = 2.53), but differed (p = 0.042) at post-
assessment (experimental group: mean = 53.92, SE = 2.31;
control group: mean= 46.08, SE= 2.33) because the mean score
of the experimental group significantly (p = 0.021) increased and
the mean score of the control group significantly (p = 0.021)
decreased. The analysis on “Mental Health” was not significant.

In order to evaluate whether the treatment was able to
induce permanent effects, we performed in the experimental
group a within subject ANOVA on each domain of the
neuropsychological battery which improved from pre- to post
assessments. The mean standard scores were employed as
dependent variables, and TIME (three levels: pre-assessment,

post-assessment, follow up-assessment) as within-subjects factor.
The analysis on “Learning and Memory” (see Figure 2) resulted
to be significant [F(2, 30) = 8.92, p < 0.001]. Post-hoc
comparisons (Duncan) revealed that the mean score significantly
(p = 0.003) improved from pre- (mean = 51.1, SE = 1.94) to
post- (mean = 55.75, SE = 1.55) assessment and worsened (p <

0.001) from post- to follow up-assessment (mean = 50, SE =

2.1). Also the analysis on “Abstraction/executive functioning”
(see Figure 2) was significant [F(2,30) = 5, p = 0.008] with
the mean score significantly (p = 0.006) improved (Duncan)
from pre- (mean = 50.4, SE = 1.44) to post- (mean = 54.52,
SE = 0.7) assessment and worsened (p = 0.004) from post-
to follow up-assessment (mean = 50, SE = 0.9). The same
was true (see Figure 2) for “Verbal Fluency” [F(2, 30) = 5.5,
p = 0.01) with the mean score significantly (p = 0.03)
improved (Duncan) from pre- (mean = 51.95, SE = 2.06) to
post- (mean = 56.67, SE = 1.07) assessment and worsened
(p = 0.005) from post- to follow up-assessment (mean =

50, SE = 2.1). As regards “Attention/working memory” (see
Figure 2), the analysis resulted to be significant. However,
post-hoc comparisons (Duncan) revealed that the mean score
significantly (p = 0.03) improved from pre- (mean= 50.62, SE=

1.31) to post- (mean = 54.44, SE = 1.22) assessment but did not
change (p > 0.05) from post- to follow up-assessment (mean =

50, SE = 1.74). The analysis on “Functional” (see Figure 2) was
not significant (p > 0.05).

DISCUSSION

In the present study, we examined the efficacy of a cognitive
rehabilitation protocol that included both restorative and

FIGURE 2 | Experimental group trends (improved domains) along time (post- vs. follow up-assessment.
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compensatory approaches for treatment of HAND. Our results
show discordant clinical evolution in five out of eight domains
in participants who received the intervention compared with
those who did not: treated patients improved, untreated patients
worsened. Additionally, the improvement proved to be stable
over time in four of five domains.

Within the context of HIV, rehabilitation is a dynamic set
of activities that can benefit the disease as well as linked
social limitations and dysfunctions (Worthington et al., 2005).
With the graying of the HIV population, the demand for
rehabilitation services will likely increase in the near future
(O’Brien et al., 2014). Since a substantial number of HIV
patients have cognitive impairment (e.g., Heaton et al., 2010),
expansion in rehabilitation services should include cognitive
rehabilitation.

One definition of cognitive rehabilitation is a systematic,
functionally oriented set of therapeutic activities. Cognitive
improvement is achieved by both strengthening previously
learned behavioral patterns and establishing new, compensatory
ones (Bergquist and Malec, 1997). This is possible because of the
brain plasticity, the changes of brain organization that subserve
short- and long-term behavioral modifiability. These changes can
be structural (i.e., remodeling of the brain’s physical structures) or
physiological (i.e., dynamic adjustment of cellular processes such
as synapse formation that modulate conductance or resistance
to impulse transmission; see, for instance, Berlucchi, 2011).
These changes can include adaptation to novel environments,
maturation, different learning types, and compensatory changes
in response to functional loss (see, for instance, Berlucchi, 2011).

Successful cognitive rehabilitation treatment typically
targets different cognitive abilities, such as attention, memory,
perception, learning, and executive functioning. Metacognitive
awareness, emotional regulation, social skills and community
integration are other, important targets. The main aim of
cognitive rehabilitation is to significantly reduce the impact of
disease on daily living. More specific aims depend on the nature
and severity of the individual cognitive, behavioral, physical,
and emotional difficulties as well as on the specific individual
premorbid achievements (Dams-O’Connor and Gordon, 2010).

With HAND, HIV mainly affects fronto-striatal-
thalamocortical circuitry, often being associated with decreased
white matter volume (e.g., Thompson et al., 2005). As a
consequence, cognitive deficits can cover a wide range of
abilities. For instance, patients may develop impairments
of visual/verbal working memory (Martin et al., 2001) as a
consequence of central executive dysfunctions (Hinkin et al.,
2002). Additionally, patients may show working memory
impairments that can influence even higher-level cognitive
abilities and daily activities (Martin et al., 2004). Nonetheless,
HIV is frequently associated with difficulties of attentional
processes (Hinkin et al., 2002), which, in turn, may negatively
affect adherence to antiretroviral therapy (Levine et al., 2005,
2008). As a result, patients can experience multiple personal and
professional difficulties and are frequently unemployed (Heaton
et al., 1994; van Gorp et al., 2007).

In the present study, we aimed to maximize the effects of
a cognitive rehabilitation intervention by training patients in

both restorative (i.e., COG.I.T.O) and compensatory abilities
(Time Pressure Management, Attention Process Training
Task, Errorless Learning, Process-Oriented Memory Learning,
Metacognitive Strategy Training, Goal Management Training,
Increased Awareness). Each exercise was organized and
administered in different steps with progressively increasing
difficulty, suitable for gradual improvement of performance
and for learning of any targeted ability. As written above, we
found a significant improvement in the experimental, respect
to the control, from pre- to post-assessments in Learning and
memory, Abstraction/executive functioning, Verbal fluency,
Attention/working memory, and Daily functioning. The
improvement in Attention/working memory indirectly suggests
benefits for daily functioning (working memory) and medication
adherence (attention). The improvement in Learning and
memory could explain the improvements in self-reported IADLs
at post-assessment as well as the better work efficiency reported
by treated patients. In contrast, the control group significantly
worsened in the same domains.

At follow up-assessment, the cognitive improvement were
stable (i.e., no significant difference respect to post-assessment)
in two domains. It is worth noticing that previous long-term
(i.e., 5 months to 1 year) benefits of cognitive rehabilitation
(Tesar et al., 2005; Svendsen and Teasdale, 2006; Fink et al.,
2010; Stuifbergen et al., 2012), have been related to patients
continued use of learned strategies in ecological situations, as
well as to the relevance of the intervention to the patient’s
daily functioning (Cicerone et al., 2000). Then, patients of
experimental group used learned strategies in ecological contexts
of daily living. However, in the other three domains, the
experimental group’s performance significantly worsened (and,
indeed, this is also the overall trend). Broadly speaking, this is
not surprising but, rather, consistent with the fact that most
long-term follow up studies on the effects of acquired brain
injuries show also some persisting effects (Klonoff et al., 1993;
Dikmen et al., 2003; Wood and Rutterford, 2006). Additionally,
ARV neurotoxicity and the potential HIV activities within the
central nervous system acts against the cognitive rehabilitation
process. Indeed, thismight also explain, at least in part, the above-
mentioned fact that the control group worsened from pre- to
post-assessment.

Our study had several limitations. First, the sample size
is relatively small. Hence, further studies with larger samples
are required to validate the findings. Secondly, and more
importantly, the control group was administered standard of
care only but not a structured activity, raising the possibility
that repeating per se the cognitive rehabilitation protocol
might have a role in the improvement observed in the
experimental group. This possibility is countered by the
fact that benefit was not observed in all domains, which
would have been seen if the improvement was solely due to
practice. Still, this remains a limitation of our investigation
and future studies should employ active control activities
such as generalized compensatory cognitive training or low
cognitive demand computer activities (Weber et al., 2013).
Interestingly, those studies might address the effects of different
kind of interventions: restorative approaches vs. compensatory
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interventions, purely computer-based vs. purely paper-based.
Beyond the presence of a control condition, such strategies
would better enable proof of concept for the use of cognitive
rehabilitation in HAND.

In conclusion, our intervention was associated with better
cognitive performance. According to a recent call to action
(Weber et al., 2013), future studies should prioritize development
of specific cognitive rehabilitation interventions for HAND,
particularly with emphasis on two issues. First, while our center is
similar to other Italian centers, a specific battery of standardized
tests for HIV populations should be developed in Italy to
generalize our findings to different countries. Secondly, the
impact of cognitive rehabilitation on daily living, quality of life,
and medication adherence has to be clarified. Since unawareness
is in general a significant barrier to treatment (Ownsworth et al.,

2002) and since more than 50% of people with HIV have poor
insight of their cognitive deficits (Weber et al., 2013), more
specific measures and more sensitive interventions should be
developed.
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Cognitive rehabilitation in multiple sclerosis (MS) has been reported to induce
neuropsychological improvements, but the persistence of these effects has been
scarcely investigated over long follow ups. Here, the results of a multicenter randomized
clinical trial are reported, in which the efficacy of 15 week domain specific cognitive
training was evaluated at 2 years follow up in 41 patients. Included patients were
randomly assigned either to domain specific cognitive rehabilitation, or to aspecific
psychological intervention. Patients who still resulted to be cognitively impaired at 1 year
follow up were resubmitted to the same treatment, whereas the recovered ones were
not. Neuropsychological tests and functional scales were administered at 2 years follow
up to all the patients. Results revealed that both at 1 and at 2 years follow up more
patients in the aspecific group (18/19, 94% and 13/17, 76% respectively) than in the
specific group (11/22, 50% and 5/15, 33% respectively) resulted to be cognitively
impaired. Furthermore patients belonging to the specific group showed significantly less
impaired tests compared with the aspecific group ones (p = 0.02) and a significant
amelioration in the majority of the tests. On the contrary patients in the aspecific group
did not change. The specific group subjects also perceived a subjective improvement
in their cognitive performance, while the aspecific group patients did not. These results
showed that short time domain specific cognitive rehabilitation is a useful treatment for
patients with MS, shows very long lasting effects, compared to aspecific psychological
interventions. Also subjective cognitive amelioration was found in patients submitted to
domain specific treatment after 2 years.
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INTRODUCTION

Patients affected with multiple sclerosis (MS) often have
a certain degree of cognitive impairment. Approximately
40–70% of patients present a certain degree of cognitive
deficit, independently from disease duration, disease severity
and physical disability (Chiaravalloti and DeLuca, 2008). This
frequently contributes to the loss of employment, reduced social
and working abilities and worsened quality of life (Pompeii
et al., 2005; Putzki et al., 2009). The main affected cognitive
areas are attention, information processing speed, memory and
executive functions (Calabrese, 2006; Chiaravalloti and DeLuca,
2008; Duque et al., 2008; Prakash et al., 2008). The spontaneous
evolution of cognitive deficits in MS is known to be worsening,
as shown by a 10 years longitudinal study conducted on patients
who were in large measure untreated, reporting the increase
in the number of moderately or severely impaired MS patients
and a reduction of mildly impaired ones over time. Among
clinical predictors, incipient cognitive decline seems to be the
major risk factor for further patents’ deterioration in the short-
term. In the long-term, the likelihood increases that also patients
with initial cognitive preservation may deteriorate (Amato et al.,
2006b).

Although cognitive deficits are prominent and detrimental
in MS, surprisingly few studies investigated the effectiveness of
cognitive training (Jønsson et al., 1993; Plohmann et al., 1998;
Fink et al., 2010; Mattioli et al., 2010a; Amato et al., 2014;
Chiaravalloti and DeLuca, 2015). Despite differences emerged
between the results of early published studies—mainly depending
on methodological issues, such as clinical heterogeneity across
patients in terms of disability, type of cognitive impairment, type
ofMS and type of immunomodulatory drug they were prescribed
(Thomas et al., 2006)—the most recent investigations provided
convergent support to the usefulness of cognitive rehabilitation
in MS (Rosti-Otajärvi and Hämäläinen, 2014). Particularly,
episodic memory (Chiaravalloti et al., 2013), autobiographical
memory (Ernst et al., 2015) and attention abilities (Mattioli
et al., 2010a, 2012; Amato et al., 2014) and executive functions
(Mattioli et al., 2010a) have been shown to significantly
improve after a domain specific cognitive training in randomized
clinical trials—either compared to no treatment or to a control
treatment. The positive effects of these cognitive trainings have
been reported both immediately after the end of the treatment
(Mattioli et al., 2010b; Hubacher et al., 2015) and 6 months
after the end (Mattioli et al., 2012; Chiaravalloti et al., 2013;
Rosti-Otajärvi et al., 2013). An independent improvement also
in depression—a frequently associated disorder in MS—and
quality of life have also been shown after cognitive interventions
(Mattioli et al., 2010a, 2012).

However, the above mentioned studies were all performed
by one single center and only in one recent study (Mattioli
et al., 2015) a multicenter approach has been used, providing
supporting evidences of the reliability of the domain specific
approach (Sprague et al., 2009). This study, the Sclerosi
Multipla Intensive Cognitive Training (SMICT) is a multicenter
randomized Italian clinical trial on relapsing remitting (RR)
patients. It was aimed at comparing the efficacy of a domain

specific cognitive training with a non specific psychological
treatment over 2 years follow up. Preliminary data of this
collaborative study with the results of the 1st year follow up,
showed that patients treated with the domain specific approach
had a significantly lower number of impaired cognitive tests
and resulted to be cognitively recovered in a significantly
higher proportion compared to those ones submitted to the
non-specific psychological intervention (Mattioli et al., 2015).
Furthermore, all the patients of the study were prescribed the
same immunomodulatory drug, (in fact, different therapeutic
regimens in previous trials could have been a confounding
variable). Through the persistence at 1 year of the positive effects
of domain specific cognitive interventions has been published,
the exact need for treatment beyond the 1st year of follow up
still needs to be further investigated and the possible beneficial
effect of repeated boosters of cognitive training in MS patients
still needs to be investigated as well.

The aim of the current article is to provide final results of
the SMICT study over 2 years follow up in MS, evaluating the
persistence over 2 years of cognitive improvement induced by the
domain specific cognitive training. Also the possible efficacy of a
repeated cognitive treatment in the 2nd year of follow up will be
examined.

MATERIALS AND METHODS

Subjects
The Randomized Clinical Trial (Spedali Civili of Brescia trial
Register NP: 560) was performed according to the Helsinki
Declaration and after the approval of the Ethical Committee
(Comitato Etico Provinciale di Brescia, January 2010). Patients’
enrolment started on June 2010 and ended 31 December 2011.
It involved 10 MS centers in Italy. Patients affected with MS,
according to Poser and Brinar (2001) criteria with a RR course
were included in the study, after their signed informed consent
was obtained. To participate in the study, all patients needed to
have been prescribed interferon beta 1A 44 mcg 3 times/week
no later than 6 months before, in order to have the same
drug regimen in patients. This first line therapeutic regimen
was chosen, as it has been shown to be effective on several
neuropsychological measures (Amato et al., 2013). Patients were
included only if impaired (age corrected z score < −1.5 SD to
norms) in at least one of the tests included in the Italian version
of the Rao Brief Repeatable Battery and Stroop test. Exclusion
criteria were dementia (excluded by means of anamnestic
reports as well as MMSE >24 in patients), previous or present
psychiatric disorders (requiring pharmacological treatment) and
clinically evident relapse in the previous 6 months. For the
included patients, the disease duration, the disability in the
Expanded Disability Status Scale (EDSS; Kurtzke, 1983), the
relapse rate and steroid consumption (grams of intra venous
methylprednisolone) in the previous year were registered.

Neuropsychological Evaluations
Three neuropsychological evaluations were performed for each
patient: T0 at baseline before enrolment, T12 after 1 year and T24
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after 2 years from the baseline. The Italian version of the Rao’s
Brief Repeatable Battery (Amato et al., 2006a), including Paced
Auditory Serial Addition Task (PASAT 2′′, PASAT 3′′), Simbol
Digit Modality Test (SDMT), Spatial Recall Test (SPART) 10/36
and Delayed Recall (SPART D), Selective Reminding Test Long
Term storage (SRT LTS), Consistent Long Term Retrieval (SRT
CLTR), Delayed Recall (SRT DR), the Controlled Oral Words
Association (COWA) with the Phoneme (P) and Category (C)
modalities (Mattioli et al., 2010a) and Stroop test (Barbarotto
et al., 1998). Alternative forms, when available, were used, in
order to avoid test retest effects and learning effects (Goretti
et al., 2014). All the tests were corrected by age and education,
according to published norms. A test was considered impaired, if
its corrected score fell below−1.5 SD.

In addition, three functional scales were administered,
in order to evaluate the fatigue (Modified Fatigue Impact
Scale, mFIS; Kos et al., 2006), the possible deflection of
mood (Montgomery-Asberg Depression Rating Scale, MADRS;
Montgomery and Asberg, 1979) and the quality of life (Multiple
Sclerosis Quality of Life Questionnaire, MSQoL; Solari et al.,
1999) at the same intervals.

In order to measure the patients’ subjective perception of
cognitive amelioration after treatment, the item 6 of MADRS has
been selected and used: it requires the patient to rate on a 6 point
Likert scale his/her difficulties in collecting one’s thoughts, where
0 means ‘‘no difficulty in concentrating’’ and 6 means ‘‘unable to
read or converse without great difficulty’’ and compared between
T0 and T24.

Treatments
Patients were randomly assigned to Specific Treatment Group
(SG) or to Aspecific Treatment Group (AG), for 15 consecutive
weeks with 2 weekly 60’ sessions. Randomization (according to
a computer-generated list of random number) and statistical
analysis of data were carried out by an independent center, from
whom all the Centers received the patients’ number.

Specific Treatment
Specific treatment was administered according to the impaired
neuropsychological function: Plan a Day software of the
Rehacom1 was used if a patient resulted impaired in executive
functions (that is if his/her poor score was in the Stroop test
or in the COWA P or COWA/C); Memory software of the
same package was used if the patient was impaired in either
the SRT or SPART verbal or spatial memory measures and
the previously described 29 A/IP training, if he/she resulted
impaired in attention/speeded information processing domain
(pathological PASAT 2′′, PASAT 3′′, SDMT). If a patient was
impaired in more than one domain, all the single domain
trainings were balanced in the hourly session each time. Exercises
complexity was adapted each time to the severity of each single
patient’s impairment in the selected domain, with the aim that
the exercise had to be challenging in each treatment session.

1www.schuhfried.at

Plan a Day
The Plan a Day procedure trains the patient’s ability to
organize, plan and develop solution strategies, employing
realistic simulations of a set of scheduled dates and duties to be
organized at specific places in a virtual small city map. Times
for planning and schedules are registered for each patient at
each session and only improvement and acquisition of sufficient
planning abilities for fulfilling all the appointments required
led to an improved level in the following treatment session.
Fifty four levels of increasing complexity are available, in order
to challenge any grade of impairment. This was considered a
strategic behavior acquisition. For further description of the
treatment see Mattioli et al. (2015).

Memory
Patients were asked to give answer to multiple choice or open
questions about tales of increasing length, which were presented
on the PC, whose complexity was chosen on the basis of the
patient’s memory impairment. Ten levels of difficulty—also with
interfering condition of two or three tales alternatively presented
with the other tales’ questions—were progressively presented to
the patients.

A/IP Training
A specific speeded information training with increasing velocity
(from 4000 to 1800 ms interval), which has been shown to be
effective in patients with brain injuries, was used, consisting of a
modified PASAT task with numbers, words and months of the
year, according to Serino et al. (2006) procedure.

Aspecific Training
The A treatment (not domain specific intervention, but a generic
psychological intervention, considered as control treatment) was
conducted by the psychologist addressing the following items
with the patient: the patient’s disease perception (with the
aid of scientific articles dealing with MS), eventual limitation
in the patient’s occupation due to MS, possible difficulties
on his/her job, problems with the patient’s family life and
leisure activities, specific problems of the patient’s due to
MS (i.e., sexual, affective). The aim of this sort of psycho
education was not to specifically treat a cognitive ability,
but rather to discuss with the patient about the functional
impairment due to MS, avoiding to treat depression or to
have any behavioral or psychoanalytic approach. This type of
psycho educational treatment, considered as a control treatment
have been accepted as ethical by the Ethical Committees of
all the Centers, as no sure evidences exist till now about
the superiority of domain specific treatments of memory,
attention and executive functions on the aspecific psychological
approaches in MS.

All the treating psychologists were trained by attending 10
consecutive training meetings with the psychologists of the
coordinator center.

The same treatment administered after randomization was
repeated in the 2nd year of the study, after T12 evaluation,
only if a patient resulted to be still impaired in at least one
neurpsychological test.
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Patients’ neuropsychological evaluations and treatments
were done by different neuropsychologists and performed
in a quiet room, according with standardized published
procedures, with maximum attention paid by the
neuropsychologists in order to avoid interference from
possible low motivation of patients on performance. All
the patients were reminded about the study protocol
in each session, in order to refresh the context of the
evaluations.

Statistical Analysis
A sample size of 14 patients for each group was necessary
(Faul et al., 2007) in order to have a 5% significance
level and a 90% statistical power. Descriptive statistics
are expressed as median and/or means ± SD. Due to
the nature of the variables and the sample size, non-
parametric tests were performed. The two patients’groups
were compared using Mann-Whitney’s statistic test for
quantitative variables and Fisher’s exact test for qualitative
variables.

Pearson chi-squared test was applied to qualitative data.
Repeated measures within group were evaluated by Wilcoxon
signed-rank test (over two-time point) and by Friedman’s
test (over the three-time point). Repeated measures mixed
models were applied to each variable to take into consideration
simultaneously the effect of treatment, time and their interaction.
All statistical analyses were performed using STATA/SE version
12.1 software and a p < 0.05 was considered significant. A
Poisson multivariate regression model has been used to analyze
the relationship between number of pathological tests and
treatment, using EDSS as a covariate.

RESULTS

The AG consisted of 19 patients both at T0 and at T12. Eighteen
of them resulted to be still impaired at T12 (that is they had at
least one impaired test in the neuropsychological battery), two
of which refused to repeat the neuropsychological evaluation at
T24, so 16 patients in the AG repeated the aspecific treatment. In
the SG, which at T0 and T12 consisted of 22 subjects, of whom
11 were still impaired at T12, 8 subjects refused to repeat the
neuropsychological evaluation and only three patients repeated
the treatment (with the same domain specific intervention as
in the 1st year). Figure 1 reports the CONSORT diagram.
Comparing the number of patients who were still cognitively
impaired at T12 between groups, a significantly higher number in
the AG than in SG was found (16/17, 94% vs. 3/15, 20%, Pearson
test p = 0.014). Also at T24 a significantly higher number (13/17)
of patients in the AG than in the SG (5/15) resulted to be still
cognitively impaired (Pearson test p = 0.014). This sample was
considered for statistical analysis of single tests’ scores.

As previously reported (Mattioli et al., 2015) baseline (T0)
clinical characteristics of patients did not differ between groups
in terms of disease duration, age, education, EDSS, steroid
consumption and number of relapses. At T12 only EDSS score
was changed between groups, which resulted to be higher in
patients submitted to the Aspecific Treatment compared with

patients submitted to the Specific Treatment (Table 1). Within
group change revealed a worsened EDSS in AG at T24 (mean
EDSS 3.47, SD 1.76; repeated measures mixed models: significant
effect of both group and time, as well as interactions: p = 0.003,
p = 0.019, p = 0.002) and an unchanged EDSS in SG. However,
the number of relapses was not significantly different between
the two groups at T24 (Mann Whitney p = 0.99), with a decrease
compared with the number in the previous year in both groups.
Similarly, steroid consumption decreased in the 2nd year follow
up, not significantly different between groups (Mann Whitney
test p = 0.3), indicating an overall similarity between disease
physical severity between the groups.

As shown in Table 2 the number of impaired tests in AG was
not significantly changed between T0 and T24 (p = 0.51), while
in the SG a significant reduction of impaired tests was observed
(p < 0.001). Considering the comparison between AG and SG
also at T12 in the number of impaired tests a significant reduction
of them was found in the SG (Table 2). In addition, a between
group comparisons of the number of pathological tests at T24
further confirms less impaired tests in SG compared with the AG
(0.75 ± 1.34, 2.29 ± 2.52, p = 0.02). However, in a multivariate
analysis, taking into account EDSS as a covariate, the difference
in the number of pathological tests between AG and SG group
loses its statistical significance (p = 0.089).

On the other hand, no differences emerged in MSQoL, mFIS
and MADRS between groups at T24 (Table 3).

Also single tests’ performance at T24 revealed significantly
better performances of SG group compared to AG in SDMT
(35 vs. 46, p = 0.02) and COWAL (30 vs. 35, p = 0.006), with
a trend toward significance in SPART DR (five vs. seven, p
= 0.055). Subjects in SG significantly improved their scores in
almost all neuropsychological tests after both 1 and 2 years
(Table 4), whereas subjects in AG did not significantly improved
their scores in none of the tests. In repeated measures mixed
models, interactions between treatment and time was statistically
significant for PASAT 3′′, SPART DR, SDMT and Stroop test
and marginally significant for SPART 10/36 (p = 0.0649) and
SRT LTS (p = 0.0556). These results confirm the significant
difference on the neuropsychological tests between the two
groups at the different follow ups, showing differences at T12 and
at T24. Noteworthy, considering only the three patients of the
SG, who, as being impaired at T12, were submitted to repeated
rehabilitation the second time, they resulted to be unchanged at
T24, in terms of number of impaired tests. The patients were all
impaired in memory (of them one also impaired in attention and
another in executive function), but, due to the small number, no
statistical analysis on the effects of the training between domains
was carried on.

Although the total MADRS score did not differ between
groups, the results on MADRS item 6 measuring the subjective
perception of cognitive deficits, resulted to be significantly
reduced in SG (median T0 2, median T24 0; p = 0.0182Wilcoxon
signed rank test) and unchanged in the AG (median T0 2, median
T24 2; p = 0.88Wilcoxon signed rank test) and to be significantly
better in SG than in the AG at T24 (p = 0.291MannWhitney test),
showing a better subjective perception of cognitive performance
in SG.
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FIGURE 1 | Consort diagram of the study.

TABLE 1 | Characteristics of patients at T12.

AG (n = 17) SG (n = 15) p-value∗

Median Mean ± SD Median Mean ± SD

Age (years) 49 44.88 ± 9.96 47 44.80 ± 8.69 0.75
Years of education 13 12.12 ± 3.62 10 10.93 ± 3.17 0.41
Disease duration (months) 60 87.18 ± 74.83 30 67.20 ± 88.77 0.10
Number of relapses (previous year) 0 0.53 ± 0.94 0 0.33 ± 0.62 0.72
EDSS 3 2.97 ± 1.49 2 1.63 ± 0.95 0.0094
Steroid (gr)# 0 2.29 ± 4.40 0 0.71 ± 1.82 0.30

∗Mann-Whitney test. AG, Aspecific Treatment Group; SG, Specific Treatment Group; EDSS, Expanded Disability Status Scale. #Methylprednisolone consumption in the

1st year of the study.
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TABLE 2 | Number of pathological tests at baseline (T0) and after rehabilitation (T24), and between groups comparison (∗) at T24.

AG (n = 17) SG (n = 15)

T0 T12∧ T24 T0 T12 T24
m m m p-value∗∗ m m m p-value∗∗ p-value∗

Number of pathological tests 2 3 2 0.5169 2 0 0 0.0006 0.0162

∗∗Wilcoxon signed-rank test. ∗Mann-Whitney test at T24. ∧Wilcoxon signed rank test: AG T0 vs. T24 p = 0.51; SG T0 vs. T24 p = 0.006.

DISCUSSION

The main result of the present study is that domain specific
cognitive rehabilitation can be effective and can sustain
significant cognitive improvements up to 2 years in patients
with RR MS. Specific exercises aimed at treating the impaired
cognitive domain are shown to induce significantly better
results both on cognition and on subjective perception of
cognitive impairment in patients, compared with non domain
specific psychological interventions. Results showed the greater
amelioration both considering the reduction in the number
of impaired neuropsychological tests and the improvement in
single tests’ scores over time. Particularly, nearly all (94%)
patients assigned to aspecific treatment and only 20% of
those assigned to the specific treatment, needed the repeated
rehabilitation in the 2nd year of follow up. This indicates that
the domain specific intervention provided in the 1st year caused
beneficial effects lasting up to 2 years. Notably, the only three
patients, who—being still impaired at T12—needed a repeated
treatment, did not change in severity their cognitive impairment,
measured as the number of impaired tests. The uselessness of
repeated treatments in neuropsychological rehabilitation of MS
is in line—although with longer time of follow up—with the
conclusions of Chiaravalloti et al. (2013), who found no effects of
repeated booster sessions ofmemory rehabilitation in their study.

Moreover, after 2 years, patients assigned to the SG
showed fewer impaired neuropsychological tests compared to
those assigned to AG and also had a significantly better
performance in tests measuring information processing speed
and executive functions. Finally SG patients perceived a
subjective improvement in their cognitive performance, whereas
AG patients did not. This finding is relevant in MS, as shows
that appropriately conducted cognitive rehabilitation can be able
to reduce the worsening spontaneous evolution of cognitive
impairment of MS patients and beneficially impact on their
disease relate disability over time.

TABLE 3 | T24 MSQoL, mFIS and MADRS scores in AG and SG.

AG (n = 17) SG (n = 15)
median median p-value∗

MSQoL 140 161 0.14
mFIS 32 20 0.27
MADRS 5 5 0.34
EDSS 3 1.5 0.005

∗Mann-Whitney test at T24.

The cognitive improvement found in SG is, in our opinion,
only ascribed to the type of the treatment assigned, as the
other clinical variables were not different between groups, as
well as the type of the pharmacological treatment used and the
disease severity. Although, it is worth noting that a possibly
higher disease activity in AG compared to SG cannot be
totally ruled out: throughout the study, EDSS—relatively low
in both groups—worsened in AG and remained substantially
stable in SG. On the other hand steroid consumption and
relapse rates were not different between groups across 2 years
follo up. Furthermore, it is known that EDSS relies more on
physical than on cognitive disability; so it is possible that,
at individual level, physical disability worsened more in AG
patients due to less response to immunomodulatory drug instead
of more active disease. Furthermore, a different response to
interferon can be hypothesized in AG compared to SG and
also possible spinal or cerebellar new lesions (that would
not be relevant under a cognitive point of view) could have
also been responsible for motor/EDSS worsening). Overall,
it is reasonable to conclude that—although neuroradiological
data on new lesions are missing in this study-, disease
activity relevant for cognitive worsening can reasonably be
considered similar between groups; not the same for motor
disability.

The possibility of successfully rehabilitate MS patients’
cognitive impairment with domain specific PC assisted,
replicable and easily to administer rehabilitative programs in
the clinical setting, with long standing results up to 2 years,
has never been demonstrated till now. This prompts future
research with larger samples of patients, as the main limitation
of our study is the low number of included MS subjects. The
main reasons of this, is in our opinion, the inclusion criteria
and probably for some MS centers, the logistic problems met by
patients whose psychologist was accessible within the Hospital,
compared with those who met the psychologist outside, in
rehabilitation clinics. Centers whose neuropsychologist was
easily accessible in rehabilitative structures had in fact greater
inclusions and less drop outs. A future issue will be the possibility
of structuring home based trainings, monitoring the effective
practice by each patients, both in terms of correctness and
of number of exercises performed at home. This could give
additional interesting data on the effects of intensive cognitive
rehabilitation in MS.

Another limitation of this study is the type of the control
aspecific treatment. Although in randomized clinical trials
dealing with neuropsychological rehabilitation, a psychological
control treatment is difficult to be set and deserves intrinsic
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TABLE 4 | Comparison of neuropsychological tests median raw scores at baseline (T0), after 1 year rehabilitation (T12) and after 2-years rehabilitation
(T24).

AG (n = 17) SG (n = 15) T 24: AG vs. SG

T0 T12 T24 T0 T12 T24 p-value∗

PASAT3 37 36 38 36 45 44 0.1619
PASAT2 23 29 30 24 35 32 0.1302
SPART10/36 18 19 19 15 22 21 0.1497
SPARTDR 6 6 5 4 7 7 0.0559
SRTLTS 33 40 37 30 44 46 0.2487
SRTCLTR 24 28 26 23 34 33 0.5966
SRTDR 8 8 8 7 9 8 0.7741
SDMT 40 40 35 44 49 46 0.0256
COWAL 28 30 30 34 35 35 0.0068
COWAC 40 42 41 38 42 45 0.3155
Stroop 20 27 25 23 30 30 0.1441

∗Mann Whitney test. Between groups comparison (∗) at T24.

limitation, it is overtly recognized to be useful and recommended
as a comparator treatment (Rosti-Otajärvi and Hämäläinen,
2014). The intrinsic limitation of a non domain specific
psychological control treatment relies mainly in the fact
that patients submitted to it may well have become aware
of the psycho educational nature of this treatment, and
may have consciously or unconsciously inferred that they
were receiving the placebo treatment. This, in the specific
case of our study, may have mainly impact the subjective
perception of cognitive improvement we found in AG, more
than the objective neuropsychological evaluation at follow
ups.

In this study, similarly to others (Hämäläinen and Rosti-
Otajärvi, 2014; Chiaravalloti and DeLuca, 2015) not only
objective neuropsychological tests, but also subjective perception
of the patients’ cognitive improvement was measured. Patients
in the SG subjectively perceived higher improvement in
cognitive abilities than AG, although the scale we used was
relatively simple and in the future better functional scales
are welcome.

In conclusion, despite some limits, this is the first study
evaluating the persistence of the cognitive improvement induced

by a domain specific cognitive rehabilitation in MS with a follow
up of 2 years. Despite limitations, results interestingly show a
significant effect of this treatment in a multi center setting and
its persistence after 2 years.
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Background: No standard protocols are available for cognitive rehabilitation (CR) in
conditions like Major or Mild Neurocognitive disorder (M-NCD or m-NCD, respectively);
however, preliminary data seem to indicate that such interventions might have cost-
effective beneficial effects and are free from side effect or adverse events. Three basic
approaches are known: cognitive stimulation (CS), cognitive training (CT), and CR.

Objective: Aim of this study was to assess the efficacy of a protocol of group intensive
cognitive activation (g-ICA) in patients with both M-NCD and m-NCD; the protocol was
specifically arranged in our Research Institute, based on the principles of the central role
of the patient and the mediation pedagogy.

Subjects and Methods: Sixteen patients with M-NCD and fifteen patients with m-NCD
were enrolled, as well as eleven patients with M-NCD who were used as a control group
(CG). The intervention was carried-out by a clinical neuropsychologist with daily group
sessions over a period of 2 months. Neuropsychological assessment was performed at
baseline and after the completion of the rehabilitative intervention.

Results: General cognitive functioning, attention, ideomotor praxis and visual memory
scores were found to be significantly increased in all patients. Beneficial and significant
effects were also found for constructive praxis in M-NCD and for executive functioning
in m-NCD. All areas of the language function were significantly ameliorated in m-NCD,
while this happened only for verbal repetition and syntax-grammar comprehension in
M-NCD. No changes were detected for long- and short-term verbal memory, which
were found to be worsened in controls without activation.

Conclusion: Our findings seem to indicate that g-ICA might be effective in inducing
beneficial changes on the general cognitive functioning and other specific functions in
patients with both m-NCD and M-NCD. Moreover, the specific protocol proposed, even
if susceptible of important improvement, is easy to carry out within hospital facilities and
cost-effective.

Keywords: cognitive stimulation, cognitive training, dementia, mild cognitive impairment, patient-focused
cognitive intervention
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INTRODUCTION

The Statistical Manual of Mental Disorders—fifth edition
(DSM-5; American Psychiatric Association, 2013) provides
the new cluster of neurocognitive disorders which includes
three syndromes: delirium, mild, and major neurocognitive
disorders (m-NCD and M-NCD respectively). M-NCD is
largely synonymous with dementia, although the criteria have
been modified so that impairments in memory or learning
are not essential for the diagnosis, except for NCD due to
Alzheimer’s disease (AD). M-NCD is characterized by the
evidence of significant acquired deficits in one or more cognitive
domains, based on concerns reported by the individual or
the informants and preferably documented by standardized
neuropsychological testing or quantified clinical assessment;
such deficits must interfere with independence in everyday
activities. m-NCD is synonym for mild cognitive impairment
(MCI) and is characterized by a mild acquired cognitive
decline not interfering with independence in everyday activities,
even though greater effort or compensatory strategies may
be required. The reason for diagnosing m-NCD resides in
the increasing interest in early diagnosis and intervention
to prevent or postpone dementia, although m-NCD is
not always a precursor of dementia (Langa and Levine,
2014).

The DSM-5 also describes criteria for the diagnosis of specific
etiological subtypes of both NCDM-NCD and m-NCD, based on
their clinical features and biomarkers (e.g., Frontotemporal lobar
degeneration, Traumatic Brain Injury, AD, Vascular Disease,
Lewi body Disease, and Parkinson’s Disease), and consistent
with those developed by various expert groups. Nevertheless,
establishing the etiology in m-NCD is rather difficult and
may remain unspecified in many patients. For some etiologies,
the level of certainty is also well defined, with ‘‘probable’’
representing a higher level of certainty than ‘‘possible’’ (for a
review of NCD, see Sachdev et al., 2014).

Options for treating M-NCD include both pharmacological
and non-pharmacological therapies. At present, no drugs capable
of modifying the disease and totally control the symptoms
are available (Hildreth and Church, 2015); therefore, cognitive
interventions have been gradually and increasingly focused as
an emerging therapeutic approach which could aid prevention
and treatment of dementia, especially combined with exercise
and pharmacological therapy (Loewenstein et al., 2004; Law
et al., 2014). The hypothesis that persons with neurocognitive
diseases might benefit from cognition-based intervention derives
from the concepts of neuronal plasticity and cognitive reserve
and from a general view that the lack of cognitive activity
hastens cognitive decline, in normal ageing individuals as well
as those with dementia. However, according with some studies,
deterioration cannot be stopped after 2 years of treatment in
patients with dementia (Requena et al., 2006; Woods et al.,
2012). Another study by Jedrziewski et al. (2014) carried out with
community-resident and institutionalized persons, showed that
engagement in cognitive activities was inversely associated with
the onset of cognitive impairment at 5-year follow-up, but was no
longer significant at 10-year follow-up, this resulting in the fact

that cognitive interventions possibly lower the risk for cognitive
impairments and dementia and might delay their onset.

Neural plasticity can be defined as the ability of the nervous
system to adapt its structural organization in response to
factors affecting its integrity and functioning. Protecting neural
plasticity in brain regions typically affected in ADmight improve
the neurological functioning and prevent the loss of neuronal
processes that occur in this disease (Buschert et al., 2010). Neural
plasticity also plays a role in cognitive reserve which represents
the brain’s ability to make flexible and efficient use of cognitive
networks when performing tasks in the presence of brain
pathology (Stern, 2002). Persons with higher cognitive reserve
tend to have better clinical outcomes for any level of pathology
and brain reserve (Stern, 2013). Among all the factors influencing
cognitive reserve, mentally stimulating activities were shown
to have the largest effect on the risk for dementia and might
attenuate cognitive decline. Therefore, cognitive interventions
could potentially delay the onset of dementia, as in the case
of m-NCD, attenuate the clinical symptoms associated with
M-NCD and partially reduce the speed of decline (Buschert et al.,
2010). As compared with pharmacological treatment, cognitive
intervention appears to be less expensive and more cost-effective
(Buschert et al., 2010) and free from side effects or adverse events.

However, research in this area is rather scarce and evidence of
effectiveness rather controversial (Alves et al., 2013); moreover,
to date, no standard protocols are available for cognitive
intervention in conditions such as M-NCD or m-NCD. Three
main cognition-based approaches emerge from the literature:
cognitive stimulation (CS), cognitive training (CT) and cognitive
rehabilitation (CR; Clare and Woods, 2004; Buschert et al., 2010;
Alves et al., 2013; Choi and Twamley, 2013).

CS includes a range of group activities with the aim to enhance
general cognition and social functioning. This approach assumes
that cognitive functions work together and should be stimulated
at the same time in a social setting. CS is based on reality
orientation (RO), first described (Taulbee and Folsom, 1966) as
a technique to improve the quality of life of confused elderly
people, although its origins lie in an attempt to rehabilitate
severely disturbed war veterans. RO involves the presentation
of orientation and memory information, relating, for example,
to time, place, and person, in order to provide the person
with a greater understanding of his/her surroundings, possibly
resulting in an improved sense of control and self-esteem.
The basic principles of RO have been incorporated in the
everyday clinical practice and in new formats of treatments.
Of notice, the cognitive stimulation therapy (CST), by Spector
et al. (2003), a brief group intervention (14 person-centered
sessions of themed enjoyable activities), designed for patients
with dementia, has received evidence of its efficacy on cognitive
functions and quality of life (Woods et al., 2012). CST seem to
be independent of whether people are taking acetylcholinesterase
inhibitor (AChEI) medication, and that being older or female
implies increased cognitive benefits from the intervention; care
home residents improve more than community residents on
quality of life, but the community sample seems to improve
more in relation to behavior problems. This method has been
published as a manual (Spector et al., 2006) and is the only non-
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pharmacological intervention recommended by the National
Institute for Health and Clinical Excellence (2007) for the
treatment of cognitive symptoms in dementia. It also appears to
be cost-effective (Knapp et al., 2006).

CT is an approach consisting of computer-based or paper-
and-pencil cognitive exercises with different levels of difficulty,
targeting specific cognitive functions (e.g., attention, memory,
problem-solving). It is performed individually or in group, with
the aim to enhance targeted functions and teach compensatory
techniques, generalizable to daily life. There is evidence, in pre-
dementia and mild-to-moderate AD, of cognitive improvements
(Cipriani et al., 2006; Talassi et al., 2007), but not of
generalization (see Alves et al., 2013). CT is especially employed
with MCI patients, mainly focusing on episodic memory,
but also on attention, executive functions, language, visual-
spatial abilities and processing speed (Simon et al., 2012).
Computerized CT did not show higher improvements when
compared to non-computerized training. CT also includes
restorative (such as errorless learning, spaced retrieval, errorful
learning, reminiscence therapy) and compensatory strategy (such
as visual imagery, method of loci, mind mapping, cueing,
external memory aids), frequently applied simultaneously. The
results from different studies are rather inconsistent with regard
to the enhancement of memory domain and generalization to
other cognitive functions (Simon et al., 2012). A recent meta-
analysis of randomized controlled trials by Wang et al. (2014)
found significant effects on global cognitive functions, and weak
evidence of improvements in executive functions and delayed
memory. Very briefly, CST appears to be more effective in
patients with dementia (Yuill and Hollis, 2011), whereas CT
seems to be more effective in patients with MCI (Buschert et al.,
2010).

CR is an individualized approach, which employs any
intervention strategies that might enable patients and their
families to manage cognitive deficits, considered within the
interaction between the patient and the environment. The
main difference between this approach and the CT is the full
involvement of the family in the treatment. Compensatory
methods, verbal instructions and physical demonstrations are
used (Choi and Twamley, 2013). To date, there are very few
studies about this approach and evidence of CR benefits is still
to be obtained (Alves et al., 2013).

Other non-pharmacological multicomponent approaches are
described in the literature that substantially appear to be
variations of CT, for example interventions combining CT with
RO (Raggi et al., 2007), with physical exercises and CS (Olazarán
et al., 2004), with activities of daily living (ADL; Avila et al.,
2004), or with transcranial magnetic stimulation (Bentwich et al.,
2011). Some authors (Yamaguchi et al., 2010; Yamagami et al.,
2012), shifting from ‘‘what’’ is taken to ‘‘how’’ it is taken,
suggested a combined treatment, that is the brain-activating
rehabilitation (BAR), based on five principles: enjoyable activities
in an accepting atmosphere, empathetic communication between
patients as well as between the therapist and the patients,
enhancing motivation by means of praises, conferring a social
role to each patient (based on his/her remaining abilities),
errorless learning in order to maintain the patient’s dignity;

evidence of a decreased social withdrawal and global severity
of dementia was provided by a randomized clinical trial but no
difference was found in cognitive tests.

In summary, taken as a whole, previous studies show
evidence for small but consistent effects of non-pharmacological
cognitive interventions in improving global cognitive functions
in patients with both MCI or dementia, especially AD. At
present, however, no standardized intervention programs have
been designed yet and research in this field ‘‘is still in its
infancy, and in spite of the growing evidence of its effectiveness,
is still lacking recognition among health professionals as well
as caregivers’’ (Alves et al., 2013). Therefore, the search for
additional evidence concerning the efficacy of these approaches
for each type of dementia and deterioration stages is strongly
recommended. Considering that the worldwide number of
patients with dementia is expected to dramatically increase,
the need to implement cognitive interventions in inpatient and
outpatient services for subjects with NCD has become more and
more compelling.

The aim of this article is to report preliminary results on
the implementation of the group intensive cognitive activation
(g-ICA), a combined treatment properly designed in our
Research Institute, and delivered in an inpatient hospital setting
to persons with M-NCD and m-NCD, on the basis of their
cognitive outcomes. This approach represents a proposal aimed
at the enrichment of the traditional rehabilitation programs
provided in hospitals, generally based on physical and language
therapy.

MATERIALS AND METHODS

Participants
The patient group included 16 subjects (6 males and 10
females) with mild-to-moderate M-NCD and 15 patients with
m-NCD (7 males and 8 females), diagnosed on the basis of
the DSM-5 criteria by a multidisciplinary team (including a
senior geriatrician, a neurologist, and a psychologist) before their
admission at the Rehabilitation Unit of our Institute. As far as
the M-NCD sample is concerned, in seven patients the disease
was due to possible AD, in three to vascular disease, in three
to frontotemporal lobar degeneration-language variant, in one
to frontotemporal lobar degeneration-behavioral variant, and in
one to traumatic brain injury. Patients with M-NCD due to
possible AD were treated with cholinesterase inhibitors soon
after the completion of the diagnostic process. Within the m-
NCD sample, in six patients the disease was due to possible
AD, in five to vascular disease, in two to traumatic brain injury
and in two to another medical condition (namely removal of
benign brain tumors). Mean chronological age of patients with
M-NCD was 64 years (±10.64 SD); early onset of the diseases
(<65 years) was evident in 11 individuals. Mean chronological
age of patients with m-NCD was 57 years (±9.82 SD). Patients
with M-NCD were assigned to treatment groups on the basis
of the severity of the disorder (mild or moderate) following the
waiting list; patients with m-NCD were assigned to treatment
groups following the waiting list.
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Inclusion criteria to be met for M-NCD were as follows:
(a) DSM-5 diagnostic criteria for M-NCD; (b) score between
10 and 23 at the mini mental state examination (MMSE; Folstein
et al., 1975); (c) score between 40 and 85 (mild or moderate
cognitive decline) at the milan overall dementia assessment
(MODA; Brazzelli et al., 1994); (d) score between 1 and 2 at
the clinical dementia rating (CDR; Hughes et al., 1982); (e) loss
of almost one ADL (Katz et al., 1970) and/or instrumental
activities of daily living (IADL; Lawton and Brody, 1969); and
(f) patients presented with some communication abilities, no
major sensorial (sight and hearing) or physical illnesses and
no behavioral problems impairing their participation to group
activities. Inclusion criteria to bemet for m-NCDwere as follows:
(a) DSM-5 diagnostic criteria for m-NCD; (b) score between
24 and 26 at theMMSE; (c) score between 85.5 and 89 (borderline
cognitive level) at the MODA; (d) score 0.5 at CDR; (e) ADL
and IADL globally maintained; and (f) patients had no major
sensorial (sight and hearing) or physical illnesses impairing their
participation to group activities.

A control group (CG) was also recruited which included
11 elderly with M-NCD (2 males and 9 females) who received
daily care and assistance, with daily animation activities and
weekly attendance of religious events. Their mean age was
69 years (±7.87 SD). Inclusion criteria were: (a) score between
10 and 23 at the MMSE (Folstein et al., 1975); (b) score between
40 and 85 (mild or moderate cognitive decline) at the MODA
(Brazzelli et al., 1994); (c) score between 1 and 2 at the CDR
(Hughes et al., 1982); and (d) loss of almost one ADL (Katz et al.,
1970) and/or IADL (Lawton and Brody, 1969).

Procedures
g-ICA is an intensive combined group treatment including
30 cognitive activation sessions, delivered by a trained clinical
neuropsychologist, supported by a practicing psychologist.
A pre/post neuropsychological assessment was administered to
all groups of patients.

Also for CG, two neuropsychological battery administrations
were carried out, the last after 2 months from the first. CG did
not benefit from the g-ICA program.

The neuropsychological battery and the arrangement of
sessions and contents are described in the following paragraph.

Neuropsychological Instruments
In order to overcome the weaknesses typically deriving from only
one or two measures of the global cognitive functioning and
with the aim of obtaining a wide-spectrum neuropsychological
profile, a comprehensive neuropsychological battery was used,
as suggested by Bianchi and Dai Prà (2008). Global cognitive
functioning was evaluated by means of a number of measures,
and namely the MMSE (Folstein et al., 1975), the MODA
(Brazzelli et al., 1994), and the montreal cognitive assessment
(MoCA, Nasreddine et al., 2005); to assess reasoning ability and
intellectual level, the colored progressives matrices (CPM; Basso
et al., 1987) were used; short termmemory was assessed bymeans
of the Digit Span (Orsini et al., 1987), the Serial repetition of
two-syllable words (Spinnler and Tognoni, 1987), and test of

Corsi (Orsini et al., 1987); verbal episodic memory (immediate
and delayed recall) was investigated by means of the Rey’s 15
words (Carlesimo et al., 1996); non-verbal episodic memory by
the Enhanced Cued Recall (Grober et al., 1988) and the Rey’s
Complex Figure-memory reproduction (Carlesimo et al., 2002);
selective attention was evaluated using the Digit Cancellation
test (Spinnler and Tognoni, 1987); for the spatial cognition
and constructional apraxia the copy of Rey’s Complex Figure
(Caffarra et al., 2002) was used; ideomotor praxis was assessed
by means of the Imitating Gestures Test (De Renzi et al., 1980);
for the assessment of the language abilities, the Aachener Aphasia
Test (Italian version) was employed (Luzzatti et al., 1996) and
for the frontal functions, the frontal assessment battery (FAB;
Dubois et al., 2000).

The g-ICA Protocol
The g-ICA protocol is based on two general principles:
the central role of the patient and the mediation pedagogy.
The patient-centered principle consists in taking into account
the patients’ needs and expectations. Patients with dementia are
commonly willing to improve their health condition, maintain
their cognitive and daily-living abilities while minimizing any
memory loss; moreover, they need to be listened to, and
receive emotional support (Bossen et al., 2009). Consequently,
g-ICA was properly designed to include activities tapping
on a wide spectrum of cognitive abilities, which appeal to
the cognitive strength of patients, bringing them out of a
vicious circle of failure toward a new virtuous circle based
on capabilities and abilities. The principle of the mediation
pedagogy comes from the theory of Structural Cognitive
Modifiability which is, in practice, the mediated learning
experience (Feuerstein, 1999). In our approach, mediation
is focused on interpersonal relationships, characterized by
a loop of dynamic and positive feedbacks between patients
and the mediator; this latter, in a respectful and pleasant
atmosphere, essentially encourages the patients—never standing
in for them—to engage with stimuli and provides the required
prompts, so they can actively and successfully complete the
task. The mediator is required to show empathy, sense of
humor and the ability to make cognitive activities as pleasant
as possible. A package of proactive (antecedent) and reactive
(consequent) procedures (Cooper et al., 2007) is used, in order
to raise the patients’ motivation in the working area and
during cognitive activities, and maintain self-esteem; namely:
a prosthetic physical environment, made of a separate and
comfortable room, equipped with a calendar, a wall clock and
other visual cues, a computer, a video projector and a whiteboard;
a 20 min break with a snack; errorless learning (prompts,
prompt-fading and delayed prompt); variation of activities and
materials; variation of task difficulties; use of social positive
reinforcements; correction of errors, by highlighting positive
aspects of the response and adding new stimuli aimed to lead
patients to independently overview the global quality of their
response.

The g-ICA is an intensive group treatment combining CS
(including RO) and CT; in our setting, each group was made
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TABLE 1 | Weekly plan of activities in g-ICA.

Day Cognitive
functions
stimulated

Activities examples for participants
with M-NCD

Activities examples for participants
with m-NCD

Every day Global Reality orientation (day, month, year, season, weather, time
estimate, name of participants, building one’s own identity
card and other personal information, temporal and spatial
relations)

Reality orientation (date; mental calculations-hours and days
within a month, a season or a year)

Ecological memory Memory in the boxes: group game with personal objects; this
game was taken from Florenzano (1988) and then adapted

Memory in the boxes (group game with neutral objects)

Monday/Thursday Ideomotor praxis Each participant, in turn, moves a part of his/her body
(right or left); the other participants have to imitate the
movement (right and left, accordingly); variations can include
different number of repetitions and imitation of two series of
movements

Each participant, in turn, moves a part of his/her body (right
or left); the other participants have to imitate the movement
(right and left, accordingly); variations can include imitation of
three or more series of movements forward and backward

Monday/Friday Global Getting pairs of cards (it is a group card game; each set
contains paired cards on established themes—such as food,
objects, clothes, etc.; each participant receives 6–8 cards
and is required to reconstruct the highest number of pairs
following certain rules)

Getting pairs of cards (in this case, cards have to be paired
not only on the basis of their sameness, but also on the basis
of logical matching; each player can receive up to 20 cards)

Visual, auditory and
spatial memory

Little computerized and non-computerized memory games
for adults (shapes, cards, black and white figures, flags,
faces, colors, numbers, letters, smiles, word retrieval,
sentences repetition, location of objects, etc.)

Big computerized and non-computerized memory games for
adults

Tuesday/Thursday Auditory and visual
selective attention

Computerized and non-computerized non-verbal
cancelation tasks/sounds and words recognition (one or two
meaningful target stimuli)

Computerized and non-computerized non-verbal
cancelation tasks/sounds and words recognition (two or
more meaningful or non-meaningful target stimuli)

Global Functional tasks (telling time, counting money, using a
calendar, reading simple instructions, using the mobile
phone, etc.)

Functional tasks (solving daily math problems,
understanding medicine labels, writing a phone message,
using the internet, etc.)

Tuesday/Friday Verbal language Naming (objects, pictures, features, functions, classes);
pictures description; sentences repetition; reading,
comprehension, reconstruction of a brief story through
pictures and written sentences; creating a story II (guided
group play)

Sentences repetition; verbal fluency; verbal inference;
creating a story I (each participant adds a new sentence at a
time, keeping a logic sequence of the story events); creating
a story II (guided work play).

Wednesday Constructional
praxis

Drawing tasks (figure copy or completion ); easy tangrams;
cubes or matches constructions

Tangrams; identify and outline given figures within a cloud
of dots; differentiating (divide a whole into its parts) and
integrating (join parts into a whole); computerized and non
computerized stencil design (through superimposed parts).

Semantic memory Starting from a central topic, all related information were retrieved by using a fixed diagram including category,
environment, features, functions and free associations (Celentano et al., 2002)

Ecological problem
solving

Starting from a visual presentation of a everyday problem
situation, participants are required to express what they think
about the situation and what they would do (tasks adapted
from Schwartz, 1990, 1993).

Starting from a verbal presentation of a everyday problem
situation, participants are required to analyze the situation,
hypothesize the antecedents and the purposes of the
characters, and finally to express what they think about the
situation and what they would do

of four/five participants. Interventions were delivered in an
inpatient hospital setting, with daily group sessions, each lasting
approximately 3.5 h, 5 days a week (from Monday to Friday),
over a period of 2 months. During the first and the last weeks,
neuropsychological assessments were administered; cognitive
activation sessions extended over a period of 6 weeks. Each
session begun with the mediator welcoming the patients, then
engaging in a little discussion about gossip/crime news recently
happened or about facts that had taken place where patients
resided; then, a short overview of the activities carried out
in the last meeting was discussed and a RO activity (day,
month, year, season, weather, time, name of participants) was
started, followed by cognitive or non-cognitive tasks, a short

break, and cognitive or non-cognitive tasks once again; finally,
the overall course of the session and the level of engagement and
feelings of patients were discussed. Contents were organized on
a weekly basis, in order to stimulate a wide range of cognitive
functions; the level of difficulty of the activities was adapted to
the group cognitive capability (Table 1). Both paper-pencil and
computer activities were employed to train specific cognitive
functions.

Statistical Analysis
We first obtained descriptive statistics for all parameters
measured in this study which served to calculate the Cohen’s d
value. Cohen’s d is defined as the difference between two means
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divided by the pooled standard deviation for those means.
According to Cohen, 0.2 is indicative of a small effect, 0.5 of a
medium and 0.8 of a large effect size.

Most variables analyzed in this study did not show a normal
distribution; for this reason, non-parametric statistics were
subsequently used. Thus, the results obtained from the pre-
and post-treatment assessments in both groups of patients and
in both M-NCD subgroups were compared by means of the
Wilcoxon test for paired data sets. Significance level was set
as p < 0.05. However, as for each parameter four different
comparisons were performed, also the Bonferroni correction was
applied and the corresponding corrected significance level was
set at p < 0.0125.

The comparison between the results of the first and second
neuropsychological battery administration in the CG was carried
out by means of the Wilcoxon test for paired data sets.

The comparison between the M-NCD group and controls
was carried out by means of the Mann-Whitney U test. The
significance level was set as p < 0.05.

Ethics Approval
This study was carried out in accordance with the
Regulations of the Local Ethics Committee ‘‘Oasi Maria SS.’’
(CE17/06/2013OASI) abiding by the National Regulations for
Ethics Committees. Written informed consent was obtained by
all volunteering subjects before entering the study, in accordance
with the Declaration of Helsinki. The population involved in
this study, albeit vulnerable, were able to personally give their
consent to participate to the study. In case of patients with
dementia, caregivers have been also informed about objectives
and procedures of the research study.

RESULTS

Table 2 reports descriptive statistics and effect size of the results
obtained in all groups of patients. The statistical significance of
the difference between the results obtained from pre- and post-
treatment assessments are reported in Table 3; the findings in
m-NCD and M-NCD will be described separately.

Patients with M-NCD
Global cognition improved significantly, as indicated by
the MODA and MMSE, in the whole sample as well
as in both subgroups with and without AD. The whole
sample and the group with M-NCD due to AD showed a
statistically significant improvement also at the MoCA. When
analyzing the sub-sessions of MODA, namely Orientations and
Neuropsychological Tests, it must be noticed that all the groups
improved in neuropsychological performance (M-NCD total
sample: p = 0.017; M-NCD due to AD: p = 0.018; M-NCD non-
AD: p = 0.025), whereas Orientations turned out to be improved
in non-ADM-NCD only (p = 0.008).

No difference was found between pre- and post-treatment
comparisons for reasoning ability, frontal functions and memory
tests, except for the non-verbal Enhanced Cued Recall, in which a
statistically significant difference was found in the whole sample

(with a small Cohen’s d) and in the M-NCD due to AD. Selective
attention improved in the whole sample, whereas in the two sub-
groups with and without AD changes did not reach statistical
significance.

Statistically significant differences were found for
language abilities in the whole sample; namely, for syntactic
comprehension of sentences (Token test; with a small Cohen’s d)
and verbal repetition (but small Cohen’s d); in the sub-group
withM-NCD due to AD, for syntactic comprehension, ecological
comprehension (with a small Cohen’s d) and naming; and in the
sub-group with M-NCD non-AD, for verbal repetition only.

Enhanced ideomotor praxis (Imitating Gestures test) was
found in all the groups, whereas constructional praxis (Rey’s
Complex figure-copy) reached a statistical significance in the
whole sample and in the M-NCD due to AD.

In summary, following the g-ICA treatment, patients with
M-NCD, both the whole sample and the two sub-groups with
and without AD, showed improvements in global cognitive
function and ideomotor praxis. The sub-group with M-NCD
due to AD showed improvements also in some verbal language
domains, such as verbal comprehension and naming, in
constructional praxis and delayed visual memory. The sub-
group with M-NCD non-AD showed improvements in verbal
repetition and orientations. Reasoning abilities, verbal memory
and executive functions did not appear to be susceptible of
improvements.

Patients with m-NCD
Patients with m-NCD showed statistically significant
improvements in global cognitive functioning, reasoning,
executive function, short termmemory (digit span), delayed non-
verbal memory (Rey’s complex figure-memory reproduction),
selective attention, ideomotor praxis, and in all language
domains (namely, syntactic and ecological verbal comprehension
of sentences, naming, written language), except for repetition.

Comparison between M-NCD and CG
The comparison between M-NCD and CG basically confirmed
the results obtained from the comparison between the pre- and
post-treatment assessments in patients with M-NCD (Table 4).

In fact, significant differences were found in the general
cognitive functioning, in visual memory, selective attention,
praxis, and in some language areas (syntactic verbal
comprehension and repetition). Significant differences were
obtained also in the visual-spatial reasoning (CPM), immediate
verbal recall, frontal functions, naming, and written language.

DISCUSSION

The g-ICA is a short (6 weeks) combined intensive intervention
based on mediation pedagogy and patient-centered principles.
It is characterized by CS activities and cognitive tasks. Other
multi-component approaches have been described in the
literature (Avila et al., 2004; Olazarán et al., 2004, 2010; Sitzer
et al., 2006; Raggi et al., 2007), usually implemented in patients
with dementia. In our study, the combined treatment has also
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TABLE 3 | Statistical significance of the differences between the results
obtained from pre- and post-treatment evaluations in patients with
m-NCD and M-NCD (Wilcoxon test).

M-NCD M-NCD due to M-NCD not m-NCD
all possible AD due to AD

(n = 16) (n = 7) (n = 9) (n = 15)
p p p p

Global cognitive function
MODA 0.005∗ 0.018 0.008∗ 0.015
MMSE 0.008∗ 0.018 0.028 ns
MoCA 0.021 0.043 ns 0.008∗

Reasoning and cognitive level
Colored progressive
matrices ns ns ns 0.024
Memory
Digit span ns ns ns ns
Corsi’s test ns ns ns ns
Serial repetition of
two-syllabic words ns ns ns 0.022
Rey’s 15 words-immediate recall ns ns ns ns
Rey’s 15 words-delayed recall ns ns ns ns
Rey’s complex figure-
memory reproduction ns ns ns 0.007∗

Enhanced cued recall 0.041 0.028 ns ns
Selective attention
Digit cancellation test 0.048 ns ns 0.008
Praxis
Imitating gestures test 0.002∗ 0.018 0.043 0.001∗

Rey’s complex
figure-copy 0.044 0.043 ns ns
Frontal functions
Frontal assessment battery ns ns ns 0.002
Language
Aachener aphasia test
(AAT)—Token test 0.006∗ 0.028 ns 0.019
AAT—Repetition 0.009∗ ns 0.028 ns
AAT—Written language ns ns ns 0.035
AAT—Naming ns 0.043 ns 0.018
AAT—Comprehension ns 0.043 ns 0.018

∗Significant after Bonferroni correction.

been implemented with m-NCD, due to the program flexibility
and to customable tasks; furthermore, unlike other studies in
the literature, in which results are usually described for AD or
for patients with unspecified types of dementia (for a review see
Alves et al., 2013), in our study results were also analyzed in the
two sub-groups, with and without AD.

The whole M-NCD showed statistically significant
improvements in almost all the investigated domains after
treatment and most of these improvements were significantly
higher than the changes observed in the CG in which worsening
was the rule. As far as the global cognition is concerned,
improvements were evident for the whole group with M-NCD
and for both sub-groups (with and without AD); these positive
modifications were found in all the global cognitive functioning
batteries used, namely MoCA, MMSE and MODA, although
p values were greater for MODA and MMSE than for MoCA:
differences between p values might be ascribed to the fact
that MoCA trials are more difficult than those included
in the other two cognitive batteries, since MoCA enables
to detect also a mild cognitive decline. These results are
congruent with those from the literature, with regard to CS

(Sitzer et al., 2006; Woods et al., 2012; Aguirre et al., 2013;
Alves et al., 2013) and CT programs (Cipriani et al., 2006;
Sitzer et al., 2006; Talassi et al., 2007; Alves et al., 2013), as
well as to integrated programs (Olazarán et al., 2004). Our
study also provides additional information about the global
cognitive gains in patients with non-AD M-NCD. Moreover,
the improved global cognition, indeed, seems to be more related
to improvement in neuropsychological functioning and less
to orientation for which, however, only patients with non-
AD M-NCD showed a statistically significant improvement.
These data might be explained by to the fact that orientation
requires the use of memory, the cognitive function which first
deteriorates in AD, in conjunction with attention and executive
functioning (Traykov et al., 2007), and appears less susceptible
of improvements following CS or training. In addition, from
our study information about reasoning abilities and IQ—which
were not improved—can also be derived: therefore, it can be
hypothesized that improvements in global cognitive functioning
are not related to increased IQ or reasoning abilities, but rather
to more efficient cognitive functions as a whole. However, the
comparison with the CG has shown a significant difference
because the latter had a clear worsening; this might indicate
that cognitive activation, even if was not able to improve
the IQ, at least was able to maintain it at the pre-activation
level; this was not true for the CG in which no activation was
carried out.

Statistically significant results were obtained in Ideomotor
praxis for all patients with M-NCD; this cognitive function has
not usually been taken into account in the literature, despite the
important role of motor components in the basic or instrumental
daily living activities. Also for constructional praxis we found
improved performance in the whole sample with M-NCD and in
the sub-groupwith AD.Onlymarginal significance was found for
changes in selective attention in the whole sample with M-NCD
only; we believe that this result might be explained by the low
power of our analysis due to its small sample size (a frequent
methodological problem in rehabilitation studies) and this holds
true for all the analyses we carried out.

In line with the results reported by the majority of studies in
the literature (Alves et al., 2013; Choi and Twamley, 2013), no
improvements in memory were found in our study, except for
visual memory (Enhanced Cued Recall), in which a statistically
significant result was obtained both for M-NCD as a whole (but
with a small effect size) and M-NCD due to AD. This result is
likely to be due to test administration and scoring, including
induction of semantic processing, immediate cued recall four-by-
four items, delayed free recall and delayed cued recall of all items;
total scores included both free and cued recall (Grober et al.,
1988), whereas, in the other memory tests, scores commonly
include free recall only. As a whole, memory functions was
very little improved; this result has an explanation in the early
and severe memory deterioration in M-NCD, especially due
to AD. The same applies for executive functions, in which no
improvement was found. Nevertheless, the comparison between
M-NCD and CG showed a statistically significant difference
both in immediate verbal recall and in frontal functions: this
result suggests that although g-ICA treatment did not cause
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TABLE 4 | Results obtained from the comparison between M-NCD (n = 16)
and CG (n = 11; Mann Whitney U test).

M-NCD CG M-NCD
∆ means (±SD) ∆ means (±SD) vs. CG

p

Global cognitive function
MODA 7.07 (4.9) 3.89 (4) <0.001
MMSE 3.25 (3.24) −2 (2.61) <0.001
Reasoning and cognitive level
Colored progressive
matrices 3.81 (6.72) −2.36 (1.91) 0.004
Memory
Digit span −0.31 (0.95) −0.27 (0.47) ns
Corsi’s test −0.06 (0.85) −0.09 (0.3) ns
Serial repetition of
two-syllabic words 0.19 (0.54) 0 (0) ns
Rey’s 15 words-
immediate recall 0.13 (5.78) −3.91 (2.91) 0.016
Rey’s 15 words-
delayed recall 0.31 (2.6) −0.36 (0.92) ns
Rey’s complex figure-
memory reproduction 1.22 (6.40) −0.55 (1.97) ns
Enhanced cued recall 1.00 (1.79) −1.00 (1.1) <0.001
Selective attention
Digit cancellation test 3.93 (8.46) −2.18 (3.76) 0.008
Praxis
Imitating gestures
test 8.17 (8.01) −5.59 (3.85) <0.001
Rey’s complex
figure-copy 5.11 (6.43) −1.91 (3.14) 0.005
Frontal functions
Frontal assessment
battery 1.20 (2.70) −0.91 (1.04) 0.015
Language
Aachener aphasia test
(AAT)—Token test 2.38 (2.96) −1.64 (2.54) 0.001
AAT—Repetition 1.75 (2.11) −1.18 (0.98) <0.001
AAT—Written language 1.56 (3.14) −0.64 (0.81) 0.014
AAT—Naming 3.88 (5.67) −1.09 (0.70) 0.002
AAT—Comprehension 2.06 (6.88) −0.73 (2.53) ns

improvements in these domains, it could be effective in slowing
down their worsening.

Regarding language abilities, comprehension and repetition
appeared to have improved in the whole sample, but effect
sizes were small; this result in persons with M-NCD is very
important, given the relevant role of language in communication
and in mediating interpersonal relationships. The g-ICA, indeed,
in addition to specific language tasks, includes a massive and
continuous exposure to verbal language, since it is the principal
vehicle of relationships between the patients and between
patients and the mediator. To date, there is no study in the
literature showing specific benefits of cognitive interventions on
verbal language. Also in this case, the comparison with the CG
group was able to disclose a slowing of the expected worsening of
these functions.

Regarding m-NCD, to the best of our knowledge, our study
is the only one in which an integrated cognitive approach has
been applied. The review by Wang et al. (2014) has confirmed
that cognition–based intervention (namely CT, CS, or memory
training) can be effective on global cognitive functioning and less

evidently, executive functions and delayed memory in patients
with MCI; we also found improved global cognitive function and
reasoning abilities (CPM scores). MMSE did not change but this
battery is probably not appropriate for detecting a mild cognitive
decline; in fact, all the patients in this group showed scores higher
than 24 at the pre-treatment assessment.

Also in m-NCD, memory domains, especially verbal memory,
were very little modified and some benefits were observed only in
verbal span (serial repetition of two-syllable words) and delayed
visual-spatial memory. In summary, the benefits obtained from
g-ICA treatment on global cognitive and frontal functions in
individuals with m-NCD confirm those reported earlier in the
literature; however, we detected additional benefits on praxis
ability, attention and verbal language.

This study has limitations and strengths. One limitation is the
absence of a CG for m-NCD patients. A second limitation is the
relatively small sample size of our groups, already cited above.
Another limitation of this study is that a specific relation between
one strategy and its effects cannot be established with certainty
because the g-ICA is a package of combined strategies; a cross-
over design (treating EG patients with all of the three techniques)
would have been appropriate and would have probably provided
more detailed data, but it was not possible to implement it
because of a series of practical and regulatory limitations that
do not allow us to follow patients intensively for a period
of time long enough. Another important limitation of this
program is the absence of labs specifically equipped for daily
living activities, which directly address one’s own self-efficacy
perception and therefore are fundamental, especially for persons
with M-NCD. g-ICA includes procedures aimed to facilitate not
only success in cognitive tasks, but also the general well-being of
patients, but in this first study, which had the main objective to
evaluate the cognitive effects of treatment, no measures of self-
esteem, quality of life and self-awareness were used. Finally, this
study had a baseline-treatment design that cannot allow strong
conclusions on the direct cause of the effects detected, because
of the impossibility to exclude competing hypotheses. However,
our results are promising and indicate the need to carry out
longer follow-up protocols in which an adequate CG can be
included.

Despite the limitations, mediation pedagogy and the errorless
learning can be considered to be important strengths of
this study because they facilitate enhancement of motivation
and removal of personal psychological barriers to cognitive
treatment. Moreover, the rich neuropsychological battery has
enabled the assessment of all the main cognitive functions,
offering the opportunity to add useful information to the data
already present in the literature. Since g-ICA is an intensive
treatment, it allows patients to activate themselves cognitively
for several hours, 5 days a week; on the contrary, previous
studies in the literature usually describe treatments lasting for
45–50 min, delivered 4 days a week at most (Spector et al.,
2003; Cipriani et al., 2006; Raggi et al., 2007; Talassi et al.,
2007; Yamagami et al., 2012). The intensity of such a treatment
was, most likely, another determining factor for the positive
results obtained. The g-ICA turned out to be effective and well
accepted by patients younger than 70–80 years, whereas studies
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in the literature have often reported results in older patients
(Spector et al., 2003; Cipriani et al., 2006; Yamagami et al., 2012;
Aguirre et al., 2013). Our treatment can be easily implemented
in a hospital setting, it is cost-effective and represents an
enrichment of the routine rehabilitation programs, as defined
by the local regulations (Italian Government Essential Assistance
Levels).
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Amblyopia is the most diffused form of visual function impairment affecting one eye,
with a prevalence of 1–5% in the total world population. Amblyopia is usually caused
by an early functional imbalance between the two eyes, deriving from anisometropia,
strabismus, or congenital cataract, leading to severe deficits in visual acuity, contrast
sensitivity and stereopsis. While amblyopia can be efficiently treated in children, it
becomes irreversible in adults, as a result of a dramatic decline in visual cortex
plasticity which occurs at the end of the critical period (CP) in the primary visual cortex.
Notwithstanding this widely accepted dogma, recent evidence in animal models and in
human patients have started to challenge this view, revealing a previously unsuspected
possibility to enhance plasticity in the adult visual system and to achieve substantial
visual function recovery. Among the new proposed intervention strategies, non invasive
procedures based on environmental enrichment, physical exercise or visual perceptual
learning (vPL) appear particularly promising in terms of future applicability in the clinical
setting. In this survey, we will review recent literature concerning the application of these
behavioral intervention strategies to the treatment of amblyopia, with a focus on possible
underlying molecular and cellular mechanisms.

Keywords: amblyopia, environmental enrichment, physical exercise, visual perceptual learning, GABAergic
inhibition

INTRODUCTION

During development, brain plasticity is high and neurons adapt promptly in response to
environmental stimuli, but with the passage from youth to adulthood neural circuits become much
less plastic. The decay in plasticity levels strongly prevents, in the mature brain, the possibility for
functional recovery from developmental disorders. This condition is epitomized by amblyopia, a
visual disorder affecting thousands of people; if not precociously recognized and treated, amblyopia
has proven to be substantially insensitive to treatment after the age of 7–8 years. However, recent
research has demonstrated the previously unsuspected possibility to elicit robust plasticity in the
adult visual system and to promote recovery of visual abilities even in adult amblyopic subjects.

In the present survey, we shall review the recent literature on this hot topic, focusing on two non
invasive treatment strategies which hold promise for successful clinical application in amblyopes:
physical exercise and visual perceptual learning (vPL). In the first section, we introduce the relation
between amblyopia and critical period (CP) for experience-dependent plasticity in the visual cortex,
both in humans and in animal models. In the second section, we review the experimental strategies
showing the possibility for recovery from amblyopia, starting with the description of the striking
results obtained with pharmacological approaches acting on visual cortical plasticity and following
with the discussion of the effects elicited by environmental enrichment procedures based on an
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increase in sensory-motor stimulation. In the third section, we
shall focus on recent data showing that physical exercise and
vPL are behavioral interventions particularly suited for cortical
plasticity enhancement and recovery from amblyopia. In the last
section, we discuss possible cellular and molecular mechanisms
underlying the beneficial effects of physical exercise and vPL
on visual cortical plasticity. Finally, we underline possible open
questions and future research directions.

AMBLYOPIA AND ITS MODELING
IN LABORATORY ANIMALS

Amblyopia (lazy eye), is a major developmental visual disorder
that occurs in 1–5% of the world population and is typically
caused by an early abnormal visual experience which occurs
during a well defined CP, which is around 6–8 years of age
in children. Typical causes of amblyopia are strabismus, image
degradation due to refractive errors, or congenital cataract
(Holmes and Clarke, 2006). The most common form of the
disorder, unilateral amblyopia, results in a marked visual acuity
impairment in the affected eye, together with reduced stereopsis,
and low contrast and motion sensitivity. The physiology of the
retina is generally spared in amblyopia (e.g., Sherman and Stone,
1973; Kratz et al., 1979; Baro et al., 1990), while the lateral
geniculate nucleus of the thalamus (LGN) can appear atrophic
(Wiesel and Hubel, 1963). There is large consensus, however,
that amblyopia is prevalently caused by neural dysfunctions
occurring in the primary visual cortex (V1; see Hess, 2001;
Barrett et al., 2004).

Most important, recovery of normal visual functions is almost
impossible after CP end, i.e., after 8 years of age in children. Thus,
the CP for the appearance of amblyopia is paralleled by a sensitive
period for the success of therapeutic strategies (see Lewis and
Maurer, 2009).

Use of animal models of amblyopia has largely increased our
knowledge on the neural mechanisms underlying this pathology.
In kittens and rodents, the most widely diffused model of
amblyopia is obtained by strongly reducing visual input to one
eye by lid suture, a procedure usually referred to as monocular
deprivation (MD). MD performed during the CP decreases the
presence of binocular neurons in V1, reduces the number of
neurons responding more vigorously to the deprived than to the
non deprived eye, resulting in an increase of neurons dominated
by the open eye; behaviorally, a loss of binocular vision and a
strong reduction of visual acuity and contrast sensitivity for the
deprived eye is observed (e.g.,Wiesel andHubel, 1963; Hubel and
Wiesel, 1970; Olson and Freeman, 1975; Movshon and Dürsteler,
1977; Pizzorusso et al., 2006; Sale et al., 2007).

As found in humans, the effects of MD can be at least
partially reversed if normal visual input is reestablished during
the CP (e.g., Blakemore et al., 1981; Antonini and Stryker, 1998;
Pizzorusso et al., 2006; Sale et al., 2007). The basic strategy
for treating amblyopia during CP is to remove the defects
preventing a clear retinal image and to promote strengthening of
neural connections coming from the lazy eye. So called ‘‘passive
methods’’ such as refractive correction, alone or in combination
with fellow eye patching or atropine penalization, are widely

employed, with a percentage of success correlating with the total
number of treatment hours (Foley-Nolan et al., 1997; Simons
et al., 1997; Pediatric Eye Disease Investigator Group, 2002; Wu
and Hunter, 2006).

These strategies do not lead to vision recovery if applied
well after CP end and no successful therapy has been available
for adult patients, so that amblyopia in adult subjects has long
been considered an irreversible condition; lack of recovery was
attributed to the dramatic decline in visual cortex plasticity
that accompanies the transition from youth to adulthood and
prevents visual cortical connections from remodeling in favor
of the deprived eye input, following removal of its visual
defects (e.g., Blakemore et al., 1981; Antonini and Stryker, 1998;
Pizzorusso et al., 2006; Sale et al., 2007).

CHALLENGING THE DOGMA
OF IRREVERSIBILITY

If the lack of recovery from amblyopia in adult subjects is due to
the low levels of plasticity of adult V1, enhancing V1 plasticity
might allow the deprived eye input to regain access to visual
cortical neurons, promoting recovery from amblyopia. Following
this hypothesis, a new era of exciting experimental studies has
recently started, leading to the demonstration and now widely
accepted notion that a high degree of residual cortical plasticity
can be unmasked in the adult brain (see, for instance, the review
by Bavelier et al., 2010).

Pharmacological Studies
The first studies have exploited pharmacological treatments to
either target factors that brake adult plasticity and/or to enhance
levels of endogenous permissive molecules.

The excitatory/inhibitory (E/I) balance in V1 rapidly emerged
as a crucial factor in controlling the opening and time course
of CP plasticity (Hensch, 2005; Sugiyama et al., 2008); in
particular, direct pharmacologically reduction of GABAergic
transmission in the adult visual cortex has proven to be a suitable
strategy for the restoration of plasticity processes (Hensch, 2005;
Harauzov et al., 2010; Baroncelli et al., 2011). Interestingly,
also transplantation of embryonic inhibitory neuronal precursors
into the visual cortex of post-CP animals can induce a
second window of plasticity after the end of the natural CP
(Southwell et al., 2010). Whether these treatments are also
capable to promote recovery from amblyopia is still unknown.
A change in V1 E/I balance has also been achieved indirectly,
pharmacologically targeting neuromodulators, such as serotonin,
norepinephrine, and acetylcholine, which are known to be
strongly involved in visual plasticity (Kasamatsu and Pettigrew,
1976; Bear and Singer, 1986; Kilgard and Merzenich, 1998; Bao
et al., 2001; Goard and Dan, 2009) and which proved to impinge
on E/I balance and to promote recovery from amblyopia (e.g.,
Maya Vetencourt et al., 2008; Bavelier et al., 2010; Morishita
et al., 2010; Sale et al., 2014, for review) As an example,
chronic delivery in the drinking water of the selective serotonine-
reuptake inhibitor (SSRI) fluoxetine caused a marked decrease of
GABAergic inhibition levels in V1 and this decrease was crucial
for fluoxetine to enhance V1 experience-dependent plasticity
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and to promote visual function recovery in adult amblyopic rats
following reopening of the initially deprived eye and closure of
the normal eye (Maya Vetencourt et al., 2008).

Other successful pharmacological studies have targeted the
adult brain extracellular milieu, making it more permissive
for experience-dependent plasticity. Chondroitinase ABC,
an enzyme responsible for the degradation of chondroitin
sulfate proteoglycans (CSPGs) in the extracellular matrix,
enhances V1 experience-dependent plasticity and induces
full recovery from amblyopia in adult rats (Pizzorusso et al.,
2002, 2006). Interestingly, some of the effects elicited by
Chondroitinase ABC could be mediated by modifications of
intracortical inhibitory circuits occurring after degradation of
extracellular matrix perineuronal nets (PNNs; Hensch, 2005).
An involvement of intracortical inhibitory circuits and of
CSPGs has also been shown for the effects on V1 plasticity of
the orthodenticle homeobox 2 (Otx2) homeoprotein, which
transfers to parvalbumin-positive GABAergic interneurons in
the developing mouse visual cortex, acting as a direct trigger
both for the opening and closure of the CP (Sugiyama et al.,
2008). CSPGs are necessary to capture endogenous Otx2 at
the surface of parvalbumin interneurons, via the so called RK
peptide (Beurdeley et al., 2012). Reducing CSPGs by means
of chondroitinase ABC leads to a reduction in the amount of
endogenous Otx2 bound to parvalbumin cells, and so does
infusion of RK peptide which competes with the endogenous
one; both treatments lead to functional recovery in adult
amblyopic mice (Beurdeley et al., 2012).

Finally, a very attractive and relatively new kind of
pharmacological substances acts at the level of epigenetic
modifications of the brain chromatin status (Zhang and Meaney,
2010). The closure of the CP in the mouse visual cortex
has been linked to downregulation of histone H3 and H4
acetylation (Putignano et al., 2007); accordingly, infusion of
histone deacetylase inhibitors enhances plasticity in adult V1,
leading to functional recovery in amblyopic rats past the end of
the CP (Silingardi et al., 2010).

Non Pharmacological Studies
Results more suitable for clinical application have been obtained
by means of non invasive treatments aimed at inducing an
endogenous recapitulation of the brain states that enhance
V1 plasticity. Dark exposure initiated in adulthood reactivates
synaptic plasticity in the visual cortex, induces recovery of
dendritic spine density of neurons and promotes vision rescue in
long-term MD rats (He et al., 2007; Montey and Quinlan, 2011).
Thus, these results raise the provocative concept that darkness
might be a cure for vision loss in amblyopia, a fascinating
approach which however, appears quite limited in terms of
human application.

A more promising approach is based on somewhat opposite
strategies leading to the optimization and enhancement of
sensory stimuli. The progenitor of this kind of treatments is
environmental enrichment (EE; van Praag et al., 2000; Sale
et al., 2014), whereby laboratory rodents are reared in large
social groups in wide and attractive cages where a variety of

toys are available and changed frequently to stimulate motor
activity, novelty and curiosity as determinants of exploratory
behavior. Adult amblyopic rats reared under EE conditions
display a full rescue of their visual functions (Sale et al., 2007):
moreover, EE is also able to reopen the CP for V1 plasticity
in response to MD, even in aged rats (Baroncelli et al., 2010;
Scali et al., 2012). Importantly, exposure to EE does also result
in a marked reinstatement of visual depth-perception abilities
of adult amblyopic animals, as tested with the visual cliff task
(Baroncelli et al., 2013).

Mediators of EE effects include E/I balance and
neuromodulators as well as other well known determinant
of CP plasticity such as brain-derived neurotrophic factor
(BDNF) and CSPGs (see Sale et al., 2014). Neuromodulators
were known to respond to EE since the very first studies in the
60s which reported an increase in acetylcholinesterase activity,
with subsequent work confirming and extending this initial
observation to the other neuromodulator systems, like the
serotonin and noradrenaline systems (van Praag et al., 2000). In
the visual cortex, an enhanced serotonin expression has been
shown to be critical for plasticity enhancement in adult enriched
rats (Baroncelli et al., 2010), a result linking the impact of EE on
visual cortical plasticity to the previously discussed importance of
neuromodulating systems for CP reopening in the mature visual
cortex. Moreover, recovery of plasticity in enriched amblyopic
animals is associated with reduction of GABA release in the
visual cortex, as assessed by brain microdialysis, enhancement of
BDNF expression and with decrease of CSPG condensation in
perineuronal nets in the visual cortex (Sale et al., 2007).

ACTIVE TRAINING FOR AMBLYOPIA

One step up toward the application of the EE paradigm to
human subjects is to study the role of selected EE components
in the reopening of visual cortex plasticity. In a first attempt
to evaluate the efficacy of motor activity, social stimulation, or
enhanced visual stimulation in promoting amblyopia recovery in
the rat model, we reported a full recovery of ocular dominance
and visual acuity both in animals experiencing high levels of
voluntary motor activity in a running wheel and in rats exposed
to a protocol of passive visual enrichment consisting on a
rotating visual drum (Baroncelli et al., 2012), but not in animals
subjected only to social enrichment. In agreement with previous
results, those EE components found to be effective in triggering
recovery from amblyopia were associated with a decreased
GABA release in the visual cortex, without any change in the
release of glutamate, thus resulting in a damped intracortical
inhibition/excitation ratio (Baroncelli et al., 2012).

Among the various EE components, physical activity emerges
as one of the most crucial, with numerous studies reporting
its striking capability to mimic the more complex EE approach
in producing a number of different beneficial effects (see
Sale et al., 2014 for a recent survey). In a series of elegant
works, Michael Stryker and colleagues have not only shown
that locomotion powerfully increases visual responsiveness in
the primary visual cortex (Niell and Stryker, 2010), but have
also demonstrated that the enhancement of visual responses
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induced by locomotion is sufficient to promote recovery of visual
function (Kaneko and Stryker, 2014) and provided evidence
on the possible neural circuit underlying these effects (Fu
et al., 2014, 2015; Lee et al., 2014). Niell and Stryker (2010)
studied the response properties of neurons in primary visual
cortex of awake mice while animals run on a freely rotating
spherical treadmill with their heads fixed. They found that
locomotor activity was associated with a dramatic increase in
visual responsiveness in essentially all broad-spiking (presumed
excitatory) cells without any concurrent changes in spontaneous
firing rate or tuning properties; thus, increase in visually-
evoked firing rate was not obtained at the expense of stimulus
selectivity. The response magnitude of neurons in the visual
thalamus was not affected by locomotion, indicating that the
modulation of visual responses by locomotion is a cortical
effect. Locomotion was also correlated with a decrease in low
frequency power and an increase in the amplitude of the
high-frequency gamma peak in the local EEG, suggesting a
transition to a different cortical state during locomotion. Because
the mice were not actively engaged in a perceptual task, and
the increase in response was seen across the visual field, it
seems likely that it reflects a general activation associated with
locomotion, akin to arousal, rather than a mechanism of selective
attention. The dependence on behavioral state was cell-type
specific, in that a subset of the narrow-spiking cells (presumed
inhibitory interneurons), which had little activity when the
animal was stationary, began firing at high spontaneous rates
during movement but then showed a suppressive response to
visual stimuli.

It was evident that cortical activation associated with
locomotion acted as a gain modulator, increasing responsiveness
without changing selectivity. Thus, the increase in amplitude
of visual responses during locomotion might provide a
stronger drive for experience dependent visual cortical plasticity,
increasing the capacity for recovery from early visual deprivation
in the visual cortex of adult animals. In line with what we
found in animals free to run on a running wheel in a condition
of reversed suture (Baroncelli et al., 2012), visual responses to
stimuli presented to the initially deprived eye during locomotion
on a spherical treadmill (head fixed) increased significantly,
reaching almost normal level after 7 days, and ocular dominance
of visual cortical neurons was recovered (Kaneko and Stryker,
2014). The interesting thing is that increased responsiveness to
deprived eye input and ocular dominance (OD) recovery was
seen also under binocular vision, not only after reverse suture
(reopening of the formerly deprived eye and closure of the non
deprived eye). The recovery of response to stimuli presented to
the formerly deprived eye was specific for the particular visual
stimuli presented during locomotion, suggesting that recovery
is facilitated only in the neural circuits that are activated during
running.

Thus, it seems that enriching the environment in terms of
voluntary motor activity and/or visual stimulation is a potentially
useful strategy to reopen visual cortex plasticity and favor
recovery of function in adult amblyopic subjects. How to apply
the animal EE paradigm to humans is still debated. One approach
very akin to EE is represented by active videogames, which

combine various EE components such as visual attention and
enhanced sensory stimulation (see Green and Bavelier, 2012).
The videogame approach has been now tested in adult subjects
with amblyopia, with encouraging results (Li et al., 2011).

Another promising strategy for amblyopia recovery which can
be considered conceptually similar to EE is vPL, defined as the
performance improvement, following practice, in visual tasks of
different nature and complexity (see Bonaccorsi et al., 2014 for a
recent review). A key property of vPL is its high specificity for the
main stimulus attributes (e.g., stimulus orientation and location
in the visual field), with the achieved performance typically
returning to pre-learning baseline levels when test trials move
to even slightly changed stimuli (McKee and Westheimer, 1978;
Fiorentini and Berardi, 1980, 1981; Ball and Sekuler, 1982, 1987;
Sale et al., 2011; see also Bonaccorsi et al., 2014).

vPL as a treatment for amblyopia has been first introduced in
human patients, and it is currently considered one of the more
promising strategies to favor recovery of visual functions in adult
amblyopic subjects. The tasks used to elicit vPL are various, with
examples of letter identification or longitudinal Vernier acuity
and contrast sensitivity assessment (e.g., Levi and Polat, 1996;
Levi et al., 1997; Polat et al., 2004; Li and Levi, 2004; Levi, 2005;
Li et al., 2005, 2007; Chung et al., 2006, 2008; Zhou et al., 2006;
Huang et al., 2008; Levi and Li, 2009). Significant improvements
have been shown to be at reach in multiple domains, such
as visual acuity, contrast sensitivity, and stereoacuity, with the
learned improvements being frequently able to generalize to
novel tasks (see Astle et al., 2011).

One consideration to make before moving to discuss the
possible mechanisms of action of vPL and physical exercise
in enhancing visual plasticity and promote recovery from
amblyopia is that despite the interest for application of physical
exercise and perceptual learning in the treatment of visual
deficits in adult amblyopic subjects, to date there has been no
attempt to understand whether the same procedures could also
accelerate visual function recovery in developing subjects (both
in humans and animal models). Such information might be
instrumental for designing new therapeutic approaches aimed at
speeding up the process of visual function recovery in amblyopic
children.

NEURAL CHANGES UNDERLYING THE
BENEFICIAL EFFECTS OF PHYSICAL
EXERCISE AND VISUAL PERCEPTUAL
LEARNING ON VISUAL PLASTICITY AND
RECOVERY FROM AMBLYOPIA

Physical Exercise
In the Niell and Stryker (2010) article, the authors made two
predictions. First, if the narrow-spiking units whose visual
response was suppressed during locomotion did turn out to
be inhibitory, they might play a crucial role in the cortical
response to locomotor activation. Their increased firing rate
during locomotion would increase overall inhibition, serving to
keep spontaneous rates relatively constant; in the presence of
a visual stimulus, the reduction in their firing would relieve
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this inhibition, allowing the high-amplitude responses observed
during locomotion.

Second, they hypothesized a role for the neuromodulator
acetylcholine (Ach). ACh has been demonstrated to play a
role in cortical activation and attentional modulation in many
systems (Hasselmo and Giocomo, 2006; Weinberger, 2007). The
shift from low to high frequency in the local EEG spectrum
is a characteristic of the actions of Ach and in particular of
nucleus basalis stimulation (Buzsaki et al., 1988; Metherate et al.,
1992; Rodriguez et al., 2004). Furthermore, cholinergic agonists
have been shown to enhance visual responses in V1, without
significant change in selectivity or spontaneous rate (Sillito and
Kemp, 1983; Sato et al., 1987). In addition, nucleus basalis
stimulation in the anesthetized rat has been shown to increase the
reliability of visual responses to movies of natural scenes (Goard
and Dan, 2009).

To dissect the circuits underlying locomotion effects on
visual cortical responsiveness, Fu et al. (2014) took advantage
of advances in mouse genetics and in vivo imaging technology
to characterize the responses of different types of inhibitory
neurons in mouse V1 in awake animals free to run on the
spherical treadmill. In mice with Vasoactive Intestinal Peptide
(VIP)-positive GABAergic neurons genetically labelled, the
authors imaged the calcium responses of these VIP neurons
in freely running head-fixed mice with or without visual
stimulation. They found that the neural activity of VIP neurons,
but not of non VIP neurons, is greatly elevated during
locomotion even without visual stimulation. Visual stimulation,
which drove the other cortical neurons, did not further increase
the activation of VIP neurons by locomotion. A similar approach
revealed that somatostatin (SST) neurons were inhibited by
locomotion, consistent with a circuit in which VIP cells increase
activity of neighboring excitatory cells by inhibiting their
inhibitory input from SST cells. Activating VIP neurons inmouse
V1 by means of optogenetic in stationary mice mimicked the
effect of locomotion and increased the visual responses of visual
cortical neurons, while focal damage to VIP neurons blocked the
enhancement of cortical responses by locomotion.

The local blockade of nicotinic cholinergic input, but not of
glutamatergic input, reduced the response of VIP neurons to
locomotion by more than two thirds, and measurements in vitro
disclosed powerful nicotinic cholinergic input to VIP neurons.
Consistent with this result, upper layer VIP neurons in V1 turned
out to receive direct input from the nucleus of the diagonal band
of Broca (NDB), a cholinergic center in basal forebrain (Fu et al.,
2014).

The cortical VIP-SOM circuit is also the mediator of
locomotion induced enhancement of adult visual cortical
plasticity (Fu et al., 2015). Genetically silencing VIP synaptic
transmission in binocular zone ofmouse V1 prevents locomotion
from enhancing recovery of the amblyopic eye cortical responses.
The involvement of VIP neurons in locomotion-induced
enhancement of adult V1 plasticity has also been shown with
a different approach, that is employing a brief MD in adult
mice as a probe for OD plasticity. Between four to five days
MD is insufficient to significantly shift OD in adult mice, due
to the low OD plasticity, but they become effective if coupled

with locomotion. Genetically silencing VIP neuron synaptic
transmission in running mice makes MD ineffective in shifting
OD of cortical neurons; optogenetic activation of VIP neurons
in non running mice reproduced the plasticity-enhancement
effects of locomotion. Silencing SST neurons turned out to be
as effective as activating VIP neurons for enhancing adult OD
plasticity in response to brief MD.

Altogether, these results are consistent with the idea that
reduced inhibition is permissive for enhancing adult visual
cortical plasticity (Harauzov et al., 2010; Sale et al., 2014) and
reveal a disinhibitory circuit, VIP-SOM, that may underlie the
reduction in GABA content and release in V1 found in EE or
physical exercisedmice in correlation with a strong enhancement
of V1 plasticity and with recovery from amblyopia (Sale et al.,
2007; Baroncelli et al., 2010, 2012).

The starting point of this cholinergic-VIP-SOM neuron
mediated cortical response enhancement seems to be the
mesencephalic locomotor region (MLR; Lee et al., 2014). MLR
is the midbrain region the activation of which is sufficient
to induce locomotion and is associated with the ‘‘ascending
reticular activating system’’ described by Moruzzi and Magoun;
electrical stimulation of this region can induce physiological
correlates of alertness, such as desynchronization of low-
frequency oscillations (<10 Hz) of the electroencephalogram
(Moruzzi and Magoun, 1949).

Lee et al. (2014) found that optogenetic stimulation of
MLR in awake, head-fixed mice induced both locomotion and
increases in the gain of cortical responses in V1. Subthreshold
optogenetic stimulation of the MLR was sufficient to increase
the gain of visual responses and enhance gamma oscillations
similar to those normally associated with locomotion even in
the absence of overt movement. Furthermore, stimulation of
axon terminals projecting from the MLR to cholinergic basal
forebrain also reproduced this effect, suggesting that the MLR
can influence cortical processing, potentially through projections
directed toward the basal forebrain. These findings can be
used to build a simple model in which the MLR initiates
locomotion through descending pathways to the spinal cord
while coordinating changes in brain state through its ascending
projections.

Running and locomotion is associated not only with
activation of cortical VIP neurons, but also with increases
in multiple neuromodulators, including serotonin, which has
been shown to be enhanced in V1 by EE (Baroncelli et al.,
2010) and to promote adult V1 plasticity (Maya Vetencourt
et al., 2008); interestingly, VIP neurons express the 5-HT3
serotonin receptor (Lee et al., 2014), suggesting that the VIP-
SST disinhibitory circuit might be involved also in the effects of
5-HT on cortical plasticity. However, as suggested by Fu et al.
(2015), enhancement of adult plasticity by locomotion is likely to
be more complex than simply activating VIP-SST disinhibitory
circuit.

Visual Perceptual Learning
vPL has been related to a number of different cellular
mechanisms, including an increase in the number of neurons
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representing the learned stimulus (Recanzone et al., 1992, 1993)
or, alternatively, more subtle functional changes at the levels of
single neurons, both in terms of response strength and tuning
(see Schummers et al., 2005). An obvious candidate mechanism
underlying the cortical changes induced by vPL is synaptic
plasticity. Gilbert and Li (2013) proposed that vPL is associated
with long-term changes in either top-down circuits conveying
information about attention and behavioral expectation, and in
bottom-up circuits directly involved in experience-dependent
changes. In agreement with this model, neurons in V1 are
known to be capable of extensive integration well beyond the
borders of their receptive fields, a property dependent of the
existence of strong horizontal connections linking columns with
similar orientation preference (Stettler et al., 2002; Stepanyants
et al., 2009). While changes in favor of synaptic plasticity
processes underlying perceptual learning has been recorded
both in the primary motor cortex and in V1 in humans and
non human primates (e.g., Rioult-Pedotti et al., 2000; Li et al.,
2008; Yotsumoto et al., 2008), conclusive evidence has remained
elusive.

The vPL approach in humans has informed and inspired
increasing experimental work in simple animal models,
mostly devoted to understand the mechanisms underlying the
remarkable effects elicited by visual training. Frenkel et al.
(2006) reported that, in the mouse, exposure to visual stimuli
represented by gratings of a given orientation potentiates
visual responses to the same orientation, an NMDA dependent
experience-induced response enhancement called stimulus-
selective response potentiation (SRP). We recently reported
a more direct evidence for a synaptic plasticity engagement
in vPL (Sale et al., 2011). To elicit vPL, we trained adult
rats in a visual discrimination task in which they had to
discriminate two visual gratings of very different spatial
frequency; once the animals learned the task, the two stimuli
were rendered progressively more similar to each other,
providing a training process with increasing task difficulty.
We observed a progressive improvement of discrimination
ability with training, with performance reaching a steady
plateau after few days. This kind of vPL turned out to be
strictly selective for the orientation of the gratings employed
during training, indicating that it requires activation of V1
circuits. A group of control rats learned the associative task
in which they were required to discriminate two gratings of
very different spatial frequency and then practiced with this
easily discriminable pair of gratings for the same amount of
days as vPL animals. When tested within 1 h from the last
discrimination trial, long-term potentiation (LTP) elicited
by theta burst stimulation applied to layer II-III of V1 slices
appeared occluded in vPL animals compared to controls,
both when testing its inducibility in vertical and horizontal
connections. Moreover, the amplitudes of field potentials turned
out to be increased in trained animals compared to controls,
indicating that learning leads to a synaptic potentiation of V1
connections; no potentiation or LTP occlusion was found in
control animals (Sale et al., 2011). These data provide a strong
indication that the improvements displayed by vPL rats can be
explained in terms of long-term increments of synaptic efficacy

in V1 caused by learning, as already well known for different
brain regions, such as hippocampus, amygdala and motor cortex
(Rogan et al., 1997; Rioult-Pedotti et al., 1998; Whitlock et al.,
2006).

The possibility to strengthen synaptic efficacy using vPL is
attractive in terms of application to amblyopia therapy. Adult
amblyopic rats trained in the same vPL task displayed robust
recovery of visual acuity and ocular dominance (Baroncelli
et al., 2012), an effect persisting for quite a long time (i.e.,
14 days, corresponding to at least 20 months in the timescale
of human life). In search for possible molecular candidates
underlying the beneficial effects of vPL, we found that it resulted
in a decrease of the inhibition-excitation balance in V1. Vision
recovery was instead totally absent in those control groups in
which the treatment did not induce LTP in V1, i.e., in rats
that were trained only until the first step of the discrimination
procedure between the test and the reference grating, without
proceeding further with a progression of finer discrimination
trials (Baroncelli et al., 2012). The control group performed an
equal amount of physical activity in the maze with respect to
the animals trained in the vPL task, ruling out the possibility
that the physical exercise component intrinsic to the employed
vPL procedure might contribute to visual function recovery. This
conclusion could seem at odd with the striking capability of
running (Baroncelli et al., 2012) to promote recovery of ocular
dominance and visual acuity in amblyopic subjects. It has to
be noted, however, that while, in the study by Baroncelli et al.
(2012) running was a form of voluntary exercise, swimming
activity in the water maze is necessarily imposed. A vast
literature exists pointing out different effects elicited by voluntary
vs. forced motor behavior on brain and behavior, in terms
of activated monoamine neurotransmitters (Dishman et al.,
1997), hippocampal parvalbumin expression (Arida et al., 2004),
hippocampal BDNF and synapsin-1 expression (Ploughman
et al., 2005), longevity and body composition (Narath et al.,
2001), taste aversion learning (Masaki and Nakajima, 2006) and
open-field behavior (Burghardt et al., 2004).

CONCLUDING REMARKS

The research reviewed here has demonstrated that voluntary
physical exercise and vPL, two totally non invasive procedures,
share the remarkable capability to potentiate plasticity in the
adult visual cortex, favoring recovering of visual functions in
adult amblyopic rodents.

These procedures have a great potential for application to
human subjects, and indeed vPL has been first introduced in
clinical research and then modeled in rodents. On the contrary,
the impact of physical exercise on amblyopic adults remains to
be elucidated, with preliminary results in our laboratory showing
a strong enhancement of visual cortical plasticity in healthy
subjects after a period of voluntary physical activity (Lunghi and
Sale, in press).

In parallel with experiments aimed at directly testing the
effects of the proposed behavioral interventions in human
patients, a number of still open questions should be addressed in
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the animal model to strengthen the transferability of the achieved
results:

• Is it possible to induce recovery of visual functional in animals
trained with vPL without performing reverse suture, i.e., in
adult amblyopic subjects with both eyes open?

• Which is the impact of physical exercise or vPL on stereopsis
abilities in amblyopic animals?

• Which is the role of selected classes of inhibitory interneurons
in the beneficial effects elicited by physical or visual
training?

• Are the effects of visual recovery persistent?
• Which are the molecular mechanisms underlying plasticity in

exercised animals?

Future research should focus on these open issues.
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Neuropsychological training methods of visual rehabilitation for homonymous vision loss
caused by postchiasmatic damage fall into two fundamental paradigms: “compensation”
and “restoration”. Existing methods can be classified into three groups: Visual Scanning
Training (VST), Audio-Visual Scanning Training (AViST) and Vision Restoration Training
(VRT). VST and AViST aim at compensating vision loss by training eye scanning
movements, whereas VRT aims at improving lost vision by activating residual visual
functions by training light detection and discrimination of visual stimuli. This review
discusses the rationale underlying these paradigms and summarizes the available
evidence with respect to treatment efficacy. The issues raised in our review should help
guide clinical care and stimulate new ideas for future research uncovering the underlying
neural correlates of the different treatment paradigms. We propose that both local
“within-system” interactions (i.e., relying on plasticity within peri-lesional spared tissue)
and changes in more global “between-system” networks (i.e., recruiting alternative visual
pathways) contribute to both vision restoration and compensatory rehabilitation, which
ultimately have implications for the rehabilitation of cognitive functions.

Keywords: hemianopia, vision restoration training, audio-visual training, visual scanning training, neural plasticity

Introduction

Homonymous visual field defects (HVFD) are among the most serious deficits after cerebral artery
stroke and traumatic brain injury (TBI) in adults (Bouwmeester et al., 2007). HVFD result from
damage to the visual pathway behind the chiasma, i.e., posterior brain regions including the optic
tract, optic radiation and visual cortex, typically with either complete or partial loss of visual
perception in one half of the visual field. HVFD affect both eyes in a homonymous manner, i.e., the
loss of vision is on the same side of the visual field in both eyes. HVFD affect 20–30% of individuals
who suffer cerebrovascular infarction (Rossi et al., 1990).

In approximately 70% of cases, patients with HVFD present with parafoveal visual field
sparing of the central five degrees which enables them to fixate centrally (Kerkhoff, 2000).
Nonetheless, HVFD patients suffer enduring difficulties in their everyday lives, such as impaired
reading, navigation, visual exploration (Bouwmeester et al., 2007), visual cognition and motor-
control (Kerkhoff, 2000). Vision loss is also a key issue in more general neuropsychological
diagnosis and rehabilitation of cognitive functions; for example, both psychometric testing
and computer-based training methods require sufficient vision to detect and identify stimuli

Frontiers in Behavioral Neuroscience | www.frontiersin.org July 2015 | Volume 9 | Article 192 | 92

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/Behavioral_Neuroscience/editorialboard
http://www.frontiersin.org/Behavioral_Neuroscience/editorialboard
http://dx.doi.org/10.3389/fnbeh.2015.00192
http://journal.frontiersin.org/article/10.3389/fnbeh.2015.00192/abstract
http://journal.frontiersin.org/article/10.3389/fnbeh.2015.00192/abstract
http://journal.frontiersin.org/article/10.3389/fnbeh.2015.00192/abstract
http://loop.frontiersin.org/people/45654
http://loop.frontiersin.org/people/192
http://loop.frontiersin.org/people/98826
http://loop.frontiersin.org/people/66898
https://creativecommons.org/licenses/by/4.0/
mailto:caterina.bertini@unibo.it
http://dx.doi.org/10.3389/fnbeh.2015.00192
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Dundon et al. A review of visual rehabilitation methods

(such as words or numbers, e.g., Tsai and Wang, 2015). HVFD
can therefore compromise occupational rehabilitation, further
disabling work or domestic life (Kerkhoff, 2000; Bouwmeester
et al., 2007; Gall et al., 2009). In fact, vision loss may also lead to
wrong diagnoses, such as neglect or agnosia (Serino et al., 2014).

In adult patients with HVFD, a certain amount of
spontaneous recovery of the visual field may occur in the
first 2–3 months post-lesion (Zhang et al., 2006). However,
such spontaneous recovery is usually partial and only occurs in
20–30% of cases (Zihl and von Cramon, 1985). After this early
recovery phase, further spontaneous improvements are rare
(though exceptions have been reported, see Poggel et al., 2001).
Spontaneous HVFD recovery tends to occur primarily in the
visual periphery (Kerkhoff, 2000), which may be explained by
either the cortical magnification factor (CMF; i.e., the peripheral
visual field is processed by a lower number of neurons, but
with larger receptive fields, compared to the foveal space;
Çelebisoy et al., 2011; Harvey and Dumoulin, 2011; Wu et al.,
2012) or by recruitment of the undamaged retino-collicular
extra-striate pathway, which preferentially processes stimuli
from the periphery of the visual field, in addition to processing
the perception of movement (for review, see Sabel et al., 2011b).

In general, however, there is no additional spontaneous
recovery beyond the first few months, and the HVFD is
considered to be permanent. As a consequence, since the late
70–80 s the combined efforts of neuropsychological research and
clinical practice have sought to achieve HVDF improvements
in the post-acute stage of recovery through visual rehabilitation
(for early rehabilitation studies, see Ben-Yishay and Diller, 1981,
1993; Ducarne and Barbeau, 1981; Ducarne et al., 1981; for
a review, see Coubard et al., 2014). In this perspective, the
term visual rehabilitation (Kerkhoff, 2000; Zihl, 2010) refers to
all the rehabilitation strategies aiming to improve hemianopic
patients’ independent living and quality of life, promoting
functional restitution of the impaired visual function (restoration
approaches), the acquisition of compensatory strategies relying
on the intact functions (compensatory approaches) or the
adaptation of the environment to the patient’s impairment,
through artificial devices (substitution approaches).

The substitution approach does not rely on the plastic cortical
reorganization properties of the lesioned brain, but aims at
replacing the lost vision by artificial (usually optical) means.
Among others, substitution methodologies include prosthesis
(Hossain et al., 2005), optical prisms that project the unseen
visual sector into parts of the intact visual field (Bowers et al.,
2008, 2012; O’Neill et al., 2011), and reading aids connected to
television or personal computers (Virgili et al., 2013).

On the other hand, compensation of the visual field loss
might be accomplished by improving the gaze field by training
patients to make saccadic eye movements toward the blind
hemifield (Zihl, 1995, 1999; Nelles et al., 2001; Roth et al., 2009).
Indeed, the fundamental goal of compensatory approaches is to
enhance saccadic responses and other oculomotor parameters. In
contrast, restoration methods aim at increasing the sensitivity of
residual tissue and expanding the visual field itself, by activating
residual structures of the damaged visual field to strengthen
their neuronal activity and synaptic plasticity. The latter can be

accomplished by vision training of areas of residual vision (ARV)
or by applying non-invasive brain current stimulation (reviewed
by Sabel et al., 2011b). Findings from these studies challenge the
prevailing view that post-acute vision loss is both permanent and
unchangeable.

Compensatory and restorative approaches have become
popular in the last two decades thanks to the continued
expansion of findings demonstrating experience-dependent
plastic reorganization in the human visual system (Karmarkar
and Dan, 2006; Martins Rosa et al., 2013). Since the pioneering
studies in animal models (Wiesel and Hubel, 1965; Gilbert
and Wiesel, 1992; Eysel et al., 1999), recent data on humans
have revealed several forms of plasticity, such as perceptual
learning (Gilbert et al., 2001; Fahle and Poggio, 2002) and
long-term adaptation (Webster, 2011), providing evidence that
plastic reorganization remains largely functional in the adult
human visual system. Notably, early studies revealed that tactile
image projections could effectively substitute vision for object
recognition, demonstrating cortical plastic reorganization in the
visual system of blind individuals, since early studies revealing
that tactile image projections could effectively substitute vision
for object recognition (Bach-y-Rita et al., 1969). Furthermore,
a growing amount of evidence demonstrates improved visual
performance and enhanced activation of visual areas using non-
invasive human-machine interfaces (i.e., sensory substitution
devices), which transform visual information into auditory
or tactile representations (Abboud et al., 2014; for a review:
Maidenbaum et al., 2014).

In the present paper, we discuss three main contemporary
paradigms of vision rehabilitation: Visual Scanning Training
(VST), Audio-Visual Scanning Training (AViST), and Vision
Restoration Training (VRT). We will present the rationale
which has shaped these paradigms and detail their respective
methodologies. We will then report the outcomes of each
treatment, drawing upon the body of available literature and
criticisms offered by alternative viewpoints. Finally, we will
discuss emergent neuroimaging and electroencephalographic
data which are beginning to uncover the neural mechanisms
underlying these treatment approaches.

How Compensation and Restoration
Approaches Differ

The main difference between compensation and restoration is
that the former primarily aims to recruit alternative unaffected
brain regions that can play a compensatory role in the visual
process, whereas the latter relies on the notion that stimulation
of areas of partial injury (represented by partially functioning
regions of the visual field) might induce synaptic plasticity
and thus improvement to lost visual functions. Restoration
techniques aim at modifying the visual system itself by lowering
the threshold of perception. There has been a vigorous and
controversial debate about whether vision restoration is possible
at all (Sabel and Trauzettel-Klosinksi, 2005). On the one hand
several authors have presented evidence that vision restoration
is possible by behavioral training that activates areas with
lowered perceptual thresholds or inconsistent light detection
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(Kasten et al., 1998, 2006; Hyvärinen et al., 2002; Sabel et al.,
2004; Sabel and Trauzettel-Klosinksi, 2005; Sahraie et al., 2006;
Bouwmeester et al., 2007; Vanni et al., 2010). On the other
hand, the fundamental concept of a functional restoration of
vision has been vigorously opposed by different authors who
argue that compensatory methods are the only way to help
HVFD patients (Reinhard et al., 2005; Glisson, 2006; Pelak
et al., 2007; Roth et al., 2009). In fact, also approaches such as
flicker training (belonging to the field of vision restoration) were
reported as ineffective, though the authors failed to apply the
stimulation adequately since residual vision was not tested at
those positions that were used for flicker training (Roth et al.,
2009). During flicker training, stimuli are typically presented
deep within the blind field. However, the experimenter failed
to ensure the presence of residual vision within the blind
field before defining the positions for flicker stimulation. In
other studies, flicker training consistently results in increased
detection sensitivity even deep within the blind field (Hyvärinen
et al., 2002; Sahraie et al., 2006; Vanni et al., 2010). However,
as our discussion below shows, compensation and restoration
are not mutually exclusive concepts and both are worthy of
further study.

Compensation Training by VST

The term VST is used in this review to cover different
types of unisensory (visual) eye movement training. The term
‘‘unisensory’’ refers to tasks which draw upon a single sensory
modality, i.e., vision, in order to enhance visual functions; there
is no ancillary recruitment of other senses (such as auditory or
somatosensory cues as discussed below).

Compensatory approaches are oculomotor strategies which
aim to train saccadic eye movements; thus, they do not
specifically target the size of the scotoma but rather the field
of view (i.e., the part of the visual scene that can be scanned
by eye movements). Typically, this is accomplished by training
patients to voluntarily (and consciously) explore arrays of visual
stimuli—usually on computer screens (Zihl, 1995, 1999)—but
stimuli may also be presented in far vision (Nelles et al., 2001;
Figure 1). The rationale is to bias patients towards their blind
hemifield in order to compensate for the restricted field of view
resulting from the scotoma (Zihl, 1995). Indeed, HVFD patients
do not spontaneously compensate for visual field loss, usually
showing defective oculomotor behavior. Typically, patients
perform more fixation and refixations compared to healthy
controls and they show saccades with decreased amplitudes
towards the hemianopic side, resulting in longer time of visual
exploration (Meienberg et al., 1981; Pambakian et al., 2000).
Therefore, by moving the eyes back and forth more often, the
intact visual field sector then catches a greater area of the visual
scene, increasing the so-called ‘‘field of view’’ (not to be confused
with visual field enlargements achieved by vision restoration
techniques). VST trains patients to make adaptive saccades into
the affected blind field and systematically scan the visual scene
in order to compensate for their loss by making better use of the
intact visual field (Gassel and Williams, 1963; Ishiai et al., 1987).
For example, if the vision loss is on the right, patients are taught

FIGURE 1 | Visual search task in Nelles et al. (2001). Patients were
presented with simple red lights that were equally distributed across the board
in four horizontal lines with ten lights in each line. The task was to identify a
target stimulus (square of four lights) by exploratory eye movements with
restricted head movements (with permission from Elsevier).

to move their eyes more frequently to the right so that they may
see objects more easily with their intact, left visual field sector.

Total training duration for VST is typically around 1 month,
consisting of daily 1 h sessions. After about 5–6 weeks of VST,
patients generally report improvements in scanning accuracy,
exploration times and daily life activities (Kerkhoff et al., 1992,
1994; Zihl, 1995, 2000; Nelles et al., 2001; Pambakian et al., 2004;
Verlohr and Dannheim, 2007; Mannan et al., 2010). However,
notwithstanding these improvements, some concerns have been
raised regarding the treatment’s net-effects. When the size of the
HVFD remains constant, which is the case in most VST studies,
scanning more often towards the hemianopic side, e.g., to the
right, results in a shift of the intact temporal visual field sector
moving temporarily out of the field of view. In other words,
developing a positive bias of moving the eyes more often towards
the right means an automatic negative bias of not seeing objects
on the left. Furthermore, increasing the volume of eye scanning
also increases the integration load of the brain, as a larger amount
of moving retinal images needs to be fused into a coherent object
or motion; this increased load may be a problem for brains
that suffer temporal processing and integration deficits (Schadow
et al., 2009; Poggel et al., 2011).

Comparing the results of different VST studies is challenging,
as different authors have experimented with different training
protocols, varying either in the degree of cognitive demands
or in the eccentricity of the field of view within which targets
are presented. For example, Zihl (1995) introduced a simple
visual detection task, requiring adult patients (mean age: 44
years) to shift their eyes towards the hemianopic field, after
an acoustic signal, in order to find the visual target, i.e., a
spot of light. Head movements were restricted as typical in
these early VST studies (Zihl, 1995, 1999). Thus, early VST
protocols only train oculomotor behavior for visual search in
the range of near vision and the training area was reduced
to a computer or television screen. A second phase of the
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training required patients to perform visual search tasks in
a large stimulus array (52◦

× 45◦). At the end of both
phases of the training, visual search time markedly decreased
and visual scanning behavior was better organized, showing a
number of saccades and fixations similar to the one exhibited
by healthy controls. In contrast, no change in the visual
field size was observed. In a study by Nelles et al. (2001),
VST was performed on a large display (3 m wide training
board at a distance of 1.5 m) and adult patients (mean
age: 59 years) were asked to systematically scan the board
horizontally, to train saccades with restricted head movements.
Performances after training revealed improved detection rate
and reaction time to visual stimuli presented at the training
board, when exploratory eye movements were allowed. In
contrast, when exploratory eye movements were not allowed, no
detection improvement was found. As in Zihl’s (1995) study,
VST resulted in a compensation of the HVFD without any
measurable restoration of visual fields. It is worth noting that
compensatory oculomotor strategies in HVFD patients also
rely on working memory resources (Hardiess et al., 2010).
Therefore, the training protocol recommended to patients should
be chosen in accordance with the patient’s performance level
and availability of cognitive resources. The current trend is
to develop visual tasks and training protocols with varying
processing demands, presented on realistic, large field stimulus
displays with unrestricted head movements, with simultaneous
measurements of both head and eye movements. Papageorgiou
et al. (2012) recently observed effective compensatory gaze
patterns in patients with HVFD performing a more complex real
life task (dynamic collision avoidance); these patterns include
increased exploratory eye and headmovements towards the blind
side.

In summary, VST techniques offer a relatively short
intervention with positive outcomes. Studies using similar VST
paradigms to those described above (Zihl, 1995; Nelles et al.,
2001) have found similar improvements in visual scanning
behavior and visual detection with exploratory eye movements
(Kerkhoff et al., 1994; Pambakian et al., 2004). More importantly,
VST can also reduce the self-reported perceived disability of
adult HVFD patients in daily activities, such as bumping into
obstacles and crossing the street, thereby showing a transfer of
training effects to ecological measures (Kerkhoff et al., 1994;
Nelles et al., 2001). These effects can also promote successful
return to work (Kerkhoff et al., 1994). Interestingly, age does
not appear to be a critical factor in predicting the outcome of
VST training: indeed, both older and younger adult patients
achieve the same rehabilitation outcomes with the same amount
of training (Schuett and Zihl, 2013). In addition, the beneficial
results of VST remain stable as far as 8 months post treatment
(Kerkhoff et al., 1994; Nelles et al., 2001).

AViST

AViST is the latest development in the field of compensatory
interventions for visual field defects. In contrast to the classic
compensatory interventions of VST which are unisensory, i.e.,
using only visual stimuli, AViST is multisensory. One advantage

of AViST over VST, therefore, is the multisensory nature of
the stimulation. Indeed, multisensory experience can adaptively
maximize the sensory input options available to the organism
when perceiving and localizing stimuli in the space.

Pioneering studies on animals (Stein and Meredith, 1993)
have revealed the neurophysiological basis of multisensory
integrative processes at the single neuron level, showing
enhanced neural responses in the multisensory neurons of
the superior colliculus (SC) when auditory and visual stimuli
are in register, i.e., when presented in spatial and temporal
coincidence (spatial and temporal principles of multisensory
integration). Such enhanced neural responses are super-
additive, i.e., the response to the combination of auditory
and visual stimuli exceeds the sum of the responses to
the single sensory stimulus (i.e., multisensory enhancement).
Moreover, the effectiveness of the modality-specific signals
is a major determinant of multisensory enhancement, with
pairs of unisensory weakly effective stimuli resulting in more
robust enhancement of the multisensory neuronal activity (i.e.,
the inverse efficacy principle; Stein and Stanford, 2008). A
pivotal role in supporting the integrative processing in the
SC has been demonstrated by heteromodal associative cortices
in the cat (i.e., AES, rLS; Jiang et al., 2001; Jiang and
Stein, 2003). In line with this finding, the inferior parietal
(Dong et al., 1994) and intraparietal cortices (Colby et al.,
1993; Duhamel et al., 1998; Schlack et al., 2002) have been
suggested as sites of convergence of sensory information
from many different modalities in primates. Additionally,
imaging studies in humans have confirmed the involvement
of the SC and posterior cortical areas, including the temporo-
parietal and posterior parietal cortices, in mediating audio-visual
multisensory integration (for a review: Calvert, 2001; Stein and
Stanford, 2008).

Crucially, converging evidence also suggests the presence of
multisensory benefits at the behavioral level, both in animals’
orienting responses (Gingras et al., 2009) and in a wide range of
perceptual tasks in humans (for review see: Alais et al., 2010).
In particular, behavioral studies on healthy participants have
shown that multisensory integrative mechanisms can improve
both detection (Frassinetti et al., 2002; Bolognini et al., 2005a;
Bertini et al., 2008; Leo et al., 2008a; Maravita et al., 2008) and
localization (Hairston et al., 2003; Lovelace et al., 2003; Alais and
Burr, 2004; Bolognini et al., 2007; Leo et al., 2008b; Bertini et al.,
2010) of audio-visual pairs consisting of degraded unisensory
stimuli. Interestingly, repeated exposure to coincident audio-
visual pairs of stimuli effectively facilitates visual learning (Kim
et al., 2008) and enhances activation in extrastriate cortical
areas (Shams and Kim, 2012). More importantly, audio-visual
integration can increase perceptual performances in patients with
unisensory defects, such as HVFD or neglect (Frassinetti et al.,
2005), low vision (Targher et al., 2012) or auditory localization
deficits (Bolognini et al., 2007). In particular, visual detection of
stimuli presented in the blind field of patients with HVFD was
significantly improved by the presentation of spatio-temporal
aligned audio-visual stimuli, while no improvement was found
when stimuli were presented in spatial disparity or temporal
asynchrony (Frassinetti et al., 2005).
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As a consequence, the AViST model posits that audio-
visual multisensory integration can be a useful resource
for rehabilitation of unisensory visual defects, and that the
recruitment of the retino-colliculo-extrastriate pathway, which
is usually spared after post-chiasmatic lesions causing HVFD,
can compensate for the loss of visual perception. In line
with the inverse effectiveness principle, impaired unisensory
processing in HVFD might be improved by multisensory
stimulation. Indeed, multisensory neural circuits, retaining their
responsiveness to cross-modal stimuli, might constitute the
neural basis for the compensation of impaired sensory modalities
(Làdavas, 2008).

Based on these multisensory principles, Bolognini et al.
(2005b) developed a training protocol to determine whether
systematic stimulation of the visual field over the course of a
period of training with combined audio-visual stimuli would
lead to long lasting amelioration of unisensory visual orientation
and detection deficits in patients with chronic post-chiasmatic
lesions. Training was administered by seating patients centrally
at the concave face of an ellipse shaped apparatus in a horizontal
arc in a dimly lit and sound-proof room (Figure 2). Eight
piezoelectric loudspeakers were positioned along the eye-line at
8, 24, 40 and 56◦ of eccentricity towards the right and left side
to present auditory stimuli (bursts of 100 ms of white noise).
In addition, eight red LED lights were placed on the exact same
position of the loudspeakers to present visual stimuli for 100 ms.
During training, patients first fixated upon the central point of
the arc (± 30◦ of vertical eccentricity respectively for inferior
and superior quadrantopia), then explored the visual field by
moving their eyes, not their heads. In each block, the patients
were instructed to search for visual stimuli being presented alone
(unisensory condition) or coupled with an auditory stimulus
(multisensory condition). Lone auditory stimuli constituted a
catch trial condition. Participants were encouraged to move their
eyes left or right along the median line, exploring the visual field.
Afterwards they were instructed that the sound might sometimes
(but not always) be predictive of the location of the light. To boost
oculomotor exploration of the hemianopic visual field, a greater

FIGURE 2 | A schematic bird’s eye view of the apparatus used for the
Audio-Visual Scanning Training (AViST), depicting the location of visual
(V1–V8) and auditory (A1–A8) stimuli. Stimuli are positioned at 8, 24, 40
and 56 visual degrees into both the left and right visual field in an ellipse
shaped apparatus (200 cm wide, 30 cm height).

proportion of stimuli was presented in the blind visual field—so
that the patients learned to respond more easily to that side over
time. Patients responded with button press after detection of a
visual stimulus. Training duration was approximately 2 weeks
at a rate of 4 h/working day. Patients completed training by
achieving a hit-rate of>50%, i.e., consistently above chance level,
in the unisensory visual condition in the blind field for one entire
training session.

After the treatment, HVFD patients (average lesion age: 12
months; mean age: 57 years) showed an increase of visual
detections (without fixation requirement), improvements of
visual search and reading abilities and a reduction in self-
perceived disability in daily activities (such as bumping into
obstacles, crossing the street, finding objects in an ecological
environment). The improvements were stable at a 1 month
follow-up (Bolognini et al., 2005b). In addition, Passamonti
et al. (2009) revealed that the same treatment was also
effective in a different sample of patients (average lesion age:
58.16 months; mean age: 43 years) in improving oculomotor
parameters during visual search and reading tasks. In particular,
all patients reported an improvement in oculomotor exploration
after treatment, which was characterized by fewer fixations and
refixations, faster and larger saccades, and a reduced scanpath
length, leading to a shorter exploration time, compared to pre-
treatment performances. Similarly, training significantly affected
oculomotor reading parameters, reducing both progressive and
regressive saccades. Further, the treatment drove improvements
with respect to the specific reading impairments observed in both
left and right hemisphere—damaged patients (Leff et al., 2000);
saccadic amplitude increased for right hemianopic patients and
the number of saccades during the return sweep reduced in left
hemianopic patients (Passamonti et al., 2009). Notably, as in the
Bolognini et al. (2005b) study, the training promoted a reduction
in self-perceived disability in daily life activities, confirming a
transfer of the effects of the training to ecological environments.
In this study, improvements were stable at follow-up assessment,
1 year after training.

However, it is worth noting that the improvements were only
seen in tasks where patients were able to use eye movements to
compensate for the loss of their vision. Indeed, no amelioration
was found in the visual detection task where patients fixated the
central fixation cross. The discrepancy between the results of
the tasks where exploratory eye movements were allowed and
where they were not allowed (when central fixation was required)
suggests that the improvement in visual perception induced by
the training is not due to an enlargement of the visual field,
but rather to an activation of the visual responsiveness of the
oculomotor system, reinforcing orientation towards the blind
hemifield.

Crucially, the amelioration cannot be attributed to a mere
habituation effect whereby the training simply encourages
saccades towards the hemianopic field; indeed, a similar training
protocol, using unisensory visual stimuli instead of multisensory
audio-visual stimuli, yielded no improvements in a control
patient group (Passamonti et al., 2009). This finding suggests
the multisensory nature of the stimulation is the critical factor
inducing amelioration. It could also be argued that having two
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stimuli rather than one increases the overall attentional salience,
i.e., the magnitude of training stimuli reaching the senses, in
the hemianopic field and thus pulls the attention spotlight
in this direction. In other words, the important component
of the training is not its multisensory nature, but rather it
simply works by having an increased magnitude of stimulation
in the hemianopic field via two stimuli rather than only one.
Though this cannot yet be ruled out conclusively, the observation
that perception does not improve unless stimuli are spatially
and temporally aligned as described above, i.e., conforming to
multisensory principles, suggests that aggregation of attentional
salience may not be a sufficient explanation of treatment effects.
Interestingly, significant visual exploration and improvements
in oculomotor parameters also occur in patients with recently
acquired occipital lesions, after a similar compensatory audio-
visual training in the acute post-stroke phase within 24 weeks
after brain injury (Keller and Lefin-Rank, 2010). In line with
previous evidence (Passamonti et al., 2009), patients showed
greater oculomotor (i.e., an increased number and amplitude
of saccades towards the hemianopic field) and compensatory
visual scanning improvements after audio-visual stimulation,
compared to unisensory visual stimulation, providing further
evidence of the clinical advantages of a multisensory exploration
training.

We propose that the training was effective at integrating
sensory inputs from different sensory modalities related to the
same external event, consequently enhancing the efficiency of
eye saccades to the presentation of the visual stimulus. More
specifically, it appears that repetitive audio-visual stimulation of
the hemianopic fieldmediates an exogenous shift of multisensory
attention in this direction, which strengthens oculomotor
mechanisms to scan the hemianopic field more efficiently. Since
patients with visual defects tend to direct the focus of their
attention to the intact hemifield (Sabel et al., 2011b), the auditory
cue interacting with visual input reverses this tendency by
inducing an exogenous shift of multisensory spatial attention
towards the blind hemifield.

We further propose that recruitment of the spared retino-
colliculo-extrastriate pathwaymight drive this effect. Converging
evidence reveals the pivotal role of the SC in integrating audio-
visual spatio-temporal coincident stimuli in humans (Calvert
et al., 2001; Bertini et al., 2008; Leo et al., 2008a; Maravita
et al., 2008), and the relevance of temporo-parietal and posterior
parietal cortices in mediating covert and overt orienting behavior
towards audio-visual stimuli (Meienbrock et al., 2007; Bertini
et al., 2010; Nardo et al., 2014). In addition, recent findings have
provided evidence that after disruption of the primary visual
cortex, the retino-colliculo-extrastriate pathway is functionally
and anatomically spared and could foster orienting responses
toward visual stimuli presented in the blind field (Tamietto et al.,
2012). Intensive multisensory stimulation during training could
have enhanced the activity of this network and allowed the
implementation of more efficient oculomotor patterns due to
stronger links between SC and other higher order cognitive areas,
such as the frontal eye fields, which contribute to oculomotor
planning (Arikuni et al., 1980; Barbas and Mesulam, 1985). In
line, connections between the SC and the frontal eye fields are

thought to join a neural circuit mediating spatial attention shifts
(for a review: Krauzlis et al., 2013).

In summary, initial evidence suggests that combining
different sensory modalities represents an effective training for
visual field defects. However, further studies are needed to
explore the neural underpinnings of the compensation of visual
field defects after AViST.

Vision Restoration by VRT

According to the residual vision activation theory (Sabel et al.,
2011b), cerebral visual injury is usually not complete, and some
structures are typically spared in or near the area of damage. Such
areas of spared neurons lie in different places in the brain: (i) in
penumbral areas of partial damage at the border of the lesion;
(ii) in islands of surviving tissue dispersed within the lesion;
(iii) extrastriate pathways unaffected by the damage; and (iv)
down-stream, higher-level neuronal networks. The functional
status of these structures is likely to be compromised because the
damaged visual system suffers an enduring tripartite handicap:
(i) partially damaged areas have fewer neurons; (ii) they lack
sufficient attentional resources; and (iii) neurons in areas of
partial damage have poor firing synchrony. Residual structures
therefore no longer contribute (or contribute rather little) to
every-day vision and their silencing through non-use further
impairs their synaptic strength.

The VRT approach posits that such partially spared regions
of cortex are functionally represented by ARV. More specifically,
visual field deficits do not produce an absolute, binary split
between areas of total blindness and areas of intact vision (the
black-and-white view of vision loss), separated by a sharp and
clearly definable visual field border. Rather, visual field defects
actually comprise: (i) areas of total blindness; (ii) areas of
consistent (normal) visual detection; and (iii) areas where visual
detection performance is present but inconsistent.

Typically, visual field charts are based on applying standard
static near-threshold perimetry using a low resolution stimulus
presentation, presented in a monocular fashion. However, due to
the rather low resolution, these perimetric tasks are not sensitive
enough to decipher smaller regions of inconsistent (partial)
visual detection. Standard near-threshold testing methods
predominantly delineate areas of vision loss vs. intact vision
while the topography of the ARV which is typically located at
the border zone along the defect remains unclear. By increasing
the number of test positions it is theoretically possible to gain
the missing information by means of near-threshold perimetry.
However, this procedure is not used in clinical settings since it
results in a tremendous increase in test duration. Supra-threshold
high resolution perimetry (HRP) has therefore been used to
test detection of light stimuli binocularly within a dense grid of
stimulus presentations. This greater sensitivity has assisted with
both the characterization of distinct regions of ARV, and the
evaluation of treatment effects (Kasten et al., 1998).

The presence of ARV andVRT effects have been considered to
be artifacts of inaccurate diagnostic measurements resulting from
poor fixation because of excessive eye movements (Reinhard
et al., 2005; Glisson, 2006). However, good fixation abilities
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are a prerequisite for VRT. Furthermore, ARVs can be very
well replicated across repeated measurements and eye tracker
recordings show that the standard deviation of the mean fixation
point in patients with homonymous hemianopia is about 0.82◦

horizontally and 1.16◦ before VRT (Kasten et al., 2006).
Increasing evidence gathered with HRP suggests that patients

with cerebral visual injuries have ARV of varying sizes, typically
at the transition between areas of total blindness and areas of
normal visual detection, i.e., at the visual field border, or in
islands of residual vision within the areas of total blindness.
To plan VRT sessions, these ARV regions are first identified
so that they can then be activated to enhance the function of
underlying partially spared neuronal tissue. It is hypothesized
that VRT re-engages these residual structures by repetitive
stimulation and activation of ARV. The residual vision activation
theory posits that when a certain minimum number of neurons
remains connected to their target structure, they can lay the
foundation for neuroplastic reorganization via synaptic plasticity
and subsequent functional improvement following VRT in
HVFD patients with chronic lesions (Sabel et al., 2011b) just
as in normal perceptual learning (Li et al., 2004; Fahle, 2005).
Animal studies are compatible with this hypothesis; a relatively
small number of intact cells (10–20%) can support spontaneous
recovery up to 70–80% normal performance in simple visual
detection in rats within 2–3 weeks post-lesion (Sautter and Sabel,
1993).

VRT can induce visual perception improvement at any time
after the lesion, at all ages and in all types of visual field
impairments after retinal or brain damage (such as stroke, brain
trauma etc.). Concerning the influence of age on VRT outcomes,
Kasten et al. (2000) could not reproduce earlier results from
a VRT pilot study pointing to an effect of age on visual field
enlargement (Kasten and Sabel, 1995). In fact, in a large clinical
observational study with a sample size of more than 300 subjects,
patients aged 65 years and older benefited more from VRT than
younger patients (Mueller et al., 2007).

If and to what extent vision restoration can be achieved is a
function of the amount of residual tissue and its activation state,
and of the status of global neuronal networks (Sabel et al., 2011b).
Sustained improvements require repetitive stimulation which,
depending on the method, may take days (non-invasive brain
stimulation; Fedorov et al., 2011; Sabel et al., 2011a; Gall et al.,
2013; Schmidt et al., 2013) or months (behavioral training with
VRT; Kasten et al., 1998; Poggel et al., 2004; Sabel et al., 2004). By
becoming re-engaged in every day vision, (re)activation of ARV
by VRT outlasts the training period, thus contributing to lasting
vision restoration and improvements in quality of life (Gall et al.,
2008).

Drawing on this new understanding, methodologies were
developed to accurately identify ARV, and train these areas
according to individualized protocols of VRT. Kasten et al.
(1997) described a collection of computer programs utilized in
VRT. Participants’ visual field defects are first evaluated using
HRP performed on a computer screen in a dimly lit room.
During HRP, small light spots appear with luminance well above
physiological thresholds in random order in a dense grid of
25 × 19 stimulus positions surrounding a central fixation point.

Subjects respond to any perception of these light spots. Fixation
is ascertained by the accurate response to an isoluminant change
in color of the fixation point. The tested visual field covers up
to 20 visual degrees both vertically and horizontally. Figure 3
shows a HRP visual field chart in which white squares graphically
illustrate normal visual detection performance. In contrast,
black squares reflect areas of zero detection and gray areas
indicate ARV where responses were present, but inconsistent
(Figure 3).

After delineating residual function (i.e., identifying the ARV),
the training procedure is individually adapted to the patient’s
specific deficit pattern. VRT is developed to specifically target
ARV with the goal of strengthening these structures by repetitive
activation. This is achieved by presentation of localized ‘‘static’’
stimuli along the visual field border or ‘‘dynamic’’ stimuli which
appear first in either the blind or intact field and move to
the nearest point in the ARV (Kasten et al., 1997). Patients
respond to each perceived stimulus via button press. The
training protocol is adaptive—when the detection performance
exceeds a pre-determined point, typically, greater than 90%
correct responses, the computer programme advances to the
next level by presenting stimuli deeper within the blind field.
Training usually takes place in the participant’s home for
30–60 min per day, for a period of at least 6 months. The
central outcome measure after VRT is light detection accuracy
change as observed in HRP (Figure 3) or standard-automated
perimetry procedures. In sum, the treatment is effective at
driving improvements with the majority of patients, by an
average visual field border shift of 5◦ of visual angle (Kasten
et al., 1998). Improvements have also been reported to generalize
to some extent to visual exploration tasks (Kasten et al., 1998;
Reinhard et al., 2005). Notably, patients also report subjective
improvements in ecological environments (Kasten et al., 1998;
Julkunen et al., 2003; Reinhard et al., 2005). The positive
outcomes of VRT appear stable up to 23 months after the
training (Kasten et al., 2001; Julkunen et al., 2003; Marshall
et al., 2008; Poggel et al., 2010). According to different reviews
(Bouwmeester et al., 2007; Sabel et al., 2011b), some patients
do not benefit from VRT (33%), moderate improvements are
seen in about 33% and large field expansions in another 33%
percent of the patients. Of a total number of 37 publications,
all but three confirmed the efficacy of the VRT paradigm
(Sabel et al., 2011b). The non-confirmatory studies, however,
suffered from methodological limitations; one limitation is that
the training duration was too short and the training stimuli
too small to achieve clinically relevant effects (Balliet et al.,
1985). In another case, insensitive methods of measuring visual
detections were employed (Sabel et al., 2004; Reinhard et al.,
2005). The third study failed to focus the therapy on ARV but
rather used a simple flickering stimulus which was presented
deep in the blind field where no residual structures were
present (Roth et al., 2009). Thus, the latter study actually
did not use the typical VRT-treatment protocol as other
studies did.

As mentioned above, some authors have raised doubts about
the validity of VRT (e.g., Reinhard et al., 2005; Glisson, 2006;
Bouwmeester et al., 2007; Pelak et al., 2007). The argument
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FIGURE 3 | (Upper panel) Baseline-Vision Restoration Training (VRT)
visual field chart. To assess the visual fields with high-resolution
computer-based perimetry, suprathreshold stimuli are presented at random
from which simple detection charts can be created. By superimposing results
of repeated tests, intact visual field sectors are shown in white and black
represents regions of absolute blindness where no stimulus detections
occurred. Gray areas reveal areas of residual vision (ARV) where response
accuracy is inconsistent. Area of residual vision correspond to relative defects
in standard-automated perimetry and may be interpreted as representing
partial damage where only some cells remain connected with their target
structure. Thus, partial structure leads to partial function. (Lower panel) The
chart depicts the Post-VRT result in the same subject. The visual field defect
has resolved mainly within the area of residual vision at baseline.

is that plasticity is not possible in the visual system and that
visual field improvement after VRT is merely a compensation
artifact in disguise, i.e., that increased eye movements explain the
visual field improvement. However, this compensation artifact
claim can be rejected for several reasons (Kasten et al., 2006;
Sabel et al., 2011b). Firstly, it stands to reason that if training
improvement wasmerely a function of random lateral fluctuating
saccades, there could not be a systematic shift of the border in
one direction, as consistently documented. On this point, some
authors have suggested that the treatment effect is systematically

biased by the lateral saccades, i.e., preferential scanning towards
the hemianopic side in evaluation tests. However, this response
bias would require patients to be able to predict the (randomly
chosen) position of the transient evaluation stimuli during post-
treatment testing which is logically and practically impossible.
In addition, good fixation ability is a prerequisite for training,
which dismisses propositions that results are confounded by
eccentric fixation. Further, treatment does not appear to change
the position of the blind-spot (for more detail, see Sabel et al.,
2011b).

Recent evidence also adds to these logical arguments. For
example, training does not always cause a shift of the entire
visual field border. Quite often shifts only occur in one
sector of the border (for example in the upper visual field).
Further, post-training visual field border shifts for patients with
concentric visual field loss, as in glaucoma, typically move
in a ring-like fashion in all directions towards the periphery
(Gudlin et al., 2008; Sabel and Gudlin, 2014). Additionally,
eye movements are not directionally specific (before or after
treatment), blind spot positions do not appear to shift, and eye
movement amplitudes after VRT actually decrease, suggesting
a post-training improvement in fixation quality (Kasten et al.,
2006). More recent studies have also availed of eye-movement
adjusted retinal charts observing new stimulus detections after
VRT in previously blind areas of the visual field (Sabel
et al., 2011b). Thus, while the eye is not expected to be
exactly at fixation at all times—since microsaccades are a
normal repertoire of visual perception (Ahissar and Arieli,
2012)—both experimental evidence and logical reasoning rules
out eye movements as explaining improvements following
vision restoration, though they are always a possible source
of variability and, respectively, error, in visual field testing.
In summary, many independent studies show the efficacy of
VRT in achieving visual field improvements (Kasten et al.,
1998; Sabel et al., 2004; Poggel et al., 2006; Henriksson et al.,
2007; Gudlin et al., 2008; Marshall et al., 2008; Romano
et al., 2008; Ho et al., 2009; Halko et al., 2011; Plow et al.,
2012).

VRT does not appear to drive change solely in the
visual cortex. Ho et al. (2009) used retinotopic mapping
when analysing residual function after VRT and observed
responses in extrastriate areas above the calcarine sulcus.
Functional Magnectic Resonance Imaging (fMRI) studies of
the Blood Oxygen Level Dependent (BOLD) change following
VRT have also observed increased post-training activations in
anterior cingulate and dorsolateral frontal cortex, in addition
to the recruitment of higher order visual areas in the
occipitotemporal and middle temporal regions (Marshall et al.,
2008). Henriksson et al. (2007) further observed ipsilateral
representation of the trained visual hemifield in different
cortical areas, including the primary visual cortex. Thus, the
emerging evidence suggests that VRT drives plastic cortical
reorganization both at the within-systems and the network level,
i.e., training drives activation increases not only in occipital
regions but also in wider distributed attention networks. In
fact, this concept of global network change has most recently
been demonstrated by electroencephalography (EEG) network
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analyses in optic nerve patients treated with non-invasive
brain current stimulation which also improved patients’ visual
fields (Bola et al., 2014).

Discussion

The evidence presented in this review supports the idea that
visual rehabilitation, defined as the promotion of improvements
in independent living and quality of life, can be achieved with
adult HVFD patients using either VST, AViST or VRT (Kerkhoff,
2000; Pambakian et al., 2005; Schofield and Leff, 2009; Zihl,
2010; Trauzettel-Klosinski, 2011; de Haan et al., 2014; Goodwin,
2014). The reviewed studies suggest that VST and AViST induce
long term improvements in patients’ visual exploration abilities,
promoting a more organized pattern of fixations and refixations
and increasing the amplitude of the saccades (Zihl, 1995; Nelles
et al., 2001; Bolognini et al., 2005b; Passamonti et al., 2009). In
contrast, VRT reportedly induces an average visual field border
shift of 5 degrees of visual angle (Kasten et al., 1998). Although
VST, AViST and VRT promote different visual functions, all
three approaches have been demonstrated to generalize the
positive outcomes observed with clinical measurements also to
daily life activities (Kerkhoff et al., 1994; Kasten et al., 1998; Nelles
et al., 2001; Julkunen et al., 2003; Bolognini et al., 2005b; Reinhard
et al., 2005; Passamonti et al., 2009; Dundon et al., in press).

Since on first appraisal VST, AViST and VRT appear to seek
different outcomes, they seem to fall under separate and specific
rehabilitation models—restoration (VRT) vs. compensation
(VST), or a compensation/restoration hybrid (AViST).

In general terms, restorative therapies aim at improving
the magnitude of visual function, while VST and AViST
compensate for the visual field loss. However, in terms of the
neural mechanisms underlying the two approaches, each of
these two ostensibly disparate treatment methodologies may
well draw on both, local and distal, cortical reorganization
mechanisms. This suggests that in case of visual rehabilitation,
concepts of restoration and compensation can be both fluid
and reciprocal. Broadly speaking, neuroplastic changes can
be indexed into two categories, delineated by the associated
lesion proximity and overall diffusivity of cortical reorganization.
The first model, within systems plasticity, targets reconnection
of damaged neural circuits proximal to, or within islands of
spared tissue surrounded by the lesion (Robertson and Murre,
1999; Sabel et al., 2011b). The second model, network level
plasticity, refers to recruitment of more widespread processes of
cortical reorganization, such as homologous areas in the intact
hemisphere or alternative spared pathways subserving the visual
function (Sabel et al., 2011b), in order to compensate for loss of
specific neuronal function (Bola et al., 2014).

Within the context of visual rehabilitation following brain
injury, within-systems plasticity would target functional
restoration of partially spared cortex within or near the striate or
extra-striate lesion, i.e., repairing neurons to re-engage them in
their previous function; this model would appear to best describe
the plastic reorganization driven by VRT. Conversely, network
level plasticity recruits alternative networks to compensate for
the lost function within a different specific area, i.e., the visual

cortex; this model would appear to best describe the change
elicited by VST and AViST. Apparently, the above axis appears
to neatly compartmentalize the three treatments presented
in this paper. However, the emerging findings from studies
attempting to document the underlying substrate change driven
by these therapies seem to contradict such a simple binary
hypothesis.

Concerning VRT, fMRI studies have revealed effects within
wider distributed networks, i.e., BOLD changes occur not only
in the visual cortex, but also in extrastriate areas (Henriksson
et al., 2007; Marshall et al., 2008; Ho et al., 2009). In a similar
vein, the notion that treatment improvements driven by VST
are exclusively driven by compensatory eye movements has
been challenged by some recent experimental findings. For
example, eye-movement training not only induces plasticity
within oculomotor brain areas but it also alters brain activation
in the striate and extrastriate cortex (Nelles et al., 2007, 2009,
2010), i.e., in areas where VRT was also observed to induce
activation changes (Marshall et al., 2008). In line, Kerkhoff et al.
(1992) observed a visual field border shift following a period
of VST, raising the question of to what extent the functional
improvements in compensatory training may, in fact, be at
least in part the consequence of vision restoration. As far as
AViST is concerned, the retino-colliculo-extrastriate pathway
is a possible neural substrate mediating its visual exploration
and oculomotor improvements. Indeed, the colliculo-extrastriate
pathway is crucial in integrating audio-visual information in
humans (for a review: Stein and Stanford, 2008) and is known
to be functionally spared in patients with Primary Visual Cortex
(V1) lesions (Tamietto et al., 2012). In line, recent evidence
in animals suggests that a systematic audio-visual training can
reinstate visual behavior in hemianopic cats, after a lesion to
the striate cortex (Jiang et al., 2015). Crucially, such recovery
co-occurs with the reinstatement of visual responsiveness in
deep layer neurons of the ipsilesional SC. Therefore, audio-visual
stimulation may enhance activity within this spared network,
and recruit additional cortical areas responsible for oculomotor
planning, such as the frontal eye fields, which are known to
be strongly connected to the SC and to be involved in spatial
orienting behaviors (for a review: Krauzlis et al., 2013). However,
similar to VST, and in addition to network-level plasticity, AViST
might also elicit neural restoration in the occipital cortex, since
eye movements are known to lower the perceptual threshold.
Indeed, both in primates and humans, the visual system uses
saccades as a preferred sampling strategy (Martinez-Conde et al.,
2004, 2009; Otero-Millan et al., 2008; Troncoso et al., 2008; Rolfs,
2009), which allows more efficient sampling of fine spatial detail
(Donner and Hemilä, 2007) and elicits stronger responses in V1
neurons (Martinez-Conde et al., 2000, 2002; Herrington et al.,
2009). In fact, this point can also be made with regard to VST.

In any event, the neural correlates underlying improvements
after each form of treatment need further investigation, which
would be relevant both from a theoretical and clinical point
of view. Theoretically, the investigation of the neural bases of
visual field recovery might provide more useful information
about neural plasticity mechanisms after lesions. From a within-
systems plasticity perspective, given the diversity observed in
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patients with brain lesions, it is important to know the location
and magnitude of intact neuronal tissue required for different
treatment modalities to have a positive effect. Similarly, at a
network plasticity level, it is imperative to understand what
functional network level circuitry is necessary to assist with
training effects or other stimulation approaches such as those
using alternating currents (Bola et al., 2014). At the clinical level,
this knowledge will be useful to predict the outcome of each
type of treatment. Based on this understanding one could choose
the most effective treatment procedure for individual patients,
possibly incorporating a combination of treatments, with the aim
of optimizing improvements in visual rehabilitation.

In addition, attentional processes and the mechanisms
regulating training improvements in VST, AViST and VRT
deserve special interest, as they appear to serve as a key
area of theoretical overlap between the treatment approaches.
Presumably, HVFD patients typically direct their focus of
attention to the intact field, reinforcing an attention pattern that
favors the intact field section and ignores ARV. Shifting attention
towards the intact field might, on the one hand, reduce neural
activation in partially defective regions of the visual cortex, i.e.,
ARV, while, on the other hand, oculomotor exploration of the
blind field may diminish. Indeed, attentional cues presented in
the blind field boost the effects of VRT (Poggel et al., 2004),
suggesting that attention potentiates visual rehabilitation. In
this study, a special cueing procedure was administered during
VRT to help patients shift their focus of attention towards a
certain area located at the visual field border and deeper in the
blind field. Visual detection improved especially in those parts
of the visual field where the cue was presented (Poggel et al.,
2004).

Similarly, recent EEG evidence (Dundon et al., in press),
collected before and after AViST, suggests that an attention
shift occurs during the training. In addition to improvements
on the previously listed behavioral measures, AViST also
drove a reduction in P300 components in response to stimuli
presented in the healthy field during a simple visual detection
task. This neurophysiological effect likely reflects a reduced
allocation of attention towards the intact visual field after
training. Interestingly, Marshall et al. (2008) who studied
BOLD change following VRT, noticed activation reductions in
the right inferior and middle temporal, medial frontal, and
bilateral basal ganglia, when a group of right-hemianopic (i.e.,
intact right hemisphere) participants responded to stimuli in
their healthy visual field. No reductions occurred in the left
hemisphere, suggesting that activation reductions appeared to
be restricted to the healthy hemisphere. Promising early signs of
network-level neuroplastic overlap between VRT and AViST are
therefore emerging, specifically within the domain of attentional
rebalancing.

Another area of interest for future research is the application
of non-invasive brain stimulation to boost the efficacy of
the rehabilitative techniques. Emerging evidence supports the
efficacy of using non-invasive brain current stimulation in the
treatment of visual impairments after optic nerve lesions and
HVFD (Halko et al., 2011; Sabel et al., 2011a; Plow et al.,
2012; Gall et al., 2013; Schmidt et al., 2013). Recent studies

have demonstrated that combining VRT with transcranial
direct current stimulation (tDCS) applied to posterior occipital
regions may enhance the effect of VRT without tDCS (Plow
et al., 2012). In the case of tDCS, stimulation appears to give
impetus to excitability changes in visual cortex and other brain
structures (Antal et al., 2006). Studies using EEG power-spectra
analysis have described significant increases in alpha-activity,
localized to occipital sites, following repetitive, transorbital
alternating current stimulation (rtACS; Schmidt et al., 2013).
Non-invasive stimulation, therefore, seems to elicit increased
neuronal network synchronization which is substantiated by
lasting bilateral synchronous waves in alpha and theta ranges in
central and occipital brain areas (Sabel et al., 2011a) and restore
lost functional connectivity networks in the brain (Bola et al.,
2014). Concerning VRT as an independent method, it still needs
to be shown whether neuronal network synchronization, i.e.,
increases of spectral coherence in the visual cortex but also in
wider distributed networks, serves as a mechanism of action.

In summary, the field of visual rehabilitation is at a promising
junction. Both compensatory and restorative technologies have
become available for the treatment of HVFD and possibly other
types of visual field defects. It will be important to further
delineate what the common elements between the approaches
are, and what makes each one unique. Furthermore, the
techniques should be standardized to compare results between
laboratories and results should be made available to the medical
community to ascertain best practice clinical care.

Importantly, the three reviewed approaches differ in terms
of time on task (intensity) and duration. Indeed, VST training
procedures usually last 5–6 weeks with daily 1 h sessions, the
AViST training has a duration of 2 weeks with daily 4 h sessions,
while the VRT approach consists of a 3–6 months training with
daily 30 min sessions. Despite these duration differences, they
each operate within an adaptive framework. Recent evidence
supports adaptive treatments in order to ensure that patients
are consistently challenged without being overly frustrated or
fatigued by task demands, which is optimal for both maximising
clinical outcome and avoiding patient drop outs (Klingberg,
2010). Indeed, the reported drop-out rates of these approaches
seem to be negligible: Pambakian et al. (2004) reported a drop-
out of two out of 29 patients during a VST training, due to
aggravated clinical and social conditions, while the other studies
do not mention any case of drop-outs.

Broadly speaking, visual rehabilitation targeting restoration
of a portion of the visual field, seems to represent an optimal
approach to address visual field function and size. However,
VRT consists of a long-lasting training protocol, which may
not suit the life circumstances of all patients. Although there
were no reports of drop outs or an extremely low rate
in those VRT studies that were conducted in a laboratory
setting (e.g., Kasten et al., 1998; Mueller et al., 2007; Gudlin
et al., 2008), clinical experience dictates that time-consuming
training protocols may constitute a reason for dropping out
in some patients. Here, faster methods of non-invasive brain
stimulation may offer a complementary or alternative solution.
In addition, from an ecological perspective, improvements at the
visual field border may not be sufficient to completely recover

Frontiers in Behavioral Neuroscience | www.frontiersin.org July 2015 | Volume 9 | Article 192 | 101

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Dundon et al. A review of visual rehabilitation methods

impairments in daily life activities. For those still suffering
everyday life impariments despite having been treated with
restoration techniques, compensatory approaches, such as VST
or AViST, might help overcome these limitations.

Only by considering evidence from all fields of study,
and employing an open, critical debate, can we make the
fastest possible progress to help patients with partial blindness.
Further, we should not simply consider local events at the
lesion site or immediately around it, but also study the
visual system in a holistic manner, including global brain
network function, saccade-induced facilitations, cross- and/or
multimodal influences and attentional mechanisms. Thus, by

considering the topic in a holistic way we can serve both research
needs and clinical necessities in a manner that is not microscopic
but macro-scopic with the ultimate goal to optimize clinical care
in vision rehabilitation.
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Individuals with cervical spinal cord injury (SCI) that causes tetraplegia are challenged
with dramatic sensorimotor deficits. However, certain rehabilitation techniques may
significantly enhance their autonomy by restoring reach-to-grasp movements. Among
others, evidence of motor imagery (MI) benefits for neurological rehabilitation of upper
limb movements is growing. This literature review addresses MI effectiveness during
reach-to-grasp rehabilitation after tetraplegia. Among articles from MEDLINE published
between 1966 and 2015, we selected ten studies including 34 participants with
C4 to C7 tetraplegia and 22 healthy controls published during the last 15 years.
We found that MI of possible non-paralyzed movements improved reach-to-grasp
performance by: (i) increasing both tenodesis grasp capabilities and muscle strength;
(ii) decreasing movement time (MT), and trajectory variability; and (iii) reducing the
abnormally increased brain activity. MI can also strengthen motor commands by
potentiating recruitment and synchronization of motoneurons, which leads to improved
recovery. These improvements reflect brain adaptations induced by MI. Furthermore,
MI can be used to control brain-computer interfaces (BCI) that successfully restore
grasp capabilities. These results highlight the growing interest for MI and its potential
to recover functional grasping in individuals with tetraplegia, and motivate the need for
further studies to substantiate it.

Keywords: tetraplegia, motor imagery, grasping, brain plasticity, motor control, kinematic, recovery,
compensation

Introduction

Individuals with tetraplegia are challenged with dramatic sensorimotor deficits caused by cervical
spinal cord injury (SCI). Active grasp is lost due to hand and finger muscle paralysis although
compensation is possible (Long and Lawton, 1955; Kirshblum et al., 2007). Compensations
are restricted to bimanual grasp after C5 SCI while other grips using the mouth or tongue
compensate for grasp after C4 SCI. Tenodesis grasp relies on the spared wrist extensor muscle
after C6 and C7 SCI. Indeed, tendon shortening of either the flexor digitorum or flexor pollicis longus
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occurs simultaneously to wrist extension resulting respectively in
passive palmar or lateral grip (Mateo et al., 2013). These upper
limb movement modifications are accompanied by increased
activity of contralateral sensorimotor cortex, supplementary
motor area and ipsilateral cerebellum, varying according to the
SCI level (Bruehlmeier et al., 1998; Curt et al., 2002; Cramer et al.,
2005; Jurkiewicz et al., 2007; Kokotilo et al., 2009). Improving
grasping abilities are important issues for recovering autonomy
of individuals with tetraplegia (Long and Lawton, 1955; Beninato
et al., 2004). Consequently, rehabilitation aims to restore reach-
to-grasp using physical and occupational therapies (Woolsey,
1985; Kirshblum et al., 2007).

There is growing evidence of motor imagery (MI) benefits
for neurological rehabilitation of upper limb movements
(Warner and McNeill, 1988; Jackson et al., 2001). The mental
representation of an action without any physical execution
engages brain motor regions overlapping those activated by
physical practice (PP; Decety and Grèzes, 1999; Pfurtscheller,
2001). This functional equivalence principle was early described
in healthy individuals (Jeannerod, 1994; Lotze and Halsband,
2006; Hanakawa et al., 2008; Munzert et al., 2009) and in
individuals with SCI (Decety and Boisson, 1990; Lotze and
Halsband, 2006; Di Rienzo et al., 2014a). Thus MI enables active
stimulation of brain motor areas promoting brain plasticity
(Lotze and Halsband, 2006; Dunlop, 2008) associated with
positive effects on motor performance (Driskell et al., 1994).

Thereby, MI could constitute a promising approach to
rehabilitate grasping abilities after C6 and C7 tetraplegia.
Furthermore, individuals with C4 and C5 tetraplegia could
imagine movements to control a device that can replace
grasping using brain-computer interfaces (BCI; Pfurtscheller
et al., 2003a). BCI extract the somato-topically organized
sensorimotor rhythms from brain activity during MI (Yuan
and He, 2014). The BCI then transforms brain activity into
signals driving an output to control a grasping device. A
BCI requires several steps including: (i) preprocessing to
improve signal-to-noise ratio; (ii) frequency selection where
the greatest amplitude of sensorimotor rhythms during MI
are measured; and (iii) detection and classification where
participants are extensively trained to imagine a movement with
or without cues, which results in a less adaptive synchronous
BCI (cue-paced) or a more adaptive asynchronous BCI (self-
paced).

The aim of this literature review is to address the effectiveness
of MI upon upper limb rehabilitation after tetraplegia. More
precisely, we will investigate behavioral changes (reduction of
upper limb functional deficit) and brain activity changes in
response to MI intervention. Understanding the potential for MI
to improve motor performance by reinforcing compensations
or potentiating recovery, with or without influence on brain
plasticity is of particular interest.

Materials and Methods

We selected full articles from the U.S. National Library of
Mediciner (MEDLINE) between 1966 and June 2015 assessing
the effect of MI intervention in individuals with complete motor

tetraplegia. Included are single case, case series and control
case studies of MI intervention on upper limb and tongue
trials with pre-post movement performance or brain activity
recordings. Excluded studies are those without grasping deficit
e.g., in individuals with paraplegia, without complete SCI, and/or
when MI intervention only involved lower limb movements.
We analyzed behavioral improvement due to MI intervention
on several dependent variables (performance, velocity, manual
dexterity and kinematics) while also considering brain activity
changes in response to MI.

Results

Studies
Figure 1 provides a flowchart that illustrates and summarizes
the literature review process we used. From the 306 articles
screened, papers that did not fulfill at least one of our exclusion
criteria were not considered. This resulted in exclusion of 230
articles after reading the title and/or abstract. Among the 76
remaining full-text articles, 66 papers were rejected for the
following reasons:

1. MI studies with no tetraplegic participants (Boschker et al.,
2000; Pfurtscheller et al., 2003b; Wilson, 2003; Erfani and
Erfanian, 2004; Erfanian and Erfani, 2004; Grush, 2004;
Grosjean et al., 2007; Szpunar et al., 2007; Miller et al., 2010;
Müller-Putz et al., 2010; Olsson and Nyberg, 2010; Schill
et al., 2011; Viswanathan et al., 2012; Papageorgiou et al.,
2013; Smits-Engelsman and Wilson, 2013; Kondo et al., 2014;
Grosprêtre et al., 2015; Malik et al., 2015);

2. Studies including tetraplegic participants with no MI
intervention (Saxena et al., 1995; de Castro and Cliquet,
2000a,b; Laffont et al., 2000, 2007, 2009; Memberg and Crago,
2000; Thorsen et al., 2001, 2014; Hoffmann et al., 2002;
Nunome et al., 2002; Taylor et al., 2002; Remy-Neris et al.,
2003; Shimada et al., 2003; Cornwall and Hausman, 2004;
Pfurtscheller et al., 2005; Anderson et al., 2008; Robinson
et al., 2010; de los Reyes-Guzmán et al., 2010; Martin et al.,
2012; Siedziewski et al., 2012; Coignard et al., 2013; Collinger
et al., 2013a,b; Cortes et al., 2013; Mateo et al., 2013, 2015a;
Wodlinger et al., 2015);

3. MI of lower limb movements only (Pfurtscheller et al., 2008;
Flanagin et al., 2009; Tcheang et al., 2011);

4. Articles without pre-post measures (Decety and Boisson,
1990; Lacourse, 1999; An et al., 2006; De Mauro et al., 2011;
Ajiboye et al., 2012; Blokland et al., 2012, 2014; Grangeon
et al., 2012b; López-Larraz et al., 2012; Fiori et al., 2014;
Müller-Putz et al., 2014); and

5. Articles without movement performance assessment
(Enzinger et al., 2008; Di Rienzo et al., 2014b, 2015; Faller
et al., 2014; Scherer et al., 2015; Tidoni et al., 2015).

We thus included 10 studies involving five single case
(Pfurtscheller et al., 2000; Müller-Putz et al., 2005; Grangeon
et al., 2010, 2012a; Rohm et al., 2013), two case series
(Onose et al., 2012; Vučkovíc et al., 2015) and three control cases
(Cramer et al., 2007; Di Rienzo et al., 2014c; Mateo et al., 2015b).
We scored the quality of these studies using the Single-Case
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Experimental Design (SCED) scale (Tate et al., 2008), the 3 min
critical appraisal for case series (Chan and Bhandari, 2011)
and the Physiotherapy Evidence Database (PEDro) scale (Maher
et al., 2003; de Morton, 2009). The SCED scores were 5/10
(Grangeon et al., 2010, 2012a) and 3/10 (Pfurtscheller et al.,
2000; Müller-Putz et al., 2005; Rohm et al., 2013). The absence
of a baseline and statistical analysis explained the difference in
score. Similarly, the control case series studies all had a 5/10
PEDro score. We note that PEDro scores below 6/10, have been
considered as low quality (Paci et al., 2010). Only the two case
series studies were evaluated as having so-called high quality
(Chan and Bhandari, 2011).

Participants
The 10 studies involved a total of 34 participants with tetraplegia
and 22 healthy age-matched controls. Mean age was 33 years
(22–42). SCI Levels were C4 (n = 3), C5 (n = 9), C6 (n = 16)
and C7 (n = 6; see Table 1). All participants were at a chronic
stage (mean = 31 months after SCI 3.5–84) with the exception
of two who were included 3 and 4 months after SCI (Vučkovíc
et al., 2015). Furthermore, all studies included participants with
complete motor lesion AIS A or B, except the article by Onose
et al. (2012), which included two participants with AIS C. MI
vividness was on average self-rated at 3.6/5 (from 3.3–4.1) and
3.3/5 (from 2.2–3.8) for visual and kinesthetic MI modalities,
respectively (Grangeon et al., 2012a; Di Rienzo et al., 2014c;
Mateo et al., 2015b; Vučkovíc et al., 2015).

Outcome Measures
MI intervention effects were assessed through clinical and
kinematic outcomes, along with changes in brain activity.
These include: (i) passive range of motion measured with
a goniometer (Grangeon et al., 2010); (ii) muscle strength
assessed by the Manual Muscle Test (Grangeon et al., 2010;
Vučkovíc et al., 2015); (iii) manual dexterity outcome using
the Minnesota Manual Dexterity Test (MMDT), the Block
and Box Test (BBT; Grangeon et al., 2012a) and the Grasp
and Release Test (GRT; Müller-Putz et al., 2005); and
(iv) kinematic outcomes during reaching and reach-to-grasp
movements including temporal parameters e.g., movement time
(MT) and spatial parameters e.g., trajectory, joint motion,
wrist extension angle during grasping (Grangeon et al.,
2010, 2012a; Mateo et al., 2015b). In addition, outcomes
of grasping effectiveness have also been done using a BCI
device controlled by MI (Pfurtscheller et al., 2000; Müller-
Putz et al., 2005; Onose et al., 2012; Rohm et al., 2013;
Vučkovíc et al., 2015). Finally, 8 studies investigated brain activity
changes in response to MI using electroencephalography (EEG;
Pfurtscheller et al., 2000; Müller-Putz et al., 2005; Onose et al.,
2012; Rohm et al., 2013; Vučkovíc et al., 2015), functional
magnetic resonance imaging (fMRI; Cramer et al., 2007) or
magnetoencephalagraphy (MEG; Di Rienzo et al., 2014c; Mateo
et al., 2015b).

MI Interventions
Mean data showed that participants rehearsed mentally during
598 min (range from 300–900). However, one study did not

report MI practice duration (Rohm et al., 2013; Table 1). Instead,
Rohm et al. (2013) indicated that participants performed 413
MI trials. The mean number of MI sessions was 14 (range
from 3–43) over 10 weeks (range from 0.4–52). Practice before
MI consisted of video observation (Cramer et al., 2007; Onose
et al., 2012) or PP with a crossover design (Grangeon et al.,
2010) and without crossover (Grangeon et al., 2012a; Di Rienzo
et al., 2014c; Mateo et al., 2015b). Conversely, there was no
practice before MI in the other studies (Pfurtscheller et al.,
2000; Müller-Putz et al., 2005; Cramer et al., 2007; Rohm
et al., 2013; Vučkovíc et al., 2015). SCI participants imagined
single-joint movements of: (i) wrist flexion/extension (Di Rienzo
et al., 2014c; Mateo et al., 2015b); (ii) hand movements
(Müller-Putz et al., 2005; Rohm et al., 2013); (iii) arrhythmic
flexion/extension of both finger and ankle (Onose et al., 2012);
or (iv) functional movement of reaching and reach-to-grasp
(Grangeon et al., 2010, 2012a; Di Rienzo et al., 2014a; Mateo et al.,
2015b).

In cases of C4-C5 SCI, grasping was achieved using MI
based BCI via an EEG to control a motorized hand orthosis
(Pfurtscheller et al., 2000), an implanted functional electrical
stimulation (FES; Müller-Putz et al., 2005), a surface FES
(Rohm et al., 2013; Vučkovíc et al., 2015) or a grasping
robot (Onose et al., 2012). The EEG recorded the electrical
activity over the sensorimotor cortex (electrodes were located
at C3, Cz and C4 according to the 10–20 international
system). Then, the frequency range showing the highest
sensorimotor rhythms within the alpha/mu and beta bands
(8–13, 13–35 Hz) were tailored to each participant. All but
one study used two imagined movements to generate the
output signal and control the device, with the exception
of Müller-Putz et al. (2005) who only used one imagined
movement to control the device. The total amount of MI
training ranged between 3 and 1012 sessions (see Table 2). The
ratio between correctly classified trials and the total number
of trials (i.e., the classification accuracy; Graimann et al.,
2010) ranged between 71 and 95%. Finally, SCI participants
controlled the device to restore grasping using either self-
paced MI i.e., asynchronous BCI (Müller-Putz et al., 2005;
Vučkovíc et al., 2015) or cue-paced MI i.e., synchronous BCI
(Pfurtscheller et al., 2000; Onose et al., 2012; Vučkovíc et al.,
2015).

Clinical Evidence of MI Effectiveness
Using a crossover design, Grangeon et al. (2010) reported
motor improvement whatever the order of practice (PP before
MI or after). The chronic C6 SCI participants exhibited;
(i) increased amplitude of passive elbow flexion (from 90◦

to 145◦), and (ii) increase in strength of both the elbow
flexor and extensor muscles respectively from 2 to 4/5 and
1 to 4/5 on the Manual Muscle Testing score, indicating
that the movement could subsequently be performed against
gravity and even against a light resistance after MI training.
Similarly, after training of triggered electrical stimulation using
MI-based BCI, Vučkovíc et al. (2015) showed that one of
the two C5 acute SCI participants increased brachioradialis
strength (from 1 to 3/5, i.e., the initial palpable muscle
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FIGURE 1 | Flow diagram of review process according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA—Moher et al., 2009). aThe three identified papers were (Laffont et al., 2000; Hoffmann et al., 2002; Collinger et al., 2013b).

contraction changed to full elbow flexion range of motion against
gravity).

In response to MI of possible upper limb movements
(e.g., grasping), one C6 SCI participant demonstrated increased
manual dexterity as shown by; (i) significant improvement
in the BBT; and (ii) decreased time to complete the MMDT
(Grangeon et al., 2012a). Similarly, six C6-C7 SCI participants
showed decreased variability of MTs during a complete
reach-to-grasp sequence, including bringing an apple to the
mouth and then putting it back in its initial location
(Di Rienzo et al., 2014c). In addition, after learning a
movement sequence using MI of either the right foot or the
tongue, seven C5 to C7 SCI participants only exhibited a
decreased in MT to complete the sequence with the tongue

(i.e., during practice of possible movements; Cramer et al.,
2007).

Furthermore, training of MI based BCI resulted in
compensation of grasping movements with the successful
control of the BCI device. By controlling surface FES, one C4 SCI
participant showed decreased MT when grasping, along with
writing his own name or eating an ice cream cone (Rohm et al.,
2013). Similarly, one C5 SCI participant successfully grasped a
paperweight in the GRT and moved it five times from one place
to another (Müller-Putz et al., 2005). By controlling a motorized
hand orthosis, another C5 SCI participant grasped and ate an
apple (Pfurtscheller et al., 2000). In addition, by controlling an
upper limb robot 3 of 9 C5 SCI participants successfully grasped
a glass and drank from it (Onose et al., 2012; Table 2).
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Kinematic Evidence of MI Effectiveness
Variability of hand trajectory decreased during reaching toward
a central target placed 15 cm from a starting point in one C6
SCI participant (Grangeon et al., 2010). Similarly, variability of
hand trajectory decreased by 58% during reach-to-grasp of a glass
placed 40 cm in the front of the C6 SCI participant (Grangeon
et al., 2012a; Figure 2). In addition, MT decreased by about
29% (Grangeon et al., 2012a). Finally, six C6-C7 SCI participants
increased their wrist extension angle by 28% (i.e., wrist extension
triggering tenodesis grasp) during reach-to-grasp of an apple
placed at 35 cm (Mateo et al., 2015b). Motor improvements were
preserved during retention tests, up to 2 months (Mateo et al.,
2015b) and 3 months (Grangeon et al., 2012a) after MI training
was stopped.

Brain Activity Modification in Response to MI
In response to MI of impossible paralyzed movements (e.g., foot),
seven C5 to C7 SCI participants showed increased activation
in the left putamen and globus pallidus during imagined foot
movements measured by fMRI (Cramer et al., 2007). Similarly,
one C5 SCI participant performing foot-movement MI exhibited
increased amplitude of EEG sensorimotor rhythms in the cortical
areas controlling the foot (Pfurtscheller et al., 2000). Conversely,
MI practice of possible movements spared from SCI (e.g., reach-
to-grasp) resulted in a decrease in the left premotor cortex
activity during complete reach-to-grasp with the right hand in
six C6-C7 SCI participants measured by MEG (Di Rienzo et al.,
2014c). Similarly, six C6-C7 SCI participants exhibited decreased
contralateral sensorimotor activity measured by MEG during
wrist-extension triggering of the tenodesis grasp (Mateo et al.,
2015b; Figure 3).

Discussion

The interest of using MI practice during upper limb
rehabilitation after tetraplegia is growing. The effectiveness
of MI to promote upper limb rehabilitation after tetraplegia
remains nevertheless poorly understood. The aim of this
review is to address the extent to which MI practice of possible
movements spared from cervical SCI or impossible paralyzed
movements may activate and reinforce cerebral networks in
order to promote recovery or reinforce compensation during
rehabilitation of reach-to-grasp movement after tetraplegia.

The training effects of MI on possible movement recovery
have been studied through strength assessments using the
Manual Muscle Test (Compston, 2010). Indeed, one chronic
C6 SCI participant underwent surgical tendon transfer of the
biceps brachii onto that of the triceps brachii and exhibited
strength increase in both elbow flexor and extensor muscles in
response to 2 weeks of MI practice (Grangeon et al., 2010).
Here, improvement in strength relies on central modifications
favoring: (i) change in biceps brachii function from elbow
flexion to extension; and (ii) compensation of the loss of
the transferred biceps brachii by the two remaining elbow
flexor muscles (brachioradialis and brachialis). Moreover,
strength increase was reported in the brachioradialis of
one acute C5 SCI participant after seven MI sessions of
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FIGURE 2 | Illustration of the motor control improvement after motor imagery (MI) practice in one C6 SCI participant. Kinematic recordings showing
trajectory variability decrease of the right index finger (I—red), thumb (T—blue) and wrist (W—green) during reaching in the contralateral space immediately after
MI practice, 1 and 3 months later (POST; adapted with permission from Grangeon et al., 2012a). Abbreviations: X, X-axis sets in participant’s frontal plane;
Y, Y-axis sets in participant’s sagittal plane.

FIGURE 3 | Illustration of the adaptive brain plasticity after MI practice in one C6 SCI participant. Magnetoencephalography (MEG) maps displaying the
contralateral sensorimotor activation decrease immediately after MI training (POST1) and 2 months later (POST2; adapted with permission from Mateo et al., 2015b).

grip preparation aimed at restoring grasp using surface FES
controlled by BCI (Vučkovíc et al., 2015). This is consistent
with a similar strength increase in the little finger abductor
and elbow flexor muscles reported in response to MI in
healthy individuals (Yue and Cole, 1992; Ranganathan et al.,
2004). Associated with these gains, EEG showed that the
amplitude of sensorimotor rhythms increase during maximal
voluntary contraction of the trained muscles, particularly
during the power signal decrease i.e., the event related
desynchronization (Ranganathan et al., 2004). From these
observations, gain in strength has been attributed to central
motor planning improvement, such as better recruiting and
synchronizing of motoneurons in absence of muscle hypertrophy
(Yue and Cole, 1992). Furthermore, based on EEG results,
Ranganathan et al. (2004) concluded that MI ‘‘enhances the
cortical output signal, which drives the muscles to higher

activation levels and increases strength’’. Although these results
should be associated with processes of natural recovery
and rehabilitation, MI may have the potential to strengthen
motor commands of upper limb movements, thus improving
recovery.

Results from the other studies suggest a potential MI effect
on compensation improvements during reach-to-grasp. One
example is the BBT and MMDT improvements in response to
675 min of upper limb MI in a complete C6 SCI participant
(Grangeon et al., 2012a). This may be related to the kinematic
measures that reveal wrist extension increases, in the tenodesis
grasp of six C6-C7 SCI participants, also after 675 min of
MI practice (Mateo et al., 2015b). Taken together, the results
suggest that hand dexterity improved which can be explained
by endpoint movement accuracy and reinforcement of the
tenodesis grasp. Thus, MI may have strengthened the motor
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planning (Mateo et al., 2015a). Furthermore, the reduction
in hand trajectory variability indicates a reduction in both
reaching and grasping movement inefficiencies (Grangeon
et al., 2010, 2012a). Since reach-to-grasp is sub-divided into a
transport phase (specifically tested by reaching) and a grasping
phase (Jeannerod, 1984), overall motor control improvements
involve both phases. This suggests that MI also reinforces
the motor planning based on the kinematic invariant of
minimal cost (Mateo et al., 2015a). Additionally, movement
duration is also an index of performance. In response to
MI of possible movements, duration of both reach-to-grasp
and tongue sequence movements decrease (Cramer et al.,
2007; Grangeon et al., 2012a) along with movement duration
variability (Di Rienzo et al., 2014c). Hence, MI of possible
movements is likely to: (i) promote the learning of new
movement sequences; and (ii) improve the tenodesis grasp
strategy that is one cause of MT reduction after tetraplegia
(Mateo et al., 2015a). Therefore, these results imply that
MI of possible movements reinforces strategies of movement
planning according to kinematic invariants like minimal cost
and endpoint movement accuracy (Mateo et al., 2015a). Here
again, the effects of MI are thought to be limited to the
central level by reinforcing the necessary motor commands
and by building new motor commands through brain plasticity
(Dunlop, 2008).

MI can induce brain plasticity through active stimulation
of brain motor networks (Lotze and Halsband, 2006; Dunlop,
2008). Consequently, MI has been used to test if it can
reduce the abnormally increased brain activity after tetraplegia
(Kokotilo et al., 2009) using both impossible movements (e.g.,
foot) or possible movements (e.g., hand). After 420 min of
MI training based on impossible foot movement sequences,
Cramer et al. (2007) reported increased activity in the left
putamen and globus pallidus. These areas are associated with
motor learning and foot movements and can thus be considered
as new movements that are not physically practiced due to
paralysis. Consequently, this change in brain activity may
relate to the first stage of motor learning (Karni et al., 1998).
However, the absence of brain activity reduction in response
to MI of impossible movement could not be definitively
concluded because MI practice duration was short (7 days)
and further practice could have resulted in the hypothesized
brain activity changes (Doyon and Benali, 2005). Conversely,
after 675 min of MI on possible upper limb movements, the
additional recruitment in premotor cortex during grasping,
compared to healthy control participants before MI training,
was no longer observed (Di Rienzo et al., 2014c). In addition,
the abnormally increased activity within the contralateral
sensorimotor cortex during wrist-extension, was reduced and
matched with healthy controls (Mateo et al., 2015b). Since
both premotor- and sensorimotor cortex have been associated
with motor planning during MI (Guillot et al., 2014), reduced
activity could be due to ‘‘automation’’ thus involving cortical
motor regions, parietal cortex, basal ganglia, and cerebellum
(Doyon and Benali, 2005; Doyon et al., 2009; Vahdat et al.,
2015). Along these lines, Cramer et al. (2007) reported that
movement automation was associated with increased activity

in basal ganglia even if C6 SCI participants performed MI of
impossible foot movements. There is no additional evidence of
brain activity changes within sub-cortical and cerebellar areas,
related to MI learning after tetraplegia. However, considering
functional equivalence between MI and PP, brain plasticity
could be inferred from motor learning through actual practice.
Hence, healthy participants exhibited activity decrease in the
motor related brain areas involving cortico-basal ganglia and
cortico-cerebellar pathways associated with more efficient skills
requiring less energy (Doyon et al., 2009). Vahdat et al. (2015)
recently investigated brain-spinal cord activity changes after
actual training of finger movements. Healthy individuals showed
that connectivity between sensorimotor cortex and the spinal
cord decreased while that between cerebellum and the spinal
cord was reinforced during learning. Whether these changes
are less likely to occur after MI due to motor command
inhibition remains unknown. Nevertheless, spinal cord plasticity
induced by MI practice cannot be excluded since inhibition
is weakened after SCI (Roy et al., 2011; Di Rienzo et al.,
2014b) while corticospinal facilitation below motor threshold can
occur (Stinear, 2010). Consequently, further studies should look
for plasticity evolution in the motor related brain areas even
considering the spinal cord after MI practice. Finally, the results
we reviewed here, generally suggest that MI practice of possible
and impossible movements resulted in a fundamental difference
in brain plasticity. MI practice of impossible movements could
be seen as learning a new task due to paralysis. Conversely,
there is some evidence that increased activity caused by SCI
is negated after MI training of possible movements. It is also
noteworthy to mention that cortical changes, in particular after
MI training of possible movements, could be associated with
motor control and movement performance improvement due to
the reinforcement of compensatory movement (e.g., tenodesis
grasp).

Although there have been limited studies, promising evidence
of MI based BCI efficacy to compensate for inability to grasp
is also accumulating. Indeed, participants with C4 and C5
tetraplegia have gradually become able to control a grasping
BCI device using extensive MI training of impossible movements
(e.g., right, left hand or feet). In parallel, sensorimotor rhythms of
imagined foot movements matched those from healthy control
participants after 5 months of training (Pfurtscheller et al.,
2000). This indicates that MI of impossible movements could
restore brain activity reversing the reduction of sensorimotor
rhythms which was previously reported during MI of impossible
movements (Lacourse, 1999). As in healthy populations, MI
has the ability to reinforce brain activity, leading to its
use in controlling a BCI device. Nevertheless, the diversity
of devices (e.g., surface or implanted FES, motorized hand
orthosis or grasping robot) and methods (based on choice
of frequency recorded or on type of movement imagined)
or data processing (EEG data treatment leading to device
control output) require further development to promote their
routine use in rehabilitation. In particular, several issues
should be further addressed e.g., the limited number of
degrees of freedom controlled by MI based BCI, along
with the reduction of MI training duration to control
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the device, from 5 months to 3 days respectively in the
articles by Pfurtscheller et al. (2000) and Müller-Putz et al.
(2005).

Conclusion

This literature review included 10 studies involving MI training
for cervical SCI published over the last 15 years. The interest
for using MI stems from its use as a complementary technique
during grasping rehabilitation after tetraplegia. The results we
briefly described here show motor control and performance
improvement in response to MI of possible movements
in individuals with SCI. This could be attributed to the
improvement of compensation movements like the tenodesis
grasp and to a lesser extend strength recovery. In addition,
thus far it appears that only MI of possible movements
can reduce abnormally increased brain activity as compared
to control participants. Taken together, motor performance
and brain plasticity reflect functional and structural changes
in the central nervous system enabling the improvement
of the compensated grasping movements. Furthermore, MI
based BCI is a promising procedure which could further
complete rehabilitation programs, in particular for the case
of high level SCI (C4 and C5). Despite promising results
and potential use of MI in rehabilitation methods, current

studies provide only a weak level of evidence (Guyatt et al.,
2008). Thus at this point, any generalization of results must
be taken with caution and future studies should strive to
eliminate potential bias due to low quality, and small sample
sizes of SCI participants. Further investigations providing
randomized controlled trials with a high evidence level are
needed to confirm the MI effects for grasp rehabilitation
after tetraplegia and to elucidate any changes in brain
plasticity.
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Brain-derived neurotrophic factor (BDNF) is a trophic factor regulating cell survival
and synaptic plasticity. Recent findings indicate that BDNF could be a potential
regulatory factor for cognitive functioning in normal and/or neuropathological conditions.
With regard to neurological disorders, recent data suggest that individuals with
Parkinson’s disease (PD) may be affected by cognitive deficits and that they have
altered BDNF production. Therefore, the hypothesis can be advanced that BDNF
levels are associated with the cognitive state of these patients. With this in mind,
the present study was aimed at exploring the relationship between BDNF serum
levels and cognitive functioning in PD patients with mild cognitive impairment (MCI).
Thirteen PD patients with MCI were included in the study. They were administered
an extensive neuropsychological test battery that investigated executive, episodic
memory, attention, visual-spatial and language domains. A single score was obtained
for each cognitive domain by averaging z-scores on tests belonging to that specific
domain. BDNF serum levels were measured by enzyme-linked immunoassay (ELISA).
Pearson’s correlation analyses were performed between BDNF serum levels and
cognitive performance. Results showed a significant positive correlation between
BDNF serum levels and both attention (p < 0.05) and executive (p < 0.05)
domains. Moreover, in the executive domain we found a significant correlation
between BDNF levels and scores on tests assessing working memory and self-
monitoring/inhibition. These preliminary data suggest that BDNF serum levels are
associated with cognitive state in PD patients with MCI. Given the role of BDNF
in regulating synaptic plasticity, the present findings give further support to the
hypothesis that this trophic factor may be a potential biomarker for evaluating
cognitive changes in PD and other neurological syndromes associated with cognitive
decline.

Keywords: BDNF, Parkinson’s disease, cognitive functions, mild cognitive impairment, neuropsychological deficits
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Introduction

Brain-derived neurotrophic factor (BDNF) belongs to the family
of neurotrophins that regulate the survival and functioning
of neurons in the central nervous system (Baydyuk and Xu,
2014). BDNF was originally described as a trophic factor for
dopaminergic neurons of the substantia nigra (Hyman et al.,
1991). However, successive studies found that its action on
neurons is not only trophic but involves the regulation of
synaptic plasticity through the activation of signal transduction
pathways that influence the release of neurotransmitters such as
glutamate and GABA (Gottmann et al., 2009). These effects on
synaptic transmission have been associated with the long-term
potentiation that takes place in the hippocampus during learning
and memory processes (Leal et al., 2014). Thus, BDNF not only
has a trophic action but also the potential to regulate cognitive
processes.

In recent years, the latter role of BDNF was confirmed in
both animal and human studies. In rodent models, it was shown
that knockout of the BDNF gene affects spatial learning and
memory (Gorski et al., 2003; Monteggia et al., 2004; Heldt
et al., 2007), whereas transgenic overexpression of BDNF in
cortical and subcortical (i.e., hippocampus) regions sustains
performance (Koponen et al., 2004). Li et al. (2012) also
documented that, in cognitively affected rats, BDNF infusion
into the nucleus accumbens improved cognition, synaptic
plasticity and cell signaling. As for human data, in both
healthy individuals (Alfimova et al., 2012) and in persons
with psychiatric disturbances (Lu et al., 2012; Tükel et al.,
2012), BDNF gene polymorphism (Val66Met) was found to be
associated with executive dysfunctions. In a sample of more
than 50 healthy young subjects, Koven and Collins (2014)
recently documented a significant correlation between (urinary)
BDNF concentration and cognitive performance on tests tapping
cognitive flexibility (i.e., Trail Making Test, Design Fluency
and Verbal Category Switching). Nonetheless the role of BDNF
gene polymorphism in Parkinson’s disease (PD) is not well
defined and the results are sometimes contradictory. While
some authors report an association between gene polymorphism
with cognitive impairments in PD patients (Foltynie et al.,
2005; Guerini et al., 2009) or with the onset of the disease
(Karamohamed et al., 2005), other studies do not show such
correlations (Dai et al., 2013; Svetel et al., 2013; Białecka
et al., 2014). Many of these studies however are not strictly
comparable in term of disease stages and the methodology used
to assess cognitive impairments (Alonso-Navarro et al., 2014;
Białecka et al., 2014). Thus, the results do not permit definitive
conclusions. Larger sample-size and multiethnicity studies with
homogeneous PD patients and well-matched controls are needed
in the future study.

Above data indicate that BDNF could be a potential
regulatory factor for cognitive functioning in normal and/or
neuropathological conditions. Among the neurological disorders
affected by cognitive deficits, PD is interesting because the
neuronal pathways affected are involved in some cognitive
functions that respond to the action of BDNF (Murer et al., 2001;
Guillin et al., 2003). In fact, PD is characterized by dopamine

cell loss within the substantia nigra that causes a precocious
deafferentation of the nigro-striatal dopamine pathway with later
involvement of the meso-cortical and mesolimbic dopamine
pathways (Yeterian and Pandya, 1991; Jahanshahi et al., 2010).
Thus, in addition to motor disorders PD patients may also
present cognitive deficits including mild cognitive impairment
(MCI) and dementia (Robbins and Cools, 2014). Typically PD
patients with cognitive deficits have a dysexecutive profile that is
characterized by poor performance on tests tapping shifting and
planning (Cools, 2006; Cools and D’Esposito, 2011; MacDonald
and Monchi, 2011), working memory (Cools, 2006; Cools and
D’Esposito, 2011) and free recall of studied information (Costa
et al., 2014a). As stated before, BDNF is a trophic factor
for the dopaminergic neurons of these brain regions. Indeed,
many studies have shown that PD patients show decreased
BDNF levels in the substantia nigra (pars compacta; Howells
et al., 2000) and in serum (Scalzo et al., 2010). Moreover,
BDNF serum concentration was associated to the level of
dopamine transporter binding in the striatum (Ziebell et al.,
2012).

Studies on cerebrospinal fluid (CSF) of PD patients revealed
an association between BDNF and cognitive performance
(Leverenz et al., 2011) and increased BDNF levels compared
with controls (Salehi and Mashayekhi, 2009). Moreover, CSF
BDNF levels were found to be reduced in PD patients with
major depression (MD) as compared to solely depressed patients
after treatment with antidepressants (citalopram; Pålhagen et al.,
2010). Despite these studies, the role of CSF BDNF levels as
biomarker in PD needs to be replicated according to more strictly
diagnostic standardized criteria and in longer follow- up periods
(Jiménez-Jiménez et al., 2014).

Altogether these findings suggest that BDNF serum levels may
not only be a trait that characterizes dopaminergic dysfunctions
in PD patients but could also be a potential biomarker of
their cognitive deficits. To test this hypothesis, we performed
a pilot study with a groups of individuals with PD and MCI,
in which we assessed BDNF serum levels and correlated them
with scores obtained on tests measuring episodic memory,
language, attention, executive and visual-spatial functions. Since
in humans BDNF has been reported to correlate with specific
components of the executive domain that are precociously
weakened in PD (Koven and Collins, 2014), we expected to find
a significant association between BDNF serum levels and PD
patients’ performance on executive tests.

Materials and Methods

Patients
We recruited 13 right-handed subjects with idiopathic PD who
gave their written informed consent. The study was approved
by Ethics Committee of the Santa Lucia Foundation. The United
Kingdom PD Society brain bank criteria were used to diagnosis
PD (Hughes et al., 1992).

MCI was diagnosed according to the criteria of Litvan
et al. (2012). Accordingly, to be included PD subjects patients
have a performance that was 1.5 SD below the average
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performance from the average performance of the normal
population on at least one neuropsychological test investigating
executive abilities and on another test sensitive to short-term
memory/attention, visual-spatial abilities, episodic memory and
language (the neuropsychological test battery is described below).
The Mini-Mental State Examination (MMSE; Folstein et al.,
1975) score had to be ≥26. In order to exclude psychiatric
diseases, neurological conditions other than PD, vascular
brain damage and major systemic or metabolic pathologies
that could influence cognitive performance, we performed
neuropsychiatric, neuroradiological (CT or MR) and laboratory
examinations.

In order to assess functional abilities in daily living and
their relationship with cognitive functioning we administered
the Clinical Dementia Rating Scale, the Instrumental Activities
of Daily Living scale (Lawton and Brody, 1969) and the Pill
questionnaire (Dubois et al., 2007). Severity of depressive
and apathy symptoms was also assessed by administering
the Beck Depression Inventory (Beck et al., 1961; Visser
et al., 2009) and the Apathy Evaluation Scale—self version
(Marin et al., 1991; Leentjens et al., 2008), respectively. PD
patients were being treated with levodopa and/or dopamine
agonists (ropinirole, pramipexole and rotigotine) during
examination period. The levodopa equivalent and the clinical
and sociodemographic characteristics of the group are reported
in Table 1. Twenty healthy controls (HC) were also recruited.
Inclusion criteria for HC were: (i) absence of subjective
cognitive deficits and (ii) MMSE score ≥26 (Folstein et al.,
1975). Exclusion criteria were: (i) performance 1.5 SD below
the normative population on any test of the standardized
neuropsychological screening battery; (ii) current or previous
neurological or psychiatric disorders, major systemic or
metabolic diseases that could potentially affect cognitive
functioning; and (iii) taking medications that have an effect on
brain functioning. HC were only administered the behavioral
tests.

TABLE 1 | Socio-demographic and clinical characteristics of the samples.

Mean (SD)

PD patients Healthy F values p values
controls

Age 68.3 (7.8) 66.4 (7.4) 0.48 >0.40
Years of formal 11.2 (4.9) 12.4 (3.3) 0.71 >0.40
education
Mini mental state 28.1 (1.5) 29.4 (0.7) 12.1 0.001
examination
Pill questionnaire 3.3 (0.75)
ADL 5.2 (1.3)
IADL 7.1 (1.5)
Beck depression 7.8 (5.6) 6.7 (5.8) 0.25 >0.60
inventory
Apathy evaluation scale 32.3 (6.8) 28.0 (6.1) 3.05 0.093
Disease duration 8.8 (6.9)
Daily levodopa 695 (294)
equivalents
UPDRS part-III 26.5 (11.1)

UPDRS, Unified Parkinson’s Disease Rating Scale.

Socio-demographic and clinical characteristics of individuals
participating to the study are reported in Table 1.

Neuropsychological Test Battery
The following neuropsychological tests were administered to
subjects according to the domain they assess: (a) Episodic
memory: Immediate and Delayed Recall of a 15-Word List
(Carlesimo et al., 1996); Prose Recall (Carlesimo et al., 2002);
Immediate and delayed reproduction of Rey’s Figure (Carlesimo
et al., 2002); (b) Attention and short-term memory: Digit
Span and Corsi Block Tapping test Forward and Backward
(Monaco et al., 2013); Trail Making Test -Part A (Giovagnoli
et al., 1996); (c) Executive functions: Phonological Word
Fluency (Carlesimo et al., 1996); Modified Card Sorting test
(MCST; Nocentini et al., 2002); Raven’s Coloured Progressive
Matrices (Carlesimo et al., 1996); Trail Making Test—Part B
(Giovagnoli et al., 1996); (d) Language: Objects and Verbs
Naming subtests from the Neuropsychological Examination of
Aphasia (Capasso and Miceli, 2001); and (e) Visual-spatial
functions: Copy of Drawings and Copy of Drawings with
Landmarks (Carlesimo et al., 1996); Copy of Rey’s Figure
(Carlesimo et al., 2002).

Additional tests were administered to assess executive
functioning according to the ability they investigated: Zoo
Map test (Wilson et al., 1998; planning and self-monitoring),
Stroop test (Barbarotto et al., 1998; response inhibition and
self-monitoring), Alternate Phonemic and Category fluency
(Cognitive Flexibility/shifting) and Category Fluency (Costa
et al., 2014c).

In order to standardize the measurement scales between the
different tests, raw scores were transformed into z-scores by
considering the means and standard deviations of the HC group.

First, a unique z-score was computed for each cognitive
domain (i.e., episodic memory, attention and short-term
memory, executive functions, language and visual-spatial
domains) by averaging subjects’ z-scores on tests belonging to
that specific domain.

Following Koven and Collins (2014), to investigate
the possible correlation between BDNF levels and
specific components of the executive domain (abstract
reasoning/planning, self-monitoring/response inhibition,
cognitive flexibility, fluency and working memory), individual
z-scores were computed for each executive component by
averaging the subjects’ z-scores on the relative tests. Thus, an
individual score was obtained for abstract reasoning/planning
(total accuracy score on the Zoo Map Test; number of categories
achieved on the MCST; accuracy score on the Progressive
Matrices), Self-monitoring/Response inhibition (Errors made
on the Zoo Map Test; errors made and response times on
interference condition of the Stroop test), Cognitive Flexibility
(perseverative errors committed on the MCST; accuracy
score on Alternate Phonemic and Semantic fluency; Trail
Making Test Part B-Part A score), Fluency (Phonemic
and Semantic fluency), and Working memory (Digit and
Corsi span backward). All z-scores were considered as
absolute values so that higher scores corresponded to better
performance.
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Blood Sampling
Blood samples were collected between 8:00 a.m. and 10:00 a.m.,
centrifuged at 2000×g for 20 min and stored at −80◦C until
analysis (Angelucci et al., 2015).

Determination of BDNF Content
BDNF was detected in sandwich enzyme-linked immunoassay
(ELISA; R&D Systems, USA; cat. N◦ DY248) according to the
manufacturer’s instructions as previously described (Angelucci
et al., 2015). Wells were developed with tetramethylbenzidine
and measured at 450/570 nm and BDNF content was quantified
against a standard curve calibrated with known amounts
of protein. The detection limit for BDNF was 15 pg/ml.
Measurements were performed in duplicate and values are
expressed as ng/ml. Cross-reactivity with other related trophic
factors (NGF, NT-3; NT-4; TGFβ, TGFα) was less than 3%
(Angelucci et al., 2015).

Statistical Analysis
In order to compare PD patients’ and HCs’ scores on the
five main cognitive domains (episodic memory, attention and
short-term memory, executive functions, language, visual-spatial
functions), a multivariate analysis of variance (MANOVA) and
individual univariate ANOVAS were carried out.

Pearson’s r correlations were performed to examine the
relationship between BDNF serum levels and z-scores obtained
by PD patients in the different cognitive domains examined.

The same statistical analysis was used to examine the
correlation between BDNF serum levels and PD patients’
z-scores on the different executive components.

Results

Comparisons Between PD Patients and Healthy
Controls
The z-scores obtained by the experimental subjects are illustrated
in Figure 1. The MANOVA showed a significant effect
(F(5,27) = 9.64; p< 0.001). Subsequent univariate analyses showed
that PD patients obtained significantly lower z-scores than HC in
the cognitive domains of memory, executive functions, attention
and visual-spatial abilities (F(1,33) range: 17.1–32.5; p < 0.001 in

all cases). By contrast, in the language domain the between group
difference only approached statistical significance (F(1,33) = 3.44;
p = 0.073).

Correlation Between BDNF Serum Levels and PD
Patients’ Cognitive Scores
Analysis Involving the Five Main Cognitive Domains
Results of Pearson’s r correlation analyses showed a significant
positive correlation between BDNF serum levels and PD
patients’ z-scores in the executive (r = 0.62; p = 0.023) and
attention (r = 0.59; p = 0.032) domains. This indicates that
better scores on the above tests were associated with a higher
concentration of BDNF. The effects related to analyses involving
the remaining three cognitive domains did not reach statistical
significance (episodic memory: r = −0.27; p = 0.36; visual-
spatial domain: r = 0.33; p = 0.26; language domain: r = −0.05;
p = 0.88).

Analyses Involving the Different Components of
the Executive Domain
A significant positive correlation was found between BDNF levels
and z-scores referring to self-monitoring/response inhibition
(r = 0.68; p = 0.011) and working memory (r = 0.62; p = 0.025)
performance, indicating that higher BDNF levels were associated
with better cognitive performance. The remaining analyses
showed no significant effects (Planning/Abstraction: r = 0.48;
p = 0.098; shifting: r = 0.41; p = 0.17; Fluency: r = 0.06; p = 0.85).

Discussion

This study investigated the association between cognitive
functioning and BDNF serum level in PD patients with MCI. For
this purpose, we administered an extensive neuropsychological
battery to a sample of PD patients including tests for
the assessment of episodic memory, executive functions,
attention, language and visual-spatial abilities. The results
showed a positive association between BDNF serum levels and
performance on neuropsychological tests investigating executive
functioning and attention. Moreover, other analyses focusing
on the different components of the executive domain showed a

FIGURE 1 | Parkinson’s disease (PD) patients’ z-scores on the different cognitive domains examined. The x axis represents healthy controls (HC) values
(averaged). Vertical bars represent standard errors.
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closer association between BDNF levels and working memory
and self-monitoring/inhibition.

Our results are congruent with previous data reported in
both animal and human studies that documented an association
between BDNF-related activity and cognitive functioning (Koven
and Collins, 2014; Robbins and Cools, 2014), particularly
with data suggesting a specific association with abilities in
the executive system domain (Gajewski et al., 2011; Alfimova
et al., 2012; Lu et al., 2012; Tükel et al., 2012; Koven and
Collins, 2014). In fact, molecular studies reported that the
BDNF gene polymorphism (Val66Met) may affect executive
functions in healthy subjects (Alfimova et al., 2012) and in
patients with psychiatric disturbances (Lu et al., 2012; Tükel
et al., 2012). Very interestingly, Koven and Collins (2014),
who adopted a design similar to ours, recently documented a
significant relationship in healthy subjects between (urinary)
BDNF concentration and performance on executive tests. These
authors examined a sample of more than 50 healthy young
subjects who were administered a neuropsychological test battery
investigating different subcomponents of the executive system.
Adopting a correlational design, they demonstrated that subjects’
performance on tests tapping cognitive flexibility (i.e., Trail
Making Test, Design Fluency and Verbal Category Switching)
was positively associated with BDNF urinary concentrations.
Our results differed from those of Koven and Collins in that
we did not find a specific association between BDNF and set-
shifting (although the relative correlation was in the expected
direction). In fact, BDNF serum concentration correlated with
the executive scores of working memory, self-monitoring and
abstraction/planning. The imperfect congruence between our
results and those of Koven and Collins’ study is likely due to
differences in the recruited samples. Indeed, the participants
in Koven and Collins’ study were healthy young individuals.
Instead, our sample consisted of PD patients with a known
cognitive weakness (i.e., MCI with a predominantly dysexecutive
and amnestic neuropsychological profile).

BDNF plays a role in the promotion of the survival and
function of striatal dopaminergic neurons and in regulating
synaptic connectivity (Gómez-Palacio-Schjetnan and Escobar,
2013; He et al., 2013). Other studies have shown that BDNF
brain and peripheral levels are decreased in PD patients as
compared to HC (Scalzo et al., 2010). Moreover, Gyárfás
et al. (2010) demonstrated that treatment with antiparkinsonian
drugs may rise BDNF levels. As previously mentioned,
PD is characterized by altered functioning of the brain
dopamine systems, which involve the nigro-striatal, meso-
cortical and mesolimbic pathways (Robbins and Cools, 2014).
More specifically, dopamine deafferentation primarily involves
the nigro-dorsal striatum pathways and dopamine projections
to the dorsal prefrontal cortex (Baydyuk and Xu, 2014). In
this regard, it has been hypothesised that in the early stages
of PD dopamine altered activity is associated with cognitive
weakness due to the regional distribution of dopamine receptor
dysfunctioning (Cools and D’Esposito, 2011). In fact, dopamine
depletion has an early effect on the striatal regions that are
rich with D2 receptors, whose phasic activity is important for
sustaining cognitive flexibility processes (Camps et al., 1990;

Yeterian and Pandya, 1991; Agid et al., 1993; MacDonald and
Monchi, 2011). Only later it involves the dorsal prefrontal
cortex where tonic D1 activity sustains the ability to retain
stable representations in the face of incoming information
(i.e., resistance to interference, self-monitoring; Cohen et al.,
2002; Frank, 2005; Costa et al., 2009, 2014b; Cools and
D’Esposito, 2011). In fact, weakness of the executive system
is a frequent and precocious finding in PD (Dirnberger and
Jahanshahi, 2013). Therefore, our finding of a significant
correlation between BDNF serum levels and prefrontal-related
cognitive performance, although preliminarily, supports the
hypothesis that BDNF activity contributes to maintaining
normal prefrontal cortex functioning (Savitz et al., 2006;
Woo and Lu, 2006; Galloway et al., 2008). In addition,
the data presented here, together with the observation that
BDNF is reduced in the brain and in the serum of PD
patients, could suggest that the measurement of BDNF in
serum may be used as a biological correlate of cognitive
as well as motor functioning. The fact that BDNF levels
positively correlate with performance on neuropsychological
tests is encouraging. Although we demonstrated in a previous
work that a cognitive rehabilitation protocol was able to
increase BDNF serum levels and cognitive functions in PD
patients affected by MCI, we did not find a significant
correlation between the biological and neuropsychological data
(Angelucci et al., 2015). As the number of patients was
even smaller (7/8 patients per group) and only one measure
of executive functioning was used, we can speculate that
the lack of correlation in that study could have been due
to both insufficient sample size and low sensitivity of the
cognitive measure used to measure executive dysfunction in
these patients.

Nonetheless, some limitations should be taken into account
in the interpretation of our data. The study is limited by the
poor sample size. Furthermore, we are merely describing an
association between BDNF serum and cognitive performance
and not a causal relationship. PD is now considered a multi-
systemic neurodegenerative disorder that is characterized by a
combination of motor and non-motor symptoms (Stacy, 2011).
For a long time the main clinical focus in PD has been on the
motor symptoms resulting from degeneration of the substantia
nigra and the dopaminergic nigrostriatal pathway, but there is
increasing recognition that other brain areas are involved in
the manifestation of non motor symptoms (Rana et al., 2015)
including the cerebral cortex (Lindenbach and Bishop, 2013),
brainstem (Greene, 2014) and peripheral nervous system (Conte
et al., 2013). Thus, alterations of BDNF brain and peripheral
levels may occur in response to other deficits in these PD
associated brain areas. This may limit the possibility to use BDNF
as a possible marker of PD cognitive disturbances. Future studies,
such as those using PET (Positron Emission Tomography), are
needed to establish a direct correlation between dopaminergic
denervation and BDNF.

In conclusion, this study shows that BDNF serum levels
correlate positively with performance on neuropsychological
tests investigating executive functioning and attention. These
findings support the idea that this protein may represent a
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possible peripheral marker of cognitive functioning, although
this hypothesis needs to be confirmed in larger cohorts of
samples and with different methodologies.

Author Contributions

AC, AP made substantial contributions to the conception
and design of the work, and the acquisition, analysis, and
interpretation of data for the work; GAC made substantial
contributions to the conception and design of the work; SZ

and FS made substantial contributions to the the acquisition
of data for the work; CC made substantial contributions to
the conception and design of the work; FA made substantial
contributions to the conception of the work, and to the
acquisition, analysis, and interpretation of data for the work; all
drafted the work and revised it critically for important intellectual
content; gave final approval of the version to be published; and
agreed to be accountable for all aspects of the work in ensuring
that questions related to the accuracy or integrity of any part of
the work were appropriately investigated and resolved.

References

Agid, Y., Ruberg, M., Javoy-Agid, F., Hirsch, E., Raisman-Vozari, R., Vyas, S.,
et al. (1993). Are dopaminergic neurons selectively vulnerable to Parkinson’s
disease? Adv. Neurol. 60, 148–164.

Alfimova, M. V., Korovaitseva, G. I., Lezheiko, T. V., and Golimbet, V. E. (2012).
Effect of BDNF Val66Met polymorphism on normal variability of executive
functions. Bull. Exp. Biol. Med. 152, 606–609. doi: 10.1007/s10517-012-
1587-x

Alonso-Navarro, H., Jimenez-Jimenez, F. J., Garcia-Martin, E., and Agundez,
J. A. (2014). Genomic and pharmacogenomic biomarkers of Parkinson’s
disease. Curr. Drug Metab. 15, 129–181. doi: 10.2174/1389200215021403271
75404

Angelucci, F., Peppe, A., Carlesimo, G. A., Serafini, F., Zabberoni, S., Barban, F.,
et al. (2015). A pilot study on the effect of cognitive training on BDNF serum
levels in individuals with Parkinson’s disease. Front. Hum. Neurosci. 9:130.
doi: 10.3389/fnhum.2015.00130

Barbarotto, R., Laiacona, M., Frosio, R., Vecchio, M., Farinato, A., and Capitani, E.
(1998). A normative study on visual reaction times and two stroop colour-word
tests. Ital. J. Neurol. Sci. 19, 161–670. doi: 10.1007/bf00831566

Baydyuk, M., and Xu, B. (2014). BDNF signaling and survival of striatal neurons.
Front. Cell. Neurosci. 8:254. doi: 10.3389/fncel.2014.00254

Beck, A. T., Ward, C. H., Mendelson, M., Mock, M., and Erbaugh, J. (1961). An
inventory for measuring depression. Arch. Gen. Psychiatry 4, 561–571. doi: 10.
1001/archpsyc.1961.01710120031004

Białecka, M., Kurzawski, M., Roszmann, A., Robowski, P., Sitek, E. J.,
Honczarenko, K., et al. (2014). BDNF G196A (Val66Met) polymorphism
associated with cognitive impairment in Parkinson’s disease. Neurosci. Lett.
561, 86–90. doi: 10.1016/j.neulet.2013.12.051

Camps, M., Kelly, P. H., and Palacios, J. M. (1990). Autoradiographic localization
of dopamine D1 and D2 receptors in the brain of several mammalian species.
J. Neural Transm. Gen. Sect. 80, 105–127. doi: 10.1007/bf01257077

Capasso, R., and Miceli, G. (2001). Esame Neuropsicologico Dell’Afasia. Milano:
Springer Verlag.

Carlesimo, G. A., Buccione, I., Fadda, L., Graceffa, A., Mauri, M., Lorusso, S.,
et al. (2002). Standardizzazione di due test di memoria per uso clinico: breve
racconto e figura di Rey. Nuova Riv. di Neurol. 12, 1–13.

Carlesimo, G. A., Caltagirone, C., and Gainotti, G. (1996). The mental
deterioration battery: normative data, diagnostic reliability and qualitative
analyses of cognitive impairment. the group for the standardization of the
mental deterioration battery. Eur. Neurol. 36, 378–384. doi: 10.1159/0001
17297

Cohen, J. D., Braver, T. S., and Brown, J. W. (2002). Computational perspectives
on dopamine function in prefrontal cortex. Curr. Opin. Neurobiol. 12, 223–229.
doi: 10.1016/s0959-4388(02)00314-8

Conte, A., Khan, N., Defazio, G., Rothwell, J. C., and Berardelli, A. (2013).
Pathophysiology of somatosensory abnormalities in parkinson disease. Nat.
Rev. Neurol. 9, 687–697. doi: 10.1038/nrneurol.2013.224

Cools, R. (2006). Dopaminergic modulation of cognitive function-implications for
L-DOPA treatment in Parkinson’s disease. Neurosci. Biobehav. Rev. 30, 1–23.
doi: 10.1016/j.neubiorev.2005.03.024

Cools, R., and D’Esposito, M. (2011). Inverted-U-shaped dopamine actions on
human working memory and cognitive control. Biol. Psychiatry 69, e113–e125.
doi: 10.1016/j.biopsych.2011.03.028

Costa, A., Monaco, M., Zabberoni, S., Peppe, A., Perri, R., Fadda, L., et al. (2014a).
Free and cued recall memory in Parkinson’s disease associated with amnestic
mild cognitive impairment. PLoS One 9:e86233. doi: 10.1371/journal.pone.
0086233

Costa, A., Peppe, A., Mazzù, I., Longarzo, M., Caltagirone, C., and Carlesimo, G. A.
(2014b). Dopamine treatment and cognitive functioning in individuals with
Parkinson’s disease: the "cognitive flexibility" hypothesis seems to work. Behav.
Neurol. 2014:260896. doi: 10.1155/2014/260896

Costa, A., Bagoj, E., Monaco, M., Zabberoni, S., De Rosa, S., Papantonio, A. M.,
et al. (2014c). Standardization and normative data obtained in the Italian
population for a new verbal fluency instrument, the phonemic/semantic
alternate fluency test. Neurol. Sci. 35, 365–372. doi: 10.1007/s10072-013-1520-8

Costa, A., Peppe, A., Dell’Agnello, G., Caltagirone, C., and Carlesimo, G. A.
(2009). Dopamine and cognitive functioning in de novo subjects with
Parkinson’s disease: effects of pramipexole and pergolide on working memory.
Neuropsychologia 47, 1374–1381. doi: 10.1016/j.neuropsychologia.2009.
01.039

Dai, L., Wang, D., Meng, H., Zhang, K., Fu, L., Wu, Y., et al. (2013). Association
between the BDNF G196A and C270T polymorphisms and Parkinson’s disease:
a meta-analysis. Int. J. Neurosci. 123, 675–683. doi: 10.3109/00207454.2013.
798784

Dirnberger, G., and Jahanshahi, M. J. (2013). Executive dysfunction in Parkinson’s
disease: a review. J. Neuropsychol. 7, 193–224. doi: 10.1111/jnp.12028

Dubois, B., Burn, D., Goetz, C., Aarsland, D., Brown, R. G., Broe, G. A.,
et al. (2007). Diagnostic procedures for Parkinson’s disease dementia:
recommendations from the movement disorder society task force. Mov. Disord.
22, 2314–2324. doi: 10.1002/mds.21844

Folstein, M. F., Folstein, S. E., and McHugh, P. R. (1975). ‘‘Mini-mental state’’. A
practical method for grading the cognitive state of patients for the clinician.
J. Psychiatr. Res. 12, 189–198. doi: 10.1016/0022-3956(75)90026-6

Foltynie, T., Lewis, S. G., Goldberg, T. E., Blackwell, A. D., Kolachana, B. S.,
Weinberger, D. R., et al. (2005). The BDNF Val66Met polymorphism has a
gender specific influence on planning ability in Parkinson’s disease. J. Neurol.
252, 833–838. doi: 10.1007/s00415-005-0756-5

Frank, M. (2005). Dynamic dopamine modulation in the basal ganglia:
a neurocomputational account of cognitive deficits in medicated and
non-medicated parkinsonism. J. Cogn. Neurosci. 17, 51–72. doi: 10.
1162/0898929052880093

Gajewski, P. D., Hengstler, J. G., Golka, K., Falkenstein, M., and Beste, C.
(2011). The Met-allele of the BDNF Val66Met polymorphism enhances task
switching in elderly. Neurobiol. Aging 32, 2327.e7–2327.e19. doi: 10.1016/j.
neurobiolaging.2011.06.010

Galloway, E. M., Woo, N. H., and Lu, B. (2008). Persistent neural activity in the
prefrontal cortex: a mechanism by which bdnf regulates working memory?
Prog. Brain Res. 169, 251–266. doi: 10.1016/s0079-6123(07)00015-5

Giovagnoli, A. R., Del Pesce, M., Mascheroni, S., Simoncelli, M., Laiacona, M., and
Capitani, E. (1996). Trail making test: normative values from 287 normal adults
controls. Ital. J. Neurol. Sci. 17, 305–309. doi: 10.1007/bf01997792

Gómez-Palacio-Schjetnan, A., and Escobar, M. L. (2013). Neurotrophins and
synaptic plasticity. Curr. Top. Behav. Neurosci. 15, 117–136. doi: 10.
1007/7854_2012_231

Gorski, J. A., Balogh, S. A., Wehner, J. M., and Jones, K. R. (2003). Learning
deficits in forebrain-restricted brain-derived neurotrophic factor mutant mice.
Neuroscience 121, 341–354. doi: 10.1016/s0306-4522(03)00426-3

Frontiers in Behavioral Neuroscience | www.frontiersin.org September 2015 | Volume 9 | Article 253 | 123

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Costa et al. BDNF and cognition in Parkinson’s disease

Gottmann, K., Mittmann, T., and Lessmann, V. (2009). BDNF signaling in
the formation, maturation and plasticity of glutamatergic and GABAergic
synapses. Exp. Brain Res. 199, 203–234. doi: 10.1007/s00221-009-1994-z

Greene, J. G. (2014). Causes and consequences of degeneration of the dorsal motor
nucleus of the vagus nerve in Parkinson’s disease. Antioxid. Redox. Signal. 21,
649–667. doi: 10.1089/ars.2014.5859

Guerini, F. R., Beghi, E., Riboldazzi, G., Zangaglia, R., Pianezzola, C., Bono,
G., et al. (2009). BDNF Val66Met polymorphism is associated with cognitive
impairment in italian patients with Parkinson’s disease. Eur. J. Neurol. 16,
1240–1245. doi: 10.1111/j.1468-1331.2009.02706.x

Guillin, O., Griffon, N., Bezard, E., Leriche, L., Diaz, J., Gross, C., et al. (2003).
Brain-derived neurotrophic factor controls dopamine D3 receptor expression:
therapeutic implications in Parkinson’s disease. Eur. J. Pharmacol. 480, 89–95.
doi: 10.1016/j.ejphar.2003.08.096

Gyárfás, T., Knuuttila, J., Lindholm, P., Rantamäki, T., and Castrén, E.
(2010). Regulation of brain-derived neurotrophic factor (BDNF) and cerebral
dopamine neurotrophic factor (CDNF) by anti-parkinsonian drug therapy
in vivo. Cell. Mol. Neurobiol. 30, 361–368. doi: 10.1007/s10571-009-9458-3

He, Y. Y., Zhang, X. Y., Yung, W. H., Zhu, J. N., and Wang, J. J. (2013). Role
of BDNF in central motor structures and motor diseases. Mol. Neurobiol. 48,
783–793. doi: 10.1007/s12035-013-8466-y

Heldt, S. A., Stanek, L., Chhatwal, J. P., and Ressler, K. J. (2007). Hippocampus-
specific deletion of BDNF in adult mice impairs spatial memory and extinction
of aversive memories. Mol. Psychiatry 12, 656–670. doi: 10.1038/sj.mp.
4001957

Howells, D. W., Porritt, M. J., Wong, J. Y., Batchelor, P. E., Kalnins, R., Hughes,
A. J., et al. (2000). Reduced BDNF mRNA expression in the Parkinson’s
disease substantia nigra. Exp. Neurol. 166, 127–135. doi: 10.1006/exnr.
2000.7483

Hughes, A. J., Daniel, S. E., Kilford, L., and Lees, A. J. (1992). Accuracy of
clinical diagnosis of idiopathic Parkinson’s disease: a clinicopathological study
of 100 cases. J. Neurol. Neurosurg. Psychiatry 55, 181–184. doi: 10.1136/jnnp.
55.3.181

Hyman, C., Hofer, M., Barde, Y. A., Juhasz, M., Yancopoulos, G. D., Squinto, S. P.,
et al. (1991). BDNF is a neurotrophic factor for dopaminergic neurons of the
substantia nigra. Nature 350, 230–232. doi: 10.1038/350230a0

Jahanshahi, M., Jones, C. R., Zijlmans, J., Katzenschlager, R., Lee, L., Quinn,
N., et al. (2010). Dopaminergic modulation of striato-frontal connectivity
during motor timing in Parkinson’s disease. Brain 133, 727–745. doi: 10.
1093/brain/awq012

Jiménez-Jiménez, F. J., Alonso-Navarro, H., García-Martín, E., and Agúndez, J. A.
(2014). Cerebrospinal fluid biochemical studies in patients with Parkinson’s
disease: toward a potential search for biomarkers for this disease. Front. Cell.
Neurosci. 8:369. doi: 10.3389/fncel.2014.00369

Karamohamed, S., Latourelle, J. C., Racette, B. A., Perlmutter, J. S., Wooten, G. F.,
Lew, M., et al. (2005). BDNF genetic variants are associated with onset age of
familial parkinson disease: gene PD Study. Neurology 65, 1823–1825. doi: 10.
1212/01.wnl.0000187075.81589.fd

Koponen, E., Võikar, V., Riekki, R., Saarelainen, T., Rauramaa, T., Rauvala, H.,
et al. (2004). Transgenic mice overexpressing the full-length neurotrophin
receptor trkB exhibit increased activation of the trkB-PLCgamma pathway,
reduced anxiety and facilitated learning. Mol. Cell. Neurosci. 26, 166–181.
doi: 10.1016/j.mcn.2004.01.006

Koven, N. S., and Collins, L. R. (2014). Urinary brain-derived neurotrophic factor
as a biomarker of executive functioning. Neuropsychobiology 69, 227–234.
doi: 10.1159/000362242

Lawton, M. P., and Brody, E. M. (1969). Assessment of older people; self-
maintaining and instrumental activity of daily living. Gerontologist 9, 179–186.
doi: 10.1093/geront/9.3_part_1.179

Leal, G., Afonso, P. M., Salazar, I. L., and Duarte, C. B. (2014). Regulation of
hippocampal synaptic plasticity by BDNF. Brain Res. 1621, 82–101. doi: 10.
1016/j.brainres.2014.10.019

Leentjens, A. F., Dujardin, K., Marsh, L., Martinez-Martin, P., Richard, I. H.,
Starkstein, S. E., et al. (2008). Apathy and anhedonia rating scales in Parkinson’s
disease: critique and recommendations. Mov. Disord. 23, 2004–2014. doi: 10.
1002/mds.22229

Leverenz, J. B., Watson, G. S., Shofer, J., Zabetian, C. P., Zhang, J., and Montine,
T. J. (2011). Cerebrospinal fluid biomarkers and cognitive performance in

non-demented patients with Parkinson’s disease. Parkinsonism Relat. Disord.
17, 61–64. doi: 10.1016/j.parkreldis.2010.10.003

Li, M., Dai, F. R., Du, X. P., Yang, Q. D., Zhang, X., and Chen, Y. (2012). Infusion
of BDNF into the nucleus accumbens of aged rats improves cognition and
structural synaptic plasticity through PI3K-ILK-Akt signaling. Behav. Brain
Res. 231, 146–153. doi: 10.1016/j.bbr.2012.03.010

Lindenbach, D., and Bishop, C. (2013). Critical involvement of the motor cortex in
the pathophysiology and treatment of Parkinson’s disease. Neurosci. Biobehav.
Rev. 37, 2737–2750. doi: 10.1016/j.neubiorev.2013.09.008

Litvan, I., Goldman, J. G., Tröster, A. I., Schmand, B. A., Weintraub, D., Petersen,
R. C., et al. (2012). Diagnostic criteria for mild cognitive impairment in
Parkinson’s disease: movement disorder society Task force guidelines. Mov.
Disord. 27, 349–356. doi: 10.1002/mds.24893

Lu, W., Zhang, C., Yi, Z., Li, Z., Wu, Z., and Fang, Y. (2012). Association between
BDNF Val66Met polymorphism and cognitive performance in antipsychotic-
naïve patients with schizophrenia. J. Mol. Neurosci. 47, 505–510. doi: 10.
1007/s12031-012-9750-4

MacDonald, P. A., and Monchi, O. (2011). Differential effects of dopaminergic
therapies on dorsal and ventral striatum in Parkinson’s disease: implications
for cognitive function. Parkinsons Dis. 2011:572743. doi: 10.4061/2011/
572743

Marin, R. S., Biedrzycki, R. C., and Firinciogullari, S. (1991). Reliability and validity
of the apathy evaluation scale. Psychiatry Res. 38, 143–162. doi: 10.1016/0165-
1781(91)90040-v

Monaco, M., Costa, A., Caltagirone, C., and Carlesimo, G. A. (2013). Forward
and backward span for verbal and visuo-spatial data: standardization and
normative data from an italian adult population. Neurol. Sci. 34, 749–754.
doi: 10.1007/s10072-012-1130-x

Monteggia, L. M., Barrot, M., Powell, C. M., Berton, O., Galanis, V., Gemelli,
T., et al. (2004). Essential role of brain-derived neurotrophic factor in adult
hippocampal function. Proc. Natl. Acad. Sci. U S A 101, 10827–10832. doi: 10.
1073/pnas.0402141101

Murer, M. G., Yan, Q., and Raisman-Vozari, R. (2001). Brain-derived
neurotrophic factor in the control human brain and in Alzheimer’s disease
and Parkinson’s disease. Prog. Neurobiol. 63, 71–124. doi: 10.1016/s0301-
0082(00)00014-9

Nocentini, U., Di Vincenzo, S., Panella, M., Pasqualetti, P., and Caltagirone, C.
(2002). La valutazione delle funzioni esecutive nella pratica neuropsicologica;
dal modified card sorting test al modified card sorting test-roma version. Dati
di standardizzazione. Nuova Riv. di Neurol. 12, 13–24.

Pålhagen, S., Qi, H., Mårtensson, B., Wålinder, J., Granérus, A. K., and
Svenningsson, P. (2010). Monoamines, BDNF, IL-6 and corticosterone in CSF
in patients with Parkinson’s disease and major depression. J. Neurol. 257,
524–532. doi: 10.1007/s00415-009-5353-6

Rana, A. Q., Ahmed, U. S., Chaudry, Z. M., and Vasan, S. (2015). Parkinson’s
disease: a review of non-motor symptoms. Expert. Rev. Neurother. 15, 549–562.
doi: 10.1586/14737175.2015.1038244

Robbins, T. W., and Cools, R. (2014). Cognitive deficits in Parkinson’s disease:
a cognitive neuroscience perspective. Mov. Disord. 29, 597–607. doi: 10.
1002/mds.25853

Salehi, Z., and Mashayekhi, F. (2009). Brain-derived neurotrophic factor
concentrations in the cerebrospinal fluid of patients with Parkinson’s disease.
J. Clin. Neurosci. 16, 90–93. doi: 10.1016/j.jocn.2008.03.010

Savitz, J., Solms, M., and Ramesar, R. (2006). The molecular genetics of cognition:
dopamine, COMT and BDNF. Genes Brain Behav. 5, 311–328. doi: 10.1111/j.
1601-183x.2005.00163.x

Scalzo, P., Kümmer, A., Bretas, T. L., Cardoso, F., and Teixeira, A. L. (2010). Serum
levels of brain-derived neurotrophic factor correlate with motor impairment
in Parkinson’s disease. J. Neurol. 257, 540–545. doi: 10.1007/s00415-009-
5357-2

Stacy, M. (2011). Nonmotor symptoms in Parkinson’s disease. Int. J. Neurosci.
121(Suppl. 2), 9–17. doi: 10.3109/00207454.2011.620196

Svetel, M., Pekmezovic, T., Markovic, V., Novaković, I., Dobričić, V., Djuric, G.,
et al. (2013). No association between brain-derived neurotrophic factor G196A
polymorphism and clinical features of parkinson’s disease. Eur. Neurol. 70,
257–262. doi: 10.1159/000352033

Tükel, R., Gürvit, H., Ozata, B., Oztürk, N., Ertekin, B. A., Ertekin, E., et al.
(2012). Brain-derived neurotrophic factor gene Val66Met polymorphism and

Frontiers in Behavioral Neuroscience | www.frontiersin.org September 2015 | Volume 9 | Article 253 | 124

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Costa et al. BDNF and cognition in Parkinson’s disease

cognitive function in obsessive compulsive disorder. Am. J. Med. Genet. B
Neuropsychiatr. Genet. 159, 850–858. doi: 10.1002/ajmg.b.32092

Visser, M., Verbaan, D., van Rooden, S., Marinus, J., van Hilten, J., and Stiggelbout,
A. (2009). A longitudinal evaluation of health-related quality of life of patients
with Parkinson’s disease. Value Health 12, 392–396. doi: 10.1111/j.1524-4733.
2008.00430.x

Wilson, B. A., Evans, J. J., Emslie, H., Alderman, N., and Burgess, P.
(1998). The development of an ecologically valid test for assessing patients
with a dysexecutive syndrome. Neuropsychol. Rehab. 8, 213–228. doi: 10.
1080/713755570

Woo, N. H., and Lu, B. (2006). Regulation of cortical interneurons by
neurotrophins: from development to cognitive disorders. Neuroscientist 12,
43–56. doi: 10.1177/1073858405284360

Yeterian, E. H., and Pandya, D. N. (1991). Prefrontostriatal connections in relation
to cortical architectonic organization in rhesus monkeys. J. Comp. Neurol. 312,
43–67. doi: 10.1002/cne.903120105

Ziebell, M., Khalid, U., Klein, A. B., Aznar, S., Thomsen, G., Jensen, P., et al. (2012).
Striatal dopamine transporter binding correlates with serum BDNF levels in
patients with striatal dopaminergic neurodegeneration. Neurobiol. Aging 33,
428.e1–428.e5. doi: 10.1016/j.neurobiolaging.2010.11.010

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2015 Costa, Peppe, Carlesimo, Zabberoni, Scalici, Caltagirone and
Angelucci. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution and reproduction in
other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Behavioral Neuroscience | www.frontiersin.org September 2015 | Volume 9 | Article 253 | 125

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive


ORIGINAL RESEARCH
published: 16 June 2015

doi: 10.3389/fnbeh.2015.00151

Frontiers in Behavioral Neuroscience | www.frontiersin.org June 2015 | Volume 9 | Article 151 |

Edited by:

Katiuscia Sacco,

University of Turin, Italy

Reviewed by:

Alicia Izquierdo,

University of California, Los Angeles,

USA

Mamiko Koshiba,

Saitama Medical University, Japan

*Correspondence:

Myung Yung Jeong,

Department of Cogno-Mechatronics

Engineering, Pusan National

University, San 30 Jangjeon-dong

Geumjeong-gu, Busan

609-735, Korea

myjeong@pusan.ac.kr

Received: 07 April 2015

Accepted: 23 May 2015

Published: 16 June 2015

Citation:

Kamran MA, Jeong MY and Mannan

MMN (2015) Optimal hemodynamic

response model for functional

near-infrared spectroscopy.

Front. Behav. Neurosci. 9:151.

doi: 10.3389/fnbeh.2015.00151

Optimal hemodynamic response
model for functional near-infrared
spectroscopy
Muhammad A. Kamran, Myung Yung Jeong* and Malik M. N. Mannan

Department of Cogno-Mechatronics Engineering, Pusan National University, Busan, Korea

Functional near-infrared spectroscopy (fNIRS) is an emerging non-invasive brain imaging

technique and measures brain activities by means of near-infrared light of 650–950 nm

wavelengths. The cortical hemodynamic response (HR) differs in attributes at different

brain regions and on repetition of trials, even if the experimental paradigm is kept exactly

the same. Therefore, an HR model that can estimate such variations in the response is

the objective of this research. The canonical hemodynamic response function (cHRF) is

modeled by two Gamma functions with six unknown parameters (four of them to model

the shape and other two to scale and baseline respectively). The HRF model is supposed

to be a linear combination of HRF, baseline, and physiological noises (amplitudes and

frequencies of physiological noises are supposed to be unknown). An objective function

is developed as a square of the residuals with constraints on 12 free parameters. The

formulated problem is solved by using an iterative optimization algorithm to estimate

the unknown parameters in the model. Inter-subject variations in HRF and physiological

noises have been estimated for better cortical functional maps. The accuracy of the

algorithm has been verified using 10 real and 15 simulated data sets. Ten healthy

subjects participated in the experiment and their HRF for finger-tapping tasks have been

estimated and analyzed. The statistical significance of the estimated activity strength

parameters has been verified by employing statistical analysis (i.e., t-value > tcritical and

p-value < 0.05).

Keywords: hemodynamic response model, physiological noises, functional near-infrared spectroscopy,

optimization algorithm, brain imaging

Introduction

Functional near-infrared spectroscopy (fNIRS) is a non-invasive and an emerging neuro-imaging
technique (Santosa et al., 2013, 2014). The brain functional information is decoded through the
interpretation of the variation in the optical properties of near-infrared (NIR) light (Naseer et al.,
2014). NIRS monitors regional cerebral blood flow (rCBF) variations through the absorption
changes of the NIR light at wavelengths between 650–950 nm. The oxy-hemoglobin (HbO) and
deoxy-hemoglobin (HbR) are two major chromospheres in the blood which absorb NIR light
(Cope and Delpy, 1988). The concentration of HbO and HbR varies in the capillary blood during
the rest and task sessions (Hu et al., 2013). Thus, brain functional information can be revealed
by the estimation of HbO and HbR. fNIRS, with the ability to estimate both chromospheres, is
a potential brain imaging modality (Kamran and Hong, 2014). Functional-magnetic resonance
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imaging (fMRI) (Cohen et al., 2014; Zhou et al., 2014) and
electro-encephalography (EEG) are most frequently used cortical
imaging modalities in past. In comparison, the huge size of
fMRI and its paramagnetic constraints and low spatial resolution
of EEG (Soekadar et al., 2014) enhance the potential position
of fNIRS with good temporal resolution applicable to brain-
computer interface (BCI) applications (Hu et al., 2010). Its spatial
resolution is affected by the low penetration depth but lies in
between fMRI and EEG (Boudriay et al., 2014). In addition to
these attributes, its portability, safety and low cost features makes
it on top position for rehabilitation and BCI applications (Khan
et al., 2014).

The detection of neuronal activation in a particular cortical
area refers to find out a specific waveform in the hemodynamic
response (HR) (Ciftçi et al., 2008). In hemodynamic related
neuro-imaging modality, likewise fNIRS, the existence of such
waveform is indicated as a statistical comparison to a specific
time series shape, known as canonical hemodynamic response
function (cHRF) (Abdelnour and Huppert, 2009). The cHRF has
a key role in the analysis of fNIRS time series as its shape varies
between different brain regions, repetition of trials, and among
subjects as well (Hong and Nugyen, 2014). The difference in the
dynamic shape of HRF during event-related motor and visual
paradigms revealed that the peak times of HbO, HbR, and total
hemoglobin (HbT) for visual paradigm are approximately equal
unlike for motor paradigm (Jasdzewski et al., 2003). Additionally,
it is found that the wavelength dependent differential path length
factor (DPF) and age can also affect the characteristics of HR
(Duncan et al., 1996). A mismatch between these features could
result as a decrease in the detection performance (Ciftçi et al.,
2008).

The most commonly used model for cHRF is composed of
two gamma functions to characterize the shape and undershoot,
respectively. It has been frequently be implemented in the
analysis of fMRI temporal data. The performance accuracy of
detection is improved by modifying the basis set, incorporating
temporal derivative (TD) and dispersion derivation (DD) along
with blood oxygen level dependent (BOLD) in the design matrix
(Friston et al., 1998). Thus, modeled HR is represented as
a linear combination of three waveforms. The characteristics
of BOLD response are similar to cHRF used in NIRS data
analysis. But fNIRS signal has additional challenge of temporal
correlation present in the optical signal caused by physiological
noises (Hu et al., 2010). The feature values for basis set
were imposed constraints (time-to-peak, number of positive
and negative peaks, time to- and magnitude of undershoot)
to improve the extraction of the specific wave-pattern that
formulate the dynamic shape of cHRF (Ciftçi et al., 2008).
Finally, a general linear model (GLM) framework is being
utilized to tune the unknown parameters in the model using
Bayesian approach (Ciftçi et al., 2008). A new public statistical
toolbox (NIRS-SPM freely available at http://bispl.weebly.com/
nirs-spm.html#/) for the analysis of NIRS data was introduced
in 2009, incorporating GLM based estimation of the cortical
activity (Ye et al., 2009). NIRS-SPM is an extension of statistical
parameter mapping toolbox for fMRI, thus it uses the GLM
approach with basis set (Friston et al., 1998) to map the neuronal
activities on brain templates. A detailed comparison of modeling

techniques for HRF in fMRI regarding assumptions in the
models, the complexity in their design and interpretation shows
that it is difficult to accurately recover true task-evoked changes
(Lindquist et al., 2009). In their study, the gradient approach
has been utilized for the estimation of the free parameters that
define the shapes of different HRF models. The fNIRS time
series is contaminated with physiological noises. Thus, addition
of physiological signals in the design matrix could improve
the detection of task-related HR and its application to BCI
(Abdelnour and Huppert, 2009). The parameters of cHRF were
assumed to be fixed in Abdelnour and Huppert (2009) and
activity strength parameters have been estimated using Kalman
filters. The conventional averaging techniques have been used
most frequently in past but its major drawback is the number
of trials necessary to derive the stable HRF (Scarpa et al., 2010).
Scarpa et al. (2013) proposed the methodology of near/closed
channels to remove the physiological noises with fix parameters
to extract cHRF. Several studies in past have presented the idea of
combining HR model and adaptive signal processing algorithms
to recursively tune the model parameters (Kamran and Hong,
2013; Santosa et al., 2013; Hong and Nugyen, 2014). Thus, an
optimal HR model is still a topic of interest for many researchers
in fNIRS area.

In this paper, an optimal HR model has been proposed
for the analysis of fNIRS time series. The measured HR is
modeled as a linear combination of evoked-HR, the physiological
noises (cardiac pulsation, respiratory beat and low frequency
Mayer waves) and base-line correction. The evoked-HR is the
convolution of cHRF and the experimental paradigm. The cHRF
has been modeled as a linear combination of two gamma
functions (Lindquist et al., 2009). Six parameters in the cHRF
model have been supposed as free parameters (delay of response
relative to onset, delay of undershoot, dispersion of response,
dispersion of undershoot, baseline, and a scaling factor) (Friston
et al., 1994). The selection of optimal parameters in cHRF is
the crucial step due to the variability of HR in different brain
regions, repetition of trials and among subjects as well. In
addition, the variation in the frequency and amplitudes of the
physiological noises is a common phenomenon in the optical
signal (Abdelnour and Huppert, 2009). Thus, these parameters
in physiological noises are also supposed as free. The optimal
parameters whose subsequent results best fit to the measured HR
are found through an iterative optimization process. Initial values
for these free parameters have been used from existing literature
(Friston et al., 1994; Abdelnour and Huppert, 2009). Finally, the
brain-activation model is formulated as an optimization problem
with 12 free parameters. The formulated pre-optimized model
is passed to an iterative simplex method with initial parameter
vector. The simplex algorithm (Spendley et al., 1962) and its
modified version (Nelder and Mead, 1965) has frequently been
used in past for many signal processing and engineering-design
optimization applications (Luersen and Riche, 2004). Fifteen
simulated data sets have been generated with known parameters
to verify the correctness of the proposed algorithm. Simulated
data sets have been generated through method described in
Prince et al. (2003). A low error in the estimation of free
parameters shows great potential of the proposed algorithm in
this field. Ten healthy participants have been examined for motor
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related, typically box-car based rest-task-rest experiment. Finally,
brain functional maps have been shown to localize the cortical
activity.

Materials and Methods

Data Acquisition and Pre-Processing
Three different types of optical neuro-imaging systems are
available commercially, namely, continuous wave (CW),
frequency domain (FD), and time-resolved spectroscopy (Hu
et al., 2012; Schudlo et al., 2013). CW is the least expensive
and most frequently used approach for BCI applications. It
provides the relative change in the concentration of HbO and
HbR. The CW-NIRS imaging system (DYNOT: Dynamic Near-
infrared Optical Tomography; NIRx Medical Technologies,
Brooklyn, NY) was used in this study with two wavelengths of
NIR light (760 and 830 nm). It has 32 optodes which can be
configured as emitters or detectors according to the experimental
requirement with data acquisition frequency of 1.81Hz. The
optodes were placed on the left motor cortex at 16 different
emitter–detector–pair locations. The source–detector separation
was approximately 3 cm. The optode configuration has been
shown in Figure 1A.

The optical density variations measured through NIRS
imaging system is converted into relative concentration changes
of HbO and HbR using modified-Beer Lambert law (MBLL).
According to MBLL, the optical densities at two different
wavelengths can be solved by simple algebra to estimate the
relative concentration changes of HbO andHbRwith assumption
of constant scattering (Power et al., 2011; Kamran and Hong,
2013)
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where 1HbOi(k) and 1HbRi(k) are relative concentration
changes of HbO and HbR, respectively, k is the discrete time,
i represents the ith-channel of emitter-detector pair, λ1 and
λ2 represent 760 and 830 nm wavelengths, ε

λ1

HbO
, ε

λ1

HbR
, ε

λ2

HbO
,

and ε
λ2

HbR
indicates the extinction coefficients (refers to the

measure of absorption of light) of HbO and HbR at two
different wavelengths, respectively, 1ODλj (k) is the optical
density variation at kth-sample time at particular wavelength (j =
1, 2), li is the source-detector separation and DPFλj is the DPF
at particular wavelength (j = 1, 2). The extinction coefficients
corresponding to 760 nm are 1.486 (for HbO) and 3.843 (for
HbR) and those corresponding to 830 nm are 2.231 (for HbO)
and 1.791 (for HbR) (Kamran and Hong, 2014).

Experimental Setup and Paradigm
Ten right-handed healthy subjects (age: 28 ± 7 years)
participated in this study. None of the subject has the neuronal-
disorder history before the experimentation. The written consent

of each participant was collected before experimentation. The
experiment was in accordance with the latest version of the
Declaration of Helsinki. The subjects were completely introduced
about the experiment and instrument before the start of
the experimentation. The subjects were advised to avoid the
head motion as much as possible. The load of NIRS optode
fibers were supported through the hanger available with the
instrument. The experiment includes a typical box-car rest-
task-rest session. The experiment includes an initial rest of
10 s followed by a task session of 10 s and 30 s of a rest at
the end. The subjects were instructed to tap their right index
finger during task. A monitor screen was placed in front of
the subject at a distance of approximately 110 cm. It remained
blank during rest sessions and showed “finger tapping” during
task session. The experimental paradigm has been shown in
Figure 1B.

Simulated Subjects Data
The proposed algorithm is based upon an iterative optimization
algorithm. Thus, it is necessary to verify the algorithm through
simulated data sets with known values of free parameters. The
simulated data is generated and supposed to be combination
of HRF, three physiological signals, baseline term and random
Gaussian noise. Fifteen different simulated data sets were
generated using different values of free parameters. The data
set has been generated with the methods described in existing
literature (Prince et al., 2003; Abdelnour and Huppert, 2009)

HRF(k) = h(k) ∗ u(k), (3)

h(k) =

[

kα1−1βα1
1
e−β1k

Ŵ(α1)
−

kα2−1βα2
2
e−β2k

6Ŵ(α2)

]

(4)

where u is the experimental paradigm, h is the cHRF, α1 is the
delay of the response, α2 is the delay of the undershoot, β1 is the
dispersion of the response, β2 is the dispersion of the undershoot
and Ŵ represents the Gamma distribution. The physiological
signals in simulated data have been generated through the linear
combination of three sinusoids (Abdelnour and Huppert, 2009;
Kamran and Hong, 2014). The specific values of free parameters
used for all 15 data sets have been listed in Table 1.

Linear Brain Model and Parameter Optimization
GLM is a statistical linear model to decompose the output into
predefined regressors. The existence of a particular regressor
of interest depends upon the intensity of the activity strength
parameter (Santosa et al., 2013). The positive value of the activity
strength parameter with increasing t-value shows the significant
existence of the particular regressor in the measured waveform
(Hu et al., 2010). In this study, the measured HbO concentration
change is supposed to be the linear combination of evoked-HRF,
physiological noises and base-line correction

yi
HbO

(k) = ao + a1HRF(k)+ ac sin(2π fck)+ ar sin(2π frk)

+ am sin(2π fmk)+ εi(k), (5)
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FIGURE 1 | Source/detector locations and distribution of channels (A) and experimental paradigm (B).

TABLE 1 | The results of 15 simulated data-sets: the actual values of parameters (A) and estimated ones through the proposed algorithm (E).

Sub. A/E ac fc ar fr am fm α1 α2 ß1 ß2 a0 a1

1 A 1 1 1 0.2 1 0.07 6 16 1 1 14 10

E 1.44 0.81 0.90 0.24 0.72 0.01 6.01 15.97 1.00 0.99 13.99 10.07

2 A 1.1 0.9 1.2 0.3 1.1 0.09 7 15 0.8 0.7 12 8

E 1.59 0.79 1.74 0.007 0.71 0.018 9.23 16.38 0.98 1.5 13.5 4.40

3 A 1.2 0.95 1.3 0.22 1.2 0.08 3 12 0.9 1.1 12 6

E 0.85 1.33 1.75 0.25 1.49 0.009 2.99 11.63 0.90 1.06 12.00 6.14

4 A 0.9 1.1 1 0.24 0.9 0.07 8 7 1 1 9 7

E 1.42 1.22 0.85 0.29 1.73 .009 8.40 15.56 1.02 0.03 7.50 6.99

5 A 0.8 1 1.3 0.25 0.8 0.06 5 11 0.7 1.1 12 5

E 1.05 1.10 1.44 0.22 0.01 0.009 5.34 8.75 0.77 0.99 11.98 5.16

6 A 0.7 0.9 0.9 0.25 0.7 0.05 9 18 0.9 1.3 14 9

E 1.32 1.05 1.12 0.06 0.11 0.01 8.96 18.24 0.89 1.31 14.00 9.034

7 A 0.5 0.95 0.7 0.29 0.6 0.06 3 8 0.6 0.2 12 9

E 0.96 1.3 1.20 0.24 1.68 0.01 2.99 8.23 0.60 0.20 11.99 9.03

8 A 0.4 1.1 0.6 0.3 0.5 0.07 4 18 1 1 8 5

E 0.37 0.74 1.53 0.27 0.60 0.02 4.00 18.18 1.00 1.00 7.99 5.06

9 A 0.2 0.9 1 0.2 0.3 0.08 6 16 0.6 1.2 7 4

E 1.99 1.29 0.23 0.23 1.51 0.01 4.93 6.70 0.57 1.35 6.95 4.50

10 A 1.2 0.9 1.2 0.23 1 0.09 5.5 17 0.8 1.4 11 3

E 0.93 0.91 0.77 0.23 0.78 0.01 5.50 16.98 0.80 1.39 10.99 3.00

11 A 1.2 0.8 1 0.24 1.1 0.02 7 12 1.1 1.2 15 5

E 0.48 1.40 1.18 0.11 1.78 0.01 8.91 7.01 1.53 0.04 12.72 2.05

12 A 1.1 0.85 0.9 0.26 0.8 0.03 4 10 1 0.8 11 7

E 1.59 0.60 1.89 0.27 0.28 0.01 3.99 9.92 1.00 0.78 11.00 6.94

13 A 0.6 1.2 0.8 0.28 0.9 0.07 8 12 1.3 1 9 4

E 1.98 0.88 0.50 0.17 0.89 0.01 7.99 11.63 1.30 0.96 8.99 4.04

14 A 0.4 0.8 0.9 0.20 0.6 0.08 9 12 0.5 0.3 10 3

E 1.81 1.49 0.68 0.02 1.55 0.09 9.99 15.39 0.58 1.02 11.44 2.71

15 A 0.9 0.7 1.1 0.25 1 0.06 7 18 0.7 1.5 12 5

E 1.36 1.05 1.36 0.11 1.09 0.01 6.55 15.44 0.69 0.02 9.95 5.60

where yi
HbO

is the measured HbO time series at ith-channel, ao
is the baseline, a1 is the activity strength parameter, ac, ar , am,
fc, fr , fm are the amplitudes and the frequencies of the cardiac,

respiratory and Mayer wave respectively and εi(k) is the zero
mean Gaussian noise at kth-sample time. Let us define a cost
function J as sum of squares of residuals
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J =

N
∑

k=1

{yi
HbO

(k)− (ao + a1HRF(k)+ ac sin(2πfck)+

ar sin(2πfrk)+ am sin(2πfmk))}
2. (6)

The above cost function can be formulated in an optimization
environment with constraints

min J(α1, α2, β1, β2, ao, a1, ac, am, ar, fc, fr, fm) s.t
C1 : 2 ≤ α1 ≤ 10, C7 : 0 ≤ ac ≤ 2,
C2 : 6 ≤ α2 ≤ 20, C8 : 0 ≤ ar ≤ 2,
C3 : 0.5 ≤ β1 ≤ 2, C9 : 0 ≤ am ≤ 2,
C4 : 0 ≤ β2 ≤ 1.5, C10 : 0.5 ≤ fc ≤ 1.5,
C5 : 0 ≤ ao ≤ 20, C11 : 0.2 ≤ fr ≤ 0.3,
C6 : 0 ≤ a1 ≤ 15. C12 : 0.09 ≤ fm ≤ 0.1.

(7)

The optimal values of free parameters
(α∗

1
, α∗

2
, β∗

1
, β∗

2
, a∗

o
, a∗

1
, a∗

c
, a∗

m
, a∗

r
, f ∗

c
, f ∗

r
, f ∗

m
) are estimated

by improved version of simplex method [later named as Nelder–
Mead simplex method (NMSM)]. The iteration of NMSM can
be performed by three steps, namely, ordering, centroid and
transformation. The simplex of size a is defined at initial point
(Haftka et al., 1990)

xj = xo + pej +

n
∑

k = 1
k 6= j

qek; j = 1, 2, . . . , n, (8)

p =
a

n
√
2
(
√

n+ 1+ n− 1) & q =
a

n
√
2
(
√

n+ 1− 1) . (9)

where xj (j = 1, 2, .., n) represent the vertices, xo is the initial
guess, n = 12 in this study and represents the number of free
parameters, ej represents the unit vector in the direction of jth
vertex. The next step is to order the function in increasing order
at all vertices and it is easy to sort as

J(xl) < J(xs) < J(xh). (10)

where xl, xh, and xs, are the vertices with minimum value,
maximum value and second highest value of the cost function,
respectively. The next step is to discard the highest value by
defining the centroid

x̄ =
1

n

n
∑

i = 0
i 6= h

xi, (11)

where x̄ is the centroid. The replacement of upper bound vertex
of the cost function is done by reflection, expansion, contraction,
and shrinkage (Lagarias et al., 1998). Themathematical equations
for all these steps are given below

Reflection : xr = x̄+ δ1(xh − x̄), (12)

Expansion : xe = x̄+ δ2(xr − x̄), (13)

Contraction : xc = x̄+ δ3(xh − x̄), (14)

Shrinkage : xe = x̄+ δ4(xl − xi); i = 0, 1, . . . , n, (15)

where δ1, δ2, δ3, and δ4 are coefficients of reflection, expansion,
contraction, and shrinkage, respectively. The typical values of
these coefficients have been chosen as 1, 2, 0.5, and 0.5,
respectively (Lagarias et al., 1998; Luersen and Riche, 2004). The
schematic of the algorithm is shown in Figure 2. The updated
value at any step of iteration shall be replaced with bounded
value, if it crosses bound at any step. The detail about the
algorithm can be found in Haftka et al. (1990), Lagarias et al.
(1998), and Luersen and Riche (2004).

Functional Brain Maps and Statistical
Significance
The estimation of the cortical activation and its localization is
a challenging task in the analysis of fNIRS data series. Previous
studies showed that localization of the cortical activation could
be statistically estimated by fitting the estimated HRF to a pre-
defined HRF (Hu et al., 2010; Kamran and Hong, 2014; Santosa
et al., 2014). Let the optimal brain activation model is

yi
HbO

(k) = a∗0 + a∗1HRF
∗(k)+ a∗c sin(2π f

∗

c k)+ a∗r sin(2π f
∗

r k)

+ a∗m sin(2π f ∗mk)+ εi(k), (16)

The estimated optimal value of the activity strength parameter,
a1, related to HRF indicates the activation of the particular brain
region with proper statistics (Hu et al., 2010). The basic idea
is to test whether the estimated value of the activity strength
parameter is greater or less than a target value zero with
statistically significance (t-value > tcritical and p-value < 0.05).
Thus, it is equivalent of testing a null hypothesis Ho with proper
statistics i.e.,

Ho : a∗1 = 0 (17)

tvalue =
a∗1 − 0

SE(a∗1)
. (18)

where SE is the standard error of the estimated coefficient.

FIGURE 2 | Schematic of Nelder–Mead simplex method.
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FIGURE 3 | Hemodynamic response function generations: two Gamma functions for generation of cHRF (top left), the standard cHRF (top right) and

different simulated HRF (bottom).

FIGURE 4 | HRF using actual values of free parameter (solid) and HRF using estimated values of free parameter (circular blue).
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Results

In this study an online recursive optimization algorithm is
proposed for cortical activation detection to display discrete
brain maps. The algorithm is verified through 15 synthetic
data sets and implemented to real data sets of 10 healthy
subjects. The cHRF (Figure 3, top right panel) is modeled as two
Gamma functions (Figure 3, top left panel). All the simulated
data sets have been displayed in Figure 3 (bottom panel). It
is obvious to note that different width, height and undershoot
have been considered for verifications. Table 1 summarized the
values of free parameters and their estimate through proposed
algorithm. The comparison of HRF with actual parameter values
and estimated parameter values has been shown in Figure 4.
The results of the estimated-evoked-HR of 10 subjects have
been presented in Figure 5. The significance of results has been

verified using t-test. The t-maps of the cortical activations have
been presented in Figure 6. Figures 7, 8 display a comparison of
the estimated parameters related to most active channel in each
subject of real data set and simulated data set, respectively.

Discussion

The non-invasive neuro-imaging techniques have a favorable
position due to an increasing demand of BCI applications in the
rehabilitation and medical diagnostics. There are several studies
reported for the estimation of HRF in fMRI with numerical
optimization techniques (Lindquist et al., 2009; Shah et al., 2014).
But in the case of fNIRS, it constitutes an additional challenge
of the physiological noise in the optical signal. Recently, several
studies have been reported to analyze fNIRS time series using

FIGURE 5 | Results of estimated HRF related to most active channel corresponding to all subjects.

FIGURE 6 | t-Maps of each subject and all channels.
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existing/new and/or modified versions of existing HRF models
(Abdelnour and Huppert, 2009; Hu et al., 2010; Kamran and
Hong, 2013, 2014; Santosa et al., 2013; Scarpa et al., 2013; Hong
andNugyen, 2014). The approaches vary in their implementation
from simple estimation algorithms to more complex adaptive
algorithms (Kamran andHong, 2013) and blind signal processing
(Santosa et al., 2013).

Hu et al. (2010) decomposed measured HRF into predefined
regressors (evoked-HRF, base line correction and three
others were included to design a set of high pass filter).
Santosa et al. (2013) implemented the independent component

analysis (ICA) framework to extract the statistically significance
of a known wave pattern in the observed fNIRS data. Kamran
and Hong (2013) explored the idea of adaptive signal processing
to tune the variations in the measured HRF using parameter
varying methodology. Later Kamran and Hong (2014) proposed
to decompose HbO signal using ARMAX model for better
cortical estimation as compared to existing ones. Abdelnour
and Huppert (2009) proposed the adaptive framework to tune
the HR with pre-built HRF in the model. Scarpa et al. (2013)
emphases to remove the physiological noises by incorporating a
near-detector (<0.7 cm from source) and to model the remaining

FIGURE 7 | Variations in the estimated parameters in real data sets.
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signal as linear combination of pre-set evoked-HR and base line
in Bayesian framework for adaptive tuning.

The DPF is a wavelength dependent factor and also varies
with age of the subject causing variations in the hemodynamic
signal (Duncan et al., 1996). Jasdzewski et al. (2003) reported that
difference found in the characteristics of HRF in multiple brain
regions. Their results suggest that the characteristics of HRF in
different brain regions show variations. It is also observed in their
study that some of the features like initial dip could be found
in certain brain regions but not all. Hong and Nugyen (2014)
developed a state-space model for different brain regions using
adaptive signal processing framework. Their results revealed that
there exist a significant difference between responses of different
brain regions. It is a well-known fact that the hemodynamic
signal has inter-subject variability as well as inter-trial variations.
Hu et al. (2013) analyzed the reduction of trial-to-trial variations

by analyzing correlation in the observed signal of different
channels.

Thus existing literature suggest that the HR varies in its
shape and characteristics not only in different brain areas, but
it differs corresponding to the different mental task complexity,
repetition, inter-subject and inter-trials as well. Some fNIRS-
based BCI studies suggest that learning can improve the response,
that is, less effort is required to repeat the same mental task.
Thus, it is very important to model the HR in an adaptive
framework together with a setup in which the parameters of HRF
could be optimized as per real-time information in the measured
response. Therefore, a recursive optimization algorithm have
been presented in this study to model the variations in the HR.
In contrast to existing fNIRS data analysis models, the proposed
model has the capability to track time-varying characteristics (if
exist) of HRF within same experiment as well. The estimation of

FIGURE 8 | Variations in the estimated parameters in simulated data sets.

TABLE 2 | The values of free parameter estimated through proposed algorithm in most active channel of each subject.

Sub. ac fc ar fr am fm α1 α2 β1 β2 a0 a1

1 0.00189 0.80311 0.15 0.28625 1.02993 0.08562 5.00065 10.5287 1.38593 0.15405 0.00011 8.02E-5

2 1.39E-10 0.92423 0.15 0.29274 0.44333 0.08792 6.35815 13.3583 1.19083 0.49997 5.41E-12 5.23E-5

3 7.57E-10 0.82143 0.15 0.29286 0.66165 0.08904 5.95863 12.8180 1.00771 0.31555 2.78E-13 2.69E-05

4 0.000866 0.803147 0.15 0.286365 0.775247 0.085313 5.497915 13.69872 1.044254 0.140721 6.68E-12 2.38E-05

5 0.0018793 0.815845 0.15 0.28643 0.72472 0.087949 5.020148 13.44807 1.051638 0.146827 6.34E-05 3.87E-05

6 0.0018195 0.790466 0.15 0.286283 0.773555 0.085377 5.63 13.39223 1.054951 0.172463 1.29E-05 3.71E-05

7 0.0006532 0.778724 0.15 0.286524 1.900005 0.08407 4.811197 8.741103 0.521305 0.02237 0.00014 1.43E-05

8 0.0020988 0.816158 0.15 0.286284 0.560308 0.085565 4.190606 16.95479 1.050989 0.694504 0.000153 1.85E-05

9 0.0017808 0.815718 0.15 0.286434 1.245347 0.085161 8.609862 9.202103 0.910313 0.273311 0.000123 1.5E-05

10 0.001092 0.803117 0.15 0.286282 0.71349 0.086521 5.750496 14.08988 1.127646 0.245757 5.33E-05 1.21E-05
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pre-defined parameters of simulated data is shown in Table 1. It
is obvious to observe that the proposed model estimated these
parameters with a significant accuracy. After the validation of the
algorithm using simulated data set, the methodology is applied to
real data set of 10 subjects. The optimized values of HRF model
parameters for 10 subjects have been listed inTable 2. The t-maps
of each subject and all channels have been presented in Figure 6.
It is evident from Figures 5, 6 that inter-subject difference exist in
HRF parameters. Generally, inter-subject variability is due to the
individual’s differences in anatomical factors likewise skull and
cerebrospinal fluid (CSF) structure, vessels distributions and the
ratios of the arteries and veins. Thus, some of the subjects have
more activation as compared to others.

Conclusion

An optimal HR model has been proposed that can extract the
shape and scale of the HRF in addition to the amplitudes and the

frequencies of the physiological sinusoids. Twelve parameters in
the HRmodel have been supposed free with bounded constraints.
The problem is formulated as an optimization problem and
solved through an iterative optimization framework. The
algorithm is first verified through different simulated data
sets with known values of free parameters. A low error in
estimation shows the accuracy of the proposed methodology.
Furthermore, the algorithm is implemented to real data sets
of 10 healthy participants. The parameters in HRF while
repeating same trials are found to be different. Thus, it shall be
beneficial for fNIRS data analysis, as the proposed model can
track the characteristics of changes in HRF and physiological
noises.
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A targeted training program for the rehabilitation of communicative abilities—Cognitive
Pragmatic Treatment (CPT)—has been developed and previously tested on a sample
of patients with traumatic brain injury (TBI), whose performance was found to have
improved. Since cortical plasticity has been recognized as the main mechanism of
functional recovery, we investigated whether and how behavioral improvements following
the training program are accompanied by brain modifications. Eight TBI patients took
part in the training program and were behaviorally assessed pre- and post-treatment;
six of these patients were also evaluated with pre- and post-treatment resting state
(rs) functional magnetic resonance imaging (fMRI). At the end of the rehabilitation
program patients showed improvement in overall communicative performance, in
both comprehension and production tasks. A follow-up retest revealed the stability
of these results 3 months after completing the training program. At the brain level,
we found significant increases in the amplitude of low frequency fluctuation (ALFF)
index in the bilateral precentral gyrus, in the right middle and superior temporal
gyri, in the right cingulate gyrus, and in the left inferior parietal lobule. We discuss
these differences of brain activity in terms of their possible contribution to promoting
recovery.

Keywords: cognitive rehabilitation, communicative abilities, traumatic brain injury (TBI), functional magnetic
resonance imaging (fMRI), cerebral plasticity

INTRODUCTION

Communication is a complex cognitive and social skill. It can be defined as the
ability to comprehend and produce linguistic and extralinguistic acts, accompanied
by paralinguistic expressions, appropriate with respect to discourse norms and social
rules; moreover, within the conversation, topics have to be managed and turn-taking
has to be respected (Bara, 2010). Such abilities can be impaired in certain neurological
or psychiatric diseases: the assessment and rehabilitation of these functions require
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theoretically grounded and methodologically sound clinical
protocols.

As far as the assessment of communicative abilities is
concerned, we have developed the Assessment Battery for
Communication (ABaCo; Sacco et al., 2008), for which
normative data (Angeleri et al., 2012) and two equivalent forms
(Bosco et al., 2012) are available. The ABaCo has been used in
the assessment of children (Bosco et al., 2013), patients with
schizophrenia (Colle et al., 2013), aphasia (Gabbatore et al.,
2014), right brain lesion (Parola et al., 2016) and traumatic brain
injury (TBI; Angeleri et al., 2008).

In order to rehabilitate patients whose communicative
abilities have been impaired as a result of brain pathologies,
we have developed the Cognitive Pragmatic Treatment (CPT;
Gabbatore et al., 2015; Bosco et al., 2016). This clinical protocol
derives its theoretical basis from Cognitive Pragmatics, a theory
of the cognitive processes underlying human communication,
according to which the essence of communication is to create
meanings and share them with interlocutors, focusing on the
interpretation of the intended meaning and going beyond
the literal one (Bara, 2010). CPT is an integrated treatment,
working on all aspects of communication: it gives patients the
opportunity to test and train their ability to participate in
communicative exchanges using words, gestures and prosodic
cues, and to adhere to the conversational and social context
of the communication. Moreover, the protocol works on self-
awareness, theory of mind and planning abilities, which are
essential aspects of effective communication (Coelho et al., 1995;
Barkley et al., 2001; Champagne-Lavau et al., 2006). In our
previous work (Gabbatore et al., 2015) we demonstrated the
efficacy of CPT in the rehabilitation of a group of TBI patients.
This result is of great importance because, as TBI patients
often show specific pragmatic impairments that undermine
the effectiveness and informativeness of communication (e.g.,
McDonald et al., 2000; Bara et al., 2001; Carlomagno et al.,
2011; Coelho et al., 2013; Bosco et al., 2015), enhancing their
communicative-pragmatic abilities can have a major impact on
long-term outcome and social reintegration (Togher et al., 2014).
Thus, it is essential to understand which neural mechanisms
underlie the observed improvements in patients’ communicative
skills.

A rehabilitation training is based on the assumption that
the brain is able to reorganize and relearn lost functions, i.e.,
the concept of neuronal plasticity. It is now widely recognized
that the cerebral cortex of adult mammals is capable of
widespread functional and structural plasticity: various studies
highlighted that structural and functional modifications occur
in the cerebral cortex after injury (for a review, see Nudo,
2011). Behavioral experience and brain injury interact; therefore
it is reasonable that, after brain damage, targeted cognitive
exercises are able to reshape the structure and function of
uninjured areas of the brain, promoting recovery (for example,
see Chen et al., 2010; Berlucchi, 2011). Neuroimaging methods
allow the brain structures and functioning to be investigated;
advanced techniques have shown promise in detecting macro-
and microstructural activity-related changes in the brain (for
a review, see Nordvik et al., 2014). Of the various functional

imaging techniques, functional magnetic resonance imaging
(fMRI) provides rehabilitation researchers with a non-invasive
and reliable method for monitoring possible changes following
therapeutic interventions. In the study of TBI patients, a whole
brain perspective is fundamental in order to understand the
mechanisms of recovery: indeed, TBI shifts brain function away
from its normal organization, and this disruption is closely
correlated with cognitive impairment (for a review, see for
example, Strangman et al., 2005). Accordingly, neurological
recovery requires changes at a brain level, re-establishing
patterns of activity leading to the best possible behavior
output.

Resting state (rs) fMRI paradigms explore brain activity when
no task is being performed, and have the advantage of not
being confounded by modifications in behavioral performance
from before to after treatment. In the last years, rsfMRI
studies have demonstrated that physical and cognitive training
change resting-state activity (e.g., Sacco et al., 2009, 2011;
Pieramico et al., 2012). Intrinsic brain activity is detected as low-
frequency (<0.08 Hz) fluctuations (LFF) in blood-oxygenation
level-dependent (BOLD) signals (Fox and Raichle, 2007). The
amplitude of low frequency fluctuation (ALFF) can be used as an
index reflecting regional intensity of resting state activity (Zang
et al., 2007), and it has been associated with behavioral task
performance (Zou et al., 2013). ALFF has been reported as a
marker of brain function, able to characterize various abnormal
conditions (examples of studies of neurological conditions are
Li et al., 2014; Liu et al., 2014; Zhou et al., 2014). Besides, very
recent studies assessed it as a way of evaluating brain plasticity
(Yin et al., 2014; Lampit et al., 2015; Sacco et al., 2015). In the
present work, we examined the functional plasticity of the ALFF
index following the CPT training.

In line with Gabbatore et al. (2015), we predict a post-training
increase of our chronic patients’ communicative performance,
as assessed through the equivalent forms of ABaCo (Bosco
et al., 2012). At the neural level, in line with the previous
literature (Yin et al., 2014; Lampit et al., 2015), we expect
that behavioral improvements are accompanied by functional
plastic changes in regions involved in the training: explorative
imaging analysis should highlight what circuits support such
changes.

MATERIALS AND METHODS

Participants
Eight adult patients with TBI participated in the study (3 females
and 5 males) ranging in age from 23 to 50 years (M = 36.37
years; SD = 8.6 years); they ranged from 8 to 13 years of
education (M = 9.12 years; SD = 1.81 years). TBI patients were
recruited over a period of 1 year with the help of Centro Puzzle,
a rehabilitation center for patients with brain injury, located in
Turin.

The time after onset ranged from 1 to 16 years (M = 6.12;
SD = 4.7). All of the patients were victims of severe TBI: the
Glasgow Coma Scale in the acute phase was ≤8. Most of the
patients had sustained their injury in a road traffic accident.
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FIGURE 1 | Graphical representation of the experimental design.

At the time of the study, all the patients were in a post-acute
phase; they were all living at home, even though none of them
could manage to live independently without their partners or
parents.

Inclusion criteria for the study were the following: the patients
must have been (1) at least 18 years old; (2) at least in their
12th month after brain injury, in order to be sure that the
cognitive profile was stable; (3) Italian native speakers; (4) in
possession of linguistic skills, certified by the achievement of
a cut-off score on the Token Test (De Renzi and Vignolo,
1962); cut off 29/36 on the Aachen Aphasia Test—denomination
scale (AAT; Huber et al., 1983. Stanine cut-off score >6
which corresponds to absent or minimal deficit). In addition,
they (5) had to demonstrate communicative-pragmatic deficits,
evaluated through the administration of form A of the ABaCo
(Bosco et al., 2012), in comparison to the normative performance
of healthy persons on the ABaCo (Angeleri et al., 2012). Finally,
(6) a minimum attendance rate of 60% at all rehabilitative
sessions was mandatory to be included in this study. Exclusion
criteria were: (1) prior history of TBI or other neurological
disease; (2) neuropsychiatric illness; and (3) pre-morbid alcohol
or drug addiction, evaluated on the basis of the anamnestic data
from the case history of each patient, obtained through clinical
interviews conducted by psychologists. All of the participants

gave their written informed consent to participate in the research.
Approval for the study had been obtained from the local ethics
committee of the University of Turin, Comitato di Bioetica
dell’Ateneo.

Experimental Design
The whole study lasted 9 months and included a 3-month
training period and four assessment phases, designed according
to an ABAB scheme (see Figure 1). Details regarding each
assessment phase are provided in Table 1.

Cognitive Pragmatic Treatment: Structure
and Procedure
The CPT program is made up of 24 sessions, each of which
is concerned with improving one particular communication
modality. Patients attend two sessions a week, for 12 weeks.
Each session lasts about one and a half hours and includes a
10-min break. Patients worked in small groups of five under the
supervision of a trained psychologist.

The treatment is primarily focused on improving patients’
abilities to understand and produce the different expressive
modalities of communication, i.e., linguistic, extralinguistic,
paralinguistic, social appropriateness and conversational

TABLE 1 | Description of the assessment phases that made up the experimental design.

T0–Baseline Three months before the treatment commenced, the recruited patients’ communicative abilities were assessed using Form A of the Assessment
Battery for Communication (ABaCo), in order to delineate their profile of communicative impairments and abilities. Following this assessment, the
patients attended a number of sessions covering activities that were not specifically focused on communication. These sessions were held twice
a week and lasted the same length of time as our Cognitive Pragmatic Training sessions. Such activities were used as a control procedure for
improvements due to non-communicative activity and included: (a) memory and attention group and individual activities; (b) socializing activities,
including group recreation and games activities; and (c) intellectual and creative activities, such as reading newspapers, cooking and painting. The
aim of this control procedure was to detect any improvements in patients’ communicative skills due to spontaneous recovery, as a consequence
of unspecific activities or for the simple fact that they were taking part in a research program.

T1 – Pre-Training Just a few days before the training program started, the patients’ communicative performance was assessed again using Form B of the ABaCo,
in order to obtain a measure of their abilities before the rehabilitation program and to verify the absence of any improvements due to attending
unspecific activities between T0 and T1. Moreover, before the training program started, a resting state fMRI (rsfMRI) paradigm was administered
to the patients, in order to investigate functional activity of the brain areas through the ALFF index.

T2 – Post-Training Immediately after the end of the training program, Form A of the ABaCo was administered to the patients, in order to evaluate the efficacy of the
treatment on their communicative performance. After the treatment, the patients underwent fMRI scanning once again, in order to evaluate any
changes in terms of functional activity.

T3 – Follow-Up Three months after the end of the rehabilitation program, Form B of the ABaCo was administered to the patients, in order to evaluate the stability
of the improvements in their communicative abilities in time.

The content of Table 1 has been adapted from Gabbatore et al. (2015).
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abilities. Other sessions focus on additional aspects of
communicative and cognitive competence such as awareness,
theory of mind, and planning abilities.

The therapist helps the patients to use their communicative
skills and teaches them how to deal with the problems
they encounter in normal everyday communication contexts,
using self-monitoring strategies and providing feedback in an
ecological setting. Each session is video-recorded and video-
feedback is provided during and at the end of the program.
This allows the experimenters to give an analytical critical
contribution to the contents of the sessions and helps patients
to become aware of their difficulties and their progress from one
session to the next.

The various training activities are designed to improve: (i)
inferential abilities; (ii) use of extralinguistic; (iii) paralinguistic
cues; and (iv) appropriateness respect to the social context
(e.g., formal vs. informal). Since the linguistic aspects of
communication are fairly well preserved in these patients,
the exercises focus principally on communicative intentions.
The therapist encourages patients to go beyond the literal
meaning of an utterance and instead focus on the speaker’s
communicative intentions and the different meanings and
implications depending on the circumstances and context, as
for example in the production and comprehension of non-
literal language, i.e., indirect communicative acts and irony.
Special attention is given to training patients to combine
linguistic utterances with the appropriate paralinguistic
cues, such as tone of voice expressing a specific emotion
or communicative intention, and extralinguistic aspects, as
emotional facial expressions and body movements. Finally,
patients are taught to modulate their communicative acts
according to a particular social context. For patients with TBI,
communicative inappropriateness represents one of the greatest
obstacles to social reintegration. The topics covered during
the CPT program and the overall structure of each session are
described in Gabbatore et al. (2015).

Experimental Procedures
In order to test the effectiveness of the training program we
administered the equivalent forms (Bosco et al., 2012) of the
ABaCo, Giunti OS, Firenze (Sacco et al., 2008, 2013; Angeleri
et al., 2012, 2015), pre- and post-training. Equivalent forms of
ABaCo comprise four evaluation scales, i.e., linguistic, extra-
linguistic, paralinguistic and context, for investigating the main
pragmatic aspects of communication. These include direct and
indirect communicative acts, deceits, irony, appropriateness to
conversational and social aspects of communicative interactions.
Each scale comprises a comprehension and a production subscale,
designed to evaluate abilities in each of these areas. Tasks
consist of vis-à-vis interactions between patient and examiner,
comprehension of short videotapes showing communicative
interactions, and production of specific communicative acts
starting from a given context (for a more detailed description,
see Bosco et al., 2012). Coding procedure was carried out
by two trained, independent judges, who were not involved
in the administration of the rehabilitative program. They

watched the video-recorded experimental sessions and coded
on specific score sheets. Scores range from 0 to 1: one
point is given for each correct answer and the score for
each scale is the mean of the scores obtained on tasks
belonging to that particular scale. No points were awarded
for incorrect answers. In comprehension tasks, patients were
awarded one point if they understood the task correctly,
and none if they did not. Likewise, in production tasks,
patients were awarded one mark for producing an appropriate
communication act and none if they failed to produce the
requested communication act in the requested modality (for
a detailed description of scoring criteria, see Bosco et al.,
2013). ABaCo has shown excellent content and construct
validity, as well as good reliability measures in terms of
inter-rater reliability and internal consistency (Sacco et al.,
2008, 2013); the two equivalent forms, when evaluated on a
sample of TBI, showed excellent internal consistency (global
score: α = 0.92 in Form A and 0.95 in Form B) and
between-form correlation (Pearson’s correlation between the
global scores of Form A and B: r = 0.92; Bosco et al.,
2012). Normative data are also available (see Angeleri et al.,
2012).

In addition to the behavioral assessment, patients underwent
an fMRI scan before and after the treatment. In order to
evaluate the presence of any differences in patients’ neuronal
activity before and after our rehabilitation program, we used
a resting state paradigm (RS) for imaging data. We compared
the results obtained in the pre- and post-treatment phases
in order to establish whether any objective effects of the
rehabilitation treatment on neuronal activity were detectable.
Data acquisition was performed at the Koelliker Hospital
in Turin. As well as the resting state scan (18 min), a
set of anatomical MRI images were acquired (10 min).
The exclusion criteria for this study consisted of having
internal metal objects such as aneurysm and hemostatic
clips, implanted electrodes and electrical devices such as
pacemakers, orthopedic material and devices. Subjects suffering
from anxiety disorders such as claustrophobia, panic attacks or
any disorder which could be severely aggravated by confined
spaces such as that of the MRI scan were also excluded.
Of the eight patients who completed the training, as well as
the pre- and post-training tests, six were also evaluated with
fMRI.

The participants were instructed to lie on the scanner-bed
and simply keep their eyes closed. They were asked not to
think of anything in particular, and not to fall asleep. In case
of an emergency, the patients could press a button in order to
ask for help and, if necessary, interrupt the procedure at any
time.

Data were acquired using a 1.5-T Philips Intera with a
Sense high field high resolution head coil (MRIDC) optimized
for functional imaging. Functional images (T2-weighted) were
acquired using echoplanar sequences (EPI), with 3000 ms of
repetition time (TR), 60 ms of echo time (TE) and a 90◦ flip
angle. We used a 64 × 64 acquisition matrix; the FoV was
256 mm. The total acquisition set consisted of 500 volumes.
Each volume comprised 19 axial slices, parallel to the anterior-
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FIGURE 2 | Comparison between the average scores obtained in comprehension and production tasks at T0 – Baseline; T1 – pre Training; T2 – post
Training; T3 – Follow-up, with error bars representing standard error. ∗p < 0.05.

posterior (AC–PC) commissure line and covering the whole
brain; the slices were 5 mm thick with a 1 mm gap. Aiming at
reaching a steady-state magnetization before acquisition of the
actual experimental data, we added two scans at the beginning
of the functional scan and we discarded their data. In the
same session, for each participant we acquired a set of three-
dimensional high-resolution structural images (T1-weighted).
This data set was acquired using a Fast Field Echo (FFE)
sequence, with a TR of 25ms, the shortest TE and a 30◦ flip angle.
For this acquisition we used a 256 × 256 acquisition matrix; the
FoV was 256 mm. The set comprised 160 sagittal contiguous
images covering the whole brain. The in-plane resolution was
1 mm × 1 mm and the slices were 1 mm thick (1 mm × 1 mm
× 1 mm voxels).

RESULTS

Communicative-Pragmatic Assessment
In order to verify the efficacy of the training program we ran
a paired-samples T-test analysis on patients’ performance in
the different evaluation phases. We found no improvement
due to the unspecific control activities the patients attended
between T0 (baseline) and T1 (pre-training), in either
comprehension (t = 0.74; p = 0.48) or production (t = 0.66;
p = 0.53).

On the other hand, patients’ performance at T2 (post-
training) was significantly better than at T1 (pre-training), in

both comprehension (T-test: t = 4.17; p = 0.004; Cohen’s
d = 1.65) and production (t = 2.85; p = 0.025; d = 1.042).
The improvements were stable even 3 months after the
end of the rehabilitative program, as demonstrated by the
comparison between patients’ performance at T2 (post-training)
and at the follow-up assessment, in both comprehension
(t = 0.3; p = 0.77) and production (t = 0.44; p = 0.67; see
Figure 2).

The fMRI data were analyzed using Brain Voyager QX
software (Brain Innovation, Maastricht, Holland). The
functional data of each subject were pre-processed as follows:
(1) mean intensity adjustment in order to prevent global
signal variability; (2) slice scan time correction, through
the use of a sinc interpolation algorithm; (3) 3D motion
correction: all the volumes were spatially aligned to the
first volume by rigid body transformations, adopting a
algorithm of trilinear interpolation; (4) spatial smoothing
with a Gaussian kernel of 4 mm FWHM; and (5) temporal
filters, i.e., linear and non-linear trend removal through the
use of a temporal high-pass filter (frequency pass = 0.008 Hz),
adopted to remove drifts due to scanner and other low frequency
noises.

After pre-processing, the temporal series of each voxel were
filtered using a band-pass filter (0.01 < f < 0.08 Hz) in
order to remove both the very low frequencies and the noise
due to high frequencies (respiratory and cardiac frequencies).
The filtered time series was then transformed into a frequency
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FIGURE 3 | Results of paired sample t-test post- minus pre-treatment within group (N = 6; p < 0.048).

TABLE 2 | Results of paired sample t-test post- minus pre-treatment within group.

Localization (Brodmann area) Right hemisphere Left hemisphere

t value Talairach coordinates t value Talairach coordinates

+ Middle temporal gyrus (22) 4.239 53 −32 3
Superior temporal gyrus (22) 54 −28 4

+ Precentral gyrus (6) 3.885 44 −11 33
+ Cingulate gyrus (24) 3.393 2 1 45
+ Inferior parietal lobule (7) 3.967 −31 −50 48
+ Precentral gyrus (4) 4.971 −40 −17 39

The table indicates the Talairach coordinates of local maxima of cortical structures showing significant (p < 0.05, corrected for multiple comparisons) activity. The “+”

symbol in the first column indicates that all regions showed increased functional activity.

domain using Fourier transformation; this process allowed us to
decompose a signal made up of several frequencies and identify
the spectrum of the signal. The power spectrum represents the
energy of the signal at different frequencies. We then calculated
the ALFF index of the resting-state fMRI signal, a whole brain
analysis that is based on the amplitude of the low frequency
fluctuations of the rsfMRI signal and is interpreted as reflecting
the intensity of the spontaneous regional activity of the brain.
The ALFF Index was obtained by calculating the square root of
the power spectrum between 0.01 and 0.08 Hz, and represents
the average amplitude of the signal in a single voxel (Zou et al.,
2008).

In order to compare pre- vs. post-treatment neuronal
activations, a repeated measures T-test analysis was performed
at p < 0.05; a false discovery rate (FDR) correction for
multiple comparisons was applied (corrected q = 0.05; Benjamini
et al., 2001). The script used for the analysis produces a
specific output that is able to show the Brodmann areas
and the cerebral gyri and sulci implicated in the changes.
Specifically, we found significant increases in functional
activity in the bilateral precentral gyrus, in the right middle
and superior temporal gyri, in the right cingulate gyrus,
and in the left inferior parietal lobule, see Figure 3 and
Table 2.

DISCUSSION

Many studies have demonstrated that, even after an injury,
the brain is able to remodel itself thanks to its diffuse
and redundant connectivity, as well as its ability to create
new circuits through remapping (Silasi and Murphy, 2014).
Given the incidence and the impact of TBI on cognitive
abilities, understanding the mechanisms of plasticity in such
patients is crucial in order to develop new approaches
for promoting recovery. Spontaneous recovery of cognitive
functioning only takes place within a critical period after
injury: specifically, it has been reported that in cases of
severe TBI, spontaneous reorganization occurs between 3 and
6 months post-injury (e.g., Strangman et al., 2005; Nakamura
et al., 2009; Hillary et al., 2011); for a recent review of brain
imaging studies revealing plasticity after TBI, See Kou and
Iraji (2014). But what happens when this critical window
has ended? Can patients improve their cognitive functioning
even when their clinical conditions are chronic and have
stabilized? Chronic recovery involves the renewal of functional
brain networks, which can be targeted by prescribing specific
rehabilitation programs (Muñoz-Cespedes et al., 2005). The
effects of proactive neurorehabilitation, designed to address
certain impaired domains in chronic TBI patients, have been
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investigated using fMRI predominantly for those networks
with a well-understood brain topography, such as the motor
(e.g., Sacco et al., 2011) and the language (e.g., Laatsch
and Krisky, 2006) systems. Integrative functions that draw
upon multiple higher-order processes have been less studied
because of technical and methodological difficulties; however,
these include some cognitive aspects that have a critical
role in social and vocational reintegration. A recent clinical
trial investigated abstract reasoning abilities mediated by the
prefrontal cortex in mild and moderate chronic TBI (Krawczyk
et al., 2013). Here, we showed that the improvement in
communicative abilities is accompanied by an increase in
functional activity which involves the bilateral precentral
gyri, the right middle and superior temporal gyri, the right
cingulate gyrus and the left inferior parietal lobule. Several
data in the literature have demonstrated the role of these
cerebral areas in pragmatic competence; more specifically, they
seem to be involved in most of the processes addressed by
the CPT.

First of all, the increased activity largely concerns the
right hemisphere. Indeed, some authors (Kuperberg et al.,
2000; Long and Baynes, 2002) investigated the functional
architecture of linguistic abilities in the brain, showing that
even though the left hemisphere is dominant in processing
most of the language functions, the right hemisphere has a
role in discourse representation and in processing narrative
construction. Robertson et al. (2000) pointed out that the
cognitive process of mapping during discourse comprehension
resulted in a higher neural activity in the right than in the
left hemisphere. In more detail, the authors reported higher
levels of fMRI activation in the right middle temporal gyrus
while participants read a set of unconnected sentences that
they ordered into narratives. Taken together, these findings
converge to indicate the right hemispheric regions are recruited
when discourse processing requires the creation of connections
between separate entities in the utterance, in order to compute
plausibility or coherence or to make inferences (Eviatar and
Just, 2006). In the right hemisphere, we found increased
activity in the middle and superior temporal gyri and in the
precentral gyrus, which have been related to figurative aspects of
communication, i.e., metaphors and irony, requiring inferential
ability (Wang et al., 2006). Eviatar and Just (2006) observed
that ironic statements determined significantly higher activation
levels than literal statements in the right superior and middle
temporal gyri; according to these authors, the processing of
irony might be related to the processing of communicative
intent or the construction of a coherent narrative. Other studies
have suggested that the precentral gyrus is involved in the
comprehension of metaphoric sentences (Mashal et al., 2007).
Besides their involvement in processing non-literal meaning,
the above-mentioned regions have been related to emotional
aspects of communicative interactions (i.e., paralinguistic ability
trained in CPT). Mitchell et al. (2003) found that the normal
response to emotional prosody was primarily mediated by
the right-lateral temporal lobe, specifically the superior and
middle temporal gyri. In particular, these areas were significantly
activated despite the presence of semantic information and

whether the individuals were either passively listening or
actively attending to emotional prosody, i.e., comprehension and
production of prosodic elements. In an fMRI study conducted
by Ethofer et al. (2006), participants were asked to judge
the content of emotional words to rate the valence of the
affective prosody: the right middle temporal gyrus was shown
to be specifically involved in processing affective prosody.
These data are in line with previous studies showing that,
in individuals with left temporal lobe damage, the ability to
comprehend emotional prosody was largely unaffected, while
in individuals with right temporal lobe damage this capacity
could be severely impaired (Starkstein et al., 1994). Buchanan
et al. (2000) found the right temporal region to be involved
in the processing of prosodic aspects of the speech signal,
while other neuroimaging studies (e.g., Glasser and Rilling,
2008) have suggested that, while the left superior and middle
temporal gyri are involved in phonologic and lexical-semantic
processing, the right middle temporal gyri and the precentral
gyrus are involved in the prosodic production mechanism.
The same regions have also been found to have a role in
emotional facial expressions, i.e., the ability to read emotions and
process information from the many changeable characteristics
of a face (Taylor et al., 1998; Damasio et al., 2000; Phan
et al., 2002; Batty and Taylor, 2003; Kuchinke et al., 2005),
which is essential in structuring successful communicative
interactions and is widely treated during CPT. As far as
the cingulate gyrus is concerned, it has also been shown to
be responsible for conflict-monitoring and outcome-evaluation
(Botvinick, 2007; Torta and Cauda, 2011). Kuchinke et al. (2005)
suggested that conflict, acting as an indicator of information-
processing demands, drives reactive adjustments in cognitive
control, and that the anterior cingulate cortex could have
a role in this ability. Consistently, in the CPT, specific
training sessions aimed to strengthen patients’ sensitivity to
contextual and social information by making them understand
the social context and choose their behavior accordingly.
Social appropriateness, indeed, significantly improved after
training.

Taken as a whole, our results reveal a series of
analogies with those of a meta-analysis (Rapp et al.,
2012) examining fMRI studies on non-literal language,
i.e., metaphors, proverbs, idioms, irony and sarcasm.
The authors identified a common network for non-literal
language, including the left and right inferior frontal
gyrus, the left middle and superior temporal gyrus, with
contributions from the medial prefrontal, superior frontal,
cerebellar, parahippocampal, precentral and inferior parietal
regions.

The present work can be seen as a first step towards
the discovery of brain mechanisms underlying communication
recovery in chronic TBI. Indeed, it presents some limitations,
associated with sample size and heterogeneity. In particular,
the number of patients who could undergo fMRI was small
and this prevented us from the possibility of correlating the
neuroimaging changes with the outcome measures. Future
research is needed to assess and scan a greater number of
patients: the correlation between brain networks and behavioral
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measures will be essential to reveal whether certain pre-
and post-training patterns of functional activity are associated
with better outcomes. This would help in administering
the training program to those patients who can benefit
most from its use; moreover, it would shed light onto the
specific brain changes needed to significantly improve patients’
performance. Finally, although the various characteristics
present in our sample made it representative of the TBI
population, which is heterogeneous by its nature, it would
be interesting to understand whether and how age, gender,
educational level and time from lesion onset affect the range of
improvement.
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The objective of the current study was to explore the relationships between exercise
modes and executive functions in the elderly. Twenty-one elderly individuals in the open-
skill group, 22 in the closed-skill group, and 21 in the sedentary-behavior (control) group
were recruited in the current study, and performed a task-switching paradigm during
which the switches occurred unpredictably and infrequently, while the behavioral and
electrophysiological performances were assessed simultaneously. The results indicated
that although there were no group differences in accuracy rates, the two exercise groups
exhibited shorter reaction times (RTs), and larger P2 and P3 amplitudes across all
conditions compared to the control group. In addition, the exercise-mode differences
revealed a relatively smaller specific cost, and faster motor RTs and larger P3 amplitudes,
in the switch condition for the open-skill group in comparison with the closed-skill and
control groups. These findings suggest that regularly participating in physical exercise
can enhance behavioral and electrophysiological performance with regard to executive
control in the elderly, and provide further evidence for the beneficial effects of open-skill
exercise on the task-switching paradigm.

Keywords: open-skill, closed-skill, cognition, aging, exercise mode, task-switch

Introduction

Human life spans are increasing due to medical and technological advances. However, due to
age-related declines in the volume of cerebral white matter (Sexton et al., 2014), as well as decreases
in the concentration, synthesis and number of receptor sites for neurotransmitters (Chen, 2014),
a broad array of cognitive functions tend to deteriorate with age (Hedden and Gabrieli, 2004).
Indeed, cognitive declines among people aged 65 or older are now a pressing health care issue in
many countries. If we cannot find effective primary prevention strategies to ward off the onset or
progression of cognitive declines among seniors, the rapidly increasing population of elderly people
will be associated with an increase in the number of individuals suffering from mild cognitive
impairment, or even dementia (Pressley et al., 2003). Fortunately, numerous large prospective
cohort studies have demonstrated that habitual physical exercise could attenuate the cognitive
declines that often accompany aging (Colcombe et al., 2004; Wang et al., 2014; Tsai et al., 2015).

There is a growing body of literature which finds that physical activity or exercise can
have the positive effects on the brain with regard to neural functioning and cognitive
performance (Cassilhas et al., 2007; Smith et al., 2013), and these can be attributed to
the processes of neurogenesis, vascularization, and increased blood flow in the brain
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(van Praag et al., 1999; Endres et al., 2003; Pereira et al., 2007), as
well as changes in the secreted levels of some biomarkers in the
neurochemical system (Neeper et al., 1995; Tsai et al., 2014b,c).
However, there are a broad range of physical exercise modes, and
this study roughly categorized them into two main types---open-
and closed-skill (Di Russo et al., 2010; Dai et al., 2013). Although
both exercise modes have been reported as potentially useful with
regard to enhancing neuropsychological and neurophysiological
performances (Tsai, 2009; Di Russo et al., 2010; Tsai et al., 2012,
2014a; Dai et al., 2013), the findings in the rather limited research
literature remain rather ambiguous (Di Russo et al., 2010; Dai
et al., 2013; Wang et al., 2013a,b), and thus these issues need to
be further explored.

Individuals participating in open-skill types of exercise
(e.g., football, table tennis, basketball, and badminton) have
to continually adapt their movements and switch strategies to
fit the constantly changing environment and the various skill
levels of the other players. Their skills are thus predominantly
externally-paced and perceptual (Di Russo et al., 2010). In
contrast, the individuals participating in closed-skill types
of exercise (e.g., swimming and running) are in a stable
and predictable environment, and can perform the exercise
according to their own pace. Therefore, their skills tend
to be habitual and self-paced (Di Russo et al., 2010). For
these reasons, participation in open- and closed-skill exercise
requires different sets of motor skills (e.g., initiating appropriate
actions, inhibiting inappropriate actions, and switching from
an intended movement to another one which is a more
suitable response to the opponent’s actions) and different
cognitive and executive process loads (e.g., such as planning,
selecting relevant sensory information, obeying rules, and
cognitive flexibility) (Di Russo et al., 2010). The fact that
elderly people with higher levels of cardiorespiratory fitness
and physical activity show better cognitive performance is
well documented in the vast majority of related research
(Hillman et al., 2006; Themanson et al., 2006; Netz et al., 2011;
Frederiksen et al., 2014), and, compared to other aspects of
cognitive functioning, executive functions are more strongly
affected by exercise or physical activity (Etnier et al., 1997;
Colcombe and Kramer, 2003). However, no data are available
with regard to the effects of different exercise modes on
executive control in the elderly with similar cardiorespiratory
fitness levels and participating in open- or closed-skill exercise.
The main purpose of this study was thus to explore the
relationship between exercise type and executive function in the
elderly.

The task-switch paradigm involves stimulus perception
and identification, task-set updating, attentional reallocation,
and response conflict detection and monitoring processing
(Friedman et al., 2008). This cognitive task was thus adopted
in the current study, since such executive functioning is
required and relevant to the changing environment of the
open-skill exercise. In general, the task-switch paradigm has
been demonstrated to evoke the different visual response
components with regard to the resulting event-related potentials
(ERP), such as P2 to the target for a unique component
of the switch cost or cognitive control on task-set activation

(Cepeda et al., 2001; Kieffaber and Hetrick, 2005; Periáñez
and Barceló, 2009), and P3 for the collection of processes
subsumed under the construct of the task-set reconfiguration
(Kieffaber and Hetrick, 2005; Nicholson et al., 2005). There
have been previous reports of age- and physical-activity-
related effects in these two ERP components in the task-
switching paradigm among the elderly (Hillman et al., 2006;
Friedman et al., 2008; Adrover-Roig and Barceló, 2010).
Therefore, these two ERP components were used in the
current study to better understand the effects of different
exercise modes on electrophysiological performance in the
elderly.

Recently, although Dai et al. (2013) attempted to explore
the effects of different exercise modes on executive function
using a task-switching paradigm with predictable and frequent
switches in elderly subjects who regularly participated in either
open- (e.g., table tennis or tennis) or closed-skill (e.g., jogging or
swimming) exercise in the previous 3 months, they found that
similar exercise effects were observed in the P3 amplitude and
P3 latency, and in the reaction times (RTs) of both the global
and local switch costs, between the open- and closed-skill groups.
The results could be attributed to simple and well-established
psychological mechanisms elicited by such a task-switching
paradigm with repetition priming, during which participants
could prepare the new task set in advance, which resulted in
reducing the top-down, reconfiguration process (Friedman et al.,
2008). van Asselen and Ridderinkhof (2000) observed age-related
increases in specific switch costs when switches are infrequent
(20% occurrence) and unpredictable. We thus used a cognitive
task during which the switches occurred unpredictably and
infrequently, and cues signaling a switch were presented at the
same time as the target digits, as this is presumed to require
more cognitive processing load. Since switches are unpredictable
and/or occur infrequently in the open-skilled exercise situation,
and the elderly subjects participating in such an exercise mode
should have an advantage over those in the closed-skill one in
the task-switching paradigm, we hypothesized that the subjects
with long-term experience (i.e., at least 2 years) of open-skill
exercise would show better switch-related neuropsychological
and electrophysiological performances than those with only
closed-skill experience.

Methods

Participants
Sixty-four older adults aged between 60--77 years participated
in this study: 21 (seven females) in the open-skill group,
22 (eight females) in the closed-skill group, and 21 (eight
females) in the sedentary-behavior (control) group. Participants
in the open- and closed-skill groups separately participated
in either open- (e.g., badminton or table tennis) or closed-
skill exercises (e.g., jogging or swimming) at least three times
per week for 30 min per session in the previous 24 months.
Their demographic characteristics are presented in Table 1. All
participants reported being free of a history of brain injury,
cardiovascular or metabolic disease, neurological disorders, any
medications that influence central nervous system functioning,

Frontiers in Behavioral Neuroscience | www.frontiersin.org March 2015 | Volume 9 | Article 56 | 148

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Tsai and Wang Exercise modes, task switching, and aging

TABLE 1 | Demographic characteristics of the open-skill, closed-skill, and sedentary-behavior (control) groups.

Open-skill (n = 21) Closed-skill (n = 22) Control (n = 21) p

Age (years) 65.35 ± 4.21 66.03 ± 4.07 63.94 ± 3.36 0.211
Gender (female) 7 8 8 0.949
Height (cm) 164.32 ± 7.11 163.87 ± 7.50 163.94 ± 7.71 0.977
Weight (kg) 64.13 ± 10.48 62.75 ± 7.99 64.21 ± 8.98 0.841
Body Mass Index (kg/m2) 23.68 ± 3.16 23.40 ± 2.82 23.85 ± 2.75 0.874
Education (years) 13.71 ± 2.95 13.45 ± 3.49 12.86 ± 2.03 0.619
Systolic pressure (mmHg) 122.43 ± 23.35 126.95 ± 15.85 122.29 ± 26.45 0.736
Diastolic pressure (mmHg) 76.62 ± 12.19 80.64 ± 13.58 77.29 ± 11.76 0.533
Hypertension (male) 3 4 3 0.921
Hypertension (female) 2 1 0 0.350
MMSE 27.76 ± 1.30 28.23 ± 1.11 27.29 ± 1.52 0.072
BDI-II 3.29 ± 3.35 2.95 ± 3.27 5.00 ± 3.82 0.130
Social participation 9.33 ± 2.56 10.23 ± 1.97 10.76 ± 2.45 0.143
VO2max (mL/kg/min) 30.67 ± 6.56 32.81 ± 4.90 25.36 ± 4.66 <0.001∗

Memory depth 21.10 ± 4.19 21.55 ± 2.46 21.81 ± 2.99 0.777

MMSE: mini mental state examination; BDI-II: Beck Depression Inventory, 2nd edition; *: Post hoc analyses indicated that both values of VO2max are significantly higher in

the open- and closed-skill groups than the control group (open-skill vs. control: p = 0.010; closed-skill vs. control: p < 0.001).

and had normal (or corrected to normal) vision based on
the minimal 20/20 standard. None of the participants showed
any symptoms of psychiatric illnesses, such as depressive
symptoms (all scored below 13 on the Beck Depression
Inventory, 2nd edition (BDI-II, Beck et al., 1996)), dementia,
or mild cognitive impairment (all scored above 26 on the
Mini-Mental State Examination (MMSE, Folstein et al., 1975)).
Written informed consent, as approved by the Institutional
Ethics Committee of National Cheng Kung University, was
provided by all the subjects, who were paid NT $1500 for their
participation.

Experimental Procedure
The participants were required to make two visits to the
cognitive neurophysiology laboratory. On the first visit the
research assistant explained the experimental procedure, and
asked the participants to complete a medical history and
demographic questionnaire, MMSE, DBI II, a handedness
inventory (Chapman and Chapman, 1987), social participation
questionnaire (Wu, 2011), and an informed consent form.
VO2max was estimated by the Rockport Fitness Walking Test
(Kline et al., 1987), in which the participants were required to
walk one mile as quickly as possible, during which their heart
rate (HR) was continuously recorded using a Polar HR monitor
(RX800CX, Finland). Working memory was estimated by the
digit span component of the Wechsler-IV Adult intelligence test
(Wechsler, 2008). All of the participants’ heights and weights
were also measured to calculate their body mass indexes (BMI).

On the second visit in the same week the experimenter
explained the experimental procedure after the participants
arrived at the laboratory. The experiment was carried out in
an acoustically shielded room with dimmed lights. Initially,
the electrocap and electro-oculographic (EOG) electrodes were
attached to the subjects’ heads and faces before the test. Each
participant was then asked to sit comfortably in front of a
17′′ computer monitor, the display of which was driven by
an IBM compatible personal computer with a stimulation

system (Neuroscan Ltd., EI Paso, TX, USA). The distance
between the computer screen and the participant was 75 cm.
The task switching paradigm employed in the current study
was adapted from one previously used by Friedman et al.
(2008) with older adults. The stimulus was a white digit
(1--9, excluding 5) presented focally in the center of the screen
on a black background. The same digit was never repeated in
successive trials and all of the digits were grouped into eight
task blocks (blocks 1--2 and 7--8: homogeneous tasks; blocks
3--6: heterogeneous tasks), with a brief rest period in the middle
of each block. The homogenous (i.e., non-switch) blocks were
composed of 56 trials each. Within the homogenous block,
participants only responded if the digit was more or less than
5 (e.g., blocks 1 and 7), or if the digit was odd or even (e.g.,
blocks 2 and 8). The heterogeneous (i.e., task-switches) blocks
were composed of 112 trials, each with 10 switches. Within
the heterogeneous block, participants began with one task (e.g.,
even/odd) and then had to switch to the other (e.g., more/less
than 5), which was signaled by a simultaneously presented
rectangle drawn around the digit, after a minimum of seven or
a maximum of 13 intervening trials (See Figure 1). Participants
had to press one of two buttons on a small response box held
in both hands as quickly and accurately as possible. The digit
was presented on the screen until the participants pressed the
response button. The next trial began 500 ms following the RT
response. The prompts ‘‘more less’’ or ‘‘even odd’’ appeared
simultaneously with and below the digit for all trials, depending
upon the side of response that was appropriate to the task.
The response hand and homogenous/heterogeneous blocks were
counterbalanced across participants. Participants were given the
task instructions, and single-task as well as task-switch trials were
practiced before the formal test until the participants understood
the whole experimental procedure.

Electrophysiological Recording and Analysis
Electroencephalographic (EEG) activity was recorded from 18
scalp sites (F7, F8, F3, F4, Fz, T3, T4, C3, C4, Cz, T5, T6,
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FIGURE 1 | Schematic of the experimental paradigm. Only one example of
the switch blocks is depicted. Participants began with one of the two tasks
(odd/even or greater/less than 5) and were required to switch when a rectangle

surrounded the digit. The digit remained on the screen until the participant
responded, which initiated a 500 ms interval, after which the next digit was
presented. The paradigm was adapted from Friedman et al. (2008).

P3, P4, Pz, O1, O2, and Oz), using an elastic electrode cap
(Quik-Cap, Compumedics Neuroscan, Inc., El Paso, TX, USA)
designed for the International 10--20 System for scalp placement.
Horizontal and vertical EOG activity for eye movements was
monitored bipolarly with ocular electrodes placed on the supero-
lateral right canthus and infero-lateral to the left eye. Scalp
locations were referred to linked mastoid electrodes, while a
ground electrode was placed on the mid-forehead on the Quik-
Cap. Interelectrode impedance was below 5 kΩ. EEG and EOG
signals were recorded with an A/D rate of 500 Hz/channel, a
band-pass filter of 0.1--50 Hz, and a 60 Hz notch filter. These data
were continuously written to hard disk for off-line analysis using
SCAN4.3 analysis software (Compumedics Neuroscan, Inc., El
Paso, TX, USA).

ERP analysis epochs extracted off-line consisted of segments
from −200 ms of pre-stimulus activity to 800 ms of post-
stimulus activity. ERP averages were computed for each of the
digits during the switch blocks. Trials with a response error
or EEG artifacts (e.g., VEOG, HEOG, and electromyogram)
exceeding peak-to-peak deflections over 100 µV were rejected
before averaging.

Since the effects of task switching on the P2 and P3
components in the elderly were clearly visible in frontal-central
regions of the scalp in the current study (see also Kieffaber
and Hetrick, 2005; Friedman et al., 2008), six electrodes (F3,
Fz, F4, C3, Cz, C4) were analyzed in the current work. Two
types of ERP variables (i.e., amplitudes and latencies) were
measured. P2 and P3 mean amplitudes were calculated for 150-
-250 ms and 350--600 ms time intervals, respectively. Latencies
were measured within the latency window for every participant,
determined using the group grand average waveforms, and the

results were equivalent for ERP elicited by all conditions and
participants.

Data Processing and Statistical Analysis
Four conditions were subjected to the behavioral and
ERP statistical analyses: one (i.e., non-switch trial) during
homogeneous task blocks, and three (i.e., pre-switch, switch,
and post-switch trials) from switch blocks according to the
digit position relative to the switch trial (Friedman et al., 2008).
Only the behavioral and ERP data corresponding to correct
responses were analyzed. Three types of switch cost were
determined by the RTs performance: (1) general-switch cost was
determined by subtracting the mean RT between non-switch
trials during homogeneous blocks and pre-switch trials during
heterogeneous blocks; (2) specific-switch cost was determined
by subtracting the mean RT between pre-switch trials and
switch trials during heterogeneous blocks; and (3) post-switch
cost was determined by subtracting the mean RT between
pre-switch trials and post-switch trials during heterogeneous
blocks.

The results for the separate behavioral performance (e.g.,
accuracy rate and RTs) and ERP components (i.e., P2 and P3
latencies and amplitudes) were analyzed using a mixed design,
factorial, and repeated-measures analysis of variance (ANOVA).
With regard to the behavioral performance of the task switching
paradigm, Group (open-skill vs. closed-skill vs. control) was
the between-subjects factor, and Condition (pre-switch, switch,
post-switch, and non-switch trial types) was the within-subject
factor, with the accuracy rates and mean RTs of accepted trials
serving as the dependent variables. For the ERP P2 and P3
measures, Group (open-skill vs. closed-skill vs. control) was also
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the between-subjects factor, and Condition (pre-switch, switch,
post-switch, and non-switch trial types) and Electrode (F3, Fz,
F4, C3, Cz, C4) were the within-subjects variables. Where a
significant difference occurred, Bonferroni post hoc analyses
were performed. Significant alpha levels were adjusted with the
Greenhouse-Geisser (G-G) epsilon correction whenever a major
violation of the sphericity assumption was detected in repeated
measures ANOVA, with more than two degrees of freedom
(Vasey and Thayer, 1987). The effect size (i.e., partial η2: η2p) is
also reported to complement the use of significance testing, with
the following conventions adopted to determine the magnitude
of the mean effect size: <0.08 (small effect size), between 0.08
to 0.14 (medium effect size), and >0.14 (large effect size). Since
the correction factor reduces the degrees of freedom of the
usual F-test, and often results in non-integer values, only the
corrected probability values and degrees of freedom are reported.
In addition, since the neural processes responsible for switch
costs are elicited at the time of target presentation (Kieffaber
and Hetrick, 2005), sensitivity indices (general-, specific, and
post-switch cost for P2 and P3 latency and amplitude) were
also calculated, and the mean amplitudes and latencies of P2
and P3 were submitted to a series of Pearson product-moment
correlation analyses with the mean RT switch costs (i.e., general-,
specific-, and post-switch costs), respectively. A value of p< 0.05
was considered to be significant.

Results

As shown in Table 1, the three (i.e., open-skill, closed-skill,
and control) groups were matched at the group level on
age, height, weight, BMI, systolic and diastolic pressure (all
ps > 0.05). The levels of education, cognitive impairment, social
participation, depression, and memory depth (all ps > 0.05)
also revealed non-significant differences across the three groups.
Only the cardiorespiratory fitness showed significant differences
among the three groups (F(2,61) = 10.63, p < 0.001). Post hoc
comparisons demonstrated that the open- and closed-skill
groups had significantly larger maximal oxygen uptake (VO2max)
than the control group (open-skill vs. control: p = 0.001; close-
skill vs. control: p < 0.001), and the level of cardiorespiratory
fitness was matched between the open- and closed-skill groups
(p = 0.441).

Behavioral Performance
As seen in Figure 2, the results of repeated-measures ANOVA
on the mean accuracy rate revealed a significant main effect of
Condition (F(3,183) = 9.06, p< 0.001, η2p = 0.13), indicating that a
higher percentage of errors were found in the switch (88.0%) and
post-switch (87.7%) conditions relative to pre-switch (91.3%)
and non-switch (90.8%) ones. Neither significant main effects
of Group (F(2,61) = 0.04, p = 0.957) nor significant interactions
between Group and Condition (F(6,183) = 2.07, p = 0.093) were
obtained.

The repeated-measures ANOVA on the grand mean RT
data revealed a significant main effect of Group (F(2,61) = 3.35,
p = 0.042, η2p = 0.10), indicating that the control group
(1261.73 ms) showed overall slowing relative to the two

FIGURE 2 | Grand mean RT data (mean ± SD) for pre-switch, switch,
and post-switch trials during the heterogeneous blocks and
non-switch trials during homogeneous blocks in the open-skill,
closed-skill, and control groups (Note: The control group showed
overall slowing relative to the two exercise groups across the four
conditions; the open-skill group responded faster in the switch
condition than the close-skill or control groups).

exercise groups (open-skill: 1116.21 ms; closed-skill: 1141.6 ms)
across the four conditions. The main effect of Condition
(F(3,183) = 1861.58, p < 0.001, η2p = 0.97) was also significant,
with the following gradient: switch (1759.4 ms) > post-
switch (1229.64 ms) > pre-switch (855.65 ms) > non-switch
(847.68 ms). These main effects were superseded by the Time
× Condition (F(6,183) = 4.62, p = 0.001, η2p = 0.13) interactions.
Post hoc analyses indicated that the open-skill group responded
faster in the switch condition than the closed-skill or control
groups.

In terms of RT switch costs, one-way ANOVA showed only
a significant main effect of Group (F(2,61) = 7.30, p = 0.001) for
the specific-switch cost. Post hoc analyses indicated a smaller
specific-switch cost in the open-skill group (820.52± 112.54 ms)
than in the closed-skill (940.30 ± 144.3 ms) or control groups
(959.35± 124.51 ms).

Electrophysiological Performance
Figure 3 shows the grand-average ERP waveforms obtained from
the six electrodes in the three groups. The topography scalp
distribution maps of the stimulus-elicited positivities, P2 and P3
event-related potential components, for four conditions in the
three groups are illustrated in Figure 4.

P2 Latency
As seen in Figure 3, there was only a significant effect of
Electrode (F(5,305) = 4.68, p = 0.002, η2p = 0.07) on the P2 latency,
with the following gradient: Cz (190.42 ms) > C4 (187.62 ms)
> C3 (187.34 ms) > F4 (184.39 ms) > Fz (183.64 ms) > F3
(183.51 ms). No significant difference was observed between the
three groups in the P2 latency, without any other main effect or
interaction.
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FIGURE 3 | Grand-average ERPs for four conditions (pre-switch, switch,
post-switch, non-switch) at six electrodes (F3, Fz, F4, C3, Cz, C4) in the
open-skill, closed-skill, and control groups (9: open- and closed-skill

groups showed significantly larger P2 and P3 amplitudes than the
control group.; F: The open-skill group had a significantly larger P3
amplitude than the closed-skill and control groups).

P2 Amplitude
As seen from Figure 3, Group had significant effects
(F(2,61) = 12.88, p < 0.001, η2p = 0.30) on the P2 amplitude,
indicating that the open-skill (10.42 ± 2.10 µV) and closed-
skill (8.44 ± 2.25 µV) groups showed significantly larger
P2 amplitudes than the control (6.92 ± 2.38 µV) group
(open-skill vs. control, p < 0.001; closed-skill vs. control,
p = 0.016) across all conditions. There were significant
effects of Condition (F(3,183) = 5.96, p = 0.001, η2p = 0.09)
and Electrode (F(5,305) = 45.32, p < 0.001, η2p = 0.43) on the
P2 amplitude, with the following gradient: switch (9.21 µV)
> non-switch (8.78 µV) > pre-switch (8.49 µV) > post-switch
(7.91 µV) in the four conditions, and Fz (9.55 µV) > Cz
(9.27 µV) > F4 (8.94 µV) > F3 (8.51 µV) > C4 (8.05 µV)
> C3 (7.23 µV). The effects of the interactions of Group ×
Electrode (F(10,305) = 3.25, p = 0.001, η2p = 0.10), Condition
× Electrode (F(15,915) = 3.52, p < 0.001, η2p = 0.06), and

Group × Condition × Electrode (F(30,915) = 1.86, p = 0.004,
η2p = 0.06) on P2 amplitudes were also significant. However,
the effect of the interaction of Group × Condition was not
significant.

P3 Latency
No significant difference was observed between the three groups
in the P3 latency, without any other main effect or interaction
(see Figure 3).

P3 Amplitude
As shown in Figure 3,Group had significant effects (F(2,61) = 8.21,
p = 0.001, η2p = 0.21) on the P3 amplitude, indicating that the
open-skill (7.77 ± 2.09 µV) and closed-skill (6.72 ± 2.24 µV)
groups showed significantly larger P3 amplitudes than the
control (5.00± 2.40 µV) group (open-skill vs. control, p = 0.001;
closed-skill vs. control, p = 0.043) across all conditions. There
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FIGURE 4 | The topography scalp distribution maps of the stimulus-elicited positivities, P2 and P3 event-related potential components, for four
conditions (pre-switch, switch, post-switch, non-switch) in the open-skill, closed-skill, and control groups.

were significant effects of Condition (F(3,183) = 19.66, p < 0.001,
η2p = 0.24) and Electrode (F(5,305) = 19.27, p < 0.001, η2p = 0.24)
on the P3 amplitude, with the following gradient: pre-switch
(7.28 µV) > switch (7.16 µV) > non-switch (6.40 µV) > post-
switch (5.13 µV) in the four conditions, and F4 (7.30 µV)
> Fz (6.96 µV) > Cz (6.60 µV) > F3 (6.18 µV) > C3
(6.05 µV) > C4 (5.87 µV). The effects of the interactions of
Group × Condition (F(6,183) = 2.37, p = 0.031, η2p = 0.07),
Group × Electrode (F(10,305) = 3.01, p = 0.001, η2p = 0.09), and
Condition × Electrode (F(15,915) = 6.25, p < 0.001, η2p = 0.09)
on P3 amplitudes were also significant. In terms of the
significant effect of Group × Condition, post hoc analyses
revealed that, compared to the control group, the P3 amplitudes
were significantly larger in the two exercise groups in the
pre-switch, post-switch, and non-switch conditions; and the
open-skill group (8.69 ± 2.99 µV) had a significantly larger
P3 amplitude than the closed-skill (6.44 ± 2.78 µV) and
control groups (6.35 ± 3.00 µV) (open-skill vs. closed-skill:
p = 0.043; open-skill vs. control: p = 0.035) only in the switch
condition.

Correlation Analysis
Neither P2 nor P3 performance showed any pattern of
significant correlations with behavioral responses in the
general-, specific-, and post-switch costs in the three groups,
respectively.

Discussion

The purpose of this study was to explore the exercise-mode-
related changes in task-switching performance in the elderly.
The results of study confirm that, relative to the control
group, the two exercise groups exhibited shorter RTs and larger
P2 and P3 amplitudes across all conditions. In addition, the
elderly subjects participating in the open-skill exercise showed
smaller specific costs, and faster motor RTs and larger P3
amplitudes in the switch condition when compared to the closed-
skill or control groups when performing the task-switching
paradigm.

With regard to behavioral performance, the RT results
on the four conditions indicate that the four trial types
required increasing amounts of executive processing when the
participants performed the task switching paradigm, consistent
with a previous study (Friedman et al., 2008). That is, relative
to the pre-switch trials, switch and post-switch trials engendered
considerable prolongation of RTs, which produced specific
switch and post-switch costs, respectively. The difference in RTs
among the three groups was present across the four conditions
of the task-switch paradigm, in which the control group showed
significantly slower response times when compared to both
the open- and closed-skill groups, suggesting that the elderly
subjects who regularly participated in physical exercise displayed
a generalized reduction in the time efficiency of the central
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processing of cognitive functions in comparison to the sedentary-
behavior group. This is compatible with the findings in Hillman
et al. (2006) and Dai et al. (2013) that elderly people with
higher levels of physical activity or regular participation in
open- or closed-skill exercise showed shorter RTs than those
with less physical activity or irregular exercise. However, no
differences in accuracy rates among the three groups were
found in this study, and this supports the view that the RT
differences across all conditions could be attributed to the
differences in processing time between the control group and
the two exercise groups, demonstrating that the generalized
reduction in the time efficiency of the central processing of
cognitive functions could be regarded as a general advantage of
regular participation in sports and other forms of exercise over
a sedentary lifestyle (Di Russo et al., 2010; Tsai et al., 2014a,
2015).

On the other hand, the open-skill group showed faster RTs
in the switch condition than the closed-skill or control groups.
Given that participating in the open-skill exercise modes could
facilitate differential advanced preparation for an upcoming
switch (Di Russo et al., 2010), these findings indicate that the
elderly people engaging such an exercise mode could become
better at switching from one task to another, as this constantly
happens in an open-skill exercise environment. The open-skill
group also had a lower specific-switch cost than the closed-skill
and control groups, in contrast to the results in Dai et al. (2013),
which reported that the facilitative effect of open-skill exercise
was not observed in local switch costs (i.e., the RT differences
between the switch and non-switch trials in the heterogeneous
condition). There are several plausible mechanisms for the
contrasting results. First, the switch predictability in switch-
related processing was different in the task-switching paradigms
used in the current and earlier works. Dai et al. (2013) adopted
a series of pair-trials (e.g., AABBAABB) in their cognitive task,
which made a greater demand on working memory, because
the participants needed to remember where they were in the
sequence. In the current study, one task (e.g., even/odd) switches
to the other (e.g., more/less than 5) after a long repetition
of sequences (i.e., a minimum of seven or a maximum of 13
intervening trials), and this design could produce a great deal of
interference from the prior task set on the switch trial. Moreover,
the infrequent occurrence of switch trials (less than 10%) in the
present study meant that it was difficult for the participants to
predict when a switch would occur, and thus they were likely
to adopt a strategy of keeping the current task set in their
working memory, and reconfigured this to suit a new task set
only when a change in task was signaled by the cue (Monsell
and Mizon, 2006; Friedman et al., 2008). Further, given the lack
of a cue-and-target preparatory interval in the task-switching
paradigm in the present study, the participants did not have
enough time to reallocate attention to the new task set according
to the cue preceding the target, nor update the procedural
rules by retrieving them from memory. Since open-skill exercise
could favor response flexibility and foster greater stability of
motor responses, and the open-skill exercise environment is
unpredictable and always changing (Di Russo et al., 2010), the
elderly subjects who regularly participated in such an exercise

mode could see greater cognitive flexibility when switching from
pre-switch to switch trials during the heterogeneous conditions,
as designed in the current study.

In addition, no difference in the general-switch cost was found
in the current study, suggesting that the process of selecting
between and coordinating the two competing tasks appeared
to be comparable among the three groups (Friedman et al.,
2008). However, the facilitative effect of open-skill exercise
in the elderly was observed with regard to the global switch
cost (i.e., the RT differences between the homogeneous and
heterogeneous conditions) in a previous study (Dai et al., 2013).
As noted earlier, these discrepancies may result from procedural
differences in the task-switching paradigm. Since Dai et al. (2013)
adopted an alternating runs paradigm with a lack of switch
cues, the participants had to keep track of which task rules were
operative and the sequence of the trials, which would produce
higher working memory loads. In contrast, when the participants
performed the task-switching paradigm in the current study,
a cue carried task-relevant information to remind them of the
response key assignments on each trial. Accordingly, the lower
working memory demands could, at least in part, have led
to the similar general-switch costs found in the present study
(Friedman et al., 2008).

Event-related potential P2 is associated with a unique
component of switch cost (Kieffaber and Hetrick, 2005). In the
present study, the P2 latencies were not significantly different
between the three groups. However, there was a significant
Group effect on the P2 amplitude, indicating that two exercise
groups showed significantly larger P2 amplitudes across all
conditions relative to the control group. Previous studies have
demonstrated that the elderly need to meet more processing
demands during maintenance and retrieval of two task sets
concurrently held in working memory when performing a task-
switching paradigm task (DiGirolamo et al., 2001; Goffaux et al.,
2006). Since P2 amplitude is sensitive to task switching when
a shift of target modality is involved (Kieffaber and Hetrick,
2005; Adrover-Roig and Barceló, 2010), the findings of the
present study thus lend support to the hypothesis that regularly
participating in the physical exercise (e.g., open- and closed-
skill modes) could facilitate better cognitive control with regard
to task-set activation (i.e., inhibitory control of responses for
a previously performed task) among elderly subjects (Cepeda
et al., 2001; Periáñez and Barceló, 2009), and/or enhanced cue-
task retrieval processes (West and Travers, 2008). Although
none of the earlier studies tried to explore the relationship
between exercise and cognition with regard to the effects of
this on the P2 components when elderly subjects performed
a task-switching paradigm task, one previous study did find a
positive association between physical activity and error-related
negativity in elderly individuals, reflecting a greater efficiency
in dealing with the conflicts arising during trials among those
subjects who engaged in more physical activity (Themanson
et al., 2006). It is worth pointing out that P2 component is
associated with switch cost (Kieffaber and Hetrick, 2005), and
thus the two exercise groups which showed larger P2 amplitudes
should exhibit better performance with regard to these costs.
However, only the open-skill group had smaller specific-switch
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costs when compared to the closed-skill and control groups.
Indeed, previous studies found that the magnitude of switch
costs does not depend on the amount of physical activity in
the elderly (Hillman et al., 2006; Themanson et al., 2006). In
addition, Themanson et al. (2006) found that sedentary elderly
adults who engaged in erobic exercise (a closed-skill exercise
mode) for 6 months showed a significantly greater reduction in
the magnitude of the switch cost when compared to those in the
strength and flexibility exercise (also a closed-skill exercisemode)
group. Given the results of the current and previous studies,
cardiorespiratory fitness seems to be the potential facilitative
factor with regard to the P2 amplitude in the elderly. However,
only the elderly who engaged in open-skill exercise and also had
a higher cardiorespiratory capacity exhibited the beneficial effect
on specific-switch cost. In addition, the switch sensitivities of
the P2 and P3 components were not related to the RTs in the
general-, specific-, and post-switch costs in the current study,
indicating that the stimulus-dependent neural processes may
not contribute to RT switch costs in the current task-switching
paradigm, and the elderly with higher cardiorespiratory fitness
via different exercise modes could see distinctive behavioral and
electrophysiological effects.

The P3 latencies were not significantly different among the
three groups, suggesting that all participants showed similar
perceptual/central processing (Polich, 1997) when performing
the task-switch paradigm task in the current study. The main
Group, Condition, and Group × Condition effects on P3
amplitude were revealed in the present study. The P3 amplitude
observed in the current study reflects task-set updating processes
and attentional allocation to the stimuli in the service of
updating the memory (Polich, 1997; Friedman et al., 2008).
There were significant differences in the P3 amplitudes among
the four conditions in the current task-switching paradigm
for the elderly participants, demonstrating that the frontal-
central networks responsible for task-set updating processes
and attentional allocation were not compromised in the elderly
subjects in the present study when performing the cognitive
task. Additionally, this finding also suggests that the elderly
participants’ reconfiguration of response mapping specific to
different conditions was intact, which could appropriately reflect
the neural mechanisms at work in processing the current task-
switching paradigm. In terms of between-group comparison,
the two exercise groups showed larger P3 amplitudes across all
conditions relative to the control group, similar to the finding
in Hillman et al. (2006) of a larger P3 amplitude for the active
rather than for the sedentary elderly when performing the task
switching paradigm. Given the lack of preparatory interval and
the lower infrequency of switches in the cognitive task, the
participants must allocate their attentional resources to predict
when a switch would occur and to prepare a new task set before
cue occurrence. Since elderly people have been found to have
difficulties in reallocating attentional resources (Friedman et al.,
2001), and to suffer from age-related disturbances in the task-
set updating process (West and Moore, 2005), the results of the
current study indicate that regularly participating in physical
exercise seems to facilitate the attentional set that makes it
possible to better evaluate the stimulus in either of the two tasks.

The open-skill group showed a significantly larger P3
amplitude in the switch condition when performing the task-
switching paradigm compared to the closed-skill and control
groups. Since the P3 amplitude in such a condition reflects the
collection of processes subsumed under the construct of the
task-set reconfiguration (Karayanadis et al., 2003; Kieffaber and
Hetrick, 2005; Nicholson et al., 2005), and cognitive processing
plasticity can be modulated by the execution of the open-skill
exercises (Fontani et al., 1999; Iwadate et al., 2005), the current
study seems to demonstrate that participating in the open-
skill exercise mode could enhance these cognitive processes in
the elderly subjects. However, the task-set updating processes
in the homogeneous task, pre-switch condition, and post-
switch condition were not be affected by the different types
of exercise. Additionally, the larger P3 amplitude of the open-
skill group only appeared in the switch condition, implying
that the enhanced P3 amplitude was selective for cognitive
processing related to tasks requiring stimulus perception and
identification, task-set updating, response conflict detection
and monitoring processing (Friedman et al., 2008). However,
this finding for P3 amplitude differed to that in a previous
study (Dai et al., 2013), in which the closed-skill and open-
skill groups showed similar electrophysiological performances
in the P3 component (e.g., P3 amplitude and P3 latency) in
the homogenous and heterogeneous blocks. The most likely
explanation for the contrasting results might be the elderly
subjects’ exercise experience (3 months in Dai et al.’s (2013)
study vs. 24 months in the current study), and the different
characteristics of the task-switch paradigm, as mentioned above.
Since attentional allocation and cognitive processing are more
susceptible to the effects of interceptive sports (e.g., badminton
and table tennis) than static ones (e.g., swimming and jogging)
(Voss et al., 2010), and cognitive adaptations (e.g., strengthened
synaptic neurotransmission and increased neurogenesis) are
available in complex environments that engage rich cognitive
loadings (van Praag et al., 2000; Artola et al., 2006; Gajewski
et al., 2010), we assumed that the elderly subjects participating
in the open-skill exercise for longer periods would see greater
behavioral and neurobiological consequences with regard to
specific switching aspects of the executive functions (van Praag
et al., 2000; Dai et al., 2013).

Although we rigorously controlled some important factors
which could mediate the exercise-cognition association (e.g.,
blood pressure, depression and social stimulation, Miller
et al., 2012), there are still some potential limitations in
the current study. First, the elderly subjects with higher
cardiorespiratory fitness (i.e., open- and closed-skill groups)
showed better behavioral and electrophysiological performances
when performing a cognitive task involving executive control
compared to those with lower cardiorespiratory fitness (i.e.,
the control group). The results conform to the trend seen
in a large number of previous studies (Hillman et al., 2006;
Themanson et al., 2006; Netz et al., 2011; Frederiksen et al.,
2014), showing that a general reduction in cardiorespiratory
fitness and lower physical activity levels may contribute
to worse executive control functioning. However, when the
elderly subjects with higher cardiorespiratory fitness were
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categorized into open- or closed-skill exercise mode groups in
the present study, we found more detailed differences in the
behavioral and electrophysiological performances between the
two elderly groups, as mentioned above. However, previous
studies demonstrated that cardiorespiratory fitness is the main
factor that affects cognitive processing (Stroth et al., 2009;
Tsai et al., 2014b). It remains an open question as to whether
elderly subjects participating in the open-skill exercise mode
and with abundant exercise experience, but without higher
cardiorespiratory fitness, could still exhibit different cognitive
performances on specific switch aspects of executive functions
in the task-switching paradigm. Future research efforts should
thus address this issue. Secondly, the present experiment was a
cross-sectional study, and thus the elderly subjects participating
in the open-skill exercise mode might inherently have had better
executive functioning (e.g., task switching) compared to their
counterparts participating in the closed-skill exercise mode, and
this may have induced them to adopt this kind of exercise,
and thus also show better behavioral and electrophysiological
performances in the switch condition when performing the
task-switching paradigm. Future studies could thus examine
the contributions of different exercise-mode mechanisms
responsible for the specific types of executive-control functioning

via longitudinal experiments regarding specific exercise-mode
interventions, in which elderly subjects without any exercise
experience are randomly assigned to different exercise modes
(Snowden et al., 2011).

A healthy lifestyle is well known to protect against the
development of numerous medical disorders. Indeed, the elderly
subjects who regularly participated in open- or closed-skill
exercise exhibited better behavioral and electrophysiological
performances when performing the task-switching paradigm
in the current study. Additionally, given that participating in
open-skill exercise stimulates specific types of executive-control
functioning, open-skill exercise (e.g., table tennis or badminton)
could be an effective physical activity mode that can help
elderly people to better deal with two competing tasks and
task-set/memory updating processing, especially in the switch
condition.
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Spontaneous movement tempo (SMT) was a popular field of study of the Gestalt
psychologists It can be determined from subjects freely tapping out a rhythm with their
finger, and it has been found to average about 2 Hz. A previous study showed that SMT
changed after the observation of rhythmical movements performed at frequency different
from the SMT. This effect was long-lasting only when movement execution immediately
followed action observation (AO). We recently demonstrated that only when AO was
combined with peripheral nerve stimulation (AO-PNS) was it possible to induce plastic
changes in the excitability of the motor cortex, whereas AO and PNS alone did not
evoke any changes. Here we investigated whether the observation of rhythmical actions
at a frequency higher than the SMT combined with PNS induced lasting changes in
SMT even in absence of immediate movement execution. Forty-eight participants were
assigned to four groups. In AO-PNS group they observed a video showing a right
hand performing a finger opposition movement sequence at 3 Hz and contemporarily
received an electrical stimulation at the median nerve; in AO group and PNS group
participants either observed the same video or received the same electrical stimulation
of the AO-PNS group, respectively; in LANDSCAPE group subjects observed a neutral
video. Participants performed a finger opposition movement sequence at spontaneous
movement rate before and 30 min after the conditioning protocols. Results showed that
SMT significantly changed only after AO-PNS. This result suggested that the AO-PNS
protocol was able to induce lasting changes in SMT due to neuroplasticity mechanisms,
indicating possible application of AO-PNS in rehabilitative treatments.

Keywords: spontaneous movement tempo, action observation, peripheral nerve electrical stimulation, finger
opposition movements, memory retention

Abbreviations: SMT, spontaneous movement tempo; AO, action observation; PNS, peripheral nerve stimulation; AO-PNS,
action observation-peripheral nerve stimulation; TD, touch duration; ITI, inter-tapping interval.
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Introduction

Rhythm and time play an essential role in many of the behaviors
we engage in everyday life. Indeed, actions take place in a
dynamic environment where successful interactions require a
correct perception of how the action evolves in time. For that
reason, an efficient representation of an action’s temporal pattern
is a prerequisite for appropriate reactive and proactive behaviour.

Although each individual has its own spontaneous and
preferred rhythm, a number of voluntary movements show a
common ‘‘spontaneous movement tempo’’ (SMT). SMT was a
popular field of study of the Gestalt psychologists in the first half
of the 20th century. It can be simply determined from subjects
freely tapping out a rhythm with their hand or fingers (Vanneste
et al., 2001;McAuley et al., 2006).McAuley et al. (2006) suggested
that individual SMT refers to the rate of a putative endogenous
oscillator. Further, behavioural measures demonstrated that
SMT and preferred perceptual tempo are strongly correlated
indicating this oscillator as a central mechanism (McAuley et al.,
2006; Michaelis et al., 2014). As a consequence, SMT would not
be merely confined to the motor domain but it would be the
expression of an overall mechanism, which could influence the
perception of time.

Bove et al. (2009) showed that SMT could be modified
through action observation (AO). Indeed, the observation of
repetitive finger opposition movements at a frequency different
from the spontaneous one produced tempo’s changes that closely
resembled the observed rhythms and that were long-lasting.
However, the observation–execution interval had a significant
effect on learning: the larger was the interval between the
observation and the first movement execution, the weaker was
the effect on the SMT. Notably, when the motor task was
executed for the first time 45 min after the video, there were no
significant SMT changes. In general, it has been proposed that
memory of the behavioural aspects of an observed rhythmical
action can be formed only when movements are promptly
executed after video observation (Zhang et al., 2011).

In a previous study (Bisio et al., 2015) we proposed an
original stimulation paradigmwhere the observation of repetitive
thumb-index tapping movements performed with the right hand
was coupled with the right median nerve electrical stimulation
at the level of the wrist (action observation—peripheral nerve
stimulation, AO-PNS). AO-PNS induced an increase of the
left primary motor cortex excitability in the muscle involved
by the stimulations that was maintained up to 45 min after
the stimulations, suggesting that the conditioning protocol was
able to evoke neuroplastic changes at a cortical level. This
study focused on a physiological marker of neuroplasticity
(i.e., changes of corticomotor excitability) and it is currently
unclear whether the cortical phenomena induced by this
new multimodal training paradigm convey also modifications
of the motor performance (Wenderoth, 2015). Theoretically,
different aspects of movement kinematics can be changed by
means of AO-PNS, including temporal patterns, as the SMT
during motor performance. It could be hypothesized that the
combination of AO and peripheral nerve stimulation (PNS)
could induce a lasting modification of the SMT even in absence

of voluntary movement execution. In other words, one could
assume that the lasting changes in the cortical excitability
following AO-PNS might be associated with modifications
of the SMT. This would mean that AO-PNS is able to
modify a behavioral response without requiring a movement
execution.

To test this hypothesis, in the present study a group of
participants was asked to perform a repetitive finger opposition
movement sequence at spontaneous frequency before and 30min
after observing the same movements at 3 Hz (i.e., a frequency
higher than the spontaneous one) and contemporarily receiving
an electrical stimulation of the right median nerve (AO-PNS
group). Results on movement’s kinematics were compared
with those obtained in other three control groups, which
received AO and PNS alone (AO group and PNS group,
respectively) or observed a video showing different landscape
images (LANDSCAPE group).

Materials and Methods

Participants
Forty-eight participants (24 females and 24 males, mean age:
25.6 ± 4.3 years), naive to the purpose of the experiment,
were recruited for this study. They reported no previous
history of neurological disorders or orthopedic problems for
the right-dominant hand—as determined by the Edinburgh
Handedness Inventory (Oldfield, 1971), and they participated in
this study after giving an informed consent. The experimental
protocol was approved by the ethics committee of the University
of Genoa and was carried out in agreement with legal
requirements and international norms (Declaration of Helsinki,
1964).

Once enrolled, participants were randomly assigned to one
of the four experimental groups: 12 participants (6 females and
6 males, mean age: 25.4 ± 4.1 years) joined the AO-PNS group
whilst the remaining were divided in equal numbers in the three
control groups: 12 (7 females and 5 males, mean age: 26 ± 4.8
years) to the AO group, 12 (6 females and 6 males, mean age:
25.2± 4.7 years) to the PNS group, and 12 (5 females and 7males,
mean age: 25.9 ± 4.1 years) to the LANDSCAPE group.

Study Design
Participants were seated in a comfortable chair in a quiet room
and wore a sensor-engineered glove (Glove Analyzer System,
GAS; ETT S.p.A., Italy) on their right hand. The glove is made
in lycra and on the top of each finger conductive wires are
placed to record the contact between the thumb and the other
fingers. This system was previously used to study finger motor
performance in both healthy subjects (Bove et al., 2009) and
neurological patients (Bonzano et al., 2013; Pelosin et al., 2013).
In the present study this system allowed the evaluation of the
temporal properties of finger’s movement. Participants were
instructed to execute at spontaneous velocity two blocks, each
one composed of five repetitive sequences of finger opposition
movements: opposition of thumb to index, medium, ring and
little fingers (PRE). Thus, each block consisted in a set of
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20 individual movements, four in each sequence. An eyes-
closed paradigm was chosen to avoid possible confounding
effects due to the integration of external visual information.
All the participants had a short familiarization session during
which they had to perform one sequence at their spontaneous
velocity.

Depending on the group, participants received one of the four
different conditioning protocols. In AO-PNS group, participants
were requested to look at a computer screen where a video
showing a right hand performing repetitive finger opposition
movements was displayed. This movie clip was obtained by
filming on a black background the right hand of a human
demonstrator who performed a finger opposition movements
sequence (thumb towards index, middle, ring, and little fingers)
paced with a metronome at 3 Hz. While observing the visual
stimulus a total of 311 electrical stimuli (stimulation frequency
0.37 Hz) were delivered on the median nerve of the right wrist,
for a total duration of 840 s (i.e., 14 min). This means that
subjects observed 2520 finger opposition movements, grouped
in a total of 630 sequences. The frequency of the electrical
stimulation was set in order to administer to the subject an
electrical stimulus every eight finger’s opposition movement (in
correspondence to the thumb-index closing phase), as already
proposed in our previous study (Bisio et al., 2015). A MatLab
custom-made software managed the synchronization between
the video presentation and the electrical stimulations. Electrical
stimuli were applied through a bipolar electrode (cathode
proximal) connected to a Digitimer constant current stimulator
(DS7AH HV, Digitimer Ltd., UK), using a square wave pulses
(duration 1 ms) at an intensity of three times the perceptual
threshold (Ziemann et al., 2004). To find the perceptual threshold
the experimenter placed the electrode on the right wrist in
a position corresponding to the median nerve location. The
electrical stimulation was delivered at different intensities in
a random order with the aim to find the lowest intensity
perceived by the participant, who was verbally questioned by
the experimenter. This value was considered the perceptual
threshold. Then, the intensity of stimulation was increased to
three times the perceptual threshold, intensity able to excite
also the motor fibers of the mixed median nerve, i.e., to evoke
a small twitch in the innervated muscle (abductor pollicis
brevis). All subjects tolerated this intensity of stimulation. No
audio accompanied the video presentation. Additionally, to
keep participants attentive on the visual stimulus, a dot was
superimposed for 1 s over the video. A total of 18 dots appeared
on the screen during the video administration in a random
position with respect to the depicted hand. Participants were
asked three times, in a random instant of the video, to count
the total number of dots appearing during video observation
and the experimenter questioned them during the experiment. In
AO group and PNS group the subjects either observed the same
video (AO group) or received the same electrical stimulation
(PNS group) of the AO-PNS group. To control for attention,
participants in AO group counted the total number of dots
appearing on the screen whereas participants in PNS group
counted the total number of electrical stimulation they received.
In the LANDSCAPE group participants looked at the computer

screen where a sequence of landscape images alternated at
random frequency. This condition was introduced to evaluate
the potential kinematic effects due to the repetitions of the
task. As in AO-PNS group and in AO group, participants
had to count the total number of dots appearing on the
screen. Participants were then kept relaxed in the laboratory
for 30 min after the end of the conditioning protocol. In this
period they were requested to read a book and not to train
themselves in the motor task they previously performed. At the
end of this period, they accomplished for a second time two
blocks of five finger opposition movement sequences (POST;
Figure 1).

Data Processing and Statistical Analysis
Data from glove were processed with a customized software
(GAS, ETT, S.p.A., Italy). Touch duration (TD; i.e., the contact
time between the thumb and another finger, ms) and inter-
tapping interval (ITI; i.e., the time interval between the end of
a thumb-to-finger contact and the beginning of the subsequent
contact in the finger motor sequence, ms) were extracted from
the acquired data. The software provided the mean values
of the parameters for each block. Therefore, a single mean
TD value and a single mean ITI value were provided for
each block. TD and ITI were considered as outcome variables
together with finger’s movement rate, which was calculated as
1000/(TD + ITI) (Hz) (Figure 2A).

All the variables were normally distributed according to the
Shapiro-Wilk W test. The mean values of the parameters over
the blocks in PRE and POST epochs were submitted to the
statistical analyses. Mixed-designed ANOVAs with EPOCH, as
within subject factor (PRE, POST) and GROUP, as between
subject factor (AO-PNS, AO, PNS, LANDSCAPE) were applied

FIGURE 1 | Experimental protocol. (A) Timeline. The kinematics of finger
opposition movements were tested before (PRE) and 30 min after (POST)
each conditioning protocol by mean of a sensor-engineered glove. (B)
Conditioning protocols. The experiment consisted of four conditioning
protocols. During Action Observation-Peripheral Nerve Stimulation (AO-PNS)
311 electrical stimulations of the median nerve of the right wrist were
administered to the participant while she/he was observing a video showing
finger opposition movements paced at 3 Hz: opposition of thumb to index,
medium, ring and little fingers. The electrical stimulation was delivered during
the thumb-index closing phase. Action Observation (AO), Peripheral Nerve
electrical Stimulation (PNS) and LANDSCAPE observation alone were here
considered as control conditions. During AO and PNS the subjects either
observed the same video (AO group) or received the same electrical
stimulation (PNS group) of the AO-PNS group. During LANDSCAPE
observation (LANDSCAPE group) participants looked at the computer screen
where a sequence of landscape images alternated.
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to evaluate the effect of the conditioning protocols on finger
motor performance. Newmann-Keuls post hoc tests were used
to explore significant interactions. Values are presented as
means ± standard error.

Results

The main finding of the present study was that only subjects who
received the AO-PNS protocol increased their SMT, whilst no
modifications occurred in the three control groups. The single-
subject movement rate values in PRE and POST epochs are
quantified in Figure 2B together with the mean movement rate
values.

Statistical analysis on movement rate showed a significant
EPOCH∗GROUP interaction (F(3,44) = 9.38, p < 0.001). Post hoc
comparisons revealed that before the conditioning protocols
movement rate did not significantly differ among groups (PRE
movement rate in AO-PNS: 2.07 Hz ± 0.07; AO: 2.04 Hz ± 0.07;
PNS: 2.18 Hz ± 0.06 and LANDSCAPE: 1.94 Hz ± 0.06;
p always >0.2).

Movement rate significantly increased 30 min after the
conditioning protocol with respect to baseline only in the
AO-PNS group (POST: 2.63 Hz ± 0.08, PRE vs. POST:
p = 0.0001), whereas no significant differences were found
when comparing PRE and POST values of movement rate
in the other groups (in AO, PNS and LANDSCAPE, PRE
vs. POST: p always <0.2). Accordingly, after the conditioning

FIGURE 2 | Movement rate. (A) Finger-opposition movements sequence.
The upper colored lines symbolize the touch duration (TD) and the lower black
line stands for the interval between two consecutive finger opposition
movement (inter-tapping interval, ITI). The colors code the finger. (B)
Quantitative representation of the single-subject movement rate (Hz) in PRE
and POST epochs (colored lines). Black lines show mean movement rate
values for each experimental group: AO-PNS, AO, PNS and LANDSCAPE.
**indicate significantly higher frequency in POST than PRE values (p < 0.001).

protocol (POST) movement rate values in AO-PNS group
were significantly higher than those evaluated in AO group
(2.26 Hz ± 0.08, p = 0.009); PNS group (2.23 Hz ± 0.08,
p = 0.01) and LANDSCAPE group (1.91 Hz ± 0.08,
p = 0.0001).

The mean values of TD and ITI are represented in
Figures 3A,B, respectively. In the group of participants who
experienced AO-PNS it is possible to observe a noticeable
decrease of both TD and ITI values, differently to what
happened in the groups who received the other conditioning
protocols.

Statistical analysis showed a significant interaction
(EPOCH∗GROUP) for both TD (F(3,44) = 8.12, p < 0.001)
and ITI (F(3,44) = 3.77, p < 0.05). Post hoc comparisons
revealed no significant differences among groups in
TD and ITI before the application of the conditioning
protocols (PRE) (TD in AO-PNS: 226.03 ms ± 14.02;
AO: 224.86 ms ± 10.57; PNS: 215.15 ms ± 8.59 and
LANDSCAPE: 214.64 ms ± 18.52; p always <0.7; ITI in
AO-PNS: 279.49 ms ± 16.64; AO: 289.29 ms ± 15.66; PNS:
257.65 ms ± 9.06 and LANDSCAPE: 325.87 ms ± 27.3;
p always <0.2).

When comparing PRE and POST characteristics of finger
opposition movements, among the different conditioning
protocols tested, only AO-PNS was able to induce a significant
decrease of TD (POST: 186.97 ms ± 9.28, p = 0.0004) and ITI
(POST: 212.27 ms ± 11.88, p = 0.0005). Indeed we did not find
any significant changes in TD and ITI when comparing PRE and
POST in the AO (TD: 203.91 ms ± 12.02, p = 0.09; ITI: 253.59
ms ± 14.94, p = 0.13); PNS (TD: 209.6 ms ± 12.01, p = 0.77;

FIGURE 3 | Touch duration and inter-tapping interval. The TD (A) and the
ITI (B) are represented for each experimental group before (PRE-blues) and 30
min after (POST-red) the conditioning protocol. Mean data ± standard error
are shown; ** indicate significantly higher frequency in POST than PRE values
(p < 0.001).
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ITI: 257.46 ms ± 14.94, p = 0.98) and LANDSCAPE (TD: 230.04
ms ± 12, p = 0.33; ITI: 308.74 ms ± 14.95, p = 0.25) groups.

Discussion

The present study focused on the concept of SMT and on how
SMT can change following a multimodal training paradigm.
In particular, we explored whether AO combined with the
peripheral nerve electrical stimulation was able to induce lasting
modifications in SMT, even in absence of motor execution.
Indeed, from previous studies, we already knew that AO per
se is able to induce motor learning: i.e., lasting changes in
motor performance (Bove et al., 2009; Zhang et al., 2011).
However, these studies highlighted the crucial role played by
motor execution in consolidating what has been learnt by
means of AO. As an example, Bove and coworkers showed that
immediately after AO participants’ movement rate approached
the rate of the observed movement. Instead, when participants
were tested for the first time 45 min after AO, SMT did
not change (Bove et al., 2009), suggesting that the absence of
instantmovement execution prevented the acquisition of the new
temporal pattern.

In order to overcome this issue, in the present study a
group of participants was required to perform a rhythmical
finger opposition movement sequence at spontaneous velocity
before and 30 min after observing the same movements at a
frequency higher than the spontaneous one, and contemporarily
receiving an electrical stimulation of the right median nerve
(AO-PNS group). Results on movement’s kinematic showed that
participants’ SMT was differently modulated by the different
conditioning protocols. When AO was delivered together with
peripheral nerve electrical stimulation (AO-PNS), it resulted in
a global reorganization of the motor response: an increase in
spontaneous movement rate that was due to both a decrease
of TD and a decrease of ITI. Notably, this effect occurred 30
min after the end of AO-PNS protocol, despite the subjects
were explicitly asked not to execute the observed action.
This finding indicates that, even in absence of voluntary
movement execution, it was possible to induce a lasting
modification of the SMT, suggesting that AO-PNS not only
affects motor cortex excitability (Bisio et al., 2015) but also motor
response.

If we focus on the mechanisms that produced the observed
modifications in SMT after AO-PNS, an intriguing finding is
that both TD and ITI significantly contributed to this result.
ITI is likely to represent a pure motor component of the whole
motor task, whereas TD may be regarded as the combination
of a sensory phase and a motor preparation phase in which the
successive movement is correctly planned prior to the execution.

As concerns the decrease of the ITI, this might be caused
by the automatic imitation of the observed movement rhythm:
i.e., in order to increase movement speed the time spent
to move from the contact of one finger to the subsequent
one decreased. This result was shown also in the work of
Pelosin and collaborators (Pelosin et al., 2013), where healthy
adults and patients with Parkinson’s disease received an AO
paradigm. In that study the increase in spontaneous movement

rate was caused by the reduction of ITI and the authors
suggested that AO was able to provide information dealing
with the dynamic part of movement (transition between a
finger to the successive one). In the present work, AO training,
as well as PNS and LANDSCAPE trainings, did not induce
changes in ITI. The discrepancy between the present findings
and those of Pelosin and coworkers (Pelosin et al., 2013) is
likely to be due to the time interleaved between the training
and the first movement execution. Indeed, the lack of an
immediate comparison between the ‘‘observed’’ or visual and
the ‘‘experienced’’ or somatosensory representations might have
prevented the consolidation of the kinematic details of the
observed motion.

Here the increase in spontaneous movement rate after
AO-PNS was triggered also by the decrease of TD. The
time of contact is the time to integrate the perceptual
information and to plan the following movement. This
result suggests that the plasticity evoked by AO-PNS is not
limited to pure corticomotor mechanisms but rather involves
also those cortical areas devoted to the processing of the
sensory component of an action, leading to a sensorimotor
plasticity. Therefore, not only sensory but also of frontal
areas involved in motor planning should be activated by
AO-PNS.

Participants’ movement rate did not change after AO, PNS
and LANDSCAPE protocols. This result was expected in the
group that observed the alternation of landscape images since the
video did not display movements or, in general, anything related
to rhythm. In the matter of AO and PNS alone this finding is in
line with our previous study, where we showed the absence of
changes in cortical excitability after 14 min of either AO or PNS
alone (Bisio et al., 2015).

As in our previous work (Bisio et al., 2015), the present
findings highlight the main role of the somatosensory feedback
during AO in evoking a modification of the response of the
motor system, here proved by the changes of participants’
SMT. We can speculate that, in the group who received AO-
PNS, the peripheral electrical nerve stimulation consolidated the
kinematic information acquired via AO, leading to the observed
change of SMT. This modification might have occurred through
the integration of the visual and the somatosensory information
in M1. Indeed, AO activates the frontal part of the mirror
neuron system that, in turn, activates M1 through cortico-
cortical connections. Here, this activity would combine with that
evoked by afferent information generated by PNS, leading to an
enduring increase of M1 excitability (Bisio et al., 2015) and, in
the present study, to the modification of SMT.

Several works focused on the application of AO as a tool to
modify the spontaneous features of the human motor behavior
in healthy subjects and neurological patients. These studies took
advantage of the activity of the mirror neuron system, a neural
circuit that is active during movement or passive observation
of movement (Rizzolatti and Craighero, 2004). Most of them
evaluated the effects onmotor performance or on cortical activity
evoked by the observation of movements combined with physical
practice, where the latter could be executed simultaneously, as
in the case of on-line motor imitation, or immediately after
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AO, leading to an off-line imitative performance. For instance,
when AO and physical practice were applied simultaneously
it was shown that this combination was more effective to
induce both plastic changes in primary motor cortex and motor
performance improvements than physical practice or AO alone
(Celnik and Cohen, 2004; Stefan et al., 2005, 2008; Celnik et al.,
2006, 2008; Bove et al., 2009; Pelosin et al., 2013). Nevertheless,
in these studies the first testing epoch immediately followed
video observation. Therefore, one can conclude that, although
participants motor performance might benefit from AO training,
AO alone failed to induce long-term behavioral or cortical
modifications, but might play a role in boosting the effects
of physical practice (Stefan et al., 2005; Celnik et al., 2006).
Alternatively, the information acquired via AO necessitates to be
consolidated by the immediate movement execution (Bove et al.,
2009).

A limitation of the present study is that a single test at
30 min after exposure was applied to verify the effects of A
O-PNS on SMT. Nevertheless, since further evaluations might
be conditioned by the previous movement execution, only the
results of the first testing phase were considered representative of
the behavioral outcome of AO-PNS. Future works will be devoted
to test for how long the AO-PNS effects influence participant’s
motor response.

Conclusion

The connection between rhythm and movement dates back to
Plato, who in The Laws defined rhythm as ‘‘the order in the
movement’’. Nevertheless, rhythm is not only movement per se
but it is related to how we experience and perceive the flow
of events. The link between executed and perceived tempo has
been established in works that considered not only continuous,
rhythmical movement sequence (McAuley et al., 2006), but also

the time perception of discrete, one-shot movements (Gavazzi
et al., 2013). Indeed, these studies pointed out that SMT and
preferred perceptual tempo are strongly correlated (McAuley
et al., 2006) and that the closer is the perceived motion to
the SMT, the lowest is the temporal error made during the
reproduction of its duration (Gavazzi et al., 2013).

This study showed that the AO-PNS paradigm—which
combines concurrent AO and peripheral nerve electrical
stimulation—induces lasting modifications to the human motor
behavior, here described as changes in SMT until 30 min after its
application, without movement execution. These results add new
insight concerning the effect of the combination of AO and PNS,
a protocol already known to evoke plastic changes in the primary
motor cortex excitability (Bisio et al., 2015). Therefore, we would
like to propose that AO-PNS is able to tune the formation of
a new motor memory where the temporal pattern are those
acquired via AO and consolidated via PNS.

The present study opens new perspectives for developing
multisensory clinical applications for those patients who cannot
voluntarily move. Indeed, the possibility to train the motor
system without moving represents an appealing way to restore
the functioning of the motor cortical circuits and their abilities
to plan a movement with non-pathological motor patterns,
reestablishing, for instance, appropriate temporal properties.
Then, giving the link between time perception and SMT, one
could expect changes in the ability to perceive the temporal
events. As consequence, we could speculate that the potential
benefit adduced by an AO-PNS treatment would not be merely
confined to the motor domain but would spread to perceptual
mechanisms.

Particularly appealing is that AO-PNS is an easy-to-apply and
cost-efficient intervention that can be performed unsupervised
and might benefit patients with poor motor or cognitive abilities
(Wenderoth, 2015).
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Background: Aphasia therapy focusing on abstract properties of language promotes

both item-specific effects and generalization to untreated materials. Neuromodulation

with transcranial Direct Current Stimulation (tDCS) has been shown to enhance

item-specific improvement, but its potential to enhance generalization has not been

systematically investigated. Here, we test the efficacy of ACTION (a linguistically

motivated protocol) and tDCS in producing item-specific and generalized improvement

in aphasia.

Method: Nine individuals with post-stroke aphasia participated in this study. Participants

were pre-tested with a diagnostic language battery and a cognitive screening.

Experimental tasks were administered over multiple baselines. Production of infinitives, of

finite verbs and of full sentences were assessed before and after each treatment phase.

Nonword repetition was used as a control measure. Each subject was treated in two

phases. Ten daily 1-h treatment sessions were provided per phase, in a double-blind,

cross-over design. Linguistically-motivated language therapy focusing on verb inflection

and sentence construction was provided in both phases. Each session beganwith 20min

of real or sham tDCS. Stimulation site was determined individually, based on MRI scans.

Results: Group data showed improved production of treated and untreated verbs,

attesting the efficacy of behavioral treatment, and its potential to yield generalization.

Each individual showed significant item-specific improvement. Generalization occurred

in the first phase of treatment for all subjects, and in the second phase for two subjects.

Stimulation effects at the group level were significant for treated and untreated verbs

altogether, but a ceiling effect for Sham cannot be excluded, as scores between real

tDCS and Sham differed only before treatment.

Conclusion: Our data demonstrate the efficacy of ACTION and suggest that tDCS may

enhance both item-specific effects and generalization.

Keywords: aphasia rehabilitation, verb retrieval, argument structure, sentence production, generalization,

linguistically motivated therapy, transcranial direct current stimulation (tDCS), neuromodulation

165

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/Behavioral_Neuroscience/editorialboard
http://www.frontiersin.org/Behavioral_Neuroscience/editorialboard
http://www.frontiersin.org/Behavioral_Neuroscience/editorialboard
http://www.frontiersin.org/Behavioral_Neuroscience/editorialboard
http://dx.doi.org/10.3389/fnbeh.2015.00190
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive
https://creativecommons.org/licenses/by/4.0/
mailto:gabriele.miceli@unitn.it
http://dx.doi.org/10.3389/fnbeh.2015.00190
http://journal.frontiersin.org/article/10.3389/fnbeh.2015.00190/abstract
http://loop.frontiersin.org/people/34201/overview
http://loop.frontiersin.org/people/257087/overview
http://loop.frontiersin.org/people/85035/overview
http://loop.frontiersin.org/people/81938/overview
http://loop.frontiersin.org/people/58459/overview


de Aguiar et al. Item-specific and generalized effects of ACTION and tDCS

Introduction

Aphasia is an acquired language disorder that occurs following
brain damage, frequently caused by stroke, traumatic brain injury
or brain tumors. Though different rehabilitation strategies have
been used in aphasia, they all share the general aim of improving
communication. Currently available evidence indicates that
aphasia therapy is effective (Brady et al., 2012). Nevertheless,
43% of the individuals with aphasia who suffer from language
disorders due to a first-ever stroke are still aphasic 18 months
post-onset (Laska et al., 2001). While most research on aphasia
therapy focuses on the recovery of nouns, there is an increasing
interest in the rehabilitation of verb and sentence production
(Webster and Whitworth, 2012). Research addressing how to
optimize verb and sentence rehabilitation programs to produce
larger item-specific effects and generalization is needed. A recent
addition to treatment tools for aphasia rehabilitation is tDCS—
a neuromodulation technique introduced to increase treatment
efficacy, in combination with Speech-Language Therapy. tDCS
may enhance item-specific improvement, and it seems to be
effective across a variety of tasks (de Aguiar et al., 2015).

The current study has three main goals. First, to test the
efficacy of the Italian version of ACTION, a treatment protocol
shown to result in generalization (Bastiaanse et al., 2006; Links
et al., 2010). We focus specifically on verb retrieval and inflection
in sentence production, and assess the effects of treatment on
both treated and untreated verbs. Second, to test the potential
of tDCS in enhancing both item-specific improvement and
generalization, when paired with ACTION. Third, to discuss
individual outcomes in relation to group results, in order to
better understand the effects of a treatment combining tDCS
and ACTION. In this introduction, we describe the cognitive
processes involved in verb and sentence production, and we
provide an overview of studies focusing on the treatment of verb
and sentence production, and of studies using tDCS.

Verb and Sentence Production
A unique feature of lexical representations of verbs is that,
contrary to most nouns, they contain information about
argument structure that is necessary for sentence production
(Saffran et al., 1980). This means that deficits in verb processing
may contribute to deficits in sentence processing (e.g., patient
HW, Caramazza and Hillis, 1991), though sentence-level deficits
may also arise from other types of impairment. The speech-
error model (Garrett, 1980) defines 3 processing levels involved
in producing sentences. The message level entails the speaker’s
communicative goal and is a nonlinguistic representation of
the idea to be conveyed by the speaker. This idea becomes
semantically and thematically specified at the functional level.
Here, semantic word representations are retrieved, the predicate-
argument structure of the main verb specifies the number
of arguments and the thematic roles required by the verb,
and thematic roles are assigned to semantic representations
(Schwartz, 2013). Inflectional affixes are included in this syntactic
frame (Garrett, 1980). Finally, sentence constituents are ordered,
and phonologically specified representations (lexemes) are
retrieved from the phonological output lexicon, at the positional

level. With languages having a limited amount of possible
predicate argument structures, there is evidence that different
verbs share combinatorial nodes (i.e., the stored information
about the syntactic structures in which they occur; Pickering
and Branigan, 1998) and that recent exposure to a sentence
structure may facilitate the production of the same structure with
a different verb (a phenomenon known as structural priming;
Bock, 1986).

Even though these levels are conceived of as distinct
processing stages, interactions between them are also assumed.
For instance, after a syntactic frame is specified, some lexemes are
more likely to be activated, due to their relation to appropriate
semantic features (Bock, 1986). In addition, evidence for a
relation between verb inflection and retrieval was reported by
Bastiaanse (2011): individuals with fluent aphasia performed
below norm in verb retrieval when producing finite verbs, but
they were unimpaired when producing infinitives. Hence, syntax
can influence lexical verb retrieval, due to both introduced lexical
selection biases, and increased task complexity.

The neural correlates of these processes have been investigated
in neuro-imaging research. Verb naming has been associated
with activity in dorsolateral frontal and lateral temporal cortex
(Perani et al., 1999), left frontal operculum and posterior middle
temporal gyrus (Tranel et al., 2005). The processing of argument
structure recruits left IFG (Inferior Frontal Gyrus) including
BA47 and BA9, but also the superior temporal (Shetreet et al.,
2007), angular and supra-marginal gyri and precuneus, which
are more active in processing transitives than intransitives (Den
Ouden et al., 2009). Thematic role assignment involves posterior
perisylvian areas (Thompson et al., 2007). Tense inflection
activates Broca’s area, for both regular (e.g., Tyler et al., 2005)
and irregular verbs (e.g., de Diego Balaguer et al., 2006). Kielar
et al. (2011) report additional involvement of motor, premotor
and posterior parietal regions in (overt and covert) present and
past tense production. Each of these processes may be selectively
impaired when the corresponding neural substrate is damaged,
resulting in different sentence production deficits.

Rehabilitation of Verb and Sentence Production
The interest in the rehabilitation of verb production has increased
over the last decades. At the single-word level, verbs can be
treated with the same techniques used for nouns, even though
improvement in verb production seems more difficult to achieve
(Webster andWhitworth, 2012). At the sentence level, treatment
techniques typically include identifying the agent and theme of
each verb and then producing a sentence including all elements,
thereby engaging predicate-argument structure retrieval and
thematic role assignment. Aphasic individuals who underwent
this type of treatment improved in retrieving treated, but not
untreated verbs and showed improvement also in spontaneous
speech (Fink et al., 1992; Webster et al., 2005). This suggests
that verb production in sentence context may be a more
productive treatment strategy than the production of verbs as
isolated words. Research with sentence-level treatment has also
led to the hypothesis that training complex syntactic structures
results in generalization to untrained, linguistically-related, less
complex structures (Complexity Account for Treatment Efficacy,
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Thompson et al., 2003). In line with this hypothesis, treating
three-argument verbs in sentence production improved retrieval
of untreated one- and two-argument verbs (Thompson et al.,
2013).

A linguistically-motivated treatment protocol has been
designed to address both lexical-semantic (argument structure)
and syntactic (movement) properties of verbs (Treatment
of Underlying Forms; Thompson and Shapiro, 2005). This
treatment starts by addressing knowledge of/access to the
thematic information of verbs. Aphasia patients are subsequently
made aware of the properties of movement operations, in an
explicit way. The benefits of treatment were shown to generalize
to (less complex) constructions requiring the same type of
movement as those treated explicitly, and to spontaneous speech
(e.g., Thompson et al., 1996), in line with the Complexity
Account for Treatment Efficacy (Thompson et al., 2003).

Two studies report on the treatment of verbal morphology
by means of a Computerized Visual Communication protocol
(Weinrich et al., 1997, 1999). This treatment was used to elicit
past, present and future tense forms of regular and irregular verbs
in sentences. In both studies, the production of inflected verbs in
sentences improved, and generalization was observed in the use
of morphological transformations, but not in verb retrieval.

Notably, generalization to lexical retrieval of untreated
verbs occurs infrequently (Webster and Whitworth, 2012).
The occurrence of generalization may depend on patient
characteristics and treatment characteristics. Individuals with
semantic damage may be more likely to generalize if treatment
restores semantic features that are shared across semantic
representations of words. Lexical representations, however, are
item-specific and patients with lexical damage are therefore
less likely to generalize (Miceli et al., 1996). In what concerns
treatment tasks, for nouns, treatments for semantic processing is
thought to have greater potential to induce generalization, due
to the large overlap of semantic features across words of the
same semantic category (e.g., Boyle and Coelho, 1995). However,
the same strategy produces only item-specific improvement in
verb retrieval (Wambaugh and Ferguson, 2007;Wambaugh et al.,
2014).

ACTION is a treatment protocol for aphasia rehabilitation
developed for Dutch (Bastiaanse et al., 1997). It includes four
steps that address the different levels of processing necessary for
producing verbs in simple, declarative sentences:

(1) Step 1, lexical level: action naming
(2) Step 2, syntactic level: sentence completion with a verb in the

infinitive
(3) Step 3, morphosyntactic level: sentence completion with

finite verb
(4) Step 4, sentence construction

In Bastiaanse et al. (2006), treating infinitives did not result
in generalization, but treating finite verbs did. Links et al.
(2010) found that, when infinitives were treated, untrained
infinitives improved only marginally, and untrained finite verbs
did not improve. By contrast, when finite verbs were treated,
generalization was present for untreated finite verbs, but not
for infinitives. Notably, improvement extended to spontaneous

speech and to a task tapping communication in daily living, and
was sustained after 3 months.

Altogether, the literature shows that when verbs are treated
as isolated words, item-specific improvement can be achieved
using similar techniques to those used for noun rehabilitation.
Generalization to untreated verbs was reported following
semantic, gestural and repetition cueing (Rose and Sussmilch,
2008), when treatment was centered at the sentence level and
the grammatical properties of verbs were taken into account in
designing the treatment task (Bastiaanse et al., 2006; Links et al.,
2010; Thompson et al., 2013). These studies share two features—
treatment addressed grammatical properties of verbs (e.g.,
argument structure, inflection, movement) and focused on the
sentence level. Engaging knowledge of these abstract properties
may be an important ingredient to achieving generalization.

tDCS in Aphasia Rehabilitation
Transcranial direct current stimulation (tDCS) is a
neuromodulatory technique. A weak electrical current is
delivered through electrodes positioned over the scalp (e.g.,
Nitsche et al., 2008). In language research, studies with healthy
individuals show that anodal tDCS can increase speed (Fertonani
et al., 2010) and amount of verbal learning (Meinzer et al., 2014).
Cathodal tDCS, on the other hand, negatively affected learning
in an action and object learning paradigm (Liuzzi et al., 2010). In
aphasia rehabilitation, methodology varies substantially across
studies. Positive effects were reported in spite of variations in
current intensity (1–2mA), stimulation polarity and montage
(perilesional cathodal tDCS in Monti et al., 2008; perilesional
anodal in Baker et al., 2010; contralesional cathodal tDCS in
Flöel et al., 2011 and contralesional anodal tDCS in Vines et al.,
2011) (for reviews, see Hamilton et al., 2011; Monti et al., 2013;
de Aguiar et al., 2015).

Models of inter-hemispheric competition (Murase et al.,
2004) predict bicephalic montages (a perilesional anode
and a contralesional cathode) to modulate interhemispheric
interactions more efficiently than monocephalic montages (a
perilesional anode and a reference electrode). Recently, it has
been suggested that the optimal montage should be determined
individually, based on lesion site and size (Hamilton et al., 2011)
and the individuals’ pattern of activation during correct language
production (Baker et al., 2010).

Effective tDCS-related treatment enhancement may depend
on appropriately pairing stimulation site and treatment task.
Marangolo et al. (2013a, 2014) found that action naming and
discourse cohesion were enhanced after stimulation to Broca’s
but not Wernicke’s area1. Given that ongoing computations
may depend on the pattern of cognitive impairments and brain
damage, different patients may respond differently to tDCS.
Currently, the lack of data on individual outcomes in many
studies (except Marangolo et al., 2013a, 2014), and lack of
detailed information about the linguistic deficits of participants
do not allow establishing whether some treatments were more

1Given that electrodes of the same size were used over left and right hemisphere

areas, the studies of Marangolo et al. (2013a, 2014) provide evidence for the

efficacy of a bi-cephalic montage with anode over peri-lesional and cathode over

contro-lesional areas. For a more detailed discussion see de Aguiar et al. (2015).
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effective than others, as a function of lesion site and of cognitive
impairment. Supporting the need to report individual outcomes,
recent research with healthy participants identified a large
variability in individual responses to stimulation (Horvath et al.,
2014).

There is little information about the role of tDCS in
promoting generalization. Some studies report a transfer to
spontaneous speech (Marangolo et al., 2013b, 2014), and
statistically insignificant increase of accuracy for untreated nouns
(Baker et al., 2010). Nevertheless, in these studies pre-treatment
performance was not measured in multiple baselines gathered
in a time window similar to that of treatment. In addition,
no control task was administered to ensure that behavioral
improvement was specific to treatment-related tasks. Therefore,
it is not possible to measure the potential effect of task practice
nor to rule out spontaneous recovery (Howard et al., 2015).
It is relevant to note that generalization could be expected to
occur in conversational therapy (Marangolo et al., 2013b, 2014)
due to the functional scope of treatment, but it was unlikely
in picture-word matching (Baker et al., 2010). To assess the
potential of tDCS in enhancing generalization, it is important to
pair it with a treatment task likely to yield generalization (e.g.,
semantic feature analysis for nouns, or linguistically motivated
therapies for verbs, such as Treatment of Underlying Forms or
ACTION).

As mentioned earlier (Section Rehabilitation of Verb and
Sentence Production), generalization in verb production has
been observed infrequently. Treatment at the sentence level
engaging knowledge of morphosyntactic properties of verbs
appears to be effective with this regard, but studies reporting
on generalized effects of verb treatment usually focus either
on tense training or on argument structure training. In
this study, we test the efficacy of the Italian adaptation
of the ACTION protocol that combines training of lexical
verb retrieval and of verbal morphology, in sentence context.
This training should improve lexical retrieval of both treated
and untreated verbs. In addition, here we test for the first
time whether tDCS, in combination with speech/language
therapy, can enhance both item-specific improvement and
generalization.

Method

Recruitment and Participants
The main inclusion criterion was a difficulty in verb retrieval
and sentence construction. Eligible participants were nine right-
handed2 individuals with chronic aphasia after a left hemisphere
stroke, aged between 18 and 80 years and with at least 5 years
of education. Seven participants presented with their first-ever
stroke. The two participants who had had prior lesions were
assigned to distinct treatment groups (sham-first and tDCS first).
Exclusion criteria were sensitive skin, epileptic seizures in the 6
months preceding enrollment, use of drugs known to increase
the risk of seizures and presence of metallic fragments in the
head. The study was approved by the ethics committee of the
University of Trento (protocol number 2012-035). After being
referred by their neurologist, patients and primary caretakers
were invited for a briefing session. In this session the procedure
was described, and informed written consensus was obtained.
Table 1 provides a summary of participants’ demographic and
clinical characteristics. Detailed information about lesion sites is
provided in Supplementary Materials.

Procedure
Prior to the beginning of the experimental protocol, participants
were engaged in a diagnostic assessment. A multiple-baseline,
double-blind and sham-controlled, cross-over design was used
to assess treatment effects. The entire experimental protocol
lasted 10 weeks (Figure 1). There were three assessment phases
(baseline, intermediate and final), and two treatment phases.
In each assessment phase, three testing sessions were spread
over a period of 2 weeks, to encompass an interval similar
to that of treatment3. They served to establish pre-treatment
stability in primary outcome and control measures. This allowed
to control (unlikely) effects of spontaneous recovery on the
changes observed after treatment. In addition, the data from
the three sessions that preceded each treatment phase were

2Handedness was reported in the neurological assessment of each patient, and

confirmed by patient and/or caregiver.
3Patients PG and GD were tested in consecutive days because they had to travel to

participate in the study.

TABLE 1 | Demographic and clinical characteristics of participants.

Participant Gender Age Han. Education Occupation Lesion type TPO

Sham first LF M 45 Right High school Tinsmith Ischaemic 39

GC M 68 Right Junior high school Social worker Ischaemic 26

GD F 48 Right University degree Accountant Hemorrhagic 17

GP M 52 Right High school Retired Ischaemic 80

EC M 54 Right High school (incomplete) Marble worker Ischaemic 92

tDCS first SP M 75 Right University degree Accountant Ischaemic 8

RL F 43 Right High school Accountant Ischaemic 88

CK F 76 Right Junior high school Secretary Hemorrhagic 54

PG M 52 Right University degree Insurance actuary Ischaemic 36

Han., Handedness; TPO, Time Post-Onset (in months).

Frontiers in Behavioral Neuroscience | www.frontiersin.org July 2015 | Volume 9 | Article 190 | 
| 

168

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


de Aguiar et al. Item-specific and generalized effects of ACTION and tDCS

FIGURE 1 | Treatment study design. Each patient was involved in two

treatment phases. Initially, participants were randomly assigned to one of two

treatment orders. The entire protocol lasted 10 weeks.

used to construct two matched sets of verbs: one to be treated,
one to measure generalization4. The scores obtained in the
three pre-treatment assessment sessions were contrasted with
those observed in the three post-treatment assessment sessions,
to evaluate the effects of treatment on treated and untreated
verbs, for each phase. Ten daily (five times per week) 1-
h treatment sessions were provided in each treatment phase.
Speech-Language Therapy was administered using the Italian
version of the ACTION protocol (based on Links et al., 2010),
described below. ACTION was administered in both phases,
to each individual. Participants were randomly assigned to two
possible treatment orders: 5 received Sham in the first, and tDCS
in the second treatment phase; 4 received treatment in the reverse
order.

Diagnostic Assessment
A diagnostic language battery (Batteria per l’Analisi dei Deficit
Afasici, BADA, Miceli et al., 2006) was administered to identify
the functional locus of language impairment. Additional tests
for cognitive screening were administered, including Digit Span
(Orsini et al., 1987), Clock Drawing (Dal Pan et al., 1989), and
Attentive Matrices (Spinnler and Tognoni, 1987).

Tests Administered in Each Session of Each

Assessment Phase
Three verb production tests were developed to assess changes
in verb retrieval accuracy. Black-and-white line drawings were
used to elicit the verb, in all tests (for examples, see Figure 2).

4Please note that the baseline phase is the same as the item selection phase. Had

patients been tested only on difficult items, data would have been susceptible

to the problem of regression to the mean. In our case, 88 verbs were tested in

all assessments, even though at each treatment stage only 40 (20 treated and 20

untreated) were selected for statistical analyses. This approach allows an economic

use of time, as only one pre-treatment phase is needed, and circumvents the

problem of regression to the mean, making it possible to reliably assess both

item-specific improvement and generalization (Howard et al., 2015).

In the first task (henceforth, VTinfinitives), participants were
asked to complete a sentence (e.g., “L’uomo vuole. . . ,” The
man wants. . . ) with the corresponding verb in the infinitive
(“. . .mangiare,” to eat). In the second (henceforth, VTfinite),
the to-be-completed sentence included a temporal adverb (e.g.,
“Ieri/Oggi/Domani l’uomo. . . ,” Yesterday/Now/Tomorrow the
man. . . ) and the patient had to produce the finite verb in the
correct tense (“. . . ha mangiato/mangia/mangerà,” ate, eats, will
eat). In the third test (henceforth, VTsentence), the patient was
prompted with the image, and asked to produce a Subject-
Verb-Object (SVO, for transitive verbs, e.g., “L’uomo mangia la
torta,” The man eats the pie) or a Subject-Verb-Adjunct (SVA,
for intransitive verbs, e.g., “L’uomo corre sulla spiaggia,” The
man runs at the beach). The adjunct was always a prepositional
phrase expressing location. A complex scoring procedure was
developed, but in this report only lexical accuracy is considered—
a measure shared by the three verb tests. Responses were scored
as correct if the patient produced the correct verb. Phonemic and
morphosyntactic errors were disregarded.

The same 88 verbs were used in the three verb production
tests. They were divided in three sets (sets 1, 2, and 3). In session
1 of each phase, set 1 was used for VTinfinitive, set 2 for VTfinite
and set 3 for VTsentence. In sessions 2 and 3, the three sets
were assigned to the three tasks using a Latin Square design.
The three sets were matched for relative frequency, length in
phonemes, number of internal arguments, instrumentality, name
relatedness, body part involved (face, arm, leg), manipulation,
inflectional paradigm and regularity. The comparison of lexical
accuracy for 88 verbs across the three sessions that preceded each
treatment phase allowed establishing pre-treatment stability.

Comprehension of these verbs was assessed using a picture
verification test. The picture of a target verb was presented while
the examiner pronounced a verb in the infinitive. The verb could
be the target, a semantic distractor or an unrelated distractor (e.g.,
the picture corresponding to the verb “to eat” was paired, on
different occasions, to the correct word “to eat,” to the semantic
foil “to drink” and to the unrelated foil “to mop”). On each day,
1/3 of the items was presented with the correct target, and the
remaining 2/3 with distractors. Participants had to reply “yes”
or “no” (verbally or by pressing a key) to indicate whether the
verb presented auditorily corresponded to the picture. Targets,
semantic and unrelated distractors were matched for frequency,
length in phonemes, name relatedness, number of internal
arguments, instrumentality and manipulation.

Performance on the nonword repetition test from the BADA
(Miceli et al., 2006) was used as a control measure. This
allowed assessing whether any observed improvement was
treatment-related (i.e., restricted to verb tasks, which were the
focus of treatment), or aspecific (nonword repetition measures
phonological abilities, but is unrelated to verb retrieval). The test
included 36 items, ranging in length between 1 and 3 syllables.

Behavioral Treatment
In Italian, Subject-Verb-Object is the base word order in
sentences. Inflected verbs occur in second position without overt
movement. In this study, treatment was provided at the level of
simple, declarative sentences, and a task specifically designed to
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A B C

FIGURE 2 | Examples of stimuli used in the three verb production tests. (A) VTinfinitive (sentence completion with a verb in the infinitive). (B) VTfinite (sentence

completion with a verb in the correct tense). (C) VTsentence (sentence construction).

address movement operations was not included. Considering the
rich morphology of Italian, steps three and four used in ACTION
for Dutch were modified to include verb production in three
different tenses. The Italian adaptation of ACTION (Bastiaanse
et al., 1997), includes these four steps:

(1) Step 1, lexical level: Action naming
(2) Step 2, syntactic level: Sentence completion with infinitive
(3) Step 3, morphosyntactic level: Sentence completion with

finite verb in three tenses
(4) Step 4, Sentence construction with finite verb in three tenses

Therapy was provided over ten 1-h sessions in each phase.
Each phase lasted 2 weeks and entailed treatment with two
different tasks. Participants completed Step 3 in the first week,
and Step 4 in the second week. Examples of stimuli for each
step are provided in Figure 3 (Figures 3A,B for Steps 3 and 4,
respectively). In Step 3, the patient saw an image with an adverb
and a subject written below the picture (e.g., “Now the man. . . ”),
and was asked to complete the sentence with the verb inflected
in the correct tense. In Step 4, the patient saw an image and a
written adverb (e.g., “now. . . ”), and was requested to produce a
full sentence that properly described the image (Subject-Verb-
Object or Subject-Verb-Adjunct), with the verb inflected in the
correct tense.

Structured increasing cues were provided. The cues provided
to each subject depended on whether the participant produced
retrieval errors or morphological errors, and on the constituent
in which the error occurred. For a thorough description of
the training procedure and of the cueing strategies provided
during treatment steps three and four, the reader is referred to
the Supplementary Material section. The 88 items included in
ACTION were selected on the basis of a norming procedure.
Ten healthy volunteers were asked to build sentences that
described the picture stimuli. Items with less than 70% picture-
sentence agreement across all constituents were excluded based
on this data. The items surviving this procedure had a
mean agreement of 90.11% (sd = 0.084%). In addition,
these items were normed for a wide range of linguistic
variables to create matched sets of verbs (Rofes et al.,
2015).

For each participant, and prior to each treatment phase, two
sets of 20 verbs were prepared: a to-be-treated set, to evaluate
item-specific benefits of treatment, and a matched, not-to-be-
treated set, to evaluate generalization to untreated items. Sets
were matched for picture-sentence agreement, age of acquisition,
imageability, relative frequency, length in phonemes, number of
internal arguments, inflectional paradigm, instrumentality, name
relatedness, manipulation, body part involved (face, arm, leg)
using available norms (Rofes et al., 2015). In addition, to ensure
comparability of treated and untreated items, the two sets were
individually tailored. They were matched for retrieval accuracy
across the three verb tasks in the three assessments that preceded
each treatment phase, for error types produced by the patient,
and for comprehension accuracy5. The details of set balancing
for each patient are available as Supplementary Material.

tDCS
tDCS was administered using a battery-driven, programmable
Eldith direct current stimulator (neuroConn, PLUS version),
through two 35 cm2 electrodes. Current intensity was increased
in a ramp-like fashion for 5 s until reaching 1mA (current
density = 0.2mA/cm2). Each treatment session began with
20min of real or sham bicephalic tDCS. Sham stimulation was
administered with the same parameters used for real stimulation,
but the stimulator was turned off after 30 s (Gandiga et al., 2006).
The same procedure was repeated at the end of the 20-min
period. To ensure blinding efficiency, participants were asked to
fill a questionnaire at the end of each 2-week treatment phase
(Fertonani et al., 2010), in which they indicated the nature and
intensity of the sensations experienced during the treatment.
Participants reported mild to moderate itchiness, pinching,
burning, fatigue or heating under the electrode, mild pain. One
patient reported mild headache and two others reported mild
discomfort under the elastic strap.

Both the therapist who administered behavioral treatment
and the experimenter who analyzed the data were blind to the

5Whenever possible, only verbs that the patient failed to name but comprehended

correctly were included in the treatment and control sets (see Supplementary

Materials for exact numbers). Exceptions were made only when fewer than 40 such

verbs were available to prepare the two sets, due to poor comprehension.
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A B

FIGURE 3 | Examples of stimuli used during treatment. (A) Step 3 (sentence completion with a verb in three tenses). (B) Step 4 (sentence construction in three

tenses). Detailed information about cueing procedures for each step is available as Supplementary Materials.

TABLE 2 | Stimulation sites and electrode positioning.

Anode (LH) EEG coordinates Cathode (RH)

LF Anterior and superior to Broca’s area (BA45-46) Centered between F7 and F3 Homologous

GC Superior/middle temporal gyri (BA21-22) Centered between T7 and TP7 Homologous

GD Broca’s area (BA 44–45) Crossing point between T3-Fz and F7-Cz Homologous

GP Superior/middle frontal gyri Centered above FP1 Right Broca

EC Anterior and superior to Broca’s area (BA45-46) Centered between F7 and F3 Homologous

SP Superior/middle frontal gyri (BA10) Centered above FP1 Right Broca

RL Superior/middle frontal gyri (BA10) Centered above FP1 Right Broca

KC Broca’s area (BA 44-45) Crossing point between T3-Fz and F7-Cz Homologous

PG Broca’s area (BA 44-45) Crossing point between T3-Fz and F7-Cz Homologous

EEG coordinates are expressed according to the international 10–20 system. LH, left hemisphere; RH, right hemisphere.

stimulation condition, until individual outcomes for phase 1 and
2 were statistically analyzed. A third experimenter handled the
tDCS device in each treatment session. The difference in number
and intensity of symptoms observed across tDCS and Sham
phases was not significant (Wilcoxon Signed-Rank test = 0.84,
p = 0.200, one tailed).

Stimulation site was determined individually, after inspection
of each patient’s MRI scan (see Table 2). The anode was always
centered over a left perilesional area. In three participants (CK,
PG and GD), this was Broca’s area (BA 44–45), and in these
cases the cathode was placed over the right hemisphere homolog
of Broca’s area. In two cases (LF and EC) the lesion partially
encompassed Broca’s area. In these subjects the anode was placed
anterior and superior to Broca’s area (BA45–46), and the cathode
over the homologous area in the right hemisphere. In three
other participants (GP, RL and SP) lesions were more anterior.
Since they encompassed the entire IFG and caused considerable
damage to the middle frontal gyrus, the anode was placed over
the left superior and middle frontal gyri (BA9–10). In these
cases, the cathode could not be positioned symmetrically, because
shunting of current between electrodes (bypassing the brain) can
occur with electrode distances under 8 cm (DaSilva et al., 2011).
Therefore, the cathode was positioned over the right homolog
of Broca’s area. Finally, GC’s lesion was parieto-occipital and
parieto-temporal. In order to respect the rule of stimulating

peri-lesional areas, the anode was positioned over the posterior
middle and superior temporal gyri (encompassing Wernicke’s
area), and the cathode in a symmetrical position over the RH.

Broca’s area was identified as the crossing point between
T3-Fz and F7-Cz, following Friederici et al. (1998). All other
coordinates were extracted from Okamoto et al. (2004), who
studied the probabilistic mapping of 10-20 EEG coordinates and
brain areas on the cortical surface.

Results

Diagnostic Assessment
Selected tests from the BADA (Miceli et al., 2006) were used
to characterize the profile of language impairment in each
subject. Results of this diagnostic assessment are presented in
Table 3. Our sample included fluent (GC, GD, and PG) and
nonfluent participants. In all cases, sentence production was
characterized by omission of obligatory arguments, errors of
thematic role assignment, morphological errors and difficulties
in producing noncanonical sentences. Three participants had
mild-to-moderate semantic impairment (GD, SP, and KC).
All participants presented with damage to the phonological
output lexicon. Different sublexical conversion mechanisms
were impaired across subjects, but these always included
phoneme-to-phoneme conversion. In addition, all participants
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TABLE 3 | Scores (% error) in diagnostic assessment battery (BADA).

Sham first tDCS first

LF GC GD GP EC SP RL CK PG

Sublexical Auditory discrimination 6.7 6.7 6.7 10.0 3.3 n.a. 10.0 10.0 3.3

Visual-auditory discrimination 13.3 0.0 13.3 43.3 11.7 n.a. 20.0 n.a. n.a.

Nonword repetition 27.8 26.1 33.3 27.8 27.8 44.4 5.6 55.6 27.8

Nonword reading 26.1 22.7 0.0 80.0 35.6 91.3 21.7 30.4 47.8

Nonword writing 66.7 61.5 8.3 100.0 72.0 n.a. 41.7 75.0 41.7

Nonword copy 50.0 n.a. 0.0 0.0 33.3 n.a. 0.0 16.7 16.7

Semantico-lexical Auditory lexical decision 12.5 10.0 12.5 11.3 8.8 8.8 5.0 22.5 10.0

Visual lexical decision 30.0 7.5 0.0 31.3 7.5 37.5 0.0 7.5 17.5

Word repetition 27.3 0.0 4.5 2.2 2.2 55.6 9.1 4.5 27.3

Word reading (aloud) 32.6 2.2 2.2 56.5 0.0 60.9 4.3 0.0 30.4

Word writing to dictation 69.6 8.7 0.0 80.0 80.4 n.a. 8.7 17.4 17.4

Word copy 40.0 20.0 0.0 20.0 40.0 100.0 0.0 0.0 40.0

Auditory noun comprehension 10.0 2.5 20.0 2.5 0.0 30.0 0.0 5.0 0.0

Visual noun comprehension 10.0 0.0 0.0 0.0 0.0 10.0 0.0 10.0 0.0

Auditory verb comprehension 10.0 0.0 0.0 0.0 0.0 10.0 0.0 40.0 0.0

Visual verb comprehension 10.0 5.0 0.0 30.0 0.0 40.0 0.0 30.0 0.0

Oral object naming 66.7 20.0 60.0 16.7 43.3 60.0 0.0 13.3 33.3

Written object naming 63.6 9.1 45.5 50.0 95.5 n.a. 27.3 18.2 36.4

Oral action naming 71.4 28.6 57.1 78.6 57.1 64.3 0.0 14.3 42.9

Written action naming 90.9 9.1 81.8 90.9 100.0 n.a. 27.3 36.4 54.5

Grammatical Picture description—unconstrained 100.0 25.0 75.0 100.0 50.0 100.0 n.a. 100.0 100.0

Picture description—constrained 100.0 70.0 80.0 100.0 80.0 100.0 n.a. 100.0 100.0

Sentence repetition 40.0 30.0 10.0 60.0 5.0 n.a. 20.0 50.0 50.0

Sentence reading 66.7 n.a. 0.0 100.0 0.0 n.a. 33.3 0.0 66.7

Auditory comprehension 15.0 8.3 10.0 28.3 11.7 92.3 3.3 13.3 13.3

Visual comprehension 26.1 3.3 13.0 26.7 4.4 n.a. 0.0 26.1 26.1

Underlined scores fall below norm.

presented with length-sensitive difficulties in tasks that required
overt production, suggesting damage to phonological short-
term memory. The diagnostic assessment of each patient is
summarized in the Supplementary Materials.

Cognitive Screening
LF, GP, SP, RL, CK, and PG performed below norm in the
forward Digit Span, consistent with reduced phonological short-
term memory. All participants except RL performed below norm
in digit span backwards. SP, KC and PG did not complete this
task. Visual attention, as assessed by Attentive Matrices, was
impaired in LF, GC, EC, SP, and RL. Visuo-spatial cognition
and two-dimensional construction, as assessed by the Clock-
Drawing test, was below norm in LF, EC, SP, and RL. Subject
GD did not complete these two tasks, due to difficulties following
instructions. Scores for each participant are presented in Table 4.

Group Results
Treatment Effects: Lexical Accuracy in Verb

Production
Group data were analyzed by computing a generalized linear
mixed model for logistic data, using model comparison to

assess the need to include each factor (Jaeger, 2008). Models
were computed using R package lme4 (Bates et al., 2014). The
dependent variable was accuracy in verb production. Responses
were scored as accurate if the target verb was produced,
disregarding phonemic paraphasias and morphosyntactic errors.
Pre-treatment stability was established by comparing accuracy
between the three sessions that preceded each treatment phase,
including all 88 verbs. For pre-treatment stability, the null model
included random intercepts for Participants and Items.We tested
this model against a model containing fixed effects for Session
(assessment sessions 1, 2, and 3 prior to each treatment phase).
The alternative model did not provide a better fit for the data in
comparison to the null model in either phase 1 [χ2(1) = 0.3512,
p = 0.5534] or phase 2 [χ2(1) = 0.0708, p = 0.7902], and
the main effect of Session fell very far from significance (phase
1: z = 0.593, p = 0.5530; phase 2: z = 0.266, p = 0.790),
showing stable behavior for this group of participants, before
each treatment was administered (see Figure 4A).

Treatment outcome was established by computing a second
model. The model included random intercepts for participants,
with random slopes for Set∗Time (Set= treated, untreated; Time
= pre-, post-treatment), as patients may respond differently
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TABLE 4 | Scores in cognitive screening tasks.

Cut-off Sham first tDCS first

LF GC GD GP EC SP RL CK PG

STM and WM1 Forwards (0–8) 3.75 3.5 4.3 5.3 1.8 4.0 3.5 2.5 3.3 3.3

Backwards (0–8) 5 ± 2 2.0 2.0 2.0 1.8 2.0 n.a. 4.0 n.a. n.a.

Visual attention 31 27.3 23.0 n.a. 46.0 16.0 12.3 15.8 45.5 28.3

Visual-spatial cognition and two-dimensional construction v.n. > 3 3.0 4.0 n.a. 5.0 3.0 -1.0 3.0 10.5 12.0

Digit Span (Orsini et al., 1987); Attentive matrices (Spinnler and Tognoni, 1987); Clock Drawing Test (Dal Pan et al., 1989). Underlined scores fall below norm.

A B

C D

FIGURE 4 | Group results: pre-treatment stability and effects of

treatment in verb retrieval. The mean proportion of correct

responses is represented in the y axis. (A) Stability in

performance in the three sessions that preceded each therapy

phase (no significant differences observed for either phase). (B)

Time*Set interaction. (C) Time*Stimulation interaction. (D)

Time*Phase interaction. The p-value for each significant interaction

is reported above the x axis.

to treatment and show different degrees of generalization.
Since differences are expected only in the post-treatment
assessment, an interaction was relevant. We also included
random intercepts for items, with random slopes for Set, because
differences between the treated and the untreated set may vary
between items. The model improved significantly with the main
effects of Time (pre-, post-treatment), Set (treated, untreated
verbs), Phase (1 and 2), Stimulation (Sham, tDCS) and Verb
Test (VTinfinitive, VTfinite, VTsentence), and the interactions
Time∗Set, Time∗Phase, Time∗Stimulation. Figures 4, 5 illustrate
the relevant main effects and interactions, and corresponding
statistics are reported in Table 5. Post-hoc pairwise comparisons
were computed to characterize the main effect of VerbTest and
significant interactions. For this purpose, we used the lsmeans

package in R (Lenth and Hervé, 2015), and selected the Scheffe
method for adjusting p-values for multiple comparisons.

The significant main effect of Time reflected the efficacy
of the treatment provided across two phases (ACTION +

tDCS or ACTION + Sham), for both treated and untreated
verbs. No main effect of Set was observed, as treated and
untreated verbs were matched in baseline accuracy. However,
the interaction Time∗Set was significant (Figure 4B), showing
greater improvement for treated verbs. Post-hoc tests confirm
that the lack of differences between verb sets before treatment
(p > 0.9), but after treatment patients respondedmore accurately
to treated verbs (z = 4.709, p = 0.0001), and between the
two assessments, accuracy improved significantly for both treated
(z = 7.713, p < 0.0001) and untreated verbs (z = 5.175,
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FIGURE 5 | Group results: differences in performance across the three

verb tests. The y axis represents the mean proportion of correct responses

(Prop. correct). VTinfinitive: sentence completion with a verb in the infinitive.

VTfinite: sentence completion with a verb in the correct tense. VTsentence:

sentence construction. Significant results are reported: **p < 0.01.

TABLE 5 | Summary of fixed effects (verb accuracy).

Estimate Std. Error z-Value Pr(>|z|)

(Intercept) −1.5163 0.30917 −4.904 9.38E-07***

Time (pre vs. post) 2.58453 0.32153 8.038 9.11E-16***

Set (treated vs. untreated) −0.0495 0.15385 −0.321 0.74787

Phase (1 vs. 2) 0.97611 0.11365 8.589 <2E-16***

Stimulation (Sham vs. tDCS) −0.3583 0.11301 −3.17 0.00152**

VerbTest (VTinfinitive vs. VTfinite) −0.0252 0.091 −0.276 0.78223

(VTinfinitive vs. Vtsentence) 0.23501 0.09038 2.6 0.00932**

Time*Set −1.6836 0.34451 −4.887 1.02E-06***

Time*Phase −0.7923 0.152 −5.212 1.86E-07***

Time*Stimulation 0.33311 0.15142 2.2 0.02781*

Formula: glmer(Accuracy ∼ Time*Set + Time*Phase + Time*Stimulation + VerbTest +

(1+Set*Time|Participant) + (1+Set|Item), data, family=“binomial”).

Significant results are reported: ***p < 0.001; **p < 0.01; *p < 0.05.

p < 0.0001). A main effect of stimulation indicates that scores
in the tDCS phase were lower than those collected in the Sham
phase, and the interaction Time∗Stimulation denotes greater
improvement in the real tDCS condition. Post-hoc tests clarify
that improvement was significant both in the Sham (z = 7.686,
p < 0.0001) and tDCS phases (z = 9.467, p < 0.0001), and
while pre-treatment accuracy was lower in the tDCS condition
(z = −3.170, p = 0.018), differences between tDCS and Sham
are not significant after treatment (p > 0.9) (Figure 4C).

Scores observed in Phase 2 were higher than those observed
in Phase 1, as shown by the main effect of Phase. The interaction
Time∗Phase indicates that the amount of improvement was
smaller in Phase 2 (Figure 4D). In post-hoc tests, scores were
higher in Phase 2 in comparison to Phase 1 before (z = 8.589,
p < 0.0001) but not after treatment (z = 1.708, p = 0.404),
and significant improvement was observed both in Phase 1 (z =

10.631, p < 0.0001) and in Phase 2 (z = 6.448, p < 0.0001).
Patients fared better in VTsentence, than in VTinfinitive (z =

2.600, p = 0.034) and VTfinite (z = 2.875, p = 0.016), but
differences in accuracy between VTinfinitive and VTfinite and

the interaction with Time fell short of significance (p > 0.9 and
p > 0.4, respectively) (Figure 5).

Control Task: Nonword Repetition
Aspecific improvement was assessed with a nonword repetition
task, administered in the three sessions of each assessment phase.
Significant changes between assessments 1 and 2, and/or 2 and 3,
would indicate aspecific improvement. The null model included
random intercepts for Patient and Item. An alternative model
introducing random slopes for Time, under the assumption
that different patients may present different degrees of aspecific
improvement, was the only model that significantly improved
fit [χ2(5) = 23.673, p = 0.0003]. This suggests that some
participants may show improvement in nonword repetition.
Main effects of Assessment phase (1, 2, and 3), Assessment Day
(1,2,3, within each phase), and their interaction, did not improve
model fit. At the group level, nonword repetition was stable
within and between assessments (see Figure 6).

Individual Outcomes
Treatment Effects: Lexical Accuracy in Verb

Production
For each participant, baseline stability was checked before each
treatment phase by comparing lexical accuracy in the three
sessions preceding treatment, by means of Cochran’s Q-test. All
participants presented stable behavior prior to each phase (see
Figure 7).

Significant improvements between the pre- and post-
assessments were computed for each treatment phase, for treated
and untreated verbs. Given that each verb had been produced
three times in the three sessions of pre- and post-therapy
assessments, verb retrieval accuracy scores were calculated by
collapsing across performance on the three administrations,
thus reaching a final 3-point outcome measure of 3-day lexical
accuracy. This procedure has been used to increase score
sensitivity (Flöel et al., 2011). Differences between pre- and post-
therapy assessments were tested using theWilcoxon Signed-Rank
Test.

Significant improvement of treated verbs was observed in all
participants, in both stimulation conditions, except for EC in
the real tDCS condition (coinciding with Phase 2) (see Table 6

and Figure 8). The extent of item-specific improvement in each
phase was compared using Fisher exact tests. In EC, improvement
was significantly greater in the Sham phase, as compared to the
tDCS phase (Fisher exact z = 3.5319, p = 0.0002). Item-specific
improvement across phases did not differ significantly in the
other participants.

The same procedure was used to assess generalization
(improved production of untrained verbs). LF, GC, GD, GP,
and EC improved significantly on untreated verbs in the
Sham condition (coinciding with Phase 1), but not in the
tDCS condition (Phase 2). SP and PG presented significant
generalization in the tDCS phase (coinciding with Phase 1), but
not in the Sham phase (Phase 2). RL and KC had significant
generalization in both phases. The amount of generalization
was significantly higher in the tDCS phase for PG (Fisher exact
p < 0.001) and in the Sham phase for LF (Fisher exact z =
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A B

FIGURE 6 | Group and individual results: performance in the control

task nonword repetition. (A) Group data; the y axis represents the mean

proportion of correct responses (Prop. correct), across the three sessions of

each assessment phase, and the lines represent the different assessment

phases (before treatment 1, after treatment 1, after treatment 2).

(B) Individual data; the y axis represents the number of correct responses (N

correct) across the three sessions of each assessment phase (max. 108).

Significant results are reported: ***p < 0.001; *p < 0.05. For EC and GP, a

significant increase in nonword repetition accuracy was observed between

the first and the second assessment phases.

FIGURE 7 | Individual results: behavioral stability prior to each

treatment phase. The y axis represents the number of correctly produced

verbs (N correct; max. 88 in each of the three sessions that preceded

treatment phases 1 and 2). No significant changes are observed.

4.4563, p = 0.0000) and GP (Fisher exact z = 2.1354,
p = 0.0000).

Control Task: Nonword Repetition
Nonword repetition scores during the three assessment phases
were contrasted, to determine stability prior to each treatment
phase. Performance was stable in all participants, except GC,
before phase 2 [Cochran’s Q-test (2) = 6.222, p = 0.0446]. In
this subject, nonword accuracy increased significantly between
sessions 1 and 2 of the assessment phase that preceded treatment

phase 2 [McNemar’s χ2test (2) = 4.1667, p = 0.0412], but
did not increase further in the third session. We have no clear
account for this observation, as session 3 was not significantly
different from either session 1 (p > 0.2) or session 2 (p = 0.6).

Following the procedure used for verbs, the sum total
of the correct responses produced during the three sessions
of each assessment phase was calculated, to obtain a 3-
point measurement of nonword repetition accuracy for each
assessment in each participant. The comparison of this measure
across assessments 1 (before phase 1), 2 (after phase 1 and
before phase 2), and 3 (after phase 2), allowed to measure
aspecific improvement in each participant. GP [Friedman’s test
χ2(2) = 6.889, p = 0.0319] and EC [Friedman’s test χ2(2) =

19.4783, p < 0.0001] showed significantly increased accuracy
in the second assessment compared to the first, that is, after
Sham (treatment phase 1) (GP: Wilcoxon Signed-Rank test =
2.5, p = 0.0282; EC: Wilcoxon Signed-Rank test = 0, p =

0.0007). Neither patient’s accuracy increased further in the third
assessment (Figure 6).

Discussion

In this study, we found that patients had a stable performance
accuracy across the three sessions that preceded each treatment
phase. Analyses of pre- and post-treatment data revealed
main effects of Time, Phase, Stimulation, and Verb Test. The
interactions Time∗Phase, Time∗Set, and Time∗Stimulation were
significant. Performance in the control task (nonword repetition)
was stable across assessments. Baseline stability and lack of
significant changes in a control task allow to attribute the
observed changes to therapy (Nickels et al., 2015). Overall, we
observe better verb retrieval in sentence construction than in
the other two verb tests. In addition, significant improvement is
observed for both treated and untreated verbs. The amount of
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TABLE 6 | Individual treatment outcomes for treated and untreated verbs.

Participant ACTION+ Phase Treated verbs Untreated Verbs

Pre Post V p Pre Post V p

LF Sham 1 6 28 0.000 0.000 2 12 4.000 0.012

tDCS 2 9 38 0.000 0.000 11 8 20.000 0.890

GC Sham 1 13 34 0.000 0.000 15 23 19.500 0.025

tDCS 2 23 56 0.000 0.000 24 27 27.000 0.307

GD Sham 1 19 59 0.000 0.000 17 24 8.000 0.040

tDCS 2 24 59 0.000 0.000 24 27 9.000 0.215

GP Sham 1 14 46 0.000 0.000 14 21 15.000 0.049

tDCS 2 23 45 10.000 0.001 21 21 33.000 0.519

EC Sham 1 11 33 5.000 0.000 11 21 9.000 0.014

tDCS 2 17 21 32.500 0.168 17 23 16.500 0.060

SP Sham 2 5 18 0.000 0.006 5 9 4.000 0.205

tDCS 1 0 25 0.000 0.000 0 6 0.000 0.047

RL Sham 2 39 57 0.000 0.002 39 46 9.000 0.048

tDCS 1 20 56 0.000 0.000 21 41 7.000 0.000

CK Sham 2 25 43 0.000 0.002 23 34 18.000 0.012

tDCS 1 16 42 0.000 0.000 13 29 9.000 0.005

PG Sham 2 34 47 5.500 0.003 35 31 42.000 0.811

tDCS 1 9 42 0.000 0.000 9 16 15.000 0.049

Pre- and Post-scores are expressed by the total number of correct responses in each assessment phase (max = 60). Pre- and post-treatment scores were compared by the Wilcoxon

Signed-Rank Test.

FIGURE 8 | Individual results: effects of treatment in verb retrieval.

The y axis represents the number of correct responses (N correct; max. 60,

corresponding to 20 verbs over 3 tests). This information is available for

treated (left) and untreated verbs (right), for each treatment phase and

stimulation condition. Significant results are reported: ***p < 0.001;

**p < 0.01; *p < 0.05.

improvement is larger for treated verbs, in Phase 1, and in the real
tDCS phase. Individually, all patients showed both item specific
improvement and generalization, to different degrees across
phases and stimulation conditions. In the following section

we discuss the nature of treatment effects and the potential
contribution of tDCS to these effects.

Item-specific Effects and Generalization with
ACTION
Speech/Language Therapy (ACTION ± tDCS) effectively
increased response accuracy, and this improvement was
statistically significant for both treated and untreated verbs, at
the group level. Albeit present for both sets, improvement was
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larger for treated verbs. This outcome was expected, as other
studies have shown the efficacy of treating verb production
in sentences (Edwards and Tucker, 2006), in particular when
knowledge of predicate-argument structure is trained explicitly
(Fink et al., 1992; Webster et al., 2005; Thompson et al., 2013).
Semantic (Edwards and Tucker, 2006), phonemic (e.g., Fink
et al., 1992), written word (Conroy et al., 2009), and repetition
cues (e.g., Weinrich et al., 1999) all improved retrieval of treated
verbs. Indeed, the verbs included in ACTION-based treatment
improved in every phase of therapy in all subjects, except for EC,
who improved only in Phase 1.

Comparable pre-treatment accuracy across the two sets is
essential to identify generalization. Post-treatment accuracy
improved significantly for both sets at the group level. In
addition, significant generalization occurred in individual cases.
It was present in 9/9 participants, either in the first phase (9/9) or
in both phases (2/9). ACTION treatment yielded generalization
in Dutch and German individuals with aphasia (Bastiaanse et al.,
2006; Links et al., 2010). Its Italian adaptation, that adds a specific
focus on verb morphology, further encourages the adoption
of a structured cueing hierarchy in order to provide patients
with a strategy conducive to both item-specific and generalized
improvement.

Stable nonword repetition performance at the group level
suggests that improvement of verb retrieval was due to treatment,
and not to task practice (Nickels et al., 2015). The same
holds at the individual level, except in EC and GP, whose
nonword repetition accuracy improved in the same phase in
which generalization occurred. Prior to participating in this
study, EC had not received Speech-Language Therapy for 4
years, and GC had followed (not during his participation in
this study) a treatment protocol that also included repetition
tasks. For these two cases, improvement in an untreated task
does not allow to establish the reasons for better performance
on untrained verbs in experimental tasks—it could be attributed
to treatment, but also to a charm effect or to the adoption
of strategies external to ACTION. Nevertheless, since in both
subjects performance in additional tasks (e.g., object naming) was
stable throughout the protocol, and since in the other participants
nonword repetition did not improve, it is reasonable to attribute
generalization to ACTION, at least in part, also in the case of
EC and GP.

Which mechanisms may have resulted on generalization? The
representation of a verb specifies, in addition to suprasegmental
and syllabic/segmental features (represented also for nouns),
lexical-grammatical properties that are exclusive to verbs, such
as conjugation, inflectional paradigm, transitivity, predicate-
argument structure, etc.). Such properties are verb-specific, but
are similar for large sets of items. In fact, there is evidence that
different verbs share information about the syntactic structures
in which they occur (Pickering and Branigan, 1998), and that this
can result in structural priming between sentences that include
different verbs (Bock, 1986). Consequently, training predicate-
argument structure production in the context of a specific verb
can facilitate retrieval of the same predicate-argument structure
for another verb. And in turn, it can facilitate activation of
lexical items that are semantically appropriate to the active

predicate-argument structure (Bock, 1986). This lexical selection
bias can enhance access to the representations of untreated
verbs. In short, participants might have benefited from improved
retrieval of treated verbs, and from recovered knowledge of
typical argument structure to cue the retrieval of untreated verbs.
At the end of the treatment protocol, this might have yielded both
item-specific recovery and generalization.

Interestingly, generalization was observed in protocols that
require production of verbs in sentence context (Bastiaanse et al.,
2006; Links et al., 2010; Thompson et al., 2013), but not in
protocols focusing on verb production at the single-word level,
even when action naming was preceded by explicit discussion
of that verb’s argument structure (e.g., with modified semantic
feature analysis for verbs; Wambaugh and Ferguson, 2007). This
suggests that generalization depends not only on training lexical
verb retrieval or on recovering abstract knowledge of argument
structure, but also on actually producing predicate argument
structures.

The role of structural complexity should also be considered
here. In the second week of each therapy phase, the treatment
task reached a higher level of complexity than that used
in any of the tasks used during assessment. At this stage,
participants were prompted with an image and an adverb
and were asked to produce full sentences with verbs inflected
in the correct tense. Even the most demanding task used to
measure improvement (sentence construction) was simpler than
this treatment task in some respects, as participants need not
inflect the verb in one of three tenses. Importantly, all tasks
tackled related linguistic operations. The Complexity Account
for Treatment Efficacy predicts improvement in linguistically
related, less complex tasks (Thompson et al., 2003). Improved
verb retrieval for untreated verbs in less complex, related
structures, was also reported (Thompson et al., 2013), with 3-
argument verb treatment resulting in improved production of 1-
and 2-argument verbs in sentences. In addition, morphosyntactic
complexity was shown to have an impact in verb retrieval,
with aphasic patients displaying poorer retrieval of finite than
nonfinite verbs (Bastiaanse, 2011). By treating the production of
tense morphology (a knowledge that can be generalized), we may
have decreased task complexity for both treated and untreated
verbs, thereby allowing resource allocation for lexical selection
processes.

In most participants, difficulties in sentence construction were
associated with damage to multiple levels of language processing,
including semantics, lexical retrieval, sublexical conversion
procedures, working memory and grammar (thematic role
assignment, realization of predicate-argument structure, and
morphosyntactic processes). Focusing treatment on verb
retrieval, verbal morphology and predicate-argument structure
in sentence-level tasks may have indirectly yielded additional
benefits (generalization) by alleviating associated impairments
and/or implicitly teaching participants how to circumvent them.
For example, training may have increased working memory
capacity, and the improvement of grammatical processing may
have decreased the cognitive load associated with sentence
construction, resulting in more efficient allocation of resources
to lexical retrieval.
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Given that verb accuracy was calculated by collapsing accuracy
across three different tasks, we also considered whether this
scoring procedure influenced the evaluation of performance
and the resulting patterns of improvement. There was a main
effect of Verb Test, indicating that participants retrieved verbs
more accurately in the VTsentence (sentence construction) than
in the other two tasks, possibly because in this task patients
read cues about the nature of the constituents to produce (see
Figure 2), and this may have facilitated access to predicate-
argument structure. Patient also hadmore time to respond in this
task (30 s, in comparison to 20 s in the other tasks), to account
for the higher number of words that needed to be produced.
Importantly, after therapy, lexical verb retrieval improved in
all tests (VTinfinitive, VTfinite, VTsentence), without significant
across-task differences.

Since participants were treated in two phases, and were
randomly assigned to the two stimulation sequences (tDCS, then
sham vs. sham, then tDCS), the effect of timing on treatment
is worth considering. Participants improved more in Phase
1 than in Phase 2. This may have occurred because there
was more room for improvement in Phase 1 (subjects had
not received any treatment for several months), and recovery
plateaued by the end of Phase 2. Following TUF-based treatment
(Thompson and Shapiro, 2005), Dickey and Yoo (2013) showed
that improvement of treated and untreated verbs depends on
different dose-response relations. Treated verbs were acquired
faster and linearly, whereas generalization emerged more slowly,
its learning curve accelerating over time. In the present study,
both item-specific improvement and generalization were larger
in Phase 1, and the pattern for untreated verbs was opposite to
that reported by Dickey and Yoo (2013).

tDCS
Scores before and after the tDCS treatment phase were lower
than those before and after the Sham phase, as shown by the
main effect of Stimulation. In fact, we successfully controlled pre-
treatment accuracy across treated and untreated verbs in each
phase, but accuracy across phases was more difficult to balance,
as it depended on the extent to which each participant improved
in Phase 1. The Time∗Stimulation interaction suggests that, in
spite of lower initial scores, improvement was greater in the
tDCS phase. However, this result must be taken cautiously, as
the steeper slope for real tDCS may reflect a true enhancement
due to successful neuromodulation, but also a ceiling effect for
the Sham condition. In other words, if participants could not
improve further than observed, the slope may be steeper in the
tDCS condition just because participants started off with lower
accuracy. We discuss these possibilities (a true stimulation effect
and a ceiling effect) in the next paragraphs.

To our knowledge, this is the first time that tDCS is applied
together with a treatment program that targets verb production
in sentence context and includes explicit morphosyntactic
training. Neuroimaging studies suggest that sentence production
and verb inflection require computations that are widely
distributed in the brain (e.g., Perani et al., 1999; Thompson
et al., 2007). Given that tDCS is more effective when the
electrodes are placed directly above areas involved in the

cognitive processes associated with stimulation (Marangolo et al.,
2013a), it is possible that tDCS is more effective when associated
with cognitive functions that have a more circumscribed
representation. Thus, ACTION could be considered a less
optimal protocol to pair with tDCS. Nevertheless, previous
research contradicts the idea that widespread representation of
the cognitive processes engaged by a task may decrease efficacy
of neuromodulation. For example, benefits from tDCS were
reported in association with conversational therapy (Marangolo
et al., 2013b).

Stimulation was delivered to different sites in different
participants. We did this to ensure that tDCS was applied over
healthy tissue in each case. In previous research (Baker et al.,
2010), stimulation sites were identified based on each individual’s
fMRI activation during correct naming. This procedure was
selected to ensure that the stimulated area was involved in the
to-be-treated task, and to putatively allow tDCS to enhance
patterns of activation known to correlate with good performance.
While this approach has pragmatic limitations (discussed in de
Aguiar et al., 2015), it is indeed relevant to target areas for
stimulation that have at least the potential to be involved in
the task. Our decision in terms of stimulation site may have
resulted in a more efficient pairing of functional role of the area
and treatment task in some cases than in others (see Marangolo
et al., 2013a), but this approach was preferred to stimulation
of lesioned tissue. First, because lesioned tissue can disturb
current flow (Datta et al., 2011) and, most importantly, because
recovery is typically associated with activation of peri-lesional
or contra-lesional areas (Schlaug et al., 2008) and tDCS directly
over lesioned areas was reported to be ineffective (Hesse et al.,
2007).

Individual data analyses highlight another important issue.
For treated verbs, EC had larger improvement in the Sham
condition. For untreated verbs, improvement was greater after
tDCS for PG, and after Sham for LF and PG. Crucially, these
participants showed greater improvement in Phase 1 than in
Phase 2, regardless of stimulation condition. The same was true
at the group level. Therefore, it is not clear whether across-phase
differences are due to type of stimulation (tDCS vs. Sham) or to
treatment phase (1 vs. 2). In cross-over designs, in which typically
two treatments are administered over two phases, treatment
order can massively influence outcome. In our sample, five
participants received Sham first and four received tDCS first.
With an uneven number of subjects, and a significantly larger
improvement in Phase 1, the design is somewhat biased toward
larger improvements in the Sham condition. Nonetheless, group
analyses show greater improvement in the tDCS phase, for both
treated and untreated verbs.

All things considered, in the same way that we cannot rule
out a ceiling effect for Sham, we can also not exclude the
possibility that data reflect a true, tDCS-related enhancement.
Assuming a real effect of tDCS, our data is in line with
previous research. Performance in tasks using verbs, such as
action naming (Marangolo et al., 2013a) and spontaneous
speech (Marangolo et al., 2013b, 2014), showed significant
therapy enhancement after stimulation of Broca’s area. In
our study, the anode was placed over Broca’s area in three
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participants and over the neighboring left hemisphere cortex in
five. Considering that we focused on verb retrieval accuracy,
our data are consistent with those of Marangolo et al.
(2013a), showing that stimulation of Broca’s area (and of the
surrounding cortex)6 can enhance verb production. Since a bi-
cephalic montage was used in all participants, the observed
effects could be due to a combination of the excitation
induced by the anode placed over LH perilesional areas,
and of the active role of the cathode over contralesional
areas (Nitsche et al., 2008), which may have contributed
to balancing interhemispheric competition (Murase et al.,
2004).

In addition, lack of a three-way interaction involving Set
(Time∗Stimulation∗Set) suggests that greater improvement in
the tDCS phase involves both treated and untreated verbs.
Moreover, control for aspecific improvement in verb production
was achieved (pre-treatment performance was stable, and no
group-level effects were observed for nonwords), and therefore
data indicate that improvement of untreated items reflects
generalization. Of the five participants who received Sham first,
all showed generalization in Phase 1 and none in Phase 2. Of
the four participants who received tDCS first, all generalized
in Phase 1, but two also generalized in Phase 2 (when they
received Sham). This could either mean that Sham increased
generalization in both phases, or that administering tDCS in
the first phase extended the generalization potential to the
subsequent Sham phase. This latter possibility receives some
support from group data, through the observation of larger item-
specific improvement and generalization in the tDCS phase.
Nevertheless, we reiterate that the results regarding tDCS are
not conclusive, as it is not possible to distinguish between
a real tDCS-induced modulation and a ceiling effect in the
Sham condition. Furthermore, it should be highlighted that we
report data from a relatively small sample. Considering the
fact that response to tDCS is characterized by a large inter-
subject variability (Horvath et al., 2014), replication with a larger
sample is essential to support the findings reported in the current
study.

6This was the stimulation target for 8/9 patients.

Conclusion

The ACTION protocol improved lexical retrieval for both treated
and untreated verbs. With generalization considered as the
ultimate goal of aphasia therapy (Dickey and Yoo, 2013), results
highlight the importance of engaging explicit morphosyntactic
knowledge during rehabilitation of verb retrieval. Item-specific
improvement was considerably larger than improvement of
untreated items, but all participants improved significantly on
both sets of verbs. Improvement was more marked in the first
phase of treatment. Even though this study was not designed to
assess the timing constraints of therapy, results stress the need to
investigate the time-course of both item-specific and generalized
improvement. The effects of bi-cephalic tDCS administered
concurrently with ACTION are to be interpreted carefully, but
while a ceiling effect cannot be excluded, larger therapy effects

were observed during tDCS than Sham, for treated and untreated
verbs.
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The bidirectional flow of perceptual and motor information has recently proven useful
as rehabilitative tool for re-building motor memories. We analyzed how the visual-motor
approach has been successfully applied in neurorehabilitation, leading to surprisingly
rapid and effective improvements in action execution. We proposed that the contribution
of multiple sensory channels during treatment enables individuals to predict and optimize
motor behavior, having a greater effect than visual input alone. We explored how
the state-of-the-art neuroscience techniques show direct evidence that employment
of visual-motor approach leads to increased motor cortex excitability and synaptic
and cortical map plasticity. This super-additive response to multimodal stimulation may
maximize neural plasticity, potentiating the effect of conventional treatment, and will be a
valuable approach when it comes to advances in innovative methodologies.

Keywords: action observation, plasticity, rehabilitation, brain stimulation, motor cortex, multisensory rehabilitation

Introduction

The inextricable link between action perception and executionwas first posited by ideomotor theory
and neurophysiological studies on mirror neurons (Prinz, 1990; di Pellegrino et al., 1992; Hommel,
1996). Within the past few years, it has been accepted that the bidirectional flow of perceptual
and motor information can be useful in neurorehabilitation (Franceschini et al., 2012; Kantak
and Winstein, 2012; Buccino, 2014). More specifically, theory-based evidence (Pomeroy et al.,
2005; Garrison et al., 2010) has suggested that combined perceptual-motor training is beneficial in
recovering and restoring motor ability after stroke (Small et al., 2012, 2013). Recently, this approach
has been successfully applied to a considerable number of experimental lines of research validating
how action observation is an effective way to enhance the performance of a specific motor skill (for
a review, see Buccino, 2014).

Action Observation Treatment

Observation/Motor Training
During the rehabilitation protocol, patients are typically required to observe a specific movement
that is presented in a video clip or demonstrated by an examiner, and contemporaneously
(or thereafter) execute what they observe. A match or mismatch between visual signals
and one’s own motor output re-informs the brain about how the limbs or mouth, for
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example, should move in order to successfully execute a
gesture when a motor command is sent. Accurately reproducing
spatial (Heyes and Foster, 2002), temporal (Badets et al.,
2006a,b), and inter-limb coordination (Buchanan and Dean,
2010) characterizes movements, facilitates the generation of
errorless motor patterns, and/or stimulates online correction
output (Hecht et al., 2001; Heyes and Foster, 2002; Casile and
Giese, 2006).

Behavioral and neurophysiological studies using combined
visual-motor programs have suggested that the observation of
a movement can improve motor performance in patients who
have suffered a chronic ischemic stroke (Ertelt et al., 2007,
2012; Franceschini et al., 2010, 2012; Ertelt and Binkofski,
2012; Sale and Franceschini, 2012; Bang et al., 2013; Bonifazi
et al., 2013; Brunner et al., 2014; Kim et al., 2014b; Marangon
et al., 2014; Park et al., 2014a; Sale et al., 2014), patients with
Parkinson’s disease (PD; Pelosin et al., 2010, 2013; Buccino et al.,
2011; Esculier et al., 2014), and in children with cerebral palsy
(Sgandurra et al., 2011, 2013; Buccino et al., 2012; Kim and Lee,
2013; Kim et al., 2014a). In the absence of brain injury, this
type of treatment can be easily used to benefit patients with
poor motor function or decline due to aging (Celnik et al., 2006;
Bellelli et al., 2010; Park et al., 2014a). For example, bidirectional
perceptual/motor training can be effective in patients with
musculoskeletal injuries, such as those undergoing orthopedic
surgery for the hip or knee (Bellelli et al., 2010; Park et al.,
2014a,b), or in elderly individuals with reduced cognitive ability
(Celnik et al., 2006; for a summary of these studies please see
Table 1).

Even in the brain of motor skill experts such as athletes or
musicians, simultaneous training on the execution of a motor act
during observation of an action results in better motor outcome
(Haslinger et al., 2005; Mann et al., 2010).

Positive Impact of Action Observation/Execution
Treatment
Rehabilitative treatments based on perceptual-motor codes
produce more effective results than motor acts that are
mentally simulated (Gatti et al., 2013), motor training alone,
or action observation alone (Hecht et al., 2001; Casile and
Giese, 2006). Further, this rehabilitative approach seems to
work quicker, and is more effective and more stable over
long duration (Ertelt et al., 2007). One of the most striking
advantages of this treatment is that it does not target one
specific region of the body. In other words, this approach
can be used to guide any biological effector (mouth, upper
limbs, lower limbs, and trunk) in the production of an
action.

During early stages of illness, motor observation and imagery
could prevent the cortico-motor depression that is caused by
limited use of the limbs (Bassolino et al., 2014). In the sub-
acute phase, these two factors could stimulate and enhance the
beneficial effects of motor training (Sale et al., 2014).

Several studies have recently reported the positive effects
of motor imagery training on balance and gait performance
(Dunsky et al., 2008), as well as on upper-limb function (Page
et al., 2001), in patients with chronic stroke (Ietswaart et al.,

2011) and on lower-limb function following spinal cord injury
(Hotz-Boendermaker et al., 2011). Thus, it has been suggested
that action observation could be a complementary training to
facilitate the effect of an imagined motor task.

However, as observation of amovement provides unequivocal
visual stimuli to the observer, it facilitates actual motor output
more than imagining motions per se. The precise execution
dynamic of an observed motor act could inform the motor
imagery to improve the training supporting the kinesthetic
aspects of the action, both when the classic motor training is
not yet possible and after during the combined perceptual-motor
rehabilitation treatments.

Despite the fact that training is enhanced when it is
simultaneously combined with both action observation and
execution (Stefan et al., 2005; Celnik et al., 2006, 2008), or when
observation follows physical practice during early consolidation,
some issues remain and further improvements can be made.
For example, the time course of motor consolidation should
be investigated in order to determine if it occurs flexibly
across multiple timescales. Moreover, it is unclear whether
action observation training is effective due to the recall of
physical practice or motor performance per se, or because motor
memories are relearned.

Towards Multimodal Prediction
in Rehabilitation

The Effect of Multimodal Experience on
Perceptual-Motor Codes
It is clear that the motor memory of an action is a multimodal
experience that is modulated by visual (Haslinger et al., 2005),
auditory (Kaplan and Iacoboni, 2007), and even olfactory
(Pazzaglia, 2015) input. Given the mechanism that unifies action
perception and action execution, it is highly plausible that,
in rehabilitation, the consolidation of an early motor memory
or recollection of a motor gesture may benefit from the use
of different perceptual cues during the practice of physical
actions. That is, perceptual cues might serve to recall motor-
memory traces previously associated with a natural multisensory
environment that cannot be retrieved from actual gestural
knowledge. We know that effective approaches in rehabilitation
are often intensive and repetitive, and therefore multisensory
stimulation may facilitate the maintenance of attention and
motivation in people undergoing therapy.

Studies in patients with brain damage demonstrate that
both visual transitive and intransitive actions (Pazzaglia et al.,
2008b), as well as hand and mouth action-related sounds, can
be impaired (Pazzaglia et al., 2008a) if intentionally executed
(Pazzaglia, 2013; Pazzaglia and Galli, 2014). One approach that
has proven more powerful than vision alone in producing
stabilized movements is using combined motor and auditory
stimuli to encourage regularity of motor coordination in patients’
groups (Semjen and Ivry, 2001; Thaut et al., 2002). Additionally,
in the olfactory domain, individuals with autism in the presence
of a facilitating olfactory cue are able to successfully initiate
imitation behavior (Parma et al., 2014). Interestingly, the mere
perception of breast odors in infants induces immediate motor
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TABLE 1 | Summary of action observation treatment studies.

Patology Number of participants Sessions

Experimental Control Number Duration Type Control Training Re-test Generalization Reference
group group (minutes) of action (days)

Stroke 33 34 40 15 Upper limbs Static images Imitation 120 − 150 + Sale et al. (2014)
daily actions of objects

28 0 20 40 Daily actions Imitation 60 + Franceschini et al. (2010)
with objects

11 10 12 30 Functional Landscape Imitation + Park et al. (2014a)
walking tasks images

15 15 20 40 Treadmill Nature video Physical + Bang et al. (2013)
walking actions Imitation

9 9 + 9 20 30 Dynamic balance Motor imagery + Physical + Kim and Lee (2013)
+ Gait abilities Physical training Imitation

8 8 18 90 Daily life hand Geometric Imitation 56 + Ertelt et al. (2007)—fMRI
and arm actions symbols and

letters
Parkinson’s 8 8 18 40 Wii Fit game Rest + Motor + Esculier et al. (2014)—TMS
disease avatar actions imagery +

Imitation
7 8 NA NA Daily Video clips with Imitation + Buccino et al. (2011)

actions no motor content
10 10 12 60 Walking actions Landscape Imitation 28 + Pelosin et al. (2010)

+ Gait abilities images
10 + 10 14 + 8 + 10 1 6 Repetitive finger Acoustic cue + Imitation 2 Pelosin et al. (2013)

movements Static hand
Cerebral 12 12 15 60 Upper limbs Computer Imitation 7 − 56 − 168 + Sgandurra et al. (2013)
palsy daily actions games

8 7 15 Upper limbs Video clips with Imitation + Buccino et al. (2012)
daily actions no motor content

8 8 12 30 Upper limbs Landscape Physical + 14 + Kim et al. (2014a)
daily actions images Imitation

Orthopedic 30 30 18 24 Whole body Video clips with Imitation 7 − 14 − 21 + Bellelli et al. (2010)
daily actions no motor content

9 9 9 40 Whole body Physical Imitation + Park et al. (2014b)
daily actions training

responses, such as directional crawling and sucking behavior
(Varendi and Porter, 2001). Moreover, an olfactory visuomotor
priming paradigm can induce facilitation effects regarding
the time taken to process movement, favoring less severe
bradykinesia and hand movement hypometria in patients with
PD (Parma et al., 2013). Therefore, it is reasonable to think that
emphasizing auditory, olfactory, and somatic perception, rather
than exclusively focusing on the learning of simple visual-motor
skills, may be potentially useful for relearning goal-directed
actions.

A multimodal approach can even be employed in simple
gestures, such as eating (or re-learning to eat) an apple, which is
characterized by a variety of sensory perceptions (the color of the
apple, the crunchy sound of its bite, the position of the fingers to
grasp the apple, and the apple’s smell and taste). In this case, the
motor re-education of a crucial daily life ability can be positively
influenced by boosting multiple sensory modalities.

Importantly, augmenting stimulation by the combination
of different modalities (olfaction, hearing, and haptics by
vibrotactile actuators) may allow patients to recover lost
motor functions as quickly and as permanently as possible.
Indeed, multimodal integration may augment perceptual
accuracy and saliency by providing redundant cues or by

sustaining the missing information in perception reconstruction
(Lenggenhager et al., 2013). Therefore, augmented multimodal
training can reveal benefits not only in terms of outer signals,
such as perceptual motor functions, but also via other
neurorehabilitation interventions on inner signals involving
training of motor tasks, as documented in experimental (Tsakiris
et al., 2011; Ainley et al., 2014) and clinical conditions (Villiger
et al., 2013; Lucci and Pazzaglia, 2015). Unfortunately, studies
on the role of additive multimodal stimulation in triggering
action representations during rehabilitation are currently
lacking.

Although perceptual and motor event coding is crucial
for shaping and implementing motor plans, knowledge
about the predicted sensory and motor effects of one’s
movement may provide further information that is useful
for controlling and adjusting representations of an intended
action.

The Effect of Anticipatory Coding
on Perceptual-Motor Codes
A high level of motor performance requires good ability to
predict the outcomes of a motor action, which is a function
that the motor system is well designed to fulfill. Important
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theoretical models conceptualize that the human motor system
is equipped with specific, rapid, and automatic mechanisms
that are crucial to the prediction of external sensory signals
(Schubotz, 2007) and forthcoming motor acts, thus functioning
as an anticipatory device (Wolpert and Flanagan, 2001). Studies
on perceptual-motor synchronization demonstrate that action
control is not sensitive to a match between sensory input and
motor output, rather, it is sensitive to synchrony between the
perceived sensory and motor effects of one’s action, supporting
the existence of an internal system that is independent of
motor implementation (Sergent et al., 1993). For example, when
participants are asked to tap their finger in synchrony with a
periodic sequence of tones, their performance depends entirely
on perceived representation. In other words, motor events are
controlled by the anticipation of their effects (Repp and Penel,
2002). Clinical evidence on the prediction notion of the motor
brain comes from studies conducted on patients with brain
damage that suffer from action execution disorders (Fontana
et al., 2012) in which there is no Readiness-Potential (RP),
an electrophysiological marker of motor preparation (Schurger
et al., 2012), in the spontaneous activity of their motor system.
RP seems to result from forward model predictions of the motor
system that automatically precede a self-initiated movement
(Kilner et al., 2004). Within this context, the lack of RP exhibited
by patients indicates that the inability to predict consequences
of one’s own motor action is directly associated with a distorted
motor implementation. Efforts have been directed at bridging
the discontinuities between prediction and implementation of
motor actions (Wolpert and Flanagan, 2001; Iacoboni, 2003),
in order to increase the anticipation of error recognition and
interaction with the external world. This account of the motor
system ensures that a prediction can be generalized from actions
(Kilner et al., 2004) to events (Schubotz, 2007), and might benefit
from multisensory stimulation that draws on the sensorimotor
system.

Indeed, anticipation is also stimulated by hearing and
olfaction. Memorization of the temporal association between
the perception of a sound and a movement that accompanies
it is a key element of learning (Aglioti and Pazzaglia, 2011).
Regarding olfaction, however, odor may force us to prepare
for action, adjusting the variability that is attributable to motor
implementation. Such a phenomenon is documented when
we smell an odor and subsequently grasp for food (Rossi
et al., 2008). These are attractive examples of multi-modal
prediction facilitation; however, whether and how behavioral
paradigms that have been ad hoc devised on the basis of
predictive coding algorithms will be combined with state-of-the-
art neurophysiological techniques is a topic that will need to be
addressed in the future.

Neural Underpinnings of Perceived and
Executed Actions

Action observation treatment was inspired by studies of macaque
mirror neurons, where a particular class of multimodal cells
were observed to be active during action execution and
action perception (di Pellegrino et al., 1992; Keysers et al.,

2003). Owing to the invasiveness of the technique used to
record neuron activity in vivo, direct evidence of double-
duty visuo-motor units in humans has only been reported
in one study (Mukamel et al., 2010). Neurons that share
bidirectional ‘‘seeing and doing’’ information are located in
the medial section of the frontal lobe and in the temporal
cortices (Mukamel et al., 2010). However, based on the
pooled responses of very large populations of neurons, non-
invasive neuroimaging and transcranial magnetic stimulation
(TMS) suggest a similar system of motor simulation during
action observation (Fadiga et al., 1995; Buccino et al., 2001;
Aziz-Zadeh et al., 2002; Gazzola and Keysers, 2009). Neural
subpopulations code either perceived or executed actions that
may be linked to the striking mirror property in the premotor
cortex, supplementary motor area (SMA), inferior parietal
lobule, cingulate gyrus, and cerebellum (Molenberghs et al.,
2012).

Different cognitive neuroscience techniques and experimental
protocols in healthy subjects and patients with brain damage
have provided convergent evidence for the existence of a fronto-
temporal-parietal network involved in a variety of sensory
signals that trigger or modulate an action (Aglioti and Pazzaglia,
2010). For example, sound-into-action translation processes
have been identified in the left dorsal and premotor cortices
and inferior parietal lobe (Gazzola et al., 2006). Moreover, the
merging of visual and auditory information enables individuals
to anticipate and optimize their perceptual and motor behavior
recruiting the SMA, premotor cortex and cerebellum (Chen
et al., 2008). Causative information on the auditory mapping
of actions has been provided by our study on patients
with apraxia, where we identified a clear association between
deficits in performing hand- or mouth-related actions and
the ability to recognize the associated sound in the frontal
cortex and parietal lobe in the left hemisphere (Pazzaglia et al.,
2008a).

Even human odors communicate dynamic information about
motor states (Pazzaglia, 2015). For example, a combination
of olfactory and visual inputs facilitates the selection of goal-
directed movements (Castiello et al., 2006), and odorant objects
(for example grasping a smelled strawberry) can potentially
activate the frontoparietal brain network in response to the
sight of similar actions (Tubaldi et al., 2011), thus hinting at
the crossmodal nature of action simulation. This bi-directional
message passing in the motor system can be seen when an
individual grasps for a smelled object (Rossi et al., 2008), which
clearly indicates predictive coding (Tubaldi et al., 2011).

Therefore, the perception/execution system, even when
apparently driven by one modality, may be largely modulated by
multimodality (Pazzaglia, 2015).

Maximizing Perceptual Motor Plasticity
in Rehabilitation

Neuroplastic Brain Potentialities of Observed
and Executed Actions
Action-observation training promotes neural reorganization via
an adaptive plasticity, which leads to behavioral success in
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motor performance (Wenderoth, 2015). The cortical origin
of the plastic modification induced by the matching of an
observed and performed action, is well illustrated by studies
on system motor experts. More specifically, these studies
have demonstrated that the motor repertoire ‘‘resonates’’ with
that of observed, ongoing movements in the frontoparietal
structures (Haslinger et al., 2005; Calvo-Merino et al., 2006).
Moreover, after a stroke, neural changes in the motor area that
are caused by observation interventions suggest a functional
reorganization comparable to those evoked in the brains of
expert motors. For example, TMS studies of healthy individuals
and patients with brain damage (Stefan et al., 2005; Celnik
et al., 2006, 2008) have provided direct evidence of increased
motor cortex and cortico-spinal excitability as a result of the
enhanced synaptic efficiency that reflects long-term potentiation
(Rosenkranz et al., 2007). These TMS studies indicate that
action observation drives reorganization in the primary motor
cortex to strengthen the motor memory of an observed action
in young (Stefan et al., 2005; mean age, 34 years) and elderly
(Celnik et al., 2006; mean age, 65 years) subjects, as well as
in patients with chronic brain damage (Celnik et al., 2008).
It has also been shown that 4 weeks of active, 18-day-cycle
visual/motor training significantly enhances motor function,
with a significant rise in the activity of specific motor areas
that possess mirror properties in patients with stroke (Ertelt
et al., 2007). Conversely, massed, high-frequency rehabilitative
training (300–1000 daily repetitions) based on execution alone
elicits only minimal neural reorganization (Kleim et al., 2004).
Further, the action-observation of grasping movements of
either the right or left hand, results in increased cortico-
spinal excitability when TMS activates muscles of the unaffected
hand (Ertelt et al., 2007). Lateralized M1 hyperexcitability
could promote plastic changes in excitatory/inhibitory circuits
through cortico-cortical connections. Indeed, although selective
hemispheric improvement of healthy brains undergoing motor
training coupled with action observation suggests a major role
of cortical activity in the left hemisphere (Hamzei et al., 2012),
action observation and execution tend to be salient in both
hemispheres (Gazzola et al., 2007). It is thus not surprising that
after therapy, a significant increase in activity was observed in
the bilateral ventral premotor cortex, bilateral superior temporal
gyrus, SMA, and contralateral supramarginal gyrus during free
object manipulation in a functional magnetic resonance imaging
study in stroke patients (Ertelt et al., 2007). Even in a disrupted
network, enhancement of motor activity during spontaneous
gestures has been observed after therapy aimed to promote
adaptive neuroplasticity to enhance motor recovery (Garrison
et al., 2013). Thus, the neural structures underpinning action
execution observation of both hemispheres are also expected
to play a role in motor recovery. Rather than employ training
of a specific action observation in favor of a nonparetic limb,
clinicians may point to regions activated in response to specific
action observation in favor of both paretic and nonparetic limbs
(Garrison et al., 2013). This supports the idea that interconnected
regions of the action network can be balanced in an inhibitory
manner. It is important to note that focal brain ischemia induces
profound synaptic rearrangement, even in neurons adjacent to

the insulted region. When the affected hemisphere undergoes
long lasting increases in excitability (Manganotti et al., 2002),
it influences glutamatergic synapses leading to reorganization of
the peri-infarcted area (Cárdenas-Morales et al., 2010). It is also
possible that the sensorimotor cortex of the affected hemisphere,
through a mechanism of locally reduced transcallosal inhibition,
changes the cortico-cortical excitability of the intact contralateral
sensorimotor cortex. Thus, changes in inter-regional cortical
excitability of a network related to a specific training program
can be balanced by long-term potentiation- and depression-
like processes, as well as to inhibitory mechanisms modulated
by GABAergic activity stimulating a process of homeostatic
metaplasticity (Ridding and Ziemann, 2010). Moreover, short-
term plastic changes induced by low frequency TMS in the motor
stimulation circuit can also be useful in adults with moderate to
severe traumatic brain injury (Nielson et al., 2015), and in focal
hand dystonia (Kimberley et al., 2015). Therefore, combined
motor perception is a powerful mechanism to generalize action
recovery (see Table 1), even if it is not related to the observed
and executed stimuli used during video-therapy (Ertelt et al.,
2007).

Assuming that map plasticity and motor process are
interrelated, as they appear to be, then the change in excitability
could inhibit or facilitate neural mechanisms underlying action
execution and open up new possibilities for complementary
multisensory processing with cumulative effects (Blankenburg
et al., 2008).

Neuroplastic Brain Potentialities of Multimodal
Actions
A prompt comparison at the cortical level between two
sensorimotor representations of a movement—that which is
‘‘perceived’’ and that which is ‘‘performed’’– is necessary to
induce major plastic changes. The functional contribution of
perceptual information could be extended to other modalities
depending on motor connections between sensory networks.
Accordingly, although unimodal input may trigger action
representation, congruent multimodal input is more appropriate
to provide an enriched sensory representation, which, ultimately,
enables full-blown characterization of an action simulation.
Moreover, different inputs could converge at the synaptic level
of up-stream motor areas. For example, the pooled response
of very large populations of visuo-audio-motor neurons may
result in a super-additive effect; that is, stronger than the sum
of the unimodal effect (Keysers et al., 2003; Kaplan and Iacoboni,
2007). In addition, the multimodal response on pooled responses
of visuo-olfacto-motor populations of neurons induces further
increase in activity of the simulation map.

We also suggest that the functional gain derived from
multimodal integration may have origins not only in the cortex,
but also induces parallel changes in spinal excitability. For
example, both visual and tactile data (e.g., peripheral nerve input)
lead to an increase in M1 excitability, thus inducing plasticity
and encouraging the use of multimodal stimulation in clinical
settings (Bisio et al., 2014). Indeed, it has been shown that 14 min
of median nerve stimulation during an observed congruent
movement significantly increases corticomotor excitability in the
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motor cortex and reduces GABAergic inhibition (Rosenkranz
and Rothwell, 2003). Such changes, suggest that the re-afferent
somatosensory feedback of the median nerve could generate
super-additive and cumulative effects. Similarly, a clear increase
in corticospinal motor facilitation during the observation of the
grasping of unseen but smelt objects (Rossi et al., 2008) or during
passive listening to sounds associated with bimanual actions
(Aziz-Zadeh et al., 2004), has also been observed. However,
neither peripheral nerve stimulation or action observation
alone could induce a comparable effect. Thus, combining the
re-afferent visual and somatosensory feedback of an action
leads to an increase in the synaptic efficiency evoked by action
execution in motor areas.

Concluding Remarks

While research on the relationship between observed and
executed actions in the context of stroke treatment and
rehabilitation has a short history, it has already provided
new insights into the complexity of the underlying neural
mechanisms of visual-motor training. The observation of
actions through a process of visual retrieval and selection
results in the encoding of a representation of the most
probable action, providing a powerful tool for overcoming

intentional motor-gestural difficulties. Moreover, tailored
interventions based on an individual’s ability to acquire new
(or relearn old) motor-memory traces through multimodal and
predictive models may be the most promising approach for the
development of treatments for goal-directed action disorders.

It is clear that progress in this area, which has both theoretical
and practical implications for the care of patients, requires
functional and anatomical information to guide the application
of rehabilitation procedures. The importance of the interplay of
multiple factors, such as lesion size, lesion location, and elapsed
time after stroke onset should be taken into account. It is also
likely that in cases different from stroke, such as PD, cerebral
palsy, and hemiparesis, these factors interact with many more
unidentified elements such as age at diagnosis, disease subtype,
cognitive status, and baseline motor functions. Thus, targeting
rehabilitation approaches on the basis of specific brain structures
that mediate the effects of latent plasticity of complex interacting
networks to facilitate recovery of function is an important
challenge in this growing clinical field.
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Near-infrared light stimulation of the brain has been claimed to improve deficits caused by

traumatic brain injury and stroke. Here, we exploit the effect of transcranial near-infrared

stimulation (tNIRS) as a tool to modulate cortical excitability in the healthy human brain.

tNIRS was applied at a wavelength of 810 nm for 10min over the hand area of the primary

motor cortex (M1). Both single-pulse and paired-pulse measures of transcranial magnetic

stimulation (TMS) were used to assess levels of cortical excitability in the corticospinal

pathway and intracortical circuits. The serial reaction time task (SRTT) was used to

investigate the possible effect of tNIRS on implicit learning. By evaluating the mean

amplitude of single-pulse TMS elicited motor-evoked-potentials (MEPs) a significant

decrease of the amplitude was observed up to 30min post-stimulation, compared to

baseline. Furthermore, the short interval cortical inhibition (SICI) was increased and

facilitation (ICF) decreased significantly after tNIRS. The results from the SRTT experiment

show that there was no net effect of stimulation on the performance of the participants.

Results of a study questionnaire demonstrated that tNIRS did not induce serious side

effects apart from light headache and fatigue. Nevertheless, 66% were able to detect

the difference between active and sham stimulation conditions. In this study we provide

further evidence that tNIRS is suitable as a tool for influencing cortical excitability and

activity in the healthy human brain.

Keywords: neuroplasticity, transcranial near-infrared laser light stimulation, brain, learning, human

Introduction

The transcranial application of near infrared light (tNIRS) to tissues in both the peripheral and the
central nervous system (CNS) has been performed for at least a decade and stimulation parameters
like wavelength, fluence, irradiance, treatment duration and timing, continuous or pulsed stream
of laser light have been investigated, mainly in animal models (Bjordal et al., 2003; Ilic et al., 2006;
Huang et al., 2009). A U-shaped response curve characterizes the optimum dosage of laser light
promoting wound healing and regeneration of tissue, while a higher dosage has a detrimental
effect due to heating of the tissue (Huang et al., 2009; Hashmi et al., 2010a,b; Chung et al., 2012).

Abbreviations: AMT, active motor thresholds; CCO, cytochrome C oxidase; EMG, electromyogram; FDI, first dorsal

interosseous muscle; ICF, intracortical facilitation; ISI, interstimulus intervals; M1, primary motor cortex; MEP, motor

evoked potential; RMT, resting motor threshold; SICI, short intracortical inhibition; SRTT, serial reaction time task; tACS,

transcranial alternating current stimulation; tDCS, transcranial direct current stimulation; tNIRS, transcranial near-infrared

stimulation; TMS, transcranial magnetic stimulation; tRNS, transcranial random noise stimulation.
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The primary target of applying infrared light as a therapeutic
tool is for wound healing, inflammation and chronic pain relief.
Applications have been widened to include the potential of
rehabilitative treatment for neurological disorders, which has
been extensively investigated using animal models (Detaboada
et al., 2006; Oron et al., 2006, 2012), in clinical trials of patients
with stroke and traumatic brain injury (Lampl et al., 2007;
Hashmi et al., 2010a; Stemer et al., 2010; Naeser et al., 2011;
Zivin et al., 2014), as well as showing promise as a potential
treatment for Alzheimer’s disease (Sommer et al., 2012). tNIRS
therapies, applied in optimized dosages have been claimed to
produce remarkable and reproducible effects both in the brain
and peripheral tissues after traumatic insult in both animal
models of disease and in humans (Gigo-Benato et al., 2005; Ilic
et al., 2006; Naeser et al., 2011). The outcomes of these studies
have led to the establishment of a multinational stroke trial
(NCT01120301) to investigate the application of tNIRS in stroke
rehabilitation and its ability to limit cognitive deficits post stroke
onset (Lampl et al., 2007; Stemer et al., 2010; Zivin et al., 2014).

The putative mechanism of action of infrared light is believed
potentiate the cytochrome C oxidase (CCO or complex IV)
complex in the mitochondria, a component of the electron
transport chain and key complex in ATP production. The action
spectrum of CCO is in the near-infrared range. As tNIRS is
applied at a wavelength of 810 nm, this suggests that CCO might
play a key role in the cellular response of the stimulation (Karu,
1987). In vitro experiments have shown that laser irradiation
modulates mitochondrial respiration levels, and is increased
following irradiation of cellular tissues, causing an amplification
of mitochondrial products, such as ATP, nicotinamide adenine
dinucleotide (NADH), protein and ribonucleic acid (RNA)
(Karu, 1999). tNIRS could increase the process of cellular
respiration in neurons by increasing energy and cyclic adenosine
monophosphate (cAMP) levels and indirectly, modulate the
activity of neurons. Konstantinovic et al. (2013) in a previous
study extended this view by highlighting the role of changing
intracellular calcium concentration due to cortical trauma, and
the modulation of Na+K+—ATPase activity associated with
neurological pathologies, like stroke and traumatic brain injury.
They hypothesized that application of tNIRS has a membrane
stabilizing effect and (the increased activity of the Na+ pumps
due to laser light irradiation underlies these stabilization effects)
that may be an important contributing factor behind the positive
clinical effects reported in earlier acute stroke studies. Next
to the potential role of CCO in the effect of tNIRS a second
putativemechanism of how near-infrared light can affect neurons
is through the dissociation of nitric oxide (NO) and oxygen
(Hashmi et al., 2010a). NO is an important cellular signaling
molecule, and is also a potent neurotransmitter in the CNS, which
is capable of inducing synaptic plasticity (Iino, 2006). By the
action of laser induced NO dissociation from the CCO complex,
the ongoing cellular respiration rate in the mitochondria can
continue unhindered, even under conditions of stress (Karu,
1989).

tNIRS is technically similar to the near-infrared spectroscopy
(NIRS) that is a widely applied non-invasive method for
studying functional activation throughmonitoring changes in the

hemodynamic properties of the brain, at least with regard to the
wavelength of the applied light (Villringer et al., 1993). However,
in the case of NIRS the power level of the stimulation is highly
depends on the type of application and the number sources (up
to 500mW).

Here, we provide evidence that tNIRS is suitable as a tool
for influencing cortical excitability and activity in the healthy
human brain. A previous study has already reported that
infrared stimulation can decrease motor cortical excitability
in healthy subjects (Konstantinovic et al., 2013). In order to
replicate and extend these data we have applied tNIRS over
the cortical representation of the hand area of the primary
motor cortex (M1) using a constellation of four laser diodes
attached to percutaneous acupuncture needles. With this study
we aimed to investigate whether tNIRS was (i) able to modulate
patterns of cortical excitability (single-pulse measures of cortical
excitability); (ii) which intracortical neural circuits were affected
by this form of stimulation using paired-pulse measures; and
lastly (iii) whether any change in performance on the behavioral
or cognitive levels could be detected (using the SRTT). This final
objective is very relevant to studies investigating the effects of
near-infrared laser light stimulation on the intact and damaged
cortex in patients suffering from stroke related pathologies or
patients who have been treated for traumatic brain injury (Gur
et al., 2007; Lampl et al., 2007; Hashmi et al., 2010a; Naeser et al.,
2011).

Materials and Methods

The study was approved by the ethics committee of theUniversity
of Göttingen and conformed to the Declaration of Helsinki. All
participants were informed as to all aspects of the experiments
and gave written consent.

Subjects
Altogether 55 right handed volunteers in the age range of
18–35 years were recruited, passed a standard physician’s
examination and met further inclusion criteria: no neurological
or psychiatric disorders, pacemaker, metal implants in the head
region, pregnancy, drug or alcohol addiction, or participation in
another study within the last 6 weeks.

Transcranial Near-infrared Laser Stimulation
(tNIRS)
tNIRS was applied using a continuous wave diverging laser beam,
with an increase in diameter of the beam width of 2mm with
every 1 cm increase along its path length. There are currently
no protocols exist in a healthy population, in which the factors
(intensity, power, duration, and fluence of the laser light etc.)
of the stimulation are defined in detail. Therefore, there is
no consensus as to which parameters should be selected for
stimulation of the intact cortex in order for the near-infrared laser
light to optimally stimulate the target cortical area. According
to our laboratory measurements and data from a previous study
(Litscher and Litscher, 2013), the penetration of the infrared light
through the skull (6–7mm thickness) is about 1–5%. Depending
on the thickness of the skin (for which every mm half of the
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irradiated energy of the beam is absorbed) and cerebrospinal
fluid (CSF), only a small fraction of the emitted laser light energy
can reach the cortical surface. Our stimulation parameters were
thus: we have used a total power of 150mW over an area of
0.35 cm2, which equates to a power density of 500mW/cm2 on
the surface of the skin, resulting in less than 5mW/cm2 cortical
fluence (∼ 1 J total energy). The temperature increase on the
skin under the diodes was max 1◦C. This value is lower than
can be measured during the application of other NIR light-based
applications, such as pulse oximetry, NIRS and diffuse optical
tomography (Bozkurt and Onaral, 2004). In previous studies
similar stimulation intensity values were used with an even
longer stimulation duration (20min) applying stimulation over
the center of the scalp for treating burnout syndrome (Litscher
et al., 2013). Other studies investigating the treatment of patients
with traumatic brain injury or depression used a 500mW total
energy dose (Naeser et al., 2011; Naeser and Hamblin, 2011)
or a calculated cortical power density of 9.5mW/cm2 (Schiffer
et al., 2009). According to the later study the output of the device
they used was “at least 5 times less than the PhotoThera laser
device (personal communication, Luis DeTaboada, PhotoThera
Inc, Carlsbad, CA) that was used without observed side-effects in
stroke patients” (Lampl et al., 2007).

tNIRS was applied using four stainless steel laser acupuncture
diode needles, which were sterilized after each use. The laser
needles were placed in a square over the M1, at the “hotspot”
predetermined by TMS (see below) and held in place with wire
holders attached to a crown that wraps around the head of
the participant (Figure 1). The diodes did not touch the skin
or each other, there was 5mm distance between the skin and
between the diodes. In order to exclude the unspecific effects of
the stimulation, eight subjects participated in a control condition,
in which the same laser needles were placed over the Oz electrode
position (see below).

The laser stimulator (WeberMedical, GmbH; Klasse 1, Type
BF, Laser Class 3B, max power for infrared 100mW/diode;
with certifications for human applications, including stimulation
of the scalp, in the EU and USA) was programmed to
administer tNIRS for 10min; once the preset duration has
been reached, the stimulation is terminated automatically. All

FIGURE 1 | tNIRS head montage. The laser acupuncture needles are fixed

to scalp with the crown and the bendable wire holding mechanism. The waves

are carried via optical fibers to the stainless steel percutaneous needles.

four needles were active during stimulation producing about
150mW energy. In each experiment subjects had to participate
in 2 experimental sessions, receiving either placebo or active
stimulation in a randomized counterbalanced order. During
the placebo condition the laser was switched on for a 30 s
period only. A minimum of 4 days were maintained between
each experimental session to avoid any carry-over effects of the
stimulation.

Measurement of Motor-cortical Excitability
To detect changes in excitability motor-evoked-potentials
(MEPs) of the right first dorsal interosseous (FDI) were recorded
following tNIRS of its motor-cortical representational field by
single-pulse TMS. These were elicited using a Magstim 200
magnetic stimulator (Magstim, Whiteland, Dyfed, UK) and a
figure-of-eight magnetic coil (diameter of one winding= 70mm;
peak magnetic field = 2.2 Tesla). The coil was held tangentially
to the skull, with the handle pointing backwards and laterally at
45◦ from the midline. The optimal position was defined as the
site where stimulation resulted consistently in the largest MEP.
Surface electromyogram (EMG) was recorded from the right FDI
with Ag–AgCl electrodes in a belly tendon montage. Raw signals
were amplified, band-pass filtered (2Hz–3 kHz; sampling rate
5 kHz), digitized with a micro 1401 AD converter (Cambridge
Electronic Design, Cambridge, UK) controlled by Signal Software
(Cambridge Electronic Design, version 2.13) and stored on a
personal computer for offline analysis. The intensity of the
stimulator output was adjusted for baseline recording so that the
average stimulus led to an MEP of 1mV in amplitude.

Resting motor threshold (RMT), active motor threshold
(AMT), the intensity required to elicit an MEP of ∼1mV peak-
to-peak amplitude (SI1mV) and a baseline of TMS-evokedMEPs
at the defined SI1mV intensity, were recorded at 0.25Hz prior
to stimulation. Stimulus intensities (in percentage of maximal
stimulator output) of TMS were determined at the beginning of
each experiment. RMT was defined as the minimal output of the
stimulator that induced a reliable MEP (50µV) in at least three
of six consecutive trials when the FDI muscle was completely
relaxed. AMT was defined as the lowest stimulus intensity at
which three of six consecutive stimuli elicited reliable MEPs
(200µV) in the tonically contracting FDI muscle (Rothwell,
1999).

Experimental Procedures
We had three experimental sessions: (1) single pulse MEP
measurements were introduced in order tomeasure corticospinal
excitability (15 subjects, 7 males stimulating the M1 and 8
subjects, 3 males stimulating the visual cortex); (2) paired- pulse
TMS was applied in order to measure intracortical (15 subjects,
7 males); (3) implicit motor learning task was used to test if
tNIRS can modulate motor learning (32 subjects, 16 males).
The experiments were conducted in a randomized, repeated
measurement design, on different experimental days, separated
at least with a weak pause.

Measuring Corticospinal Excitability
Before tNIRS TMS-evoked MEPs (30 stimuli) were recorded at
0.25Hz. Baseline measurement was followed by 10min active or

Frontiers in Behavioral Neuroscience | www.frontiersin.org June 2015 | Volume 9 | Article 147 | 193

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Chaieb et al. tNIRS modulates cortical excitability in the M1

sham tNIRS. After termination of tNIRS, 30 MEPs were recorded
at 0min, 5–30min and then every 10–60min poststimulation.

Measures of Intracortical Excitability
Short intracortical inhibition (SICI), intracortical facilitation
(ICF) and long intracortical inhibition (LICI) were measured
prior to active and sham stimulation sessions, immediately and
30min poststimulation. The following protocols were used: for
SICI/ICF, two magnetic stimuli were given through the same
stimulating coil, and the effect of the first (conditioning) stimulus
on the second (test) stimulus was investigated (Kujirai et al.,
1993). To avoid any floor or ceiling effect, the intensity of
the conditioning stimulus was set to 80% of AMT. The test-
stimulus intensity was adjusted to SI1mV. SICI was measured
with interstimulus intervals (ISI) of 2 and 4ms and ICF with
ISIs of 7, 9, and 12ms. At each time points the conditioning-test
stimuli were recoded 20 times. Themean peak-to-peak amplitude
of the conditioned MEP at each ISI was expressed as a percentage
of the mean peak-to-peak size of the unconditioned test pulse.

The second protocol tested was LICI, which applies two
suprathreshold stimuli with ISIs of 50, 100, 150, and 200ms
(Valls-Sole et al., 1992). The intensity of both stimuli was set to
110% of RMT. LICI was taken as the mean percentage inhibition
of the conditioned test pulse MEP at ISIs of 50, 100, 150, and
200ms. At each time points the conditioning-test stimuli were
recoded 20 times.

Investigating Implicit Motor Learning Using a Serial

Reaction Time Task (SRTT)
The SRTT (Nissen and Bullmer, 1987) is an established test to
investigate implicit motor learning also in the context of brain
stimulation (Nitsche et al., 2003) During the task the participant
has to respond to a visual cue as fast and as accurately as possible
with individual finger movements in response to a four dot
sequence on the computer screen. Participants are unaware that
the sequences follow a pseudo-repeating pattern, but their ability
to implicitly “learn” the sequence is measured over the course of
the task. The task is divided into 8 blocks. Blocks 1–5 and blocks
7 and 8 have the same pattern, whereas the sequence in block 6
is different to the other sequences presented in the other blocks.
The calculated difference in the participants’ reaction times in
block 6 compared to their performance in block 7 is considered
to be a measure of implicit motor-learning. Effects of transcranial
stimulation using the SRTT have been shown to be a robust
measure of this kind of learning and the structure of the paradigm
ensures a specific sequence learning is measured and prevents an
unspecific decreased reaction time purely due to increasing task
routine (Pascual-Leone et al., 1994).

The subjects were seated in front of a computer screen placed
at eye level and were not informed as to the aim of the SRTT.
Their right fingers were placed on the computer keyboard on the
designated keys for each finger. Four bars appeared on the screen:
the first from the left corresponding to the right index finger,
the second the middle finger, the third the ring finger and the
fourth the little finger. The SRTT was performed using windows-
based software using a modified standard keyboard in which
only the buttons assigned for active button presses were present.

For purpose of the task, this experimental setup was adequate
for examining the differences in RTs of participants before and
during tNIRS. Ten minutes tNIRS or sham stimulation was
given during the performance of the task. In each trial, RT was
measured from the appearance of the “go” signal until the first
button was pushed by the subject. For each block of trials in a
given experimental condition, mean RT was calculated for each
subject separately.

Questionnaires
To examine safety aspects and to evaluate the blinding efficacy
of tNIRS, participants were asked to fill out questionnaires
examining the cutaneous effects of tNIRS in the SRTT task.
Side effects like heating sensations, tingling, itching and pain,
fatigue, nervousness and differences in concentration as well as
any other noticeable sensations were documented. The questions
concerned sensations during and after (2–6min) the stimulation.
28 questionnaires were filled out correctly (15 active and 13 sham
sessions).

Data Analyses
Single-pulse TMS
MEP amplitude means were calculated for each time point
covering baseline (30 stimuli) and poststimulation time-points
(30 stimuli). Baseline normalized MEPs were analyzed using
repeated measurements of ANOVA (CONDITION (tNIRS vs.
sham) × TIME (0, 5, 10, 15; 20, 25; 30, 40, 50, 60min post-
stimulation). Effects were considered significant if p < 0.05. In
the case of a significant main effect or interaction, a Student’s t-
test was performed. Student’s t-test was used to compare theMEP
values between baseline and post-stimulation measurements
within group. All data are given as means + SEM.

Paired-pulse TMS
For each measurement [SICI, LICI, input-output curves (I/O)],
we performed separate analyses of variance (ANOVAs) for
repeated measurements by using the mean values from each
subject as the dependent variable. In addition to the factor
CONDITION (tNIRS vs. sham), the ANOVAmodel included the
factor “ISI” when SICI/ICF (2, 4, 7, 9, 12) or LICI (50, 100, 150,
200) were analyzed. With regard to recruitment curves the factor
“intensity” (100%, 130%, and 150% of RMT) was considered.
A p value of <0.05 was considered significant for all statistical
analyses. In the case of a significant main effect or interaction
between ISI/intensity and stimulation condition, a Student’s t-test
was performed.

SRTT Analysis
A repetitive measures ANOVA (independent variables:
CONDITION and BLOCK) for reaction time (RT) and
error rate (ER) was performed. As the RT difference between
Block 5 and 6 is thought to represent an exclusive measure of
implicit learning, Students’ t-tests were performed to compare
the respective differences between tNIRS and sham conditions.
A p value of <0.05 was considered significant for all statistical
analyses.
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Results

All of the subjects tolerated the stimulation; none of the
experimental sessions were interrupted or terminated due to side
effects of the stimulation.

RMT, AMT, SICI, ICF, LICI curve baseline values were
compared between tNIRS and sham conditions using Student’s
t-test. There was no significant difference in any of the
measurements (all ps > 0.3).

Single-pulse MEPs
After 10min tNIRS cortical excitability decreased by 20–30%,
as revealed by single-pulse TMS. According to the t-test,
significantly decreased MEPs were observed at the 0 and 30min
compared to the baseline (p < 0.05). Repeated measurements
of ANOVA revealed a significant main effect of CONDITION
[F(1, 14) = 10.21, p = 0.006]. The main effect of TIME
[F(9, 126) = 1.33, p = 0.23] and the interaction between
CONDITION and TIME were not significant [F(9, 126) =

0.73, p = 0.67] (Figure 2A). Individual data can be seen on
Figures 2B,C.

The stimulation of the visual area did not result in any
MEP change, compared to the sham condition [CONDITION:
F(1, 7) = 0.21, p = 0.66; TIME: F(9, 63) = 0.73, p = 0.68;
CONDITION× TIME: F(9, 63) = 1.21, p = 0.3].

Paired-pulse TMS
With regard to SICI repeated measurements of ANOVA revealed
a significant effect of ISI [F(4, 48) = 63.81, p < 0.001] and
CONDITION [F(1, 12) = 7.99, p = 0.015], which was due to
the significantly increased inhibition immediately at the end of
the tNIRS at the ISI of 2ms (t = 2.48, p = 0.028) and decreased
excitation at the ISI of 9ms (t = 3.58, p = 0.0037) (Figure 3).
There were no other significant main or interaction effects with
regard to SICF/ICF.

tNIRS had no significant effect on LICI and motor-evoked
recruitment curves as revealed by repeated measurements of
ANOVA.

Implicit Motor Learning
Repeated measures ANOVA revealed a significant main effect on
BLOCK [F(7, 217) = 22.20, p < 0.001] There was no significant
effect on CONDITION [F(1, 31) = 0.2, p = 0.66] and the
CONDITION × BLOCK interaction was also not significant
[F(7, 217) = 0.43, p = 0.88].

With regard to the ER, repeated measures ANOVA revealed a
significant main effect on BLOCK [F(7, 217) = 17.26 p < 0.001]
There was no significant effect on CONDITION [F(1, 31) = 0.13,
p = 0.72] and the CONDITION × BLOCK interaction was also
not significant [F(7, 217) = 0.53, p = 0.16].

Perceptual Sensations and Side Effects during
and after Stimulation
During active stimulation 100% of the subjects reported feeling
a heating sensation during active and 7.7% of them during
sham stimulation (significant difference between active and sham
stimulation, Chi-square test p < 0.001) (Table 1). Pain and

FIGURE 2 | (A) Effect of 10min tNIRS on motor evoked potentials. Time

course of motor cortex excitability changes for 60min post-stimulation, shown

after 10min tNIRS over M1. The figure shows mean amplitudes and their

SEMs. Asterisks indicate significant differences between MEP amplitudes after

0–30min post-stimulation compared to baseline (Student’s t-test, p < 0.05).

(B,C) Individual MEP data after active and sham stimulation.
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FIGURE 3 | Effect of 10min tNIRS on SICI/ICF. The figure shows mean

amplitudes and their SEMs. Asterisks indicate significant differences between

MEP amplitudes after 0min post-stimulation compared to baseline (Student’

t-test, ISI of 2ms; t = 2.48, p = 0.028; ISI of 9ms; t = 3.58, p = 0.0037).

tingling were reported by 60.3% and 46.9% of the subjects
respectively (significant difference between active and sham
stimulation, Chi-square test p < 0.001). Fatigue was higher
in the sham group (38.5% vs. 26.8%) during stimulation. 66%
of the subjects were able to distinguish between sham and
active stimulation. After active stimulation 26.8% of the subjects
experienced heating and pain sensations. Itching and tingling
sensations were similar in both groups (between 7.7% and
15.4%). Light headache was reported by 19.8% of the participants.

Discussion

Earlier works using NIRS as a measurement tool, have
already demonstrated that near-infrared light can penetrate
the intact skull and reaches deeper tissue than red light
(Chung et al., 2012). In the present study, supporting previous
findings (Konstantinovic et al., 2013), we have shown that a
10min. application of tNIRS to the M1 can inhibit cortical
excitability as measured by attenuation of the amplitude of
TMS-elicited MEPs. The duration of the induced inhibition
was longer than the stimulation itself: the MEP amplitudes
reached baseline values after 30min poststimulation. We have
further observed to an increased SICI and a decreased ICF
after active stimulation. SICI reflects intracortical inhibition and
is mediated by gamma aminobutyric acid (GABAA) receptors,
whereas ICF is most likely mediated by the glutamatergic system
(Ziemann et al., 1998). Therefore, it is possible that tNIRS
facilitated intracortical inhibitory networks and/or inhibited
intracortical facilitatory influences of corticospinal motoneurons,
by increasing GABAergic neurotransmission and/or decreasing
glutamatergic actions, thus resulting in a net inhibition of MEP
amplitudes. Evidence for an earlier appearance or predominance
of inhibition using other transcranial stimulation methods (e.g.,
electrical stimulation) was already published in human (Moliadze

TABLE 1 | Perceptual and side effects of the stimulation.

Tingling Itching sensation

During% After% During% After%

active 46.9 13.4 13.2 13.2

sham 7.7 7.7 0 15.4

Heating sensation Pain

During% After% During% After%

active 100 26.8 60.3 26.8

sham 7.7 7.7 0 0

Headache Fatigue

During% After% During% After%

active 6.6 19.8 26.8 39.6

sham 7.7 0 38.5 30.8

Change in visual perception Nervousness

During% After% During% After%

active 6.6 6.6 19.8 0

sham 15.4 7.7 7.7 0

N = 15 active, 13 sham conditions.

et al., 2012) and animal studies (Le Roux et al., 2006, 2008).
On the neuronal level nonlinear excitation-inhibition integration
caused by shunting of excitatory synaptic currents through
activated GABAA channels has been shown experimentally
(Borg-Graham et al., 1998; Hao et al., 2009) and theoretically
(Blomfield, 1974; Koch et al., 1983; Hao et al., 2009). Moreover,
it was shown that excitatory circuits are strongly controlled by
inhibitory circuits (Maffei et al., 2004). On the molecular level the
reactive oxygen species (ROS)-pathwaymight also play a possible
role in this process. Increased cellular respiration and increased
oxygen consumption follow rises of intracellular ROS (Storz,
2007), which in turn, increases the overall redox potential of the
cell. However, considering our stimulation duration (10min) it
can be that the products of upregulated respiration (ATP) or
even the mitochondria themselves begin to downregulate and
that the normally functioning GABAergic mechanisms override
the already dysfacilitated excitatory circuits. It would be an
important question to investigate whether these effects are due
to a reduction in the activity of the mitochondria in targeted
neurons.

On the behavioral level using the SRTT task we have
observed no significant effect of tNIRS on the implicit learning
process. This is a partly contradictory result compared to
the inhibitory effect of tNIRS that we observed on the MEP
amplitude. However, dissociation between MEP excitability
changes and implicit learning using electrical stimulation has
already been described (Antal et al., 2008; Moliadze et al., 2010).
In MEP measurements and in implicit motor learning different
anatomical pathways and physiological processes are involved
that may reflect the involvement of diverse neuronal populations.
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The study has several limitations. The most important point
is, that a high percentage of participants reported cutaneous
perceptions, including a heating sensation during stimulation
and therefore, were able to differentiate between the active and
sham stimulation conditions, which in turn, might influence
the present results. In an earlier study, suppression of MEPs
was observed after painful infusion of hypertonic saline into
the hand muscle (Svensson et al., 2003); nevertheless, here the
acute pain was induced in the muscle, from which the MEPs
were recorded. Generally, positive and negative emotions (like
pain) (Hajcak et al., 2007) and increased attention toward the
experimental procedure (Stefan et al., 2004) have been suggested
to increase and not to decrease MEP amplitude. Furthermore, the
stimulation had an aftereffect, the MEP size reached the baseline
level in ca 20min after the end of the stimulation that is very
unlikely the effect of acute local tingling and heating sensations.
Finally, in our control condition, where the visual cortex was
stimulated in 8 subjects, the participants experienced the same
skin sensations like during M1 stimulation, however, we did not
observe anyMEP amplitude change. Therefore, we are convinced
that the results are real and the inhibitory effect of tNIRS is due
to theM1 stimulation. Nevertheless, further work should be done
to develop a more appropriate placebo condition. Aside from this
it is of utmost priority to minimize any accompanying cutaneous
sensations.

The second point is that the individual variability with regard
to the cortical excitability changes (that might be the reason of
the missing effect of the stimulation in the implicit learning task)

is high, although a clear tendency toward the inhibition can be
observed. It is well documented that the penetration depth of
infrared light depends on the thickness of the scalp and skull
(e.g., Li et al., 2007; Yoshitani et al., 2007; Strangman et al., 2014)
that can be very different in healthy subjects, resulting in altered
penetration depths.

In summary, recent human and animal studies have shown
that near-infrared light applied over the cortex may have
beneficial effects on stroke rehabilitation and may minimize
cognitive deficits sustained during traumatic brain injury
(Hashmi et al., 2010a; Stemer et al., 2010; Ando et al.,
2011). Here, we claim that tNIRS offers the potential to
induce neuroplastic changes in the intact human cortex. Since
tNIRS is believed to modify mitochondrial respiration, it
might offer a possibility to aid in the management of a wide
variety of disease pathologies originating from mitochondrial
dysfunction.
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The primary aim of this study was to evaluate and compare the effectiveness of two

specific Non-Invasive Brain Stimulation (NIBS) paradigms, the repetitive Transcranial

Magnetic Stimulation (rTMS), and transcranial Direct Current Stimulation (tDCS), in the

upper limb rehabilitation of patients with stroke. Short and long term outcomes (after

3 and 6 months, respectively) were evaluated. We measured, at multiple time points,

the manual dexterity using a validated clinical scale (ARAT), electroencephalography

auditory event related potentials, and neuropsychological performances in patients with

chronic stroke of middle severity. Thirty four patients were enrolled and randomized.

The intervention group was treated with a NIBS protocol longer than usual, applying a

second cycle of stimulation, after a washout period, using different techniques in the two

cycles (rTMS/tDCS). We compared the results with a control group treated with sham

stimulation. We split the data analysis into three studies. In this first study we examined

if a cumulative effect was clinically visible. In the second study we compared the effects

of the two techniques. In the third study we explored if patients with minor cognitive

impairment have most benefit from the treatment and if cognitive and motor outcomes

were correlated. We found that the impairment in some cognitive domains cannot be

considered an exclusion criterion for rehabilitation with NIBS. ERP improved, related to

cognitive and attentional processes after stimulation on the motor cortex, but transitorily.

This effect could be linked to the restoration of hemispheric balance or by the effects

of distant connections. In our study the effects of the two NIBS were comparable, with

some advantages using tDCS vs. rTMS in stroke rehabilitation. Finally we found that

more than one cycle (2–4 weeks), spaced out by washout periods, should be used, only

in responder patients, to obtain clinical relevant results.

Keywords: non-invasive brain stimulation, transcranial magnetic stimulation, transcranial direct current

stimulation, mirror-box therapy, stroke rehabilitation
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INTRODUCTION

Motor and cognitive impairment are frequent aftermaths of brain
damage after a stroke. Many authors reports cognitive deficits in
12–56% of stroke patients and reduced performances in several
cognitive domains in 32% (Ebrahim et al., 1985; Tatemichi et al.,
1994; Patel et al., 2002). Moreover, dysfunctions in the use of
upper limb and in functional walking are among the more
common consequences for many stroke survivors. Of note, only
5% of adult stroke survivors regain full function of the upper limb
and 20% do not recover any functional use.

The severity of cognitive impairment negatively correlates
with motor and functional recovery achieved in stroke patients
after rehabilitation. Indeed, a cognitive assessment should be
used to select patients that could have the best benefits from
rehabilitation (Patel et al., 2002; Mehta et al., 2003; Saxena et al.,
2007; Rabadi et al., 2008).

Event Related Potentials (ERP) are a reproducible
electrophysiological response to an external stimulus (visual
or auditory), representing the brain activity associated with
various cognitive processes such as selective attention, memory,
or decision making. Interestingly, ERP can be valuable in the
diagnosis of cognitive impairment and are able to track the
cognitive changes during the follow-up in stroke patients (Trinka
et al., 2000; Alonso-Prieto et al., 2002; Yamagata et al., 2004;
Stahlhut et al., 2014).

Recently, Non-Invasive Brain Stimulation (NIBS) techniques
have been proposed as support of standard cognitive and motor
rehabilitation. The application of NIBS in stroke rehabilitation
arises from the observation that cortical excitability can be
modulated after electrical ormagnetic brain stimulation. It can be
reduced or enhanced (Miniussi et al., 2008; Sandrini and Cohen,
2013) depending on many factors (stimulation parameters, type
of stimulation technique, timing of the stimulation, brain target
region, and state of mind).

The physiological mechanisms underlying brain stimulation
effects are still partially unknown, but several evidences explain
these effects with Long Term Potentiation (LTP) and Long Term
Depression (LTD) like mechanisms (Thickbroom, 2007; Fritsch
et al., 2010; Bliss and Cooke, 2011).

Repetitive Transcranial Magnetic Stimulation (rTMS) and
transcranial Direct Current Stimulation (tDCS) are the most
used NIBS techniques in rehabilitation (Hummel et al., 2005;
Miniussi et al., 2008; Bolognini et al., 2009). Both can induce long
lasting effect on cortical plasticity (30–90min). Modification of
cortical activity may improve the subject’s ability to relearn or
acquire new strategies for carrying out motor or behavioral task,
by facilitating perilesional activity or by suppressing maladaptive
interfering activity from other brain areas (Miniussi et al., 2008).
Even if most of the effects are transient, NIBS during or before
a learning process may yield the behavioral improvements more
robust and stable (Rossi and Rossini, 2004; Pascual-Leone, 2006).
Indeed, during motor learning not only the fast (intra-sessions)
and slow (inter-sessions) learning during training are relevant,
but also the memory consolidation and the savings (Wessel et al.,
2015). Plasticity induced by NIBS could thus have important

effects not only in the online phase of motor rehabilitation, but
also in the offline phases.

A growing number of studies indicates that NIBS could be
useful in chronic stroke rehabilitation (Hummel and Cohen,
2006; Sandrini and Cohen, 2013; Liew et al., 2014; Wessel et al.,
2015), but no one compared directly the two techniques or
explored the link between cognitive and motor improvement.
TMS is able to directly induce action potentials in the axons while
the currents used in tDCS (1–2mA) cannot. The first technique
is, therefore, best suited to be used offline, while the second
can be used online in conjunction with other rehabilitation
techniques or tasks (Wessel et al., 2015). Simis et al. (2013)
compared rTMS and tDCS in healthy subjects, observing that
both techniques induced similar motor gains. The comparison
of brain plasticity induced by NIBS in pathologic subjects could
thus extend significantly the Simis’ results.

In this paper, the primary aimwas to evaluate and compare the
motor and cognitive changes induced by rTMS and tDCS in the
upper limb rehabilitation in patients with stroke, both in short
and in long term outcome. Secondarily we searched for a possible
link between motor and cognitive measures.

We chose the most effective paradigm of rTMS in chronic
stroke according to meta-analyses and consensus papers
(Lefaucheur et al., 2014), a low-frequency protocol applied onto
the controlesional motor cortex (M1). For tDCS, in the absence
of a gold standard, we chose a paradigm with a dual sites
montage validated in non-inferiority trials (Schlaug et al., 2008;
Lüdemann-Podubecká et al., 2014). The tDCS was performed
in conjunction with a cognitive training focused on the brain
representation of the hands, the mirror-box therapy (MT), to
direct the neuromodulation effect as wished. Our aim was to
create a paradigm easy to apply in a clinical setting.

To compare the NIBS techniques in the same patients we
created a treatment longer than usual applying a second cycle of
stimulation, after a washout period, using different techniques in
the two cycles (rTMS/tDCS).

A randomized clinical trial divided into three studies was
designed to explore the following issues:

A longer NIBS stimulation could be beneficial in stroke
rehabilitation?
What are the differences between rTMS and tDCS in stroke
rehabilitation?
NIBS motor stimulation effects can modulate or be modulated
by patients’ cognitive status?

In the first study we evaluated if a cumulative effect, mediated by
an offline improvement (consolidation or savings), was clinically
detectable. We also evaluated the differences between a first
priming cycle with rTMS followed by tDCS and first priming with
tDCS followed by rTMS.

In the second study we compared the effects of the two
techniques to test if brain plasticity effects could depend on
the type of NIBS. In the third study, we searched for a
possible link between motor and cognition changes, evaluating if
cognitive measures changed in patients with motor improvement
differently from the patients without motor improvement.
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MATERIALS AND METHODS

Patients
Thirty four consecutive patients (see Table 1 for demographic
and clinical data), with chronic ischemic or hemorrhagic
stroke (>6 months from the accident), aged between 18 and
70 years, attending the Physical Medicine and Rehabilitation
department at AOU Città della Salute e della Scienza—Presidio
Molinette Hospital in Torino, Italy, were enrolled in the study.
Exclusion criteria were: global cognitive impairment (Mini
Mental State Examination < 25), severe functional disability
(Barthel Index < 45), severe psychiatric disorders, degenerative
neurological disorders, epilepsy, and severe medical conditions.
Patients with implanted drug infusion systems, spinal/brain-
stimulators, or endovascular coils were excluded. In accordance
with institutional guidelines and the Declaration of Helsinki, the
local ethics committee gave approval to this study and all the
involved participants signed informed written consent. The study
was registered on ClinicalTrials.gov, identifier: NCT02525393.
We selected a sample size similar to the numbers usually used
in literature (about 31 subjects for rTMS and 30 for tDCS, means
estimated from Pollock et al., 2014).

Experimental Design
The trial was randomized double blind (Subject, Caregiver,
Outcomes Assessor), interventional, with a factorial design (see
Figure 1). Patients were randomly assigned to 3 arms:

The first intervention group (rTMS+tDCS, N = 16) received
10 daily sessions of rTMS for 2 weeks and after a washout period
(at least 6 months) 10 daily sessions of dual-tDCS + MT for 2
weeks.

The second intervention group (tDCS+rTMS, N = 8)
received dual-tDCS+MT and then rTMS, after washout.

A control group (N = 10) received 10 daily sessions of
sham-tDCS+MT for 2 weeks.

The primary outcome measure was the Action Research Arm
Test (ARAT) a quantitative upper extremity function test. The
endpoint for a successful intervention was set, considering the
Minimal Clinically Important Difference (MCID/MCD), in a
range between 3.5 and 5.7 points (Van der Lee et al., 2001; Lin
et al., 2009).

The secondary outcome measures were cognitive functions
evaluated by electroencephalography (EEG) auditory evoked
response potentials (ERP) and neuropsychological paper and
pencil tests (NPS).

Time frames for the outcome measurements and
interventions administration are shown in Figure 1.

Interventions were administered at weeks 2–3 and at around
weeks 26–27 (6 months and 2–3 weeks). At baseline (T0) ARAT,
ERP andNPSwere assessed, at T1 (4 weeks) ARAT, ERP andNPS,
at T2 (3 months) ARAT, at T3 (6 months) ARAT and NPS, at T0′

(6–11 months and 1 week) ARAT, ERP and NPS, at T1′ (7–12
months) ARAT, ERP and NPS, at T2′ (9–14 months) ARAT, at
T3′ (12–17 months) ARAT and NPS.

The study was realized in a clinical setting so we decide
to apply both stimulations (rTMS, tDCS) in the same
patients to compare the safety and effectiveness of the

TABLE 1 | Clinical and demographic data.

Variable Intervention Sham p*

N 24 10 –

Age [years] 57 (12) 65 (12) 0.079

Gender M/F (%) 67/33% 70/30% 0.999

Education [years] 10 (4) 10 (4) 0.869

Affected hemisphere R/L (%) 50/50% 40/60% 0.715

Etiopathogenesis (%) 0.999

Ischemic 71% 70%

Hemorrhagic 29% 30%

Previous stroke events (%) 21% 30% 0.666

Lesion localization (%) 0.735

Cortical 25% 10%

Subcortical 62% 80%

Both 13% 10%

Time from stroke [mos] 41 (39) 37 (32) 0.797

Smoke (%) 25% 10% 0.644

Hypertension (%) 72% 70% 0.999

Diabetes (%) 8% 30% 0.138

Dyslipidemia (%) 38% 40% 0.999

Stroke familiar history (%) 21% 30% 0.666

THERAPY

Antidepressant 71% 40% 0.130

Antihypertensive 58% 60% 0.999

Antiplatelet 79% 70% 0.666

NIBS SEQUENCE

TMS-tDCS 8 – –

tDCS-TMS 16

SIDE EFFECTS IN 10 SESSIONS**

TMS 4 –

tDCS 6 3

Drop outs (%) 24% 0% –

Mean and (standard deviation) or frequency, *p, probability for two sample independent

t-test or Kruscal–Wallis or Fisher’s exact test. **tiredness or headache for sham, tDCS

and TMS, transient hearing loss for TMS.

techniques intra-patient, overcoming the problem of the sample’s
heterogeneity.

Demographic or clinical variables did not significantly differ
between the patients that received the interventions and the
control group (see Table 1).

Action Research Arm Test
The ARAT is a quantitative scale with 19 tasks graded from 0
to 3 (0 = cannot execute the task, 3 = can perform normally).
It has four subscales: grasp (6 tasks), grip (4 tasks), pinch
(6 tasks), and gross movements (3 tasks). In the first three
subscales the tasks consist in grasping, moving and releasing
different objects (e.g., wood block, glass, tube, ball), the last
scale consists of three large movements (i.e., place hand behind
the head, place hand on the top of the head, and move hand
to mouth). Summing the scores, ARAT ranges from 0 to 57;
higher scores indicate better upper extremity functionality. It
is a reliable, valid, and standardized functional assessment tool
with good to excellent psychometric characteristics (Van der
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FIGURE 1 | Experimental design. After screening the patients were randomized into three groups with different interventions: MT, Mirror Therapy; tDCS, transcranial

Direct Current Stimulation; rTMS, repetitive Transranial Magnetic Stimulation. In the scheme the outcome measures: ARAT, Action Research Arm Test; P300, cognitive

auditory evoked response potentials; NPS, neuropsychological test where assessed in multiple time frames; w, week; mos, months.

Lee et al., 2001; Connell and Tyson, 2012; Pandian and Arya,
2014).

Event Related Potentials
Electroencephalography data were recorded using a 20 channel
EEG Galileo Star System (Esaote Biomedica, Verona). The
patient was placed in a comfortable seated position, controlled by
a technician in order to prevent drowsiness and limbmovements.
Nineteen standard scalp electrodes were applied to the scalp in
accordance with the 10–20 International System (Fz, F1, F2, F3,
F4, F7, F8, C3, C4, Cz, P3, P4, Pz, T3, T4, T5, T6, O1, O2).
Impedance was <2 k� in each active lead before the starting
of the recording, and the reference was obtained by averaging
the channels. Data were collected for each subject and digitized
at a sampling rate of 256Hz, with a band pass filter of 0.1–
70Hz and a notch filter to remove the main electrical noise
in each channel. EEG was recorded for 5min periods at rest
(baseline). Electrooculography was simultaneously recorded with
two electrodes placed near the left eye to detect and reject ocular
movement artifacts from EEG data offline. ERP was recorded
using the auditory oddball paradigm. The subjects were asked to

react by counting target stimuli appearing rarely (r) amongst a
series of more common stimuli (f) administered bilaterally by
stereophonic earphones at 100 dB. Rare stimuli consisted in a
1500Hz pure tone and frequent stimuli consisted in a 1000Hz
pure tone, presented in random order and with a mean r/f ratio
of 1 r every 6 f. The recorded signal was cut appropriately (the
time window started 200ms before and ended 1100ms after the
stimulus) and ERP were averaged separately for the rare and
frequent stimulus (using a mean of 20 stimuli), and the latencies
of endogenous N200 and P300 components were evaluated
according to the international recommendation (Goodin et al.,
1994).

Neuropsychological Assessment
The patients were evaluated by a standardized
neuropsychological assessment consisting of a battery of
cognitive tests (described below) involving the following
domains: verbal short-term memory, visuospatial learning,
working memory, verbal learning, attention and frontal
executive functions, and general cognitive impairment. Parallel
and equivalent forms were used for all tests; we used standardized
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tests with normative values for the Italian population (Spinnler
and Tognoni, 1987).

Mini Mental State Examination (MMSE)
This test is the most widely used, single measure of global
cognitive functioning. It is a screening tool and it is utilized in
evaluating mental state in research and clinical practice, testing
global cognitive impairment.

Forward and Backward Digit Span
The participant has to remember lists of increasing length of
single-digit numbers and recalls them in the right and in the
opposite order. Performance is defined by the longest sequence
at which participants correctly recall at least two out of three
sequences. This test is a measure of mental tracking as well as
brief storage and mental manipulation.

Attentional Matrices
It is used to evaluate attentional functions, in particular
selective and sustained attention. Three matrices of numbers are
administered with the instruction to cross out as fast as possible
target numbers of either one, two, or three digits. The purpose
of this test is to assess the subjects’ ability to detect visual targets
among distractors.

Short Story Test
This test assesses verbal memory function; the experimenter
reads a short story only once and then the examinees should recall
as much as they can immediately upon finishing. After 10min
have passed the examinee should repeat the recall.

Copy of Figure
This test is used to assess visuospatial and visuoconstructive skills,
visual memory, and executive functioning. The examinees are
asked to reproduce a drawing, first by copying it freehand, and
then drawing from memory.

Visual Search and Cancellation Tasks
The number of items omitted is an indication of vigilance and the
proportion of items omitted in each quadrant of the test page can
suggest the presence of a possible unilateral spatial neglect.

Nelson MCST
This test is an abbreviated andModified version of theWisconsin
Card Sorting Test; it assesses many aspects of executive
functioning including mental flexibility and concept formation.

Hamilton Depression Rating Scale (HDRS)
It is the most widely used clinician-administered depression
assessment scale. A limitation of the HDRS is that atypical
symptoms of depression are not assessed (Hamilton, 1980).

Stimulation Protocols
The main target of the stimulation protocols was to normalize
the inter-hemispheric inhibition that is generally altered in stroke
patients (Wessel et al., 2015). It has been demonstrated that
anodal tDCS/high frequency rTMS applied to ipsilesional M1
and cathodal tDCS/low frequency applied to contralesional M1
can improved motor functions of the affected upper limb in

chronic stroke patients (Sandrini and Cohen, 2013; Liew et al.,
2014; Wessel et al., 2015).

Inhibitory low frequency rTMS (1Hz) was administrated
using a PowerMAG 100 device (MAG&More, München), at 80%
resting motor threshold, for 15min (900 stimuli) over the intact
M1 with an eight-shaped coil. The coil was placed on M1, aiming
for cortical area coding for hands’ movement.

Single pulse TMSwas used to determine bilateral M1 hot spots
for the first dorsal interosseus (FDI) muscles defined as the place
onto the scalps where the motor evoked potential (MEP) was
maximum. MEP where obtained with the 120% of the minimum
intensity required eliciting electromyography activity of at least
50µV peak-to-peak amplitude in ≥50% of pursued trials (≥3/6)
with the muscle at rest.

We registered surface electromyography with the Neurowerk
EMG (SigmaMedizin–Technik, Gelenau/Erzgebirge)moving the
coil in a grid of 0.5-cm steps medial, lateral, posterior, and
anterior until the point of the maximum MEP was ascertained.
The procedure was repeated iteratively until the hot spot was
identified. The distances between C3/C4 and TMS hotspots were
noted bilaterally for all patients. Cortical targets were identified
using SofTaxic neuronavigation system (EMS, Bologna) along
sessions.

tDCS was administrated using a HDC Stim device
(Newronica, Milan), via two 5 × 5 cm2 pads (one anode
and one cathode) soaked with saline solution. The tDCS was
applied with the cathode onto the controlesional M1 and the
anode onto the perilesional M1, the stimulation was online
together with mirror-box therapy (MT). The anode (stimulating
activity) was placed on the damaged hemisphere in the area
corresponding to C3 or C4 position in the 10–20 systems,
while the cathode (inhibitory activity) was placed in the analog
position on the opposite hemisphere in a dual-tDCS design. The
intensity of the stimulation was set at 1.5mA and the duration of
the tDCS was set at 20min.

In our sample the mean distance between hotspots and C3/C4
was 2.1± 1.7 cm for the unaffected hemisphere and 2.4± 1.5 cm
for the lesioned hemisphere; around 67% of the hotspots were
inside the areas covered by pads.

Mirror Box Therapy
MT consisted in the optical illusion of bimanual movements
created by a box with a mirror in the middle, it has been ideated
by Ramachandran et al. (1995) to treat phantom limb pain and
has also been widely used as a rehabilitation tool after stroke
(Dohle et al., 2009).

The box consisted in a wooden enclosure separated in
two sections by a mirror. The patients had to insert his/her
hand through the holes situated on the side of the box and
could watch the normal hand while performing the requested
gestures. The sensation of the movement of the plegic hand
was generated when the patients looked at the reflection of the
normal hand during the exercises. During the tDCS application
the patient had to execute 3 series of 25 repetitions of 6 different
movements (e.g., the hitcher gesture). The exercises were
changed completely between the first and the second week of
intervention.
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Only tDCS stimulation was paired with MT to enhance its
specificity to reach the level of focal rTMS targeting the hand area.
In fact, one way to gain specificity is to have a precise simulation
of the delivered power on a small anatomical area of interest
(e.g., HD-tDCS; Bikson et al., 2013), but a simpler way is the
activity-selectivity technique. tDCS will preferentially modulate
specific forms of ongoing activity, so we paired it with an online
task focused on hand movement to boost specifically ongoing
plasticity activated by the task (Bikson et al., 2013).

Statistical Analysis
We adopted parametric statistics (t-test, ANOVA) when needed,
otherwise we adopted non parametric tests (χ2 or Fisher’s
Exact test, Kruskal–Wallis’s H, Friedman’s test). For post-
hoc comparisons we used Tukey HSD or Simes corrections
(respectively for parametric and non-parametric tests).

The differences between groups at baseline for clinical,
demographic, or outcome measures were tested.

As we tested multiple hypotheses with three different studies
we also controlled if the significative results (p < 0.05) are still
significant after a Bonferroni correction (p < 0.017) for multiple
comparisons.

Study 1—Clinically Efficacy and Safety of
Two Cycles of NIBS
To compare the efficacy of the treatment vs. sham for the ARAT
outcome we used the repeated measures ANOVA (4 time frames:
baseline, after interventions, short, and long follow-up) and one
between factor (3 levels: tDCS+MT+rTMS, rTMS+tDCS+MT,
sham+MT). In addition, we compared, with the same model,
the sham group and the subgroup of responders, defined as
patients that get an improvement in ARAT score after the first
stimulation, to look if responders reached the MCID/MCD.
Finally, we used a repeated measures ANOVA (8 time frames:
baseline, after one cycle of NIBS, short and long follow-up, after
pause, after second cycle of NIBS, second short and long follow-
up) and one between factor (priming stimulation tDCS or rTMS)
to look if the second cycle could be useful and if the order of
priming stimulation was relevant on outcome.

Similar model were used for ERP and NPS with appropriate
repetitions over time frames.

To compare ERP we used the repeated measures ANOVA (2
time frames: baseline and after interventions and 10 electrodes:
F3, F4, F7, F8, C3, C4, P3, P4, T3, T4) and one between factor
(3 levels: tDCS+MT+rTMS, rTMS+tDCS+MT, sham+MT). In
addition, we used the repeated measures ANOVA (4 time frames:
baseline, after one cycle of NIBS, after pause, after second cycle
of NIBS) and one between factor (priming stimulation tDCS
or rTMS).

To compare NPS we used the repeated measures ANOVA
(3 time frames: baseline, after interventions and 6 months
follow-up) and one between factor (3 levels: tDCS+MT+rTMS,
rTMS+tDCS+MT, sham+MT). In addition, we used the
repeated measures ANOVA (6 time frames: baseline, after one
cycle of NIBS, long follow-up after pause, after second cycle of
NIBS, second long-follow-up) and one between factor (priming
stimulation tDCS or rTMS).

Study 2—Comparison of tDCS and rTMS
Clinical Efficacy
To compare tDCS and rTMS induced changes for ARAT, ERP,
and NPS intra-patients in the real stimulations groups we used a
repeated measures ANOVA with time (4, 2, or 3 levels for ARAT,
ERP, and NPS, respectively) and type of NIBS (two levels) as
factors.

We also tested if rTMS and tDCS had a similar level of
specificity looking at the profiles of ARAT subscales that, in our
hypothesis, should be improved in a similar way by the two
stimulations.

Study 3—Cognitive Differences in Patients
That Responded to Motor Rehabilitation
We also looked if responders had some differences in the
cognitive measures (ERP and NPS) at baseline or after one or
after two cycles of stimulations using repeated measure ANOVA
with time (3 levels, within) and responders vs. no-responders
(between) as factors.

RESULTS

Patients
ARAT did not differ at baseline (p = 0.212).

At baseline, there were significant differences for the N200
and P300 in the study group. Indeed the sham group had
shorter latencies compared to other groups (grand mean: N200
F = 9.1, p = 0.001 post-hoc sham < rTMS+tDCS,
tDCS+rTMS; P300 F = 10.1, p < 0.001 post-hoc sham <

rTMS+tDCS, tDCS+rTMS). Considering the P300 grand mean,
latencies were over a normative cut off, determined on the basis
of published data (Dinteren et al., 2014), without significant
difference among groups (sham = 10%, rTMS+tDCS = 33%,
tDCS+rTMS= 33%, Fisher= 2.0, p = 0.498).

Neuropsychological score did not differ between groups
(Table 2). The total sample did not have general severe
cognitive impairment (MMSE % patients Under normative
Cut Off, UCO = 0%), but presented several focal deficits in
many domains, especially in speed processing, attention and
visuospatial skills (UCO 26–51%, Table 2).

Study 1—Clinically Efficacy and Safety of
Two Cycles of NIBS
We did not find any significant effect on ARAT scores for time
(F = 0.7, p = 0.523), group (F = 1.1, p = 0.355) or their
interaction (F = 2.2, p = 0.153).

The responders subgroup included the 44% of the treated
patients, while only 20% of sham patients improved their ARAT
score; all responders improved also after the second intervention
and the gains were stable in the 75% of cases after 6 months.
Most (90%) non-responders did not improve after the second
intervention. When comparing responders vs. sham (Figure 2),
ARAT showed a significant effects for time (F = 4.1, p = 0.012,
η2

= 0.2) and time by group (F = 3.9, p = 0.015, η2
= 0.2), but

not for group (F = 0.4, p = 0.531). It is evident that the effect
of time and the interaction is due to the responders that reached
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TABLE 2 | Neuropsychological scores.

Test Sham rTMS+tDCS tDCS+rTMS p* UCO**

MMSE 28.1 26.1 27.5 0.572 0

Digit span

(Forward)

5.70 4.63 5.00 0.074 15%

Digit span

(Backwards)

4.00 3.22 3.87 0.511 –

Attentional

matrices

42.2 41.9 40.0 0.845 24%

Short story 13.5 11.7 13.5 0.713 9%

Copy of figure

delayed recall

0.65 0.61 0.48 0.184 21%

Copy of figure

immediate recall

0.70 0.71 0.67 0.093 6%

Cancellation task

(Total omissions)

1.40 1.74 3.39 0.221 26%

Cancellation

task (Time)

138 136 144 0.527 51%

Nelson MCST

(Categories)

4.3 4.4 5.0 0.317 12%

Nelson MCST

(Perseverations)

4.8 4.7 3.3 0.350 21%

Hamilton rating

depression scale

3.7 4.3 2.7 0.440 0

*p, probability for Friedman test; **UCO, percent of patients Under Cut Off in the sample

as a whole.

the MCID/MCD range (see means in Figure 2). Results survived
Bonferroni correction (p < 0.016).

ARAT had a very similar progression for both groups and the
two sequential protocols (Figure 3), reaching the MCID/MCD
range only after the second intervention. Only time had a
significant effect (F = 3.54, p = 0.002) but not priming
stimulation (F = 0.35, p = 0.565) or interaction (F = 0.13,
p = 0.99), the post-hoc analysis showed that there were higher
values at the end of the second cycle of NIBS (second long follow-
up = second short follow-up = second cycle of NIBS > baseline,
after one cycle of NIBS, short and long follow-up and after pause).

Time had a significant effect on both N200 (F = 41.9,
p < 0.001, η2

= 0.2) and P300 (F = 115.1, p < 0.001,
η2

= 0.4) latencies. The electrode was not significant for both
N200 (F = 0.6, p = 0.830) and P300 (F = 0.4, p = 0.922).
The intervention was significant on both N200 (F = 16.2,
p < 0.001, η2

= 0.1) and P300 (F = 8.6, p < 0.001, η2
= 0.1). A

significant interaction term time by intervention was found for
N200 (F = 5.1 p = 0.007, η2

= 0.1) and P300 (F = 34.3,
p < 0.001, η2

= 0.3). Results survived Bonferroni correction
(p < 0.016). Other interactions terms were all not significant for
N200 and P300.

In the post-hoc analyses the N200 and P300 latencies in the
second time point were significantly shorter, sham group had
shorter latencies at baseline, and interaction depends by a greater
lowering in the rTMS+tDCS (N200= 22ms, P300= 32ms) and
tDCS+rTMS (N200 = 21ms, P300 = 36ms) groups compared
to sham (N200= 6ms, P300= 1ms).

Time was only significant for the copy of figure with
immediate recall (F = 5.9, p = 0.006, η2

= 0.2), as was time

FIGURE 2 | Longitudinal psysiatric evaluation. ARAT changes from

baseline were shown for sham control group (light green triangle), interventions

group (rTMS or tDCS, red squares) and responder subgroup (ARAT T1> ARAT

T0, blue diamonds). In light blue the range of Minimally Important Clinical

Difference. Abbreviations as in Figure 1.

FIGURE 3 | Longitudinal comparison between rTMS and tDCS. ARAT

changes from baseline were shown for rTMS+tDCS (blue diamonds) and

tDCS+rTMS (red squares) groups. Dotted lines indicated washout. In light blue

the range of Minimally Important Clinical Difference. Abbreviations as in

Figure 1.

by intervention interaction (F = 4.6, p = 0.004, η2
= 0.3),

but not for intervention (F = 0.6, p = 0.568). In the post-
hoc analyses rTMS+tDCS and tDCS+rTMS groups had a similar
stable improvement that the sham group did not show.

For both ERP and NPS the sequence of priming was not
significant.

Study 2—Comparison of tDCS and rTMS
Clinical Efficacy
The change in ARAT score did not differ between tDCS or rTMS
neither in the total sample nor in the responders subgroup. Also,
the ARAT profiles were similar for rTMS and tDCS. Respectively,
the scores were: gross movements 0.8 vs. 0.7, grasp 1.6 vs. 2.3,
grip 0.4 vs. 0.8, pinch 0.9 vs. 0.7, showing the same qualitative
improvements.
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N200 and P300 had a very similar changes induced by rTMS
and tDCS, as both interventions were able to shorten the ERP but
only temporally, because after the washout the latencies return to
the baseline values (Figure 4).

Time had a significant effect only for four tests: the copy of
figure with immediate recall was significant for the sham-tDCS
group (χ2

= 8.0, p = 0.037), for the dual-tDCS group (χ2
=

15.9, p < 0.001) and for the rTMS group (χ2
= 8.6, p = 0.015).

Time was a significant factor for the other three tests only in the
dual-tDCS group: copy of figure with delayed recall (χ2

= 25.7,
p < 0.001), attentional matrices (χ2

= 6.2, p = 0.043), and
perseverations in the Nelson’s MCST test (χ2

= 7.1, p = 0.027).
See Table 3 for post-hoc tests and average differences. Only some
results survived Bonferroni correction (p < 0.016).

Study 3—Cognitive Differences in Patients
That Responded to Motor Rehabilitation
At baseline, after one or two cycles of treatment there were
no differences in ERP or NPS between responders and no-
responders.

DISCUSSION

In partial disagreement with previous results (Patel et al.,
2002; Mehta et al., 2003; Saxena et al., 2007; Rabadi et al.,
2008), the present study shows improvements in motor
and cognitive performances even in patients with chronic
stroke presenting some cognitive deficits (responders and no-
responders did not differ for ERP or NPS at baseline) after NIBS
treatment.

In the present study patients with cognitive impairment
(MMSE < 25) have been excluded, in order to reduce
confounding factors, but focal deficits were detected in some
patients, mostly with left hemisphere lesions (Tables 1, 2). This
finding could be explained by many factors. First, we evaluated
many different cognitive domains and did not rely only on less

FIGURE 4 | Longitudinal auditory evoked potential evaluation. P300

changes from baseline were shown for rTMS+tDCS (blue diamonds) and

tDCS+rTMS (red squares) groups. Dotted blue and red lines indicated

washout. The dotted green line was at 40ms improvement as reference.

Abbreviations as in Figure 1.

sensitive screening tests as in the majority of previous studies
(Carter et al., 1988; Barker-Collo et al., 2009; Winkens et al.,
2009; Hoffmann et al., 2010; McPhail et al., 2014). Furthermore
NIBS stimulations (rTMS or dual-tDCS), producing long lasting
effect on cortical plasticity (Miniussi et al., 2008), could promote
motor and cognitive improvement also in chronic patients,
who traditionally are believed to be stable and not suitable
for rehabilitation. The impairment in some cognitive domains
should, thus, not be considered an exclusion criterion for
rehabilitation in NIBS training programs.

The interventions were safe and tolerated (Table 1) and had a
partial efficacy.

Motor improvement in hands’ functionality, measured with
ARAT, was observed after NIBS treatment in a large percentage
of patients (44%), but not after sham (Figure 2). The effect was
stable in time (baseline < intervention and follow-up) and it was
similar for dual-tDCS and rTMS at every time point (Figure 3).
Looking at the additive effects of two cycles of intervention we
can observe that, regardless the techniques used first for priming,
the conjoint effects were significant on the clinical outcome
(ARAT difference > MCID/MCD 3.5–5.7).

ERP endogenous components (N200 and P300) reflect
perceptual and cognitive processing and can play an important
role in testing stroke patients (Hillyard and Kutas, 1983); for
instance, Alonso-Prieto et al. (2002) demonstrated the high
sensitivity of P300 in detecting alterations of sustained attention
in stroke patients with right parietal lesion.

Stahlhut et al. (2014) reported ERP data of 563 stroke patients
within 4 weeks, after 12 and 24 months from the ischemic event.
In this paper, a lengthened P300 latency at baseline in 51% of
the patients, similar for left or right lesions, was reported with
a significant improvement after 24 months (about 20ms), similar
for left and right hemispheric infarction.

In previous reports, the authors measured P300 latencies at Pz
or Cz (Trinka et al., 2000; Alonso-Prieto et al., 2002; Yamagata

TABLE 3 | Longitudinal effects of treatments onto the neuropsychological

scores.

Time points t0–t1 t1–t2 t0–t2

SHAM-tDCS

Copy of figure

immediate recall

p = 0.025 0.5 p = 0.990 NS p = 0.157 NS

rTMS

Copy of figure

immediate recall

p = 0.008 0.25 p = 0.380 NS p = 0.260 NS

DUAL-tDCS

Copy of figure

delayed recall

p = 0.001 0.36 p = 0.317 NS p = 0.002 0.35

Copy of figure

immediate recall

p = 0.005 0.25 p = 0.317 NS p < 0.001 0.4

Attentional matrices p = 0.050 3.6 p = 0.822 NS p = 0.023 3.1

Nelson MCST

perseveration

p = 0.048 −11 p = 0.122 NS p = 0.778 NS

t0–t1, differences between baseline and after treatment; t1–t2, differences between

treatment and follow-up; t0–t2, differences between baseline and follow-up; NS, not

significant; p, probability for Wilcoxon test.
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et al., 2004; Stahlhut et al., 2014) while in our study we used
a finer setup and ERP latencies has been computed at F3, F4,
F7, F8, C3, C4, P3, P4, T3, T4. No significant difference has
been observed in P300 latency values measured on right or left
hemisphere’s electrodes. The finding of P300 latency lengthening
in the baseline EEG mirrored the focal impairment in attention
domain that has been observed in many of our patients
(Table 2). rTMS or dual-tDCS + MT, compared to sham-
tDCS, had similar effects: treated patients showed a significant
improvement in P300 latencies (of about 30ms), but the
improvement was transient and lost after the 6-months washout
period.

The positive effect on P300 latency, after NIBS, is an
additional unspecific improvement, linked to attentional
networks functionality, achieved by transient modification of
neuronal plasticity. Although not permanent, it could be used in
the rehabilitation of chronic patients because it could produce
a greater compliance and it should be possibly used to promote
simultaneous neurocognitive training (e.g., visuospatial skills
and MT). On the other hand, ERP were not useful to predict
long term outcome and to identify responders or as a surrogate
quantitative marker of the effect of NIBS.

The cognitive improvement was prevalently observed in
dual-tDCS + MT for tests that are mainly influenced by
the visuospatial domain (spatial attention, spatial memory,
visuoconstructive skills). While some results were also found in
TMS or in sham +MT they were not stable at follow-up as were
instead in dual-tDCS + MT. This could be interpreted as an
effect of neural plasticity that strengthened and stabilized the MT
rehabilitation training. This result is not surprising as MT could
enhance spatial coupling, as previously argued by Michielsen
et al. Indeed, they hypothesized that the mirror illusion could
increase the tendency of one limb to take on the spatial properties
of the other (Michielsen et al., 2011). The effects anyway were
moderate (3–8%), they did not impact dramatically on clinical
outcome in a single run. We could not look at conjoint effects of
the two interventions as only dual-tDCS impacted on cognition
in the long run.

In our study stimulation has been performed on M1 of the
unaffected hemisphere with inhibitory low frequency rTMS, or
on M1 of both hemispheres with dual-TMS (excitatory anodal-
tDCS on affected hemisphere and inhibitory cathodal-tDCS
on unaffected hemisphere). Consequently, cortical stimulation
targets have been chosen in order to improve plasticity of
cortical and sub-cortical motor networks and not specifically
of cognitive networks. Nevertheless, a transient cognitive
improvement has been observed after each NIBS technique.
These observations demonstrate that the actual knowledge of
physiological mechanisms underlying NIBS techniques is still
very limited. In fact, many different cortical targets have been
stimulated with many different NIBS techniques (single-pulse
TMS, low frequency rTMS, high frequency rTMS, anodal-
tDCS, cathodal-tDCS, dual-tDCS) to improve cortical plasticity
in cognitive rehabilitation protocols on attention domain, but
results are contradictory (Seyal et al., 1995; Oliveri et al.,
1999, 2000, 2001; Hilgetag et al., 2001; Brighina et al., 2003;
Shindo et al., 2006; Ragert et al., 2008). Hence, we could

hypothesize that brain stimulation effects on neuronal activity
of a specific target areas are wide and not easily predictable.
Moreover, even if physiological mechanisms of rTMS and tDCS
are known to be different (Schlaug et al., 2008; Lefaucheur
et al., 2014; Lüdemann-Podubecká et al., 2014), we did not
detected any difference in motor or ERP improvement. Only
one previous work (Simis et al., 2013) led a comparison between
these two NIBS techniques in healthy subjects, observing that
both techniques induced similar motor gains, but opposite
results in cortical excitability, confirming the lack of complete
understanding of the physiological processes induced by NIBS.
In our study the observed effects of NIBS may be related
to the direct change of activity in brain areas immediately
beneath the stimulation site or, more probably, may involve
more extensively connected neural networks. This is supported
by previous works that demonstrated that rTMS and anodal-
tDCS can induce modification of cortical activity both locally and
in distant sites (Lang et al., 2005; Sack et al., 2007; Ruff et al.,
2008).

Even if the precise mechanisms underlying NIBS techniques
remain unclear, the modification of cortical excitability may
promote adaptive neural reorganization or interrupt maladaptive
functional mechanisms. These mechanisms, such as inter-
hemispheric inhibition, can limit recovery by inhibition of
perilesional brain areas (Murase et al., 2004; Ward and Cohen,
2004), restoring a correct balance between damaged and
undamaged hemisphere and promoting behavioral recovery
(Pascual-Leone, 2006; Miniussi et al., 2008). Furthermore,
even if this facilitatory effect is transient, NIBS application in
concomitance with rehabilitative training that supports learning
processes may perpetuate the behavioral effects further, beyond
the end of stimulation (Rossi and Rossini, 2004; Pascual-Leone,
2006).

The observation that rTMS and dual-tDCS have similar effects
on brain plasticity could have important practical implications
in neuro-rehabilitation. First, tDCS has some advantages, it is
a simple and portable device, it is a non-expensive procedure,
painless, and without severe collateral effects. Moreover, tDCS
devices are wearable and can be used to stimulate patients
online during more complex motor or cognitive training also
in parallel, as in our experiment. Finally, tDCS allows an easy
and reliable sham condition, which allows double blind clinical
trials. However, its major limitation is that it is not as focal
as TMS, so it does not allow an accurate mapping of cortical
areas. Nevertheless, our data showed that it is possible to obtain
satisfactory results integrating tDCS with the MT directing the
modulatory effects onto the upper limb and, at the same time,
improving cognitive performances.

This study suggests that the slow improvement in motor
learning due to the memory stabilization (Wessel et al.,
2015) could be an important factor in NIBS rehabilitation,
in addition to other parameters. Also the number of cycles
and the interval between them should be considered and
investigated in future. The great variability in the response
to NIBS, shown even by healthy subjects (Wiethoff et al.,
2014; Strube et al., 2015), compels investigators to find reliable
predictors of induced plasticity changes (e.g., neuroimaging
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characteristics, clinical features) in patients undergoing
rehabilitation.

STUDY LIMITATIONS

Some limits should be taken in considerations:

Our sample was relatively small and heterogeneous, so it
should be replied in a larger randomized clinical trial. The
best candidate is a MT intervention with real and sham
dual-tDCS.
The study protocol did not include imaging (CT or MRI), so
it was impossible to provide a precise functional map of the
damaged cortical and subcortical areas.
There were some differences in N200 and P300 at baseline in the
different groups.
rTMS was underpowered compared to tDCS as in the second
arm two interventions (tDCS + MT) were administered, but it
was not feasible to use MT online with TMS;
The poor knowledge of physiologic mechanisms could limit the
interpretations of our results.

CONCLUSIONS

The present study allows some practical considerations, useful for
neuro-rehabilitation:

First the impairment in some cognitive domains cannot be
considered an exclusion criterion for rehabilitation with NIBS.
Second, NIBS generally improved ERP, but transitorily.
Third, attentive processes depend on different cortical areas
and may improve with brain stimulation, also on M1, perhaps
because of restoring the hemispheric balance or by distant
connections effects.
Finally, NIBS effects were comparable, but there are some
advantages of using tDCS vs. rTMS in stroke rehabilitation.
More than one NIBS cycle (2–4 weeks) should be used in
rehabilitation to obtain clinical relevant results after a washout
period only in responder patients.
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Divided attention (DA), the ability to distribute cognitive resources among two or more
simultaneous tasks, may be severely compromised after traumatic brain injury (TBI),
resulting in problems with numerous activities involved with daily living. So far, no
research has investigated whether the use of non-invasive brain stimulation associated
with neuropsychological rehabilitation might contribute to the recovery of such cognitive
function. The main purpose of this study was to assess the effectiveness of 10
transcranial direct current stimulation (tDCS) sessions combined with computer-assisted
training; it also intended to explore the neural modifications induced by the treatment.
Thirty-two patients with severe TBI participated in the study: 16 were part of the
experimental group, and 16 part of the control group. The treatment included 20’ of
tDCS, administered twice a day for 5 days. The electrodes were placed on the dorso-
lateral prefrontal cortex. Their location varied across patients and it depended on each
participant’s specific area of damage. The control group received sham tDCS. After
each tDCS session, the patient received computer-assisted cognitive training on DA
for 40’. The results showed that the experimental group significantly improved in DA
performance between pre- and post-treatment, showing faster reaction times (RTs), and
fewer omissions. No improvement was detected between the baseline assessment (i.e.,
1 month before treatment) and the pre-training assessment, or within the control group.
Functional magnetic resonance imaging (fMRI) data, obtained on the experimental group
during a DA task, showed post-treatment lower cerebral activations in the right superior
temporal gyrus (BA 42), right and left middle frontal gyrus (BA 6), right postcentral gyrus
(BA 3) and left inferior frontal gyrus (BA 9). We interpreted such neural changes as
normalization of previously abnormal hyperactivations.

Keywords: transcranial direct current stimulation (tDCS), cognitive rehabilitation, attention, traumatic brain injury
(TBI), functional magnetic resonance imaging (fMRI), cerebral plasticity
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INTRODUCTION

Traumatic brain injury (TBI) is one of the most common
causes of disability and social withdrawal in young individuals
(Andelic et al., 2009). These patients typically require long-
lasting and costly rehabilitation; the outcome, depending on
many factors, may vary among cases. Rehabilitation research
should, on the one hand, design and test the effectiveness of
innovative rehabilitation strategies and on the other, identify
how patients can benefit from different rehabilitation programs
in order to maximize the individual chances of improvement.
This is particularly important in the case of TBI patients, as
their cerebral lesions and the neurobehavioral consequences vary
greatly from one person to another.

Among the cognitive changes that may occur following TBI,
the most prominent are divided attention (DA) and memory
disorders (Asloun et al., 2008; Cyr et al., 2009). Indeed, patients,
their caregivers and rehabilitation professionals frequently report
their difficulty in doing two things simultaneously, and this
difficulty may negatively impact on their return to work (van
Zomeren and van den Burg, 1985; Ponsford and Clements,
1991; Couillet et al., 2010). Research on DA in patients with
TBI has shown that they do not have any difficulty when the
DA tasks can be carried out relatively automatically. On the
contrary, they are impaired when the exercise becomes more
complex or it needs to be performed under high time-pressure,
requiring considerable working memory load or executive
control (Park et al., 1999; Leclercq and Azouvi, 2002). For
example, in the study conducted by Park et al. (1999) severe
TBI patients and control subjects were asked to perform two
tasks involving working memory. The exercises had to be
executed first separately and then concurrently. The results
showed that the TBI group had significantly more difficulties
when performing the two tasks concurrently, although their
performance does not statistically differ from that of healthy
participants when the same tasks were done separately. In other
studies involving patients with severe TBI, deficits in DA have
only been found in the more demanding conditions (Brouwer
et al., 2001, 2002). Most importantly, dual-task measures under
the most difficult conditions seem to be strictly correlated with
performance in daily-living activities, thus suggesting the key
role of DA in everyday life (Withaar et al., 2000). Similar
results were reported by Azouvi et al. (2004), who assessed
dual-task performance in TBI patients, under three different
experimental conditions, in which the participants were asked
to pay equal attention to both tasks or to focus mostly on
one of them. TBI patients only showed a disproportionate
increase in reaction times (RTs) under the dual-task condition.
All these results considered, DA should be one of the main
targets in the rehabilitation of TBI patients, given its key
role in many tasks of everyday life (Toyokura et al., 2012;
Masson et al., 2013). However, few rehabilitation programs
have been developed to improve this function in patients with
TBI [(Couillet et al., 2010) specifically addressed DA; (Serino
et al., 2007; Montani et al., 2014) included it in their training
programs]. More generally, to date there is limited evidence
of the effectiveness of cognitive rehabilitation programs aimed

at improving attention (Cernich et al., 2010; Cicerone et al.,
2011). Innovative rehabilitation strategies in this field are thus
needed.

In this article, we present a training program for the
rehabilitation of DA. We used a computer-based procedure:
it has been demonstrated that the use of computer-assisted
training leads to greater motivation, better training performance
and better performance at post-training than using regular
training (De Luca et al., 2014). A further innovative aspect of
our trial was the use of neurostimulation procedures, which
preceded every treatment session, in order to prepare the
brain for the following exercises. Neurostimulation strategies
using various forms of electrical stimulation have recently
been applied to intervene on functional deficits in animal
models and clinical trials. The main outcomes of these sets of
research suggest a key role of neurostimulation in enhancing
both motor and cognitive deficits after brain injury (Miniussi
et al., 2008; Shin et al., 2015). Indeed, modifying cortical
excitability may lead to a more functional neural reorganization
(Villamar et al., 2012). Such techniques, aimed at boosting
neuroplastic changes in the brain, are expected to enhance
the effects of behavioral interventions in neurological diseases
(Schulz et al., 2013; Clark and Parasuraman, 2014): cortical
electrical stimulation combined with appropriate cognitive
training may facilitate cerebral reorganization and consolidation
of learning in the specifically trained neural networks. Among
non-invasive brain stimulation techniques, transcranial direct
current stimulation (tDCS) has recently gained consideration
as it has shown promise in the enhancement of motor
and cognitive functions (Flöel, 2014). It involves passing
a direct electrical current through the cerebral cortex via
electrodes placed upon the scalp. Although the passage of
the electrical signal in the overlying tissues entails a partial
current dispersion, the stimulus that reaches the brain is
intense enough to change the resting membrane potential, thus
modifying the level of spontaneous neuronal excitability. tDCS
serves as a neuromodulatory intervention: our rehabilitation
protocol, involving the concomitant use of tDCS and computer-
assisted exercises in DA, is aimed at modulating neural
plasticity to improve performance. We applied tDCS over the
dorsolateral prefrontal cortex (DLPFC), given its essential role
in bimodal DA. Indeed, many studies (Johnson and Zatorre,
2005, 2006; Wagner et al., 2006; Johnson et al., 2007) have
demonstrated that dividing attention between simultaneous
auditory and visual events leads to increased activity in the
DLPFC. This area seems to be causally involved in DA: in a
research by Johnson et al. (2007), it was demonstrated that
inhibiting the activity of the left posterior DLPFC through slow
rTMS induced a significant decrease of DA in most of the
participants.

In order to evaluate the effectiveness of this rehabilitation
program, we collected pre- and post-treatment behavioral
assessment measures; we also used functional magnetic
resonance imaging (fMRI) to monitor possible changes
following the therapeutic intervention, which may unravel
mechanisms of treatment-related neuroplasticity. We expect
that the concomitant use of tDCS and a computerized
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training is more effective in improving the DA ability
than the use of a computerized training alone. Also,
we predict that such improvements are accompanied
by cerebral modifications within networks involved in
dual task processing: fronto-parietal regions have been
identified to be specifically involved in processing more
information at a time (Herath et al., 2001; Collette et al., 2005;
Nebel et al., 2005), with the inferior and middle frontal
gyri holding a crucial role (for a review, see Klingberg,
2000).

MATERIALS AND METHODS

Participants
Thirty-two adult patients with TBI completed the rehabilitation
program: 16 patients (4 females and 12 males) participated as
part of the experimental group, and 16 patients (2 female and
14 males) participated as part of the control group. Participants
were randomly assigned to the experimental group or to the
control one. The experimental group ranged in age from 18
to 65 years (M = 37.7; SD = 10.4); their level of education
ranged from 8 to 18 years of schooling (M = 11.5; SD = 3.48).
The control group ranged in age from 18 to 66 (M = 35,2;
SD = 12,9), and their education level was comprised between
5 and 17 (M = 10,5; SD = 4,09). The two groups did not
statistically differ with respect to age (t = −0.488; p = 0.629)
and educational level (t = −0.816; p = 0.421). Participants were
recruited at the Centro Puzzle, a local rehabilitation center for
patients with severe brain injury. The time after onset ranged
from 3.16 to 17.5 years (M = 8.73, SD = 4.45). All of the patients
were victims of severe TBI: the Glasgow Coma Scale in the acute
phase had been equal to or less than 8. The majority of the
patients had sustained their injury in a road traffic accident.
At the time of the study, all the patients were living at home,
and none of them lived independently without their partners or
parents.

Inclusion criteria for the study were the following: patients
had to (1) be at least 18 years old; (2) be at least in
their 12th month after the brain injury, in order to be sure
that their cognitive profile was stable; (3) be Italian native

speakers; (4) be in possession of adequate cognitive skills and
comprehension abilities, certified by the achievement of a cut-
off score of 24/30 on the Mini Mental State Examination
(MMSE; Folstein et al., 1975) and of 29/36 on the Token
Test (De Renzi and Vignolo, 1962). Exclusion criteria were
the following: (1) prior history of TBI or other neurological
disease; (2) neuropsychiatric illness; (3) pre-morbid alcohol
or drug addiction, evaluated on the basis of the anamnestic
data; (4) metal objects in the body such as aneurysm and
hemostatic clips, implanted electrodes and electrical devices
such as pacemakers, orthopedic material and devices. All of the
participants gave their written informed consent to participate
in the research. Approval for the study had previously been
obtained from the local ethics committee (Centro Puzzle,
protocol no. 1/2015).

Experimental Design and Behavioral
Measures
The study was conducted over a period of 9 weeks, comprising
a 5-day period of treatment and four assessment sessions (see
Figure 1).

T0_Baseline
One month before the beginning of the treatment, the attentional
abilities of the recruited patients were assessed using the DA
subtest of the Test for the Examination of Attention (TEA;
Zimmermann and Fimm, 2002). It consisted of a visual and
an auditory computer-based task, which had to be performed
simultaneously. Participants were asked to look at patterns of
stimuli (letter X) moving on a computer screen, and to press
a key only when they were in a specific arrangement. At the
same time, they listened to high and low pitched sounds, and
had to press a button only when the same pitch was repeated
twice in succession. Moreover, the Repeatable Battery for the
Assessment of the Neuropsychological Status (RBANS; Randolph
et al., 1998) comprises tests of visual-spatial abilities, semantic
fluency, selected attention, working memory and long-term
memory, and it was administered to provide an evaluation
of patients’ abilities in different cognitive domains. Finally,
the Beck’s Depression Inventory (BDI; Beck et al., 1961) and

FIGURE 1 | Experimental design. DA, Divided Attention; RBANS, Repeatable Battery for the Assessment of the Neuropsychological Status; BDI, Beck’s
Depression Inventory; AES, Apathy Evaluation Scale.
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the Apathy Evaluation Scale (AES; Marin et al., 1991) were
administered to investigate whether a possible improvement of
attention abilities might result in an enhancement of the affective
state and therefore, in a significant reduction of depression and
apathy. After the assessment, patients attended two sessions a
week, for 1 month, during which they engaged in activities which
were not specifically focused on improving attention. These
included socializing activities, such as group recreation and
games, as well as intellectual and creative activities, like reading
newspapers, cooking and painting. The aim of this procedure
was to detect any improvements in patients’ attentional abilities
due to spontaneous recovery, or as a consequence of unspecific
activities, or of simply taking part in a research program.

T1_Pre-Treatment
A few days before the beginning of the treatment, the patients’
attentional abilities were re-assessed with the DA subtest of the
TEA, in order to verify the absence of any improvement due to
attending sessions of unspecific activities between T0 and T1.
Patients belonging to the experimental group also underwent the
pre-treatment fMRI examination while performing a DA task.

T2_Post-Treatment
Immediately after the end of the treatment, the DA subtest of the
TEA was administered to the participants for the third time, in
order to prove the efficacy of the treatment on their attentional
performance. Patients belonging to the experimental group also
underwent the post-treatment fMRI examination to evaluate the
changes that had occurred.

T3_FollowUp
One month after the end of the rehabilitation program the
patients’ attentional and cognitive abilities were reassessed using
the RBANS and the DA subtest of TEA, to evaluate the stability of
their improvements in time. The BDI and AES were administered
for the second time.

In order to rule out learning effects, in the DA test stimuli
appeared randomly on the computer screen, and parallel versions
of the RBANS were used at the different time points.

fMRI Task
In addition to the behavioral assessment, patients underwent an
fMRI scan before and after the treatment, in order to evaluate
any changes in neuronal activity attributable to the treatment.
Data acquisition was performed at the Koelliker Hospital in
Turin, on a 1.5-T Philips Intera with a Sense high field high
resolution head coil optimized for functional imaging. Patients
with anxiety disorders such as claustrophobia, panic attacks or
any disorder which could be severely exacerbated by confined
spaces were excluded. A total of 11 patients completed the exam.
In case of an emergency, the patients could press a button in
order to ask for help and if necessary, interrupt the procedure at
any time.

Functional areas of activations were assessed with a
crossmodal DA task (Jackson et al., 2011). The task involved
visual and auditory stimuli presented in an epoch-based design.
During the task, visual stimuli (the letters ‘‘M’’ and ‘‘W’’ in white

font on black background) were projected onto a screen using
an LCD projector, and the images were viewed via a mirror
positioned approximately 11 cm above the subject’s eyes on the
head coil. Auditory stimuli were played through headphones
(two sinusoidal pure tones, 1500 Hz and 500 Hz, 16 bit stereo
at 44.1 kHz). Each stimulus was presented for 300 ms with a
variable interstimulus interval of between 400 ms and 1000 ms.
The task consisted of four conditions (baseline, visual selective
attention (VA), auditory selective attention, and DA) each lasting
for five acquisition volumes (16 s) that were repeated eight times
in a random sequence. For each subject, a stimulus for each
of the visual and auditory modalities was randomly selected as
the target stimulus (or stimuli) for each condition. Targets were
presented with a 20% probability, and the subjects’ task was to
press a corresponding response button on an MR compatible
keypad that they held in their dominant hand. Subjects were
instructed to fixate on a cross hair on a screen in front of
them during all different epochs. At the start of each block,
instructions were displayed on the screen for 4 s: for baseline
epochs subjects passively observed the sounds and letters; for
VA selective epochs, subjects pressed the right response button
every time their visual target (either an M or a W) appeared on
the screen and ignored the tones; for auditory selective attention
(AA) epochs, subjects pressed the left response button when
they heard their target tone (either a 1500 Hz or 500 Hz tone)
and ignored the letters; and for DA epochs, subjects pressed
the right button when the target letter appeared on the screen,
and the left button when the target tone was heard. A rest
period, during which no task was presented, was given halfway
through the task for eight volumes (25.6 s). A practice session was
completed in a mock scanner before each session to minimize
practice effects, and to familiarize subjects with the scanning
environment. Finally, a set of anatomical MRI images were
acquired (10 min).

Treatment
The treatment consisted of 10 sessions. each session included
20 min of tDCS stimulation followed by 30 min of DA training.
The control group received 25 s of tDCS stimulation, then the
device turned off automatically (sham conditions). The treatment
was provided in two sessions per day and lasted 5 days (for
recommended number of sessions and tDCS treatment duration
see Scelzo et al., 2011). Each session lasted approximately
1 h. Both electrode montage and rehabilitation activities were
performed by a trained psychologist, who was assisted by a
neurologist, to intervene if and when necessary. The experiment
was conducted in a quiet room, in the rehabilitation center where
the participants were recruited. The treatment focused on DA:
all the activities were designed to increase participants’ ability
to perform two tasks simultaneously. Specifically, they were
asked to pay attention to auditory stimuli while performing VA
tasks.

The tDCS stimulation was performed using a HDCstim device
(Newronika srl, Milan, Italy). The electrodes (5 × 7 cm) were
placed over the DLPFC, given its essential role in bimodal
DA (Wagner et al., 2006; Johnson et al., 2007). However, the
tDCS site differed between patients depending on the area of
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lesion, determined on the basis of the anatomical MRI scan.
For those who had been excluded from the neuroimaging
exam the electrode placement was established through the
consultation of their clinical history and their previous scans.
Overall, a dual channel stimulation (two anodes, one on the
right DLPFC and the other on the left DLPFC, earth on the
arm) was used with six patients having an equal hemispheric
lesion distribution, while a mono channel stimulation was
used with ten patients having unilateral lesions (anode on the
lesioned hemisphere and cathode on the other hemisphere).
In both cases the current intensity was 2 mA and its
density 0.057 mA/cm2. Both these indexes were kept below
the safety limits (Poreisz et al., 2007). Participants’ tolerance
of the stimulation was constantly monitored. Furthermore,
at the end of the procedure, each subject was invited to
fill out a brief questionnaire on the adverse effects of the
stimulation.

Statistical Analysis
Paired t-test analyses were conducted in order to evaluate
improvements between baseline and pre-training (where
we expected no difference) and between pre-training and
post-training (where we expected significant differences in
performance on the DA task within the experimental but
not within the control group). Paired t-tests on the other
tasks’ measures were computed with the aim of exploring
whether changes in other cognitive domains took place after
training. A split-plot ANOVA was used in order to evaluate
the interaction between Time (assessment phase) and the
type of group (experimental vs. control), taking into account
age, level of education and severity of lesion as covariates. Level
of significance was chosen to be p < 0.05.

The fMRI data were analyzed using Brain Voyager
QX Software (Brain Innovation, Maastricht, Holland).
The functional data of each subject were pre-processed as
follows: (1) Mean intensity adjustment in order to prevent
global signal variability; (2) slice scan time correction, through
the use of a sinc interpolation algorithm; (3) 3D motion
correction: all the volumes were spatially aligned to the first
volume by rigid body transformations, adopting a algorithm of
trilinear interpolation; (4) spatial smoothing with a Gaussian
kernel of 4 mm FWHM; and (5) temporal filters, i.e., linear
and non-linear trend removal through the use of a temporal
high-pass filter (frequency pass = 0.008 Hz), adopted to remove
drifts due to scanner and other low frequency noises. After
pre-processing, the temporal series of each voxel were filtered
using a band-pass filter (0.01 < f < 0.08 Hz) in order to
remove both the very low frequencies and the noise due to
high frequencies (respiratory and cardiac frequencies). The
filtered time series was then transformed into a frequency
domain using Fourier transformation; this process allowed
us to decompose a signal made up of several frequencies
and identify the spectrum of the signal. The power spectrum
represents the energy of the signal at different frequencies.
Then a statistical analysis using the General Linear Model was
performed to yield functional activation maps during the pre-
and post-tests separately. Subsequently, the General Linear

Model was used to compare post-test activations with pre-test
activations for each participant. Statistical comparisons were
computed at a statistical threshold of p < 0.05, corrected for
multiple comparisons using Bonferroni correction, and a cluster
threshold of 50 voxels.

RESULTS

The stimulation procedure was well tolerated by all the
participants, who did not report any kind of problem during the
tDCS administration.

Cognitive Performance
We conducted a paired samples T-test analysis on the DA subtest
of the TEA. As expected, we observed no improvements due
to the nonspecific control activities which the patients attended
between T0 (baseline) and T1 (pre training), either in the
experimental (RT: t = 1.27; p = 0.22; Omission Errors (OE):
t = 0.52; p = 0.61) or in the control group (RT: t = 0.45; p = 0.66;
OEs: t = −0.44; p = 0.66). Within the experimental group,
patients’ performance at T2 (post-training) was significantly
better than at T1 (pre-training), with faster RTs (t = 3.41;
p = 0.004) and fewer OEs (t = 4.49; p < 0.0001), and this
improvement was stable 1 month after the end of the treatment
(T2 vs. T3 RT: t = 0.51; p = 0.62; OEs: t = 0.20; p = 0.84). On the
contrary, within the control group, patients’ performance did not
increase, either on RT (t = −0.006; p = 0.99) or on OEs (t = 0.92;
p = 0.37).

At T0 and T3, we administered a series of neuropsychological
tests to obtain a precise cognitive profile of the patients before
and after the training program. As far as performance on the
RBANS is concerned, within the experimental group the analysis
did not reveal any statistically significant difference between
performance before and after the training on visual-spatial
abilities (t = −0.670; p = 0.256 one-tailed), semantic fluency
(t = 0.083; p = 0.467), working memory (t = −0.849; p = 0.204),
long-term memory (t = −1.235; p = 0.118); it showed, however,
improved performance in the attention task, at the limits of
statistical significance (t = −1.679; p = 0.057). Apathy scores
showed significant improvement (t = 1.793; p = 0.047), while
no relevant changes have been detected in the Depression scores
(t = 0.521; p = 0.305).

A split-plot ANOVA with Time as the within subject factor
(pre-training computed as the mean between T0 and T1 vs. post-
training T2), Type of Group (Control vs. Experimental) as the
between subject factor, and age, education level and severity of
injury (Glasgow Coma Scale scores) as covariates was performed.
It showed no interaction between Time and Age (RT: F = 0.54;
p = 0.47; OEs: F = 0.87; p = 0.36), or between Time and Level
of Education (RT: F = 1.55; p = 0.22; OEs: F = 1.99; p = 0.17).
As far as the interaction between Time and Severity of injury
is concerned, it was statistically significant for OEs (F = 4.12;
p = 0.05), while it was insignificant for RT (F = 0.51; p = 0.48).
As expected, a significant interaction emerged between Time
and Type of Group (RT: F = 4.13; p = 0.05; OEs: F = 5.12;
p = 0.03).
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FIGURE 2 | Divided Attention (DA): Average scores obtained at
T0 (Baseline), T1 (pre-Treatment) and T2 (post-Treatment) by the
experimental group and the control group. Reaction time (RT) is
expressed in milliseconds. RT; OE, Omission Errors. Asterisks indicate when
the difference between performances is statistically significant.

Finally, an independent-sample t-test let us exclude that the
Type of Montage had an effect on the improvements from pre- to
post- training (RT: t = 0.098; p = 0.923; OE: t = 1.218; p = 0.243).
The main results are represented in Figure 2.

Brain Activations
In the pre-treatment, the DA conditions (vs. rest conditions)
analysis resulted in two clusters of activation. The first
cluster includes extended portions of the following brain areas
bilaterally: the inferior parietal lobule, the pre- and post-
central gyri, the inferior, middle and medial frontal gyrus, the
cingulate gyrus, the superior temporal gyrus, and the insula.
The second cluster includes the right inferior occipital gyrus and
the cerebellar declive and culmen bilaterally, see Figure 3.

The contrast of the DA conditions vs. the selective attention
conditions (auditory + visual) resulted in a cluster of activation
including the right posterior cingulate and right lingual
gyrus, as well as the cuneus, precuneus and cingulate gyri
bilaterally.

The post vs. pre-treatment comparisons showed a
post-treatment significant decrease of activation in the right
superior temporal gyrus, the middle frontal gyrus and the
postcentral gyrus, as well as in the left middle and inferior frontal
gyri, see Figure 4. The contrast of the DA conditions vs. the
selective attention conditions, in the post minus pre-treatment
comparisons, resulted in a decrease of activation in a small
portion of the right cingulate gyrus (Talairach cordinates:
5; −38; 33).

DISCUSSION

The purpose of this study was to investigate the role of combined
tDCS and computer-based training on DA performance
following severe TBI. Indeed, given that there is limited evidence
of the effectiveness of standard rehabilitation programs aimed
at improving attention, especially when chronic patients are
involved, this study was intended to explore whether brain
stimulation—favoring neuroplastic changes—may enhance the
effects of a cognitive training.

Overall, the findings support the idea that 1 week of intensive
rehabilitation associated with neuromodulation techniques could
significantly contribute to the enhancement of attentional
abilities even in chronic patients with a stabilized cognitive
profile. Indeed, when performing the DA task, the experimental
group obtained significantly better results after the treatment
than in the two previous assessments. Furthermore, this
improvement was maintained in the follow-up evaluation,
performed 1 month after the end of the treatment, highlighting
its long-lasting effects. On the contrary, the control group
showed no significant improvement. The difference between the
experimental and the control group confirmed the efficacy of the
combined treatment, as the computerized training alone is not
sufficient to produce a significant change on TBI participants’
performance. Among other variables, the severity of the lesion
seems to affect the quality, even if not the speed, of performance.

It is worth considering that the improvement concerned
attention abilities and was not generalized across other cognitive
abilities. Participants belonging to the experimental group
showed improved performance in the attention task of the
RBANS battery, but not in any other cognitive domain. On this
basis, we can conclude that the treatment had specific effects on
DA, an outcome which is similar to that reported by Couillet
et al. (2010), whose training only ameliorated the ability to
complete two tasks simultaneously, without having effects on
other cognitive functions.

Some previous works investigated the effect of tDCS over the
DLPFC in subacute and chronic TBI patients, but results are
not clear-cut. A first pilot study (Kang et al., 2012) explored
the effect of a single tDCS session: improvements in RT during
an attention task were found immediately post-stimulation, but
were not significant after 3 or 24 h. Park et al. (2013) investigated
the effectiveness of repeated tDCS sessions associated with a
computerized training on attention and memory in a small
group of stroke patients, showing post-training improvements
of performance. Ulam et al. (2015) studied the cumulative
effects of tDCS on electroencephalographic (EEG) oscillations,
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FIGURE 3 | Results of pre-treatment functional magnetic resonance imaging (fMRI) analysis (N = 11; p < 2.3965e−10).

showing significant modifications correlated with improved
performance on attention and working memory tests. On the
contrary, the results of another study (Leśniak et al., 2014)
did not provide sufficient evidence to support the efficacy of
a 15-day rehabilitation training program preceded by tDCS.
One possibility is that such contradictory results are due to
the utilization of an undifferentiated protocol for all patients,
irrespective of the lesion site. Many authors (e.g., Brunoni et al.,
2012; Villamar et al., 2012) have pointed out the importance of

personalizing the locations of electrodes, especially with brain-
damaged subjects. This is particularly relevant when working
with TBI patients, given the heterogeneity of their clinical
picture and anatomical and functional damage. It is fair to say
that some authors (Asloun et al., 2008; Bikson et al., 2010)
have claimed that electrode montage has a critical role in
modifying the amount of current shunted through the cortex.
Indeed, computational modeling studies have predicted that a
different position of the return electrode may influence the
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FIGURE 4 | Results of post-minus pre-treatment fMRI analysis (N = 11; p < 0.000002).

total current flow produced by the stimulating electrode (Bikson
et al., 2010); as a consequence, a change in the return electrode
position may influence the current flow under the target region
stimulated by the other electrode. However, other modeling
studies have shown that, when considering TBI patients, other
variables, such as anatomical differences, defects and lesions in
the brain—i.e., the presence of cerebrospinal fluid—are expected
to distort current flow (Bikson et al., 2012). All these reasons
considered, we chose to locate the electrodes according to
each participant’s specific damage. This personalized electrode
location might have facilitated a more functional network
restoration.

Besides the behavioral improvement, our study showed
brain modifications: the fMRI assessment seems to suggest
a more functional and specific neural organization post-
treatment. Indeed, our main fMRI result consists in a
decrease in cerebral activations during the DA condition
post-treatment. This is in line with the previous literature,
reporting significant hyperactivations in patients with TBI
performing dual tasks (Rasmussen et al., 2008; Sozda et al.,
2011). In particular, Rasmussen et al. (2008) recounted
significantly higher activation of a prefrontal-anterior midline-
parietal network in TBI subjects in the dual-task condition
compared to the matched controls. These regions have been
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described as being engaged in healthy volunteers as the
cost of dual tasking increases (e.g., Herath et al., 2001;
Collette et al., 2005). Thus, it seems that, following TBI,
there is a functional reorganization within the primary
network subserving the task, demonstrating more effortful
processing. The authors also claimed that recruitment of
these additional cortical resources may be connected to serial
rather than parallel processing in low-level dual tasking in
TBI patients and thus, that in patients with severe TBI
low-level dual task performance may depend on increased
attentional and executive guidance. Following this line of
reasoning, it is not surprising that the combined tDCS
and cognitive training were accompanied by a decrease in
cerebral activations: this can be interpreted as normalization
of previously abnormal hyperactivations. More specifically,
such a decrease concerns a network of areas, including
the left DLPFC, the bilateral premotor and supplementary
motor areas, the right parietal somatosensory cortex and
the right auditory processing cortex. These areas have been
found to be involved in dual task processing in healthy
subjects (Loose et al., 2003; Nebel et al., 2005; Tachibana
et al., 2012), as they subserve the allocation of attention,
reflecting the higher executive demand required in divided vs.
selective attention tasks. In particular, Johnson et al. (2007)
interpreted the increase of activity in DLPFC during DA
tasks as reflecting manipulation of information in working
memory. According to the authors, when the activity of these
areas is temporarily inhibited by slow rTMS, the ability to
maintain multiple pieces of information in working memory
is also compromised, thus leading to a failure in performing
DA tasks.

In conclusion, the proposed treatment resulted in a significant
improvement in DA, which was maintained over a long period of
time. The combined use of tDCS and computer-based training
appears to have favored a neural reorganization, diminishing
the patients’ cognitive effort. However, our study presents some
limitations. First, the limited number of patients prevented us
from performing a subgroup analysis according to the different
tDCS electrodes’ montage. Secondly, although patients were in
the chronic phase of their injury and their neurological profile
was stable, a baseline fMRI test would have helped in better
understanding the cerebral mechanisms that accompany the
cognitive improvement. Finally, this experiment was aimed at
detecting the combined effect of cognitive training and tDCS:
future studies involving specific trials aimed at testing the efficacy
of the two interventions separately would be very useful in
separating the role of each variable.
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