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THERAPEUTIC PERSPECTIVES THROUGH NON-INVASIVE 
NEUROMODULATION AND CUTTING-EDGE TECHNOLOGIES

The growing affinity between human and cutting-edge 

technologies, including biorobotics is becoming a 

landmark for improving the potential of rehabilitation after 

multifactorial insults to the brain and nervous system. 
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The neurorehabilitation field is increasingly focused on understanding how to 
efficiently revert the effects that acute (i.e., stroke or traumatic brain injury) or 
chronic (i.e., neurodegenerative diseases) insults play either on small or large-scale 
networks, encompassing motor, sensory and cognitive domains. The link between the 
disrupted neuronal pulse generators and their effectors is being re-shaped through 
a wide scenario that embraces biorobotics, robot-aided rehabilitation, non-invasive 
neurostimulation, nanoprosthetics and neuroengineering. For the past decade and 
at an amazing speed, large investments and efforts allowed enthusiastic and only 
apparently heterogeneous researchers to borrow theories from neurophysiology, 
pharmacology, physics and quantum mechanics in order to generate together highly 
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sophisticated tools that restore, resemble or even substitute the basic biological 
architecture. The idea of actually reverting weakened functions and/or replacing the 
faulty parts either of the human body or the central and peripheral nervous system 
is becoming a new reality, opening a fascinating era in this field.

In this Research Topic, several researchers showed how the above principles became 
reality, from theory to the bedside of patients, providing full explanations of the 
whole mechanistic processes and how they were implemented, up to the final stage.
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Editorial on the Research Topic

Challenging the Functional Connectivity Disruption in Neurodegenerative Diseases: New

Therapeutic Perspectives Through Non-invasive Neuromodulation and Cutting-Edge

Technologies

A growing body of work indicates that in several acute and chronic neurological conditions,
including stroke and neurodegenerative diseases, pathophysiological events may introduce
functional alterations over small- and large-scale functional network dynamics. These phenomena
occur ever since, or even before, the appearance of the first, distinct symptoms, and involve brain
connectivity under either a resting or active task condition. The alterations of network dynamics
can affect the outcome of subsequent therapeutic interventions and re-learningmechanisms during
rehabilitation (Krakauer, 2006). Hence, an in-depth knowledge of early predictors of such network
changes is crucial to address the most effective therapeutic and rehabilitation strategies, and to
help reduce the burden on neurological patients and health care systems. To disentangle how
changes of network dynamics take place in the brain, several functional domains, including motor,
sensory, and cognitive ones, should be considered. It is also important to parse not only the extent
and distribution of network damage across different conditions, but also to implement cutting-
edge methods that are able to integrate specific information of networks on a broader perspective
(Pievani et al., 2014). In this research topic, we will see how investigators highlighted the value of
continuous and mutual osmosis between clinical research and technology, such as bio-robotics,
robot-aided rehabilitation, non-invasive neurostimulation, neuroimaging, and neuroengineering,
which can give rise to innovations in the field of neurorehabilitation.
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MONITORING EFFECTS OF

INTERVENTION OR DISEASE-RELATED

BRAIN STATES

The combination of different neuroscientific techniques provides
new opportunities for researchers to address new questions.
Das et al. developed a mouse model to study neuroplasticity
induced by transcranial direct current stimulation (tDCS) and
showed polarity- and genetics-dependent effects of anodal tDCS-
induced decreases in vestibulo-ocular reflex gain after cerebellar
stimulation. Seewoo et al. explored possible ways to translate
knowledge about the actions of repetitive transcranial magnetic
stimulation (rTMS) from pre-clinical research in rodents to
clinically plausible neuromodulation techniques in humans. In
particular, they indicate that the combination of rTMS with
fMRI requires specific adjustments to experimental protocols to
efficiently scale and interchange paradigms borrowed from rTMS
in rodents to fMRI in humans, and vice versa. Neuromodulation
with simultaneous electroencephalography (EEG), functional
MRI (fMRI), or positron emission tomography (PET) would
shed light on a deeper characterization of the complexities
behind connectivity dynamics induced by therapeutic or
neuromodulatory rTMS.

Yamasaki et al. discussed the “connectopathy,” which might
underlie multifaceted deficits in social and behavioral domains
in children with autistic spectrum disorders (ASD). Their
contribution focused on how visual-evoked and event-related
potentials (VEP/ERP) and diffusion tensor imaging (DTI) might
reveal tiny alterations of visual and attentional networks in
this condition. The ASD “connectopathy” likely arises from
abnormal functional and structural connectivity in cortical
networks involved in social information processing.

Machine learning methods are being extensively used for
extracting neurophysiological features allowing individual
categorization of patients with many neurologic conditions.
Ogata et al. successfully trained a Support Vector Machine
(SVM) on resting-state fMRI images to isolate specific
functional connectivity features in idiopathic normal pressure
hydrocephalus (iNPH). Moreover, the SVM was able to grade
severity of the classical triad in iNPH (cognitive, gait, and urinary
disturbances) using resting-state connectivity.

VIRTUAL REALITY AND ROBOTICS

Over the past 25 years, robotics and virtual reality have been
increasingly used either to measure human movement or to
gain knowledge on how the brain learns and controls voluntary
movement (Reinkensmeyer et al., 2004). Robot-aided paradigms
enable participants to conveniently tune several physical
factors involved in movement simultaneously, thus allowing
researchers to examine realistic motor cortex physiology, while
minimizing mental frustration and physical harm in patients
with motor dysfunctions (Woldag and Hummelsheim, 2002).
Despite the great progress in the field of both computer
science and engineering, however, much can be done to
improve the contribution of virtual reality and robotics to

the strategies behind functional recovery of damaged nervous
functions (Holden, 2005). Marchal-Crespo et al. introduced
fMRI-compatible robot-aided training strategies in a complex
locomotor learning task—involving the coordination of the
legs in a gait-like pattern to track a Lissajous figure presented
on a screen, during fMRI. This is a nice experiment that
showed the existence of a mathematical relationship between
the error reduction induced by training and the initial skill
level, with an error-amplification dependent engagement of
cerebral reward circuits. Benyoucef et al. proposed highly realistic
virtual simulations to study mental disorders. Although the
concept needs to be proved, virtual reality could enhance active
participation of patients with mental disorders in experimental
studies, overcoming intrinsic communicative, emotional, and
affective barriers.

PHYSIOLOGICAL AND

PHARMACOLOGICAL

NEUROMODULATION FOR

NEUROLOGICAL CONDITIONS

Pinto et al. discussed in detail how pharmacological interventions
with selective serotonin reuptake inhibitors (SSRI), which are
widely used for the treatment of depression, may influence
recovery after stroke.

Along with pharmacological methodology, non-invasive brain
stimulation has been extensively studied in many neuro-
psychiatric conditions as a physiological method to induce
changes across regions of the nervous system. Quartarone et al.
discusses the therapeutic potential of rTMS and tDCS and their
neurophysiologic effects (“after effects”) in dystonia. They also
pointed out the limitation of the current techniques due to high
variability of the outcomes. It is thus necessary to gather all the
relevant information from overwhelmingly heterogeneous study
protocols and then to convert them into a more harmonized
protocol, which would make the interpretation of different
studies easier. In this regard, Marceglia et al. proposed a new
protocol for focal hand dystonia, using cathodal tDCS bilaterally
over the primary motor cortex for 20min daily for 5 consecutive
days. Focal hand dystonia is a movement disorder that can be
highly disabling since it often affects body parts essential for
professional activity such as the fingers and wrists in pianists.
tDCS seems to be a potentially effective non-invasive approach to
revert cortical excitability to the normal state, thereby improving
dystonic symptoms.

The damage induced by inflammation in multiple sclerosis
(MS) represents another important model of functional
disruption of networks. MS is a pathological entity in which
inflammatory demyelination within the central nervous system
leads to an ever-increasing depletion of synaptic transmission
and effective plasticity due to a dissemination of lesions in both
time and space. For unknown reasons, imaging and clinical
findings are not well correlated in MS (known as “clinico-
radiological paradox”). This morpho-functional disconnection
prevents clinicians from formulating an accurate prognostic
judgment about recovery. Stampanoni Bassi et al. give an
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overview of several non-invasive techniques used in the study of
MS, with the aim of clarifying how the choice of targeted brain
areas influences the evaluation for the extent of recovery, while
providing a holistic organizational view of brain networks in a
comprehensive biochemical and neurophysiologic perspective.
They also rehearse the interesting concept of diaschisis and
extend it to the functional connectome (Carrera and Tononi,
2014) to explain the paradox.

It is important to be aware of the individual variations of the
brain anatomy undergoing stimulation. Cancelli et al. extended
their technology for personalizing neuromodulatory intervention
using transcranial electrical stimulation (tES), aiming at better
fitting the electrodes’ shape over the cerebral cortical foldings.
Their innovative technique achieved individually tailored
electrode positioning without a neuronavigation system. This
development may allow patients to undergo convenient,
yet accurate and affordable tES treatment at home in the
future.

Moving toward a better comprehension of mechanisms

underlying gait impairment in Parkinson’s disease (PD)-the most
prevalent movement disorder-Cai et al. applied sinusoidal or

stochastic galvanic vestibular stimulation (GVS) to a small group
of patients with PD. GVS was able to enhance the functional
connectivity between cortical/subcortical regions of interests

and the putative pedunculopontine nucleus, which regulates
locomotion at the supraspinal level.

CONCLUDING REMARKS

The editors of this topic really hope that the innovative
neural technology as introduced here is effectively implemented
in clinical practice to help patients with neuro-psychiatric
disorders.

AUTHOR CONTRIBUTIONS

GZ launched the topic, drafted the Editorial. TH handled six
contributions of the topic, critically and constructively revised
the Editorial.

FUNDING

This work was in part supported by the Brain Mapping
by Integrated Neurotechnologies for Disease Studies
(Brain/MINDS) and Health Labor Science Research Grants
from Japan Agency for Medical Research and development
(AMED), and by KAKENHI grants (26120008, 18H04960, and
16H03306) from JSPS to TH.

REFERENCES

Carrera, E., and Tononi, G. (2014). Diaschisis: past, present, future. Brain 137,

2408–2422. doi: 10.1093/brain/awu101

Holden, M. K. (2005). Virtual environments for motor rehabilitation:

review. Cyberpsychol. Behav. 8, 187–211; discussion: 212–219.

doi: 10.1089/cpb.2005.8.187

Krakauer, J. W. (2006). Motor learning: its relevance to stroke

recovery and neurorehabilitation. Curr. Opin. Neurol. 19, 84–90.

doi: 10.1097/01.wco.0000200544.29915.cc

Pievani, M., Filippini, N., van den Heuvel, M. P., Cappa, S. F., and Frisoni, G. B.

(2014). Brain connectivity in neurodegenerative diseases—from phenotype to

proteinopathy. Nat. Rev. Neurol. 10, 620–633. doi: 10.1038/nrneurol.2014.178

Reinkensmeyer, D. J., Emken, J. L., and Cramer, S. C. (2004). Robotics, motor

learning, and neurologic recovery. Annu. Rev. Biomed. Eng. 6, 497–525.

doi: 10.1146/annurev.bioeng.6.040803.140223

Woldag, H., and Hummelsheim, H. (2002). Evidence-based physiotherapeutic

concepts for improving arm and hand function in stroke

patients: a review. J. Neurol. 249, 518–528. doi: 10.1007/s0041502

00058

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 © 2018 Zito and Hanakawa. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The

use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) 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 Neuroscience | www.frontiersin.org August 2018 | Volume 12 | Article 5548

https://doi.org/10.3389/fnins.2018.00284
https://doi.org/10.3389/fnins.2018.00101
https://doi.org/10.1093/brain/awu101
https://doi.org/10.1089/cpb.2005.8.187
https://doi.org/10.1097/01.wco.0000200544.29915.cc
https://doi.org/10.1038/nrneurol.2014.178
https://doi.org/10.1146/annurev.bioeng.6.040803.140223
https://doi.org/10.1007/s004150200058
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


REVIEW
published: 23 March 2018

doi: 10.3389/fnins.2018.00180

Frontiers in Neuroscience | www.frontiersin.org March 2018 | Volume 12 | Article 180

Edited by:

Takashi Hanakawa,

National Center of Neurology and

Psychiatry (Japan), Japan

Reviewed by:

Mitsunari Abe,

Fukushima Medical University, Japan

Ken-Ichiro Tsutsui,

Tohoku University, Japan

*Correspondence:

Jennifer Rodger

jennifer.rodger@uwa.edu.au

Specialty section:

This article was submitted to

Neural Technology,

a section of the journal

Frontiers in Neuroscience

Received: 19 October 2017

Accepted: 06 March 2018

Published: 23 March 2018

Citation:

Seewoo BJ, Etherington SJ,

Feindel KW and Rodger J (2018)

Combined rTMS/fMRI Studies: An

Overlooked Resource in Animal

Models. Front. Neurosci. 12:180.

doi: 10.3389/fnins.2018.00180

Combined rTMS/fMRI Studies: An
Overlooked Resource in Animal
Models
Bhedita J. Seewoo 1,2, Sarah J. Etherington 3, Kirk W. Feindel 2,4 and Jennifer Rodger 1,5*

1 Experimental and Regenerative Neurosciences, School of Biological Sciences, The University of Western Australia, Perth,

WA, Australia, 2Centre for Microscopy, Characterization and Analysis, Research Infrastructure Centers, The University of

Western Australia, Perth, WA, Australia, 3 School of Veterinary and Life Sciences, Murdoch University, Perth, WA, Australia,
4 School of Biomedical Sciences, University of Western Australia, Perth, WA, Australia, 5 Brain Plasticity Group, Perron

Institute for Neurological and Translational Research, Perth, WA, Australia

Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive neuromodulation

technique, which has brain network-level effects in healthy individuals and is also used to

treat many neurological and psychiatric conditions in which brain connectivity is believed

to be abnormal. Despite the fact that rTMS is being used in a clinical setting and

animal studies are increasingly identifying potential cellular and molecular mechanisms,

little is known about how these mechanisms relate to clinical changes. This knowledge

gap is amplified by non-overlapping approaches used in preclinical and clinical rTMS

studies: preclinical studies are mostly invasive, using cellular and molecular approaches,

while clinical studies are non-invasive, including functional magnetic resonance imaging

(fMRI), TMS electroencephalography (EEG), positron emission tomography (PET), and

behavioral measures. A non-invasive method is therefore needed in rodents to link our

understanding of cellular and molecular changes to functional connectivity changes

that are clinically relevant. fMRI is the technique of choice for examining both short

and long term functional connectivity changes in large-scale networks and is becoming

increasingly popular in animal research because of its high translatability, but, to date,

there have been no reports of animal rTMS studies using this technique. This review

summarizes the main studies combining different rTMS protocols with fMRI in humans,

in both healthy and patient populations, providing a foundation for the design of

equivalent studies in animals. We discuss the challenges of combining these two

methods in animals and highlight considerations important for acquiring clinically-relevant

information from combined rTMS/fMRI studies in animals. We believe that combining

rTMS and fMRI in animal models will generate new knowledge in the following ways:

functional connectivity changes can be explored in greater detail through complementary

invasive procedures, clarifying mechanism and improving the therapeutic application

of rTMS, as well as improving interpretation of fMRI data. And, in a more general

context, a robust comparative approach will refine the use of animal models of specific

neuropsychiatric conditions.

Keywords: translational studies, non-invasive animal models, neuromodulation, rTMS, fMRI, resting-state,

functional connectivity
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INTRODUCTION

An exciting approach for the treatment of neuropsychiatric
conditions is to use neuronal activity itself to encourage repair
and improve brain function. This method can be used as
an adjuvant with other interventions and might prove to be
more effective and specific than a pharmacological approach,
which often has side-effects and might not induce lasting
changes. Several lines of evidence suggest that dysfunctional
connectivity within specific neural networks may underpin
many neurological and psychiatric conditions (Seeley et al.,
2009; van den Heuvel and Hulshoff Pol, 2010). Transcranial
magnetic stimulation (TMS) is a non-invasive neuromodulation
technique that uses magnetic fields to induce electrical currents
in the brain, thereby modulating neuronal activity, and networks
(Barker and Freeston, 2007; Wassermann and Zimmermann,
2012). TMS works according to the principle of electromagnetic
induction: pulses of current flowing through a TMS coil generate
a controllable, pulsatile magnetic field that passes into the
brain unimpeded by skin, muscle or skull (basic principles
described in Walsh, 1998). This time-dependent magnetic field
induces transient electrical currents within the brain. TMS is
able to stimulate the human brain and deep peripheral nerves
without causing pain because current is not induced in the skin,
i.e., pain fiber nerve endings are not activated. This lack of
discomfort enables the technique to be used readily on patients
and volunteers for research and therapeutic purposes (Barker and
Freeston, 2007).

Repetitive transcranial magnetic stimulation (rTMS) delivers
trains of closely spaced pulses to the brain to induce transient
modulation of neural excitability and brain function. Although
transient, the modulation can outlast the stimulation period
leading to long-term changes in synaptic plasticity and behavior
(for review, see Lenz and Vlachos, 2016). George et al. (1995)
were the first to use rTMS as a treatment for depression and
its efficacy in medication-resistant patients has been validated
by numerous clinical trials (Gaynes et al., 2014). In 2008, an
rTMS device developed by Neuronetics was approved by the
Food and Drug Administration in the United States for the
treatment of patients with major depressive disorder who are
resistant to at least one antidepressant drug (O’Reardon et al.,
2007). rTMS has since been shown to have therapeutic potential
for a range of psychiatric disorders, including unipolar (Xia et al.,
2008; Gaynes et al., 2014) and bipolar depression (Xia et al.,
2008), schizophrenia (Dlabac-de Lange et al., 2010), obsessive-
compulsive disorder (Jaafari et al., 2012), and post-traumatic
stress disorder (Clark et al., 2015) as well as in neurological
conditions such as Parkinson’s disease (Arias-Carrión, 2008),
dystonia (Machado et al., 2011), tinnitus (Soleimani et al., 2015),
epilepsy (Pereira et al., 2016), and stroke (Corti et al., 2012).
rTMS has also shown promising results in the treatment of
pain syndromes such as migraine (Lipton and Pearlman, 2010)
and chronic pain (Galhardoni et al., 2015). However, there is
significant inter- and intra-individual variability in the after-
effects induced by rTMS and increasing evidence suggests that
subject-related variables such as gender, age, exercise, diet, use of
neuropharmacological drugs, the state of the subject, and genetic

backgroundmight affect the stimulation-induced effects of rTMS
in both healthy individuals and patient populations (for review,
see Ridding and Ziemann, 2010). To improve the safety and
efficacy of rTMS in a clinical setting, a better understanding of
how rTMS affects the brain is required (Müller-Dahlhaus and
Vlachos, 2013).

Animal models have been useful in elucidating some of the
mechanisms of rTMS as they allow us to perform invasive studies
of molecular and genetic changes that are not ethically possible in
humans. These studies have been reviewed extensively elsewhere
(e.g., Tang et al., 2015; Lenz andVlachos, 2016). However, to align
the different experimental approaches used in preclinical animal
studies (invasive: cellular andmolecular outcomes) and in human
studies (non-invasive: e.g., TMS and motor-evoked potentials,
MEPs; electroencephalography, EEG; optical imaging, positron
emission tomography, PET; functional magnetic resonance
imaging, fMRI, behavior) is difficult. Although MEPs (electrical
signals induced in muscles following cortical stimulation), which
are currently the most common outcome measure used in
humans, can also be measured in animals (Rotenberg et al., 2010;
Sykes et al., 2016), this approach lacks sensitivity and can be
applied only to motor cortical areas. The vast majority of TMS
research and clinical treatments target non-motor regions such
as the prefrontal or sensory cortex (e.g., Schneider et al., 2010;
Liston et al., 2014; Jansen et al., 2015; Valchev et al., 2015), with
effects that extend to deeper regions that are not accessible to
MEPs (e.g., Komssi et al., 2004). Similarly, EEG (e.g., Komssi
et al., 2004; Benali et al., 2011) and optical imaging (e.g., Allen
et al., 2007; Kozel et al., 2009) have restricted depth of recording
and can detect rTMS-induced functional changes only in the
most superficial regions of the brain.

The ability to measure whole-brain functional connectivity
before and after rTMS is important because rTMS can induce
widespread changes both in cortical and subcortical networks.
Currently, PET and fMRI are the only techniques capable
of measuring functional effects of rTMS in the whole brain.
Combined rTMS/PET have been used in humans (e.g., Paus et al.,
1997; Kimbrell et al., 1999; Speer et al., 2000; Mintun et al.,
2001; Conchou et al., 2009) and animal models (e.g., Gao et al.,
2010; Salinas et al., 2013). However, a major disadvantage of
PET with regards to safety is the use of radiotracers, exposing
subjects to ionizing radiation. A single PET scan using a standard
radiotracer dose leads to radiation exposure up to an order of
magnitude greater than that received annually from background
radiation. Therefore, longitudinal rTMS/PET studies requiring
repeated measurements are not ethically feasible. fMRI, on the
other hand, does not require the use of ionizing radiation and
therefore, is a safe imaging tool appropriate for repeated long-
term experiments.

Therefore, in this review, we suggest that fMRI will be a
powerful tool amenable to visualizing and comparing rTMS-
induced short and long term neural connectivity changes
throughout the brain at high spatio-temporal resolutions in
both humans and animals. This method could potentially
help unravel the physiological processes underlying the rTMS-
induced changes in the cortex and in functionally connected
brain regions. Comparison of rTMS effects in human and
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animal studies will also provide insight into the usefulness of
animal models in understanding and improving rTMS based
treatments for humans. Here, we review findings from combined
rTMS/fMRI studies in humans and consider potential insights
from, and limitations of, using fMRI in animal rTMS studies.

INFORMATION OBTAINED FROM
COMBINED RTMS AND FMRI
TECHNIQUES IN HUMANS

Ability of fMRI to Detect Network-Level
Effects of rTMS on Healthy Volunteers
Bohning et al. (1998) were the first to demonstrate the feasibility
of combining TMS and fMRI protocols, by performing TMS
stimulation inside an MRI scanner. TMS applied to the primary
motor cortex (M1) in humans resulted in a significant increase
in activity in M1 as detected by the fMRI scan. Soon after,
the same authors demonstrated that there was a significant
increase in activity not only in M1 but also in areas distal to
the stimulation site (e.g., the contralateral M1 and ipsilateral
cerebellum), illustrating the potential of this technique for
mapping connectivity patterns between brain areas (Bohning
et al., 1999). The ability of rTMS to target both local and remote
brain regions was confirmed by Bestmann et al. (2004), who used
interleaved rTMS/fMRI to compare different intensities of rTMS
(Figure 1). They showed that fMRI can detect effects of rTMS
delivered at an intensity that does not elicit a motor response
(i.e, MEP). Therefore, fMRI provides a significant improvement
in terms of sensitivity and resolution over MEPs.

Since then, a range of combined rTMS/fMRI human studies
have been conducted to record the rTMS-induced changes in
hemodynamic activity both in healthy subjects and subjects with
neurological disorders (Schneider et al., 2010; Fox et al., 2012b).
In healthy subjects, for example, fMRI was used to detect plastic
changes induced in the brain after 5Hz rTMS was applied to
the right dorsolateral prefrontal cortex (DLPFC) (Esslinger et al.,
2014). No change in activation was detected at the stimulation
site, but there was increased connectivity within the right
DLPFC as well as from the stimulated DLPFC to the ipsilateral
superior parietal lobule, which is functionally associated with the
right DLPFC during working memory (Esslinger et al., 2014).
This increased connectivity was associated with a decrease in
reaction time during a workingmemory task (n-back task). These
results suggested the presence of rTMS-induced plasticity in
prefrontally connected networks downstream of the stimulation
site (Esslinger et al., 2014). Similar results were found when
Valchev et al. (2015) delivered a continuous train of theta
burst stimulation (cTBS) to the left primary somatosensory
cortex of healthy volunteers. Functional connectivity between the
stimulated brain region and several functionally-connected brain
regions, including the dorsal premotor cortex, cerebellum, basal
ganglia, and anterior cingulate cortex, decreased. Another study
applying high-frequency (10Hz) rTMS to the right DLPFC in
healthy volunteers while passively viewing emotional faces found
significant right amygdala activity attenuation when evaluating
negatively valenced visual stimuli (Baeken et al., 2010). Taken

FIGURE 1 | Human fMRI data showing whole-brain effects of (Left)

high-intensity rTMS at 110% resting motor threshold (RMT), and (Right)

low-intensity rTMS at 90% active motor threshold (AMT). Coronal standard

MNI brain sections (Talairach coordinates indicated) with superimposed fMRI

results are shown. Areas of significant (n = 11, corrected p < 0.01) activations

during rTMS compared to rest have been colored red-yellow, and decrease in

fMRI signal in blue. Suprathreshold rTMS induced an increase in activity in the

stimulated left sensorimotor cortex, medial supplementary and cingulate motor

area, auditory cortex, lateral postcentral region, and left thalamus. Decrease in

activity was observed in the right sensorimotor cortex and occipital cortex.

Subthreshold rTMS produced similar but smaller activations, with no

significant changes in the stimulated brain region. Image from Bestmann et al.

(2004). Permission to reuse Figure 7 from the article was granted by John

Wiley and Sons and Copyright Clearance Center through their RightsLink®

service on 17th of August 2017.

together, these studies show that rTMS can have widespread
effects, not limited to the stimulated brain area and demonstrate
that brain stimulation studies and treatment plans need to take
network-level effects into account. Although the hippocampus
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as a deep brain structure is unlikely to be directly modulated by
rTMS, which affects only superficial regions immediately beneath
the coil, an ipsilateral change in the hippocampus was detected
following multiple-session high-frequency (20Hz) stimulation to
the left lateral parietal cortex of healthy adults (Wang et al., 2014).
Increased functional connectivity was observed and this change
was correlated with improved associative memory performance.
The effects of rTMS on these brain regions (e.g., cerebellum,
basal ganglia, cingulate cortex, amygdala, hippocampus) are
interesting because they have therapeutic implications which will
be summarized in section Potential Applications of Combined
rTMS/fMRI Studies in Human Diseases, along with more
detailed effects of rTMS on functional connectivity in the intact
normal state vs. diseased states.

Activation Patterns in Healthy vs. Diseased
States in Humans
While fMRI detects changes in brain activity during an active
task, resting-state fMRI (rs-fMRI) provides information about
connectivity between brain regions at rest, i.e., when no specific
stimulus or task is presented. Rs-fMRI detects brain regions
whose patterns of spontaneous blood oxygen level dependent
(BOLD) contrast fluctuations are temporally correlated when the
subject is at rest. These brain regions with coherent spontaneous
fluctuations in activity form an organized network called the
resting-state network (Biswal et al., 1995). The default mode
network (DMN), a resting-state network with a synchronized
activity pattern, shows highest activation when the subject is at
rest and is deactivated in goal-oriented tasks (Raichle et al., 2001).
The DMN has been associated with cognitive performance and
is thought to play an important role in neuroplasticity through
the consolidation and maintenance of brain functions (Marcotte
et al., 2013). For example, a higher resting-state activity within
the DMN is hypothesized to favor network efficiency (Kelly
et al., 2008), while decreased connectivity between the frontal
and posterior DMN brain regions is associated with functional
deficits (Davis et al., 2009). Consistent with these hypotheses,
patients with neurological and psychiatric disorders show DMN
dysregulation compared with healthy individuals (for review,
see van den Heuvel and Hulshoff Pol, 2010). Disruptions in
functional connectivity between brain regions forming part of the
DMNhave been implicated, inter alia, in patients with conditions
like Alzheimer’s disease (Greicius et al., 2004), multiple sclerosis
(Lowe et al., 2002; Sbardella et al., 2015), autism (Cherkassky
et al., 2006; Kennedy et al., 2006), epilepsy (Waites et al., 2006),
depression (Greicius et al., 2007), schizophrenia (Bluhm et al.,
2007; Whitfield-Gabrieli et al., 2009), aphasia (Marcotte et al.,
2013), and addiction (Sutherland et al., 2012; Lerman et al., 2014).

Given that the pathophysiology of many psychiatric and
neurological disorders is believed to be related to altered neural
connectivity and network dynamics, interleaved rTMS/fMRI
protocols provide an opportunity to investigate altered patterns
of neural activity in these disorders (for review, see Hampson and
Hoffman, 2010). The activation patterns in healthy individuals
and patients with neurological or psychiatric conditions can
be compared after an rTMS session to determine how these

patterns are disrupted in the disease state (Hampson and
Hoffman, 2010). For example, Schneider et al. (2010) examined
the effect of 5Hz rTMS on the primary somatosensory cortex
in patients with dystonia (a condition associated with impaired
somatosensory ability) and healthy controls based on their ability
to discriminate between two stimulation frequencies applied to
the right index finger before and after the rTMS session. An fMRI
scan was carried out together with the tactile discrimination task.
Without rTMS application, patients showed relative overactivity
in the basal ganglia compared to healthy controls (Figure 2A).
rTMS led to an improved performance in this task in healthy
controls but not in the patients. There was increased activity
detected in the stimulated primary somatosensory cortex and
bilateral premotor cortex in both groups (Figures 2B,C) but
fMRI detected an increase in activity in the basal ganglia
in healthy subjects only (Figure 2D), suggesting an abnormal
functional connectivity in the cortico-basal network in dystonia.
The authors hypothesized that this could be related to altered
sensory circuits and sensorimotor integration in patients with
dystonia.

Interestingly, rTMS has been shown to modulate functional
connectivity in humans, but the direction (increase or decrease
in activity) and extent of this modulation depend on the rTMS
protocol used, as we review below (Fox et al., 2012b; more recent
articles: Popa et al., 2013; Glielmi et al., 2014; Jansen et al.,
2015; Li et al., 2016). Using fMRI, increases and decreases in
functional activity have been found depending on the stimulated
brain region and the frequency of rTMS, allowing insight into
how rTMS affects complex brain circuits (Bohning et al., 1999;
Kimbrell et al., 1999).

rTMS PROTOCOLS AND THEIR SPECIFIC
EFFECTS IN HUMANS

Simple Stimulation Protocols
There is considerable evidence from MEP and animal studies
that that low-frequency (<5Hz) rTMS has long-term synaptic
depression (LTD) like effects and thereby decreases brain
excitability (Klomjai et al., 2015; Wilson and St George, 2016).
The inhibitory effect of low-frequency rTMS has been confirmed
in studies of the DMN. For example, van der Werf et al.
(2010) applied 1Hz rTMS for two sessions over the left
DLPFC of healthy volunteers. The rTMS sessions appeared to
decrease resting-state network activity within the DMN, with
the reductions happening in the temporal lobes, distant from
the stimulated region. More specifically, they found that the
hippocampus had reduced activation bilaterally following the
application of low-frequency rTMS. They hypothesized that this
change in neuronal activity of the hippocampus could arise from
a change in cortical excitability or the transcallosal spread of
rTMS effects inducing bilateral inhibition. The inhibitory effect
of low-frequency rTMS was also confirmed in a resting-state
connectivity study between motor regions in healthy individuals
(Glielmi et al., 2014). Interestingly, 1Hz, an inhibitory frequency,
is thought to decrease the activity of inhibitory neurones in the
stimulated hemisphere, causing a reduction in the inhibitory
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FIGURE 2 | Evidence of functional connectivity abnormalities in patients with dystonia and changes following rTMS. (A) Connectivity maps of patients vs. controls

during the sham condition showing bilaterally greater activity in the ventromedial pallidum of patients compared to healthy controls. Effects of rTMS (real versus sham

condition) on neuronal activity during sensory discrimination task in dystonia patients (B) and controls (C). Both patients with dystonia (B) and healthy controls

(C) show relatively greater activity ipsilaterally in the left premotor cortex (PMC) and the left sensorimotor cortex (S1) following after real-rTMS compared to sham

stimulation. In addition, there is activation of the ventromedial pallidum bilaterally in healthy controls, but not in patients with dystonia. (D) Interaction (group ×

condition) during rTMS in patients with dystonia compared to controls. Compared to controls, dystonia patients show reduced activity in the left oribtofrontal cortext

(OFC) and the ventromedial pallidum bilaterally after real-rTMS compared to sham stimulation (D). Image from Schneider et al. (2010). Permission to reuse Figures 3

and 4 from the article was granted by John Wiley and Sons and Copyright Clearance Center through their RightsLink® service on 13th of February 2018.

interhemispheric drive, which in turn leads to an increase in
excitability of the contralateral hemisphere. For example, O’Shea
et al. (2007) found that even when 1Hz stimulation over the left
dorsal premotor cortex had no effect on behavior, there was a
compensatory increase in activity in the right dorsal premotor
cortex and connected medial premotor areas. This contralateral
effect of 1Hz rTMS has been utilized to treat patients with
stroke by applying low-frequency stimulation to the unaffected
hemisphere to decrease transcallosal inhibition of the lesioned
hemisphere and consequently improve motor function in such

patients. An rTMS/fMRI study by Grefkes et al. (2010) recruited
patients with mild to moderate unilateral hand weakness after
a first-ever subcortical ischemic stroke in the middle cerebral
artery. Each subject underwent a baseline fMRI scan, a post-
sham stimulation scan, and a post 1Hz stimulation scan. rTMS
applied over contralesional M1 significantly improved the motor
performance of the paretic hand, and the improvement in
symptomswas correlated with the functional connectivity results.
The fMRI data showed a decrease in negative transcallosal
influences from the contralesional M1 and an increase in
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functional connectivity between the ipsilesional supplementary
motor area (SMA) and M1.

In contrast to low-frequency stimulation, high-frequency
(≥5Hz) rTMS has long-term synaptic potentiation (LTP) like
effects and increases brain excitability (Klomjai et al., 2015;
Wilson and St George, 2016). In patients with stroke, high-
frequency rTMS is sometimes applied directly to the affected
hemisphere to increase excitability and promote plasticity of
the lesioned hemisphere. For example, rs-fMRI demonstrated a
bilateral increase inM1 connectivity in such patients after 10 days
of 5Hz rTMS applied ipsilesionally (Li et al., 2016). There was
also an increased connectivity between the stimulated ipsilesional
M1 and the SMA, bilateral thalamus, contralesional postcentral
gyrus, and superior temporal gyrus and decreased connectivity
between the stimulated ipsilesional M1 and the ipsilesional
postcentral gyrus, M1, middle frontal gyrus, and superior parietal
gyrus. An improved interhemispheric functional connectivity
was also found in a case study of post-stroke apathy by Mitaki
et al. (2016) when 5Hz rTMS was applied to the SMA of each
hemisphere of the patient over the course of two weeks. The
improvement in the interhemispheric functional disconnection
was correlated with the patient’s recovery from post-stroke
apathy.

Even though the studies tend to have small sample sizes
(Watrous et al., 2013), these results show that understanding the
effects of rTMS on multiple brain regions is important and that
the effects can be determined to some extent by specific rTMS
protocols. Information about the extent to which the functional
connectivity within and between different networks can be
modulated by different rTMS protocols may prove helpful in the
development of treatment options for dysfunctional connectivity.

Complex Stimulation Patterns
In contrast to the simple frequencies described above, theta
burst stimulation (TBS) uses a composite stimulation pattern,
consisting of repeating bursts of stimuli (Larson et al., 1986).
Each burst consists of three pulses of stimulation at 50Hz, and
the bursts are repeated at 5Hz (0.2 s) (for review, see Cárdenas-
Morales et al., 2010). This pattern of stimulation is based on
the endogenous brain oscillations observed in the hippocampus
(Huang et al., 2005), with human hippocampal theta oscillations
being at a lower frequency (around 3Hz) than the hippocampal
theta oscillations of rats (8Hz) (Watrous et al., 2013; Jacobs,
2014). The effect of TBS on the brain depends on the pattern of
stimulation (Ljubisavljevic et al., 2015). For example, when cTBS
is applied for 40 s (i.e., 600 stimuli) to M1 in humans, there is
a decrease in brain excitability (Green et al., 1997). In contrast,
when intermittent TBS (iTBS), with a 2 s train of TBS repeated
every 10 s for 190 s (i.e., 600 stimuli), there is an increase in brain
excitability (Green et al., 1997). Even though recent studies show
evidence of substantial inter- and intra-individual variability in
response to TBS (Zangen and Hyodo, 2002; Cho et al., 2012), the
two main modalities, in general, have opposite effects on brain
excitability.

Research on the DMN extends our understanding of the
effects of TBS. iTBS applied over the left and right lateral
cerebellum in patients with progressive supranuclear palsy

for 10 sessions over the course of two weeks lead to an
increased signal in the caudate nucleus bilaterally within the
DMN (Brusa et al., 2014). iTBS also increased the efficiency
of the impaired functional connectivity between the cerebellar
hemisphere and the contralateral M1 observed in these patients
compared with healthy individuals and patients with Parkinson’s
disease. The enhanced functional connectivity between the
cerebellar hemisphere, the caudate nucleus, and the cortex
was accompanied by an improvement of dysarthria in all
patients. iTBS was also shown to have a dose-dependent effect
on excitability and functional connectivity within the motor
system (Nettekoven et al., 2014). When applied over the M1 of
healthy volunteers, iTBS increased the resting-state functional
connectivity between the stimulated M1 and premotor regions
bilaterally. iTBS also increased connectivity between M1 and
the ipsilateral dorsal premotor cortex when the number of
stimuli was increased. The authors hypothesized that dense
connections between M1 and the regions showing increased
functional connectivity might facilitate simultaneous stimulation
of these interconnected brain areas by the iTBS protocol, thereby
modulating the synchrony of the resting activity in those regions.

There have also been studies of the inhibitory action of
cTBS on brain activity using fMRI. Following eight sessions
of 30Hz cTBS applied to the SMA over two consecutive days,
patients with Tourette syndrome or chronic tic disorder showed
a significant reduction in the activity of SMA and left and
right M1 activation during a finger-tapping exercise, suggesting
inhibition in the motor network. However, improvement in
symptoms was not significantly different between test and control
subjects, perhaps because of the small sample size. Similar to
1Hz rTMS, cTBS has been shown to dis-inhibit contralateral
targets; in healthy individuals, cTBS application to the right
Heschl’s gyrus did not induce changes in the stimulated brain
region, but significantly increased activity in the contralateral
Heschl’s gyrus, postcentral gyrus, and left insula and in the
bilateral lateral occipital cortex (Andoh and Zatorre, 2012). The
mechanisms underlying this interhemispheric interaction are not
well understood but could be related to short-term plasticity or
compensatory mechanisms to preserve function by increasing
the activity of homologous brain regions in the contralateral
hemisphere (Andoh and Zatorre, 2012).

In summary, a range of frequencies and stimulation
patterns have been tested in human subjects and have specific
impacts on brain function and network connectivity. There is
significant opportunity to develop other stimulation paradigms
systematically, whichmight have different neuronal effects, and to
produce precise and reproducible effects in the brains of patients.

POTENTIAL APPLICATIONS OF
COMBINED rTMS/fMRI STUDIES IN
HUMAN DISEASES

Change in Connectivity Post rTMS Linked
to Improvement in Symptoms
Change in functional connectivity achieved using rTMS as
a treatment method can be used to determine the neural
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mechanisms of improvement in symptoms in patients. For
example, a longitudinal study by González-García et al. (2011)
used fMRI to investigate the mechanisms by which 25Hz rTMS
(10 trains of 100 pulses) over M1 for three months improves
the motor symptoms of patients with Parkinson’s disease. rTMS
was found to cause an increase in activity in the caudate nucleus
during a simple motor task (finger-tapping test). fMRI also
showed a decline in activity in the SMA, which was accompanied
by an increase in its functional connectivity to the prefrontal
areas. These changes substantiated the beneficial effect of rTMS
on the symptoms of Parkinson’s disease observed in these
patients.

Another way to analyze the link between rTMS therapy
and improvement in symptoms is to use rs-fMRI to detect
the change in functional connectivity after rTMS. Popa et al.
(2013) found that the connectivity within both the cerebello-
thalamo-cortical network and the DMN was compromised in
patients with essential tremor. Application of 1Hz rTMS for five
consecutive days bilaterally over lobule VIII of the cerebellum
appeared to have re-established the connectivity in the cerebello-
thalamo-cortical network only, and this change in functional
connectivity was accompanied by a significant improvement
in symptoms. Another study that also used an rTMS/rs-fMRI
protocol carried out a whole-brain connectivity analysis to
unravel the effect of rTMS on functional connectivity and motor
symptoms in patients with multiple system atrophy (Chou
et al., 2015). 5Hz rTMS was applied over the left M1 of such
patients for 10 sessions over the course of two weeks. Only
the active rTMS group showed a significant improvement in
motor symptoms, and these improvements were correlated to
the modulation of functional links connecting to the default
mode, cerebellar, and limbic networks by high-frequency rTMS.
These findings suggest that rTMS can be used to target specific
brain networks as a therapy for patients with multiple system
atrophy.

Predicting Susceptibility to rTMS Therapy
More recently, baseline functional connectivity was shown to
be a potential predictor of response to rTMS treatment, for
example, in Mal de Debarquement Syndrome, a neurological
condition representing a persistent false perception of rocking
and swaying following exposure to unfamiliar motion patterns
(Yuan et al., 2017). Pre- and post-rTMS rs-fMRI were carried
out to assess functional connectivity changes as a result of daily
rTMS treatment to the DLPFC (1,200 pulses of 1Hz rTMS over
right DLPFC followed by 2000 pulses of 10Hz rTMS to the
left DLPFC) over five consecutive days. A significantly positive
baseline functional connectivity between the right DLPFC and
the right entorhinal cortex and between the left DLPFC and
bilateral entorhinal cortex were identified in patients showing
improvement in symptoms following treatment, but not in
patients whose symptoms worsened or remained unchanged
(Figure 3A). Improvement in symptom severity was correlated
with a decrease in functional connectivity between the left
entorhinal cortex and posterior DMN regions such as the
contralateral entorhinal cortex, the right inferior parietal lobule,
and the left precuneus (Figure 3B).

Functional connectivity analysis on pre-treatment fMRI has
also been used to predict the response to rTMS treatment
in depression. Drysdale et al. (2017) found two groups of
functional connectivity features that were linked to specific
combinations of clinical symptoms in patients with depression.
Anhedonia and psychomotor retardation were primarily linked
to frontostriatal and orbitofrontal connectivity features, while
anxiety and insomnia were primarily linked to a different group
of primarily limbic connectivity features involving the amygdala,
ventral hippocampus, ventral striatum, subgenual cingulate, and
lateral prefrontal control areas. Testing the abnormalities in
these connectivity features, based on their rs-fMRI data, revealed
that not all patients with depression had the same functional
connectivity patterns. They could be categorized, with high
sensitivity and specificity, into four biotypes based on the distinct
patterns of dysfunctional connectivity in the frontostriatal and
limbic networks, which were most homogeneous within the
subtypes and most dissimilar between subtypes. Moreover,
patients with these neurophysiological subtypes of depression
had different susceptibility to rTMS therapy: after five weeks of
high-frequency rTMS delivered to the dorsomedial prefrontal
cortex, biotype 1 patients showed a significant response to
rTMS therapy (82.5% of that group), and biotype 2 patients
were the least responsive (25.0%). This study suggests that
heterogeneous symptom profiles in depression could be caused
by distinct patterns of dysfunctional connectivity and that
categorizing patients into subtypes based on these patterns
might enable the prediction of treatment response to rTMS.
Two years earlier, Downar et al. (2015) found that the resting-
state functional connectivity features of the DLPFC to the
subgenual cingulate cortex in patients with major depressive
disorder could predict response either to 10Hz or iTBS rTMS
therapy. The role of subgenual cingulate connectivity in patients
with depression has been indicated in several other studies
(Greicius et al., 2007; Fox et al., 2012a; Liston et al., 2014;
Hopman et al., 2017). More recent studies have since confirmed
that it is possible to predict the response to iTBS or 10Hz
rTMS using resting-state functional connectivity between ventral
striatum and bilateral frontal pole, as well as between the left
DLPFC and the left anterior cingulate cortex (Dunlop et al.,
2017). Therefore, rs-fMRI potentially could be used to select
optimal rTMS parameters for the treatment of patients with
depression.

Other Outcomes
Combining fMRI and rTMS has proven useful for investigating
a range of other neural functions, providing evidence supporting
the following: the functional relevance of the parietal cortex for
visuospatial functions (Sack et al., 2002); a link between neural
activity in the left inferior prefrontal cortex and episodic memory
formation (Köhler et al., 2004); the involvement of premotor
cortical areas in speech perception (for review, see Iacoboni,
2008); the presence of functional asymmetry highlighting
interhemispheric differences in the auditory network (Andoh
et al., 2015); and enabled targeting of stimulation based on
the individual’s MRI anatomy, functional connectivity results or
activated brain regions during specific tasks (e.g., Sack et al., 2002;
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FIGURE 3 | Evidence of correlation between behavioral improvements and functional connectivity before and after rTMS treatment. (A) Correlation between baseline

entorhinal cortex–dorsolateral prefrontal cortex (DLPFC) functional connectivity and treatment response. Higher baseline functional connectivity exhibited by both right

entorhinal cortex–right DLPFC connectivity (top) and left entorhinal cortex–left DLPFC connectivity (bottom) is associated with a greater magnitude of symptom

reduction (change < 0) after rTMS. (B) Directional effect of functional connectivity changes between the left entorhinal cortex and the right entorhinal cortex (top), right

inferior parietal lobule (middle), and the left precuneus (bottom). Functional connectivity between these regions decreased in patients showing improvement in

symptoms (positive responders) compared with patients whose symptoms remained unchanged (neutral responders) or worsened (negative responders). *,**Indicate

significant changes for p < 0.05 and p < 0.01, respectively. Image from Yuan et al. (2017), an open access article distributed under the terms of the Creative

Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Fitzgerald et al., 2009; Eldaief et al., 2011; Binney and Lambon
Ralph, 2015; Nierat et al., 2015; Valchev et al., 2015).

NEED FOR ANIMAL rTMS/fMRI STUDIES

The induction of plasticity as described in previous sections
has been the driving force behind clinical studies of rTMS as a
potential treatment of neurological and psychiatric conditions.
However, even in neurologically normal subjects, the variability
in response to rTMS is high (Maeda et al., 2000). Increasing
evidence suggests that rTMS may not induce reliable and
reproducible effects, therefore limiting the current therapeutic
usefulness of this technology (for review, see Ridding and
Ziemann, 2010). Animal models give us the opportunity to
mitigate the confounding effects of variability in studies by
controlling for gender, age, diet, drugs, genetic background, and
the time at which experiments are carried out. The relative
importance of these contributing factors can then be identified
using animal studies (e.g., state-dependent variability explored in
Pasley et al., 2009).

Interleaving rTMS and fMRI has opened doors to many
possibilities in the clinical setting. However, there have been no
reports of animal studies using those same techniques. fMRI

in rodent research is becoming increasingly popular because of
its high translatability. Moreover, rodent rs-fMRI studies have
confirmed that rodents possess a DMN similar to humans despite
the distinct evolutionary paths of rodent and primate brains
(Figure 4; Lu et al., 2012). Because rodents are widely used as
preclinical models of neuropsychiatric disease (e.g., Tan et al.,
2013; Yang et al., 2014, 2015; Zhang et al., 2015; Kistsen et al.,
2016), a thorough understanding of how rTMS affects the rodent
neural networks is of particular importance for both interpreting
rodent fMRI data and translating findings from humans to
animals and back again.

Future Experiments: Linking Functional
Connectivity Changes Post rTMS to
Genetic/Molecular Changes
Animal models provide a unique opportunity to combine
techniques: changes in functional connectivity between spatially
separated brain regions caused by long-term modulation of
network dynamics by rTMS, can be studied in parallel with
changes in behavioral measures, and followed by invasive
procedures to detect cellular and molecular changes, all within
the same animal. As shown in human rTMS/fMRI studies, the
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FIGURE 4 | Evidence of translatability of fMRI studies: similar brain regions forming part of the default mode network (DMN) in the rat (Paxino’s atlas coordinates

indicated) and human (Talairach coordinates indicated) brains. Connectivity maps are shown in the coronal (A), axial (B), and sagittal (C) planes. Significant clusters for

rat DMN (left) include: 1, orbital cortex; 2, prelimbic cortex (PrL); 3, cingulate cortex (CG1, CG2); 4, auditory/temporal association cortex (Au1, AuD, AuV, TeA); 5,

posterior parietal cortex; 6, retrosplenial cortex (corresponding to the posterior cingulate cortex in humans); 7, hippocampus (CA1). The sagittal plane (medial–lateral:

+0.4mm) also shows: FrA, frontal association cortex; MO, medial orbital cortex; RSG/RSD, granular/dysgranular retrosplenial cortex. Color bar indicates t scores

(n = 16, t > 5.6, corrected p < 0.05). Significant clusters for human DMN (right) include: 1, orbital frontal cortex; 2/3, medial prefrontal cortex/anterior cingulate cortex;

4, lateral temporal cortex; 5, inferior parietal lobe; 6, posterior cingulate cortex; 7, hippocampus/parahippocampal cortex. Color bar indicates z scores (n = 39,

z > 2.1, corrected p < 0.05). Image adapted from Lu et al. (2012), an open access article under the creative commons license and can be republished without the

need to apply for permission provided the material is cited correctly and is republished under the same license.

functional connectivity effects of rTMS are distributed across
the whole brain (Figure 1). But, even when in-depth studies of
the molecular mechanisms are carried out (e.g., quantification of
gene expresssion inmultiple brain regions using low-density PCR
arrays by Ljubisavljevic et al., 2015), how these molecular changes
from animal studies underpin functional connectivity changes
described in humans remains unclear. Future studies should aim
to identify brain regions affected by the stimulation in animals
using fMRI and then rTMS mechanisms further elucidated in
the same individuals, for example by measuring changes in gene
expression in the corresponding brain regions postmortem. Such
correlational approaches will provide a compelling view of how
rTMS affects the brain at systems levels.

Future Experiments: Linking Functional
Connectivity Changes Post rTMS to
Structural Changes
The induction of brain plasticity has been the driving force
behind clinical studies of rTMS as a potential treatment

of neurological and psychiatric conditions. A more detailed
understanding of how rTMS treatment leads to long-term
modulation of network dynamics will be essential for the
interpretation of neuropsychological and cognitive effects of
rTMS in a clinical context. Combined rTMS/fMRI studies in
animals can be used in longitudinal studies to investigate the
long-term effects of rTMS. For example, fMRI can be used to
measure cumulative effects of repeated rTMS delivery, following
which fluorescent dye tracers can be injected into brain to
anatomically label neuronal pathways of interest identified by
fMRI. Conducting neuronal tract tracing after an fMRI study
could elucidate whether long-term treatment with rTMS can
eventually elicit changes in fiber tracts in the brain. Analyzing
functional connectivity and anatomical connectivity within the
same animals will provide information about how observed
functional changes correlate with the structural changes detected
at a cellular level. Although there is a general trend toward
functional and structural connectivity being strongly associated,
there are some mismatches within the DMN whereby regions
showing high correlation have low fiber connectivity (Hsu et al.,
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2016). Therefore, future studies to investigate whether the effect
of rTMS on functional connectivity is related to fiber connectivity
are warranted.

Future Experiments: Combined rTMS/fMRI
Studies Using Animal Models
An important recent development in animal research has
been the use of rs-fMRI for the characterization of models
of neuropsychiatric disorders. Studies have revealed abnormal
functional connectivity patterns in animal models due to
pharmacological modulations or genetic manipulations which
mimic connection abnormalities observed in corresponding
human disorders (Jonckers et al., 2015; Gozzi and Schwarz,
2016; Gorges et al., 2017). These animal models represent a
powerful tool to understand the neurobiological basis of the
reported ability of rTMS to assist in remediating functional
dysconnectivity observed in human disorders. First, fMRI
can be used to identify the abnormal functional connectivity
in an animal model specific to a neurological disorder.
For example, the Wistar-Kyoto rat, an accepted model for
depression which has shown resistance to acute antidepressant
treatment (Lahmame et al., 1997; López-Rubalcava and Lucki,
2000), also shows functional connectivity anomalies between
hippocampus, cortical, and sub-cortical regions (Williams et al.,
2014), as has been observed in humans with major depressive
disorder. Future studies can investigate the effects of rTMS
on such animal models. Functional connectivity changes post-
rTMS treatment can then be linked to improvement in
symptoms (through behavioral tests such as the forced swim
test commonly used in depression studies) as well as to any
induced molecular and cellular changes (through postmortem
analysis). Therefore, extending the use of combined rTMS/fMRI
techniques in various types of neurological and psychiatric
conditions using appropriate animal models is a promising
avenue for understanding the fundamental properties of the
functional re-organization in these conditions in a unique way.

While the use of combined rTMS/fMRI techniques in rodent
research has great potential because of its high translatability,
there are challenges as we review below.

CHALLENGES ASSOCIATED WITH
rTMS/fMRI STUDIES IN ANIMALS

Choice of Animal Model and Development
of rTMS Coils
A wide range of animal models have been used with the aim
of understanding the underlying mechanisms and optimizing
the therapeutic applications of rTMS: rats (Tan et al., 2013;
Yang et al., 2015; Zhang et al., 2015), mice (Kistsen et al.,
2016), guinea pigs (Mulders et al., 2016), rabbits (Guo et al.,
2008), felines (Allen et al., 2007; Valero-Cabré et al., 2007),
and in a very limited way, non-human primates (Valero-Cabre
et al., 2012; Salinas et al., 2013; Mueller et al., 2014). These
animal models have contributed considerably to our current
understanding of the non-invasive neuromodulatory effects of
rTMS (reviewed in Tang et al., 2015). However, the variation

in brain structure and the smaller sized brains of non-human
animals present a fundamental challenge in the application of
rTMS and interpretation of its effects.

Non-human primates are clearly the closest to humans in
terms of brain structure and size and have the advantage that
they can be taught behavioral tasks similar to those used in
human rTMS studies. However, the high cost of using non-
human primates limit opportunities for invasive studies in large
numbers of animals. Rodents, on the other hand, although they
are the most commonly used laboratory animals, have important
differences in brain structure compared to humans. Their smooth
cortex possesses a very different geometry to the highly folded
human cortex and this is an important consideration because
the characteristics of the electric field induced by rTMS are
predicted to be influenced by the orientation of the tissue relative
to the coil (Opitz et al., 2011). In addition to differences in
brain structure, the small size of the rodent brain presents a
serious challenge. In humans, rTMS is most commonly delivered
using a coil shaped like a “figure-of-eight” (Figure 5). This
configuration provides a stimulation hotspot at the intersection
of the loops that can be positioned over the target brain region
to provide focal stimulation. Adjacent brain areas also receive
stimulation but at much lower intensity. In most animal models,
even the smallest commercially available rTMS coil results in
a different ratio between head size and coil size from that in
humans, reducing stimulation focality and efficiency (Rodger
and Sherrard, 2015). For example, using a standard, human-
sized “figure-of-eight” coil in mice stimulates the entire brain
and often an appreciable portion of the body (Figure 5). The
discrepancy in size, therefore, precludes easy interpretation and
translation of animal results into clinical applications. Many
rodent studies are therefore compromised by the use of large,
human-scale coils to deliver rTMS (e.g., Yang et al., 2014, 2015;
Zhang et al., 2015), and some groups have used miniaturized
rTMS coils in order to more closely mimic focal human rTMS
in rodents. For example, custom-made 8mm diameter round
coils have been used to stimulate one hemisphere in both mice
and rats (Rodger et al., 2012; Makowiecki et al., 2014), with
the induced current fully contained within the brain, increasing
the efficiency of induction. However, there is a heat dissipation
problem when using small round coils (Cohen and Cuffin, 1991;
Wassermann and Zimmermann, 2012), limiting the intensity of
themagnetic field to levels roughly 10–100 times lower than those
commonly applied in humans (low-intensity; LI-rTMS) (Rodger
and Sherrard, 2015).

Despite the existing inability to deliver the same magnetic
field parameters in humans and in animals with small brains
(Rodger and Sherrard, 2015), beneficial effects are seen in animal
models of neurological disease using human rTMS coils (e.g., Tan
et al., 2013; Yang et al., 2015; Zhang et al., 2015; Kistsen et al.,
2016) and small LI-rTMS coils (Makowiecki et al., 2014; Clarke
et al., 2017), suggesting that both approaches have therapeutic
potential. Because fMRI can detect both high and low-intensity
rTMS effects in the brain, this technique will be useful in
establishing a direct comparison of different intensity magnetic
field effects in human and animal brains. This information is
imperative if we are to define the best clinical protocols for rTMS.
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FIGURE 5 | rTMS coil size with respect to brain sizes of humans, macaque and rodents. For all panels, coils are shown in black and the approximate location of the

induced current is in gray. (A) Typical human “figure of eight” coil with stimulation hotspot at the intersection of the loops in dark gray showing the “focal” stimulation in

humans and macaques. When applied to the head, the hotspot is positioned over the target brain region, but the rest of the brain also receives stimulation, albeit at

lower intensity. However, when this human coil is applied in rodents (B), the hotspot is no longer focal relative to the target, but rather stimulates the entire head and

an appreciable portion of the body (left). This reduces the efficiency of magnetic induction and changes the properties of the induced current. To address this problem,

custom-made round coils (right) have been used to deliver focal stimulation in rodents (Rodger et al., 2012; Makowiecki et al., 2014; Tang et al., 2016). Although these

deliver low intensity magnetic fields, the induced current is fully contained within the brain, increasing efficiency of induction. The coils are small enough to stimulate

one hemisphere in both mice and rats. Image adapted from Rodger and Sherrard (2015), an open-access article distributed under the terms of the Creative

Commons Attribution-Noncommercial-Share Alike 3.0 Unported, which permits unrestricted use, distribution, and reproduction in any medium, provided the original

work is properly cited.

Use of Anesthetics in Animal fMRI Studies
Although fMRI can be performed on awake, normally behaving
animals that have been extensively trained and habituated
(Brydges et al., 2013; Kenkel et al., 2016), one advantage of rs-
fMRI is that being a task-free technique, functional connectivity
can be investigated in anesthetized animals without relying
on, or being confounded by, behavior. In human studies,
the physiological condition of the subject is assumed to be
relatively constant throughout an fMRI scan session (Pan
et al., 2015). On the other hand, in animal fMRI, the use
of anesthesia is generally required to immobilize the animal
and reduce stress (Vincent et al., 2007; Pan et al., 2015).
Isoflurane is the anesthetic of choice for repeated long-term
experiments because of its ease of use and control, and rapid
reversibility (Masamoto and Kanno, 2012). However, anesthetics,
including isoflurane, might confound the imaging results as
they may cause alterations in neural activity, vascular reactivity,
and neurovascular coupling. Isoflurane decreases excitatory
and increases inhibitory transmission, causing an overall
suppression of neural activity, most likely by modulating the
intracellular concentration of calcium (Gomez and Guatimosim,
2003; Ouyang and Hemmings, 2005). As such, the ability of
high-frequency rTMS to depolarise neurons is impaired in
the presence of isoflurane (Gersner et al., 2011). Additionally,

isoflurane, being a GABAergic anesthetic, induces vasodilation
through the activation of ATP-sensitive potassium channels of
smooth muscle cells in cerebral arteries (Ohata et al., 1999;
Pan et al., 2015). Vasodilation leads to an increase in cerebral
blood flow, which can be interpreted as an increase in activity.
Moreover, the use of an isoflurane-only anesthetic regime has
been reported to decrease inter-thalamic connectivity, thalamo–
cortical connections, and DMN–thalamic network connections
(Bukhari et al., 2017). These potential confounding effects of
isoflurane should be taken into account when interpreting
findings.

An alternative to general anesthesia is sedation, for example
using medetomidine or its active enantiomer, dexmedetomidine.
These drugs lack the dose-dependent vasodilation and neural
suppression observed with isoflurane use. However, being α2-
adrenergic agonists, they activate α2-adrenergic receptors and
cause a decrease in cerebral blood flow, potentially because
of increased vascular resistance via cerebral vasoconstriction
(Prielipp et al., 2002). Moreover, there is a potential issue with
prolonged studies because the dose of medetomidine needs to
be increased after 2 h to maintain sedation (Pawela et al., 2009).
Furthermore, the use of a medetomidine-only anesthetic regime
produced decreased inter-cortical connectivity (Bukhari et al.,
2017).
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Interestingly, using a combination of low-dose isoflurane
and medetomidine appears to mitigate some of these factors.
This anesthetic combination not only allows stable sedation for
over four hours (Lu et al., 2012) but also maintains strong
inter-cortical and cortical-subcortical connectivity (Grandjean
et al., 2014; Bukhari et al., 2017). The BOLD signal was
determined to be maximally stable approximately 90min after
the initiation of medetomidine infusion, suggesting that fMRI
data should be collected at this time (Lu et al., 2012). Moreover,
data were reproducible from repeated fMRI experiments on
the same animal one week apart (Lu et al., 2012). The high
reproducibility and minimal impact on network connectivity
of the medetomidine/isoflurane combination anesthesia make
it a preferred anesthetic regime for prolonged and longitudinal
rs-fMRI studies in rodents.

Rs-fMRI Studies in Rodents—Challenges
in Data Analysis
As with human data, rodent rs-fMRI data need to undergo
extensive pre-processing prior to analysis. Rodent studies
have used a variety of software packages such as Statistical
Parametric Mapping (SPM) (e.g., Jonckers et al., 2011), Analysis
of Functional NeuroImages (AFNI) (e.g., Hsu et al., 2016),
BrainVoyager (e.g., Hutchison et al., 2010), and Functional MRI
of the Brain (FMRIB) Software Library (FSL) (e.g., Tambalo et al.,
2015), which were designed for human fMRI data. Therefore,
modifications to the data format and pre-processing steps are
often necessary to undertake analysis of rodent brain data. For
example, the field of view can be altered by up-scaling the voxel
sizes by a factor of 10 to be closer to the size of a human brain
(Tambalo et al., 2015). Likewise, because of the smaller size of
the rodent brain, higher spatial smoothing may be required in
animal fMRI data to increase the signal-to-noise ratio without
reducing valid activation. Temporal band-pass filtering can also
be used to reduce hardware noise, low-frequency signal drifts,
and some artifacts caused by cardiac rhythm and respiration, as
well as thermal noise (for review, see Pan et al., 2015). Recently,
Zerbi et al. (2015) described the use of single-session independent
component analysis (ICA) in the FSL for significantly improved
artifact reduction in rs-fMRI rodent data. This method removes
signals from common sources, for example breathing, which
can be isolated into separate components and removed as noise
from the data. Additionally, because of the difference in the
shape of human and animal brains, skull-stripping—a fully-
automated step in human fMRI data pre-processing required to
prevent extra-brain matter from interfering with the results—is
still largely performed through manual segmentation in animal
studies (Sierakowiak et al., 2015; Zerbi et al., 2015). Before
analysis, normalization to map functional networks onto a
common space is necessary to allow for comparison across
subjects or groups. However, because not all rodent strains have
an available standard template or atlas for co-registration, some
studies acquire and use high-resolution structural images or
group-averaged images as a common space (Sierakowiak et al.,
2015; Zerbi et al., 2015).

Two of the popular methods for rs-fMRI data are seed-based
connectivity analysis (e.g., Hutchison et al., 2010; Sierakowiak
et al., 2015; Huang et al., 2016) and ICA (e.g., Hutchison et al.,

2010; Jonckers et al., 2011; Lu et al., 2012; Zerbi et al., 2015;
Hsu et al., 2016). Seed-based correlation, used in the earliest
functional connectivity studies, is a hypothesis-driven approach,
which is particularly attractive for area-based hypotheses-driven
rs-fMRI studies in rodents. The temporal correlation of all voxels
within the brain is analyzed relative to user-defined seed voxel
or small region of interest (Joel et al., 2011). However, seed-
points can differ in their location between studies, which affects
the connectivity patterns considerably and renders comparisons
between studies difficult. In addition, this method is not suitable
for exploratory analyses. In contrast, the use of data-driven
ICA enables identification of networks of functional connectivity
within the entire brain without a priori knowledge, and thus
is a less biased approach (Cole et al., 2010). Moreover, this
approach might improve reproducibility because there is no
(arbitrary) seed selection (Rosazza et al., 2012). However, the
results might depend on the number of components used.
Despite the rodent DMN producing similar spatial patterns and
being robust irrespective of the number of components (Lu
et al., 2012), the number of components chosen can impact
on the ease of analysis. For example, Jonckers et al. (2011)
and Hsu et al. (2016) chose 15-components in ICA over ICAs
repeated with a higher number of components to avoid splitting
of the DMN or splitting of some brain regions into different
components. Therefore, despite ICA becoming increasingly
popular for the analysis of rodent rs-fMRI data, challenges
remain as there is no set protocol for selecting the number of
components.

SUMMARY

Considered together, the human studies discussed in this review
demonstrate the broad relevance and significance of the results
from combined rTMS/fMRI protocols. Results from human
studies to date inter alia have permitted the characterization
of corrupted networks in diseased states, as well as intriguing
glimpses into how alterations in functional connectivity patterns
after rTMS are correlated with improvements in symptoms.
There is also exciting evidence that functional connectivity can be
used to predict responses to rTMS treatment with high reliability.

Although methodological challenges remain in the use of
brain imaging techniques in rodents, we anticipate that the use
of fMRI to study rTMS in animal models will not only permit
more detailed characterizations of how different rTMS protocols
affect network dynamics and connectivity but will also elucidate
how these changes reflect the manifestation of symptoms in
preclinical models. Linking these functional changes to the
molecular and cellular changes currently known in rodents will
provide new insights into the fundamental mechanisms of brain
plasticity and how to use rTMS therapeutically.
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Individuals with autism spectrum disorder (ASD) show superior performance in

processing fine details; however, they often exhibit impairments of gestalt face, global

motion perception, and visual attention as well as core social deficits. Increasing evidence

has suggested that social deficits in ASD arise from abnormal functional and structural

connectivities between and within distributed cortical networks that are recruited during

social information processing. Because the human visual system is characterized by

a set of parallel, hierarchical, multistage network systems, we hypothesized that the

altered connectivity of visual networks contributes to social cognition impairment in

ASD. In the present review, we focused on studies of altered connectivity of visual and

attention networks in ASD using visual evoked potentials (VEPs), event-related potentials

(ERPs), and diffusion tensor imaging (DTI). A series of VEP, ERP, and DTI studies

conducted in our laboratory have demonstrated complex alterations (impairment and

enhancement) of visual and attention networks in ASD. Recent data have suggested that

the atypical visual perception observed in ASD is caused by altered connectivity within

parallel visual pathways and attention networks, thereby contributing to the impaired

social communication observed in ASD. Therefore, we conclude that the underlying

pathophysiological mechanism of ASD constitutes a “connectopathy.”

Keywords: autism spectrum disorder, connectopathy, visual perception, attention, visual evoked potentials,

event-related potentials, diffusion tensor imaging, magnetic resonance imaging

INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental condition that is characterized by
alterations in social communication and interaction; it co-occurs with restricted, repetitive patterns
of behavior, interests, or activities (American Psychiatric Association, 2013). Recent neuroimaging
studies have suggested that ASD is a disconnection syndrome that is associated with connectivity
alterations between distributed brain areas recruited during social information processing, rather
than local deficits in specific brain regions (Müller, 2008). Specifically, functional connectivity
comprising long-range connections in the brain may be diminished in ASD; this is accompanied
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by greater localized connectivity (Geschwind and Levitt, 2007;
Anderson, 2014). However, precise mechanisms underlying such
abnormalities in ASD remain largely unknown.

Besides core social deficits, ASD exhibits peculiar sensory
processing (e.g., superior simple and lower-level perception,
but poor complex and higher-level processing) during visual
(Simmons et al., 2009) and auditory (O’Connor, 2012) behavioral
tasks (Yamasaki et al., 2017). In the visual aspect, ASD displays
superb performance in fine-form perception (i.e., perception of
local structures; Jolliffe and Baron-Cohen, 1997; Happé and Frith,
2006). In contrast, ASD is characterized by poor performance in
several aspects of face (Golarai et al., 2006; Simmons et al., 2009)
and motion (Spencer et al., 2000; Milne et al., 2002; Bertone et al.,
2003) perception (Yamasaki et al., 2014). Various levels of visual
attention deficits have been noted in ASD (Pruett et al., 2011;
Amso et al., 2014). Overall, these visual perception abnormalities
may contribute to social cognition impairment in ASD (Dakin
and Frith, 2005).

In humans, the distinctive feature of the visual system
is a set of parallel, hierarchical, multistage systems, which
contribute to the processing of different visual stimulus types.
Two major parallel pathways are present: parvocellular (P or
ventral) and magnocellular (M or dorsal) pathways (Yamasaki
et al., 2013; Figures 1A,B). These streams comprise multiple
visual cortical areas and are structurally connected by fiber
tracts (Figure 1C). These pathways are functionally connected by
feedforward, feedback, and lateral interactions (Tobimatsu and
Celesia, 2006). Moreover, the following two attention networks
have been described in the human brain: ventral (bottom-
up) and dorsal (top-down) frontoparietal attention networks
(Corbetta et al., 2008). Both include several key nodes and are
structurally connected by the periventricular white matter fiber
tracts (Doricchi et al., 2008; Umarova et al., 2010; Figure 2).
Therefore, it is probable that atypical visual perception in ASD is
caused by alterations to the local circuitry within the visual area
and connectivity between distributed visual cortical areas as well
as the connectivity of attention networks.

Visual evoked potentials (VEPs) and event-related potentials
(ERPs) are objective, non-invasive methods to delineate subtle
functional abnormalities in the human visual system. Both VEPs
and ERPs offer a direct measure of neuronal activities with high
temporal resolution, in the order of milliseconds (Tobimatsu and
Celesia, 2006; Yamasaki and Tobimatsu, 2014). VEP and ERP
abnormalities are closely correlated with white matter damage
of parallel visual pathways (Yamasaki et al., 2004). Diffusion
tensor imaging (DTI) is a powerful technique that measures the
white matter microstructure in vivo; it enables us to compute
the anatomical connectivity among the brain areas (Basser and
Jones, 2002). Therefore, the combined use of electrophysiological
measurements (VEP and ERP) and DTI is ideally suited to
examine alterations to connectivities underlying atypical visual
perception in ASD.

Based on a narrative review of a series of VEP, ERP, and
DTI studies conducted in our laboratory (Noriuchi et al.,
2010; Fujita et al., 2011, 2013; Maekawa et al., 2011; Yamasaki
et al., 2011a,b, 2013, 2014, 2017), we propose that altered
connectivities (hyperconnectivity and underconnectivity) of

visual and attention networks contribute to social cognition
impairment in ASD. Specifically, we propose that ASD can be
conceptualized as a brain network disorder that might be best
characterized as a “connectopathy.”

CONCEPT OF PARALLEL VISUAL

PATHWAYS

As previously mentioned, both P and M pathways are important
for processing the detailed visual information (Livingstone
and Hubel, 1988; Nealey and Maunsell, 1994; Tobimatsu
and Celesia, 2006; Yamasaki and Tobimatsu, 2012; Yamasaki
et al., 2014; Figures 1A,B). Both pathways begin in the retina
and there are direct anatomical connection to the primary
visual cortex (V1) via the lateral geniculate nucleus. The
segregation of these two pathways is perpetuated in V1. The
P pathway primarily terminates in layer 4Cβ of V1 and is
further differentiated into the P-blob and P-interblob pathways.
The former pathway projects to the thin stripes of V2 via
cytochrome oxidase (CO)-rich blobs in V1, while the latter
pathway projects to the interstripes of V2 via non-CO-rich
interblobs in V1. The P-blob and P-interblob pathways project
to V4, and visual information is consecutively sent to the
inferior temporal cortex (ventral stream). The P-blob and P-
interblob streams thus act in fully different and complementary
manners. The P-blob cells are involved in color discrimination.
In contrast, the P-interblob cells are not color selective and
respond to a line or edge of the correct orientation (form)
(Livingstone and Hubel, 1988).

The M pathway primarily terminates in layer 4Cα of V1 and
travels to the thick stripes of V2 via layer 4B. Cells in layer 4B
most strongly respond to lines of a particular orientation. Thus,
they are most selective for the direction of movement. However,
cells in layer 4B lack color selectivity. The M pathway further
sends their output to the V5/middle temporal area (MT) and V6
and reaches in the posterior parietal cortex (dorsal stream). The
M pathway is important to detect motion and process the global
structure. The dorsal stream consists of two functional streams:
dorso-dorsal (d-d) and ventro-dorsal (v-d) pathways. The d-d
pathway includes V6 and the superior parietal lobule (SPL), while
the v-d pathway includes V5/MT and the inferior parietal lobule
(IPL) (Yamasaki et al., 2012a). The distinct functions of the P-
blob (color), P-interblob (form), andMpathways depend on their
specific physiological properties (Livingstone and Hubel, 1988;
Tobimatsu and Celesia, 2006; Table 1).

In relation to the white matter bundle, the ventral stream
constitutes the inferior longitudinal fasciculus (ILF: orange in
Figure 1C) and inferior fronto-occipital fasciculus (IFOF: yellow
in Figure 1C). The former connects the occipital and temporal
lobes while the latter connects the occipitoparietal and frontal
regions (ffytche et al., 2010; Kravitz et al., 2013; Figure 1C). In
contrast, the dorsal stream involves the inferior and superior
parietal brain regions and connects with the frontal lobes via a
long-range white matter bundle called the superior longitudinal
fasciculus (SLF: sky-blue in Figure 1C; ffytche et al., 2010; Kravitz
et al., 2011).
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FIGURE 1 | Parallel visual pathways in humans. (A) The monkey visual system is characterized by a set of parallel, hierarchical, multistage systems. There are two

major parallel streams: parvocellular (or ventral) and magnocellular (or dorsal) pathways (see section Concept of Parallel Visual Pathways for more detailed

information). (B) The human visual system is analogous to that of the monkey. Two major parallel streams: parvocellular (or ventral) and magnocellular (or dorsal)

pathways are present. (C) The ventral stream corresponds to the ILF (orange) and IFOF (yellow), while the dorsal stream is related to the SLF (sky-blue) ([C] Modified

from Jang, 2013 with no permission was required to reproduce). d-d pathway, dorso-dorsal pathway; v-d pathway, ventro-dorsal pathway; LGN, lateral geniculate

nucleus; MT, middle temporal area; MST, medial superior temporal area; IPL, inferior parietal lobule, SPL, superior parietal lobule; IT, inferior temporal cortex; SLF,

superior longitudinal fasciculus, IFOF, inferior fronto-occipital fasciculus; ILF, inferior longitudinal fasciculus.

TABLE 1 | Physiological characteristics of the magnocellular, parvocellular-blob,

and parvocellular-interblob pathways.

Physiology Magnocellular Parvocellular

Blob Interblob

Spatial frequency

selectivity

Low

frequency

Medium

frequency

High

frequency

Color selectivity No Yes No

Contrast sensitivity High Low Low

Temporal resolution Fast Slow Slow

Conduction velocity Fast Slow Slow

The bold means the important characteristics.

VEP STUDIES IN ASD

Parvocellular and Magnocellular Functions

at V1 in ASD
The functional characteristics of the P pathway are summarized
as follows: high spatial frequency (SF) selectivity (P-interblob),
color sensitivity (P-blob), low contrast sensitivity, poor temporal
resolution, and slow conduction velocity (Livingstone andHubel,
1988; Tobimatsu and Celesia, 2006; Table 1). Therefore, using

red/green (RG) chromatic sinusoidal gratings with isoluminance
of red and green are appropriate stimuli for the P pathway
(P-blob [color] pathway; Figure 3A). This type of stimulus
elicits the occipital N1 component (about 120ms; Yamasaki
and Tobimatsu, 2012; Yamasaki et al., 2014). The characteristics
of the M pathway are summarized as follows: high contrast
sensitivity, good temporal resolution, fast conduction velocity,
color insensitivity, and low SF selectivity (Table 1). Accordingly,
low contrast achromatic (black/white, BW) sinusoidal gratings
with a frequency of 8Hz (16 reversals/s) are appropriate stimuli
(Figure 3B). This type of the stimulus evokes the occipital P1
component (about 120ms), followed by steady-state responses
(Yamasaki and Tobimatsu, 2012; Yamasaki et al., 2014).

The functions of lower-level P and M pathways at V1 were
examined in adults with high-functioning ASD and typically
developing (TD) adults (Fujita et al., 2011; Yamasaki et al.,
2014). When testing the P pathway function, an unexpected
finding was that the N1 latency for RG stimuli was more

significantly delayed in ASD adults than in the TD controls
(Figure 3A). RG stimuli could preferentially stimulate the P-

blob but not the P-interblob pathway because the latter pathway

responds better to stimuli with high SF and contrast (Table 1;
Tobimatsu and Celesia, 2006). Thus, this finding suggests
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FIGURE 2 | Visual attention network in humans. (A) Parietal and frontal areas involved in spatial attention are linked by three distinct white matter tracts in the SLF.

(B) Projection sites in the parietal and frontal cortices correspond to the division into the DAN and VAN. DAN, dorsal attention network; VAN, ventral attention network

(Modified from Bartolomeo et al., 2012 with no permission was required to reproduce).

that the pathology of ASD implicates impairment of the P-
blob pathway at a relatively low level (Fujita et al., 2011).
Earlier psychophysical studies (Franklin et al., 2008, 2010) have
tested color vision in ASD children and demonstrated altered
color perception (color memory, color search, and chromatic
discrimination) in ASD without color deficits determined
by Ishihara color plates (Franklin et al., 2008, 2010; Fujita
et al., 2011). Therefore, we proposed the likelihood of P-
blob (color) dysfunction with compensatory P-interblob (form)-
biased function (detailed form perception; Fujita et al., 2011).
This interpretation was supported by adequate evidence of
excellent fine form perception in ASD (Dakin and Frith, 2005).
However, these studies did not assess the function of the P-
interblob pathway.

Regarding the function of the M pathway, high-temporal
frequency BW stimuli were used and both TD and ASD
adults showed an occipital P1 with quasi-sinusoidal waveforms
corresponding to the reversal frequency of BW. However,
no significant difference was found in either P1 or steady-
state responses between the two groups (Figure 3B; Fujita
et al., 2011; Yamasaki et al., 2014). Accordingly, it appears
that the function of lower-level M pathway is intact in ASD
adults. Some psychological studies have reported abnormal
function of the M pathway at the higher level (dorsal
stream) in ASD adults, with preserved function of the M
pathway at the lower level (Bertone et al., 2003; Pellicano
et al., 2005), further supporting our VEP results (Fujita
et al., 2011) that showed normal lower-level M pathway
activity.

Ventral Stream Function in ASD
Based on the unexpected finding of P-blob pathway impairment
in ASD (section Parvocellular andMagnocellular Functions at V1
in ASD), we further investigated the methods by which the P-
interblob and P-blob pathways within the ventral stream at the
lower (V1) and higher (V4) levels are functionally abnormal in
high-functioning adults with ASD (Yamasaki et al., 2017).

We used three types of visual stimuli (Figures 4A,B). An
isoluminant chromatic RG pattern with medium SF (2.0
cycles/degree, cpd) and high-contrast achromatic BW gratings
with high SF (5.3 cpd) could preferentially stimulate the P-
blob and P-interblob pathways at the V1 level, respectively. The
occipital N1 is a major component of responses to both stimuli
in Figure 4A (Tobimatsu et al., 1996; Yamasaki et al., 2017). In
addition, face stimuli are helpful to sequentially evaluate the form
pathway from V1 to V4. The right-lateralized occipital P1 (V1
origin) and occipito-temporal N170 (V4 origin) are the major
components of face VEPs (Figure 4B; Goto et al., 2005; Deffke
et al., 2007; Nakashima et al., 2008; Mitsudo et al., 2011). P1
reflects the low-level features of the visual stimuli including the
contrast, luminance, and SF (Rossion and Jacques, 2008). The
N170 component reflects the processing of facial features or facial
identification within the fusiform face area (Bentin et al., 1996).

In a study measuring RG VEPs, ASD adults exhibited
prolonged N1 latency compared with TD adults. This indicates
that the function of the P-blob pathway at V1 is impaired
in adults with ASD (Figure 4A; Yamasaki et al., 2017). These
results exhibited vigorous reproducibility even though ASD
participants in this study were completely different from those in
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FIGURE 3 | VEPs in response to RG and BW stimuli in the TD and ASD groups. (A) For RG stimuli (isochromatic, SF: 2.0 cpd), the mean N1 latency in the ASD group

was significantly longer than that in the TD group. (B) For BW stimuli [low-contrast (16.6%), SF: 1.0 cpd, 8Hz (16 reversals/s)], there was no obvious difference in the

distribution of P1 and steady-state responses between the two groups. VEPs, visual evoked potentials; RG, red/green; BW, black/white; TD, typically developing;

ASD, autism spectrum disorder; cpd, cycles per degree; SF, spatial frequency; FFTs, fast Fourier transforms; 2F, second harmonic (Modified from Fujita et al., 2011

with permission).

our earlier VEP study (Fujita et al., 2011; section Parvocellular
and Magnocellular Functions at V1 in ASD). In BW VEPs, a
significantly shorter N1 latency was found in adults with ASD
adults than in TD adults (Figure 4A), suggesting enhanced P-
interblob pathway function in V1 in ASD (Yamasaki et al., 2017).
As the BW stimulus used in our study (Yamasaki et al., 2017)
comprised high SF information (5.3 cpd), a shorter N1 latency
was thought to reflect superior fine-form (high SF) processing at
V1 in ASD. These findings further support our prediction of P-
blob (color) dysfunction with P-interblob (form)-biased function
in ASD (section Parvocellular andMagnocellular Functions at V1
in ASD).

For face VEPs, ASD adults showed a significantly faster
P1 latency (V1 origin) than TD adults (Figure 4B), which
suggested enhanced V1 function (Yamasaki et al., 2017).
Neuropsychological studies have reported that ASD individuals
may be more biased in favor of high SF than low SF in face
recognition (Deruelle et al., 2004, 2008). Moreover, a previous
VEP study demonstrated that the emotional effect on P1 was
significant for high SF, but not low SF, in an ASD group
(Vlamings et al., 2010). As the face stimuli used in our study
(Yamasaki et al., 2017) were composed of broadband SF, superior
V1 function could reflect better fine-form perception related to

the local high SF processing of faces in V1 in ASD adults. This
finding is concordant with the results of study using BW VEPs
(Figure 4A; Yamasaki et al., 2017).

Adults with ASD were also found to exhibit prolonged N170
latency in response to face stimuli (Figure 4B). In addition, a
greater difference in latency between P1 and N170 and between
N1 for BW and N170 (i.e., prolonged cortico-cortical conduction
time between V1 and V4) was found in ASD adults. Therefore,
we concluded that individuals with ASD exhibit impaired global
face processing owing to deficits in integratingmultiple local high
SF facial information processing at V4 (Yamasaki et al., 2017).

Overall, adults with ASD exhibit enhanced P-interblob (form;
local high SF) processing but impaired P-blob (color) processing
in V1. Moreover, they show poor gestalt face processing due to
insufficiencies in incorporating multiple sources of local high SF
facial information at V4 (Yamasaki et al., 2017).

Dorsal Stream Function in ASD
Coherent motion stimuli using random dots are useful in
the investigation of higher-level dorsal function (Yamasaki and
Tobimatsu, 2012; Yamasaki et al., 2014). Radial optic flow (OF)
and horizontal motion (HO) are the most commonly used in
exploring global motion (Figure 5). The occipito-temporal N170
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FIGURE 4 | VEPs in response to RG, BW, and face stimuli in the TD and ASD groups. (A) For RG stimuli (isochromatic, SF: 2.0 cpd), compared with the TD group,

the mean N1 latency was significantly prolonged in the ASD group. In contrast, for BW stimuli [high-contrast (98.8%), SF: 5.3 cpd], the mean N1 latency was

significantly shorter in the ASD group than in the TD group. (B) For face stimuli (neutral, happy, and angry faces), the mean P1 latency in the ASD group was

significantly shorter than that in the TD group, regardless of facial expression, while the mean N170 latency was significantly longer in the ASD group than in the TD

group (Modified from (Yamasaki et al., 2017) with no permission was required to reproduce).

(V5/MT origin) and parietal P200 (parietal lobe origin) are
evoked by these stimuli in VEPs. We found that OF is largely
handled by the v-d stream including IPL, whereas HO is mainly
processed in the d-d stream including SPL in healthy subjects
using functional magnetic resonance imaging (fMRI; Yamasaki
et al., 2011a, 2012a,b).

A comparison of coherent OF and HO perception in
adults with ASD and TD (Yamasaki et al., 2011b, 2014)
showed comparable VEP responses and scalp maps between
the two groups. Conversely, ASD exhibited the significant
delayed latencies of N170 and P200 components in response
to OF, but not HO, stimuli (Figure 5). These findings
indicated the selective impairment of OF perception, which
was associated with higher-level dorsal (the v-d pathway)
function in ASD adults despite the fact that psychophysical
thresholds were preserved (Yamasaki et al., 2014). OF is
a type of complex motion characterized by multidirectional
movement with depth, which is crucial for the navigation
of self-movement (Gibson, 1950). OF information is also
basis of action-related information including biological motion
and facial expressions. Thus, OF processing is related to the
dorsal stream (the v-d stream) function that is necessary
to perceive the outer world, including other individuals.
Consequently, the specific dysfunction of this pathway could
underlie the social impairment observed in ASD. Furthermore,
children with ASD demonstrated postural hyporeactivity to
visually perceived environmental motion (visuo-postural tuning)
compared with children with TD (Gepner and Mestre, 2002),
which partially supports the notion that OF perception is
specifically reduced in ASD individuals (Yamasaki et al., 2011b,
2014).

Subliminal Face Processing at V1 in ASD
Conscious perception of (supra-threshold) face evokes the
occipital N1 (about 100ms), P1 (about 120ms), and the occipito-
temporal N170 (about 170ms). N1 and P1 components are
originated in V1 while N170 generated from V4 (Bötzel et al.,
1995; George et al., 1996; Fujita et al., 2013). If a supra-threshold
face is presented upside down (the so-called “face inversion
effect”), N170 reveals augmented amplitude and prolonged
latency (Jacques et al., 2007). This phenomenon reflects the
disrupted integration of features into a gestalt whole or holistic
face representation (Young et al., 1987). We have previously
described that in healthy subjects, the amplitudes of occipital
P1 for unrecognizable (subliminal) faces are significantly greater
than those for objects in the upright position (Mitsudo et al.,
2011). In contrast, a significant reduction was found in P1
amplitudes for inverted faces compared with those of upright
faces. This effect is quite opposite to the face inversion effect for
supra-threshold stimuli and is called the “subliminal face effect
(SFE)” (Fujita et al., 2013). Therefore, it is likely that faces and
objects are processed in a different way at the V1 level, even when
subjects are unaware of stimuli before face-specific processing
occurs within the fusiform gyrus (V4). Overall, alterations of
N1 or P1 in response to subliminal upright and inverted faces
can offer insight into the neural mechanism of automatic face
processing in high-functioning individuals with ASD (Fujita
et al., 2013).

We recorded VEPs in response to visual stimuli with upright
and inverted faces (fearful and neutral) and objects that were
presented subliminally to ASD and TD adults using a backward-
masking paradigm (Fujita et al., 2013; Figure 6). The TD
adults exhibited a fearful-specific SFE in the upright condition.
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FIGURE 5 | VEPs in response to coherent OF and HO motion in the TD and ASD groups. The ASD group displayed significantly prolonged N170 and P200 latencies

in response to OF, but not HO, stimuli, compared with the TD group. OF, optic flow; HO, horizontal motion (Modified from Yamasaki et al., 2011b with permission).

Conversely, adults with ASD displayed a lack of SFE, as shown by
the unchanged N1 for stimuli of different types and orientations
(Figure 6). The TD adults did not show upright SFE for neutral
faces, which implies that at least emotional face information is
altered in ASD adults. Therefore, ASD appear to exhibit different
automatic visual processing for emotional faces in V1 level (Fujita
et al., 2013). In TD adults, a fearful face-specific SFE can be
based on the effect of low SF information on faces (Mitsudo
et al., 2011), which is processed by the M pathway (Tobimatsu
and Celesia, 2006). However, in our previous VEP study (section
Parvocellular and Magnocellular Functions at V1 in ASD), the
lower-level M pathway function was maintained in ASD adults
during the perception of high-temporal frequency BW stimuli
(Fujita et al., 2011). Thus, a lack of fearful face-specific SFE in
ASD may reflect the impairment of the M pathway from layers
4Cα and 4B to the P-blob region within V1, but not from layer
4Cα to the thick stripes of V2 and V5/MT.

VISUAL ATTENTION IN ASD

Concept of Attention Networks
Selective attention is the cognitive process of focusing on
a particular aspect of information. There exists two major
mechanisms: bottom-up attention and top-down attention.
Bottom-up attention is automatically produced or driven by the
properties of stimuli. In contrast, top-down attention denotes
the volitional attention, which focuses on a location and/or

an object on the basis of current behavioral goals (Ciaramelli
et al., 2008). These attention mechanisms can drive in parallel,
although bottom-up attention arisesmore quickly than top-down
attention (Treisman et al., 1992; Maekawa et al., 2011).

The following two attention networks have been described in
the human brain: ventral attention network (VAN) and dorsal
attention network (DAN) (Corbetta et al., 2008; Vuilleumier,
2013; Farrant and Uddin, 2016; Figure 2B). The VAN contains
key nodes in the temporoparietal junction and ventral frontal
cortices, which are related to bottom-up attention. In contrast,
the DAN consists of key nodes in the bilateral intraparietal sulcus,
SPL, and frontal eye fields, which are associated with top-down
attention (Farrant and Uddin, 2016). The cortical projections
of three branches of SLF overlap with VAN and DAN nodes
(Figure 2A). The SLF I connects brain regions within the DAN.
The SLF II connects the VAN’s parietal regions of the VAN with
the DAN’s prefrontal regions, allowing these two networks to
communicate. The SLF III connects regions within the VAN. The
SLF III is larger on the right than the left, while the SLF I is
symmetrical; the SLF II tends to be larger in the right hemisphere
(Lunven and Bartolomeo, 2017).

ERP Study: Bottom-Up and Top-Down

Attention in ASD
The ERP helps capture neural activity related to both sensory
and cognitive process. Two specific ERP components, the visual
mismatch negativity (MMN) and visual P300 (or P3), are
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FIGURE 6 | VEPs in response to subliminal face stimuli using a backward-masking paradigm in the TD and ASD groups. Faces (neutral and fearful faces) and objects

were randomly presented for 20ms (sub-threshold duration) in an upright or inverted orientation, followed by a 1,000-ms pattern mask. The target appeared in 10% of

the trials in each block and was presented for 600ms to draw the participant’s attention away from the experimental stimuli. In both groups, the stimuli (in both

orientations) elicited a negative component at ∼100ms (N1) and a following positive peak at ∼120ms (P1) after stimulus onset. The TD group exhibited a

fearful-specific SFE in the upright condition. In contrast, adults with ASD exhibited no signs of SFE, as reflected by the unaltered N1 for stimuli of different types and

orientations. SFE, subliminal face effect (Modified from Fujita et al., 2013 with permission).

candidate biomarkers for bottom-up and top-down attention,
respectively (Maekawa et al., 2011; Yamasaki et al., 2014). The
visual MMN component reflects the pre-attentive, automatic
processing of visual stimuli. It is obtained by subtracting
waveforms elicited by frequently occurring, standard stimuli
from infrequently occurring, deviant stimuli presented in an
oddball paradigm. The visual MMN is defined as negativity
measured at occipital electrodes between 150 and 350ms after
the onset of a deviant visual stimulus. The neural origin of the
visual MMN has been considered to originate from the prestriate
and prefrontal areas (Maekawa et al., 2012). The P300 response
reflects higher-level attention and memory-related processing. It
arises ∼300ms after presenting a stimulus and is elicited when
discriminating deviant and standard stimuli. The P300 response
has two subcomponents that are related to either passive or active
attention. The P3a component reflects the involuntary attention
switching to stimuli. In contrast, the P3b component underlies
the active response (active attention) to stimuli (Samson et al.,
2006; Yamasaki et al., 2014).

We performed ERPs to examine the function of bottom-
up (VAN) and top-down (DAN) visual attention systems in

ASD and TD adults (Maekawa et al., 2011; Yamasaki et al.,
2014). The oddball paradigm using windmill pattern stimuli
(Figure 7) was applied to ERPs, which produced MMN (bottom-
up attention), P300 (top-down attention), and P1 (lower level
processing) components. Interestingly, ASD adults detected the
target much faster than TD controls. Nevertheless, there was
no significant difference in the MMN response between the two
groups (Figure 7C). On the contrary, the reduction of the P1 and
P300 amplitudes with the prolonged P300 latency were observed
in ASD adults compared to TD adults (Figures 7A,B). Hence we
concluded that intact bottom-up attention (MMN), which was
related to the VAN, may contribute to the greater performance
of simple task in ASD individuals though lower-level processing
(P1) and top-down attention (P300) were impaired (Maekawa
et al., 2011, 2012; Yamasaki et al., 2014).

DTI STUDIES IN ASD

DTI provides a measure of structural connectivity by measuring
the diffusion of water molecules in the brain to reconstruct
white matter tracts (Hernandez et al., 2015). The DTI indices
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FIGURE 7 | ERPs in response to windmill pattern stimuli using an oddball paradigm in the TD and ASD groups. Three stimulus types were used to evoke ERPs using

an oddball paradigm: circular black-white windmill pattern stimuli with 6 vanes and with 24 vanes and an unpatterned white circle stimulus. The two windmill pattern

stimuli were adopted as standard or deviant stimuli (their probabilities changed between sessions). A white circle was always used as the target stimulus. Probabilities

of standard, deviant, and target stimuli are 8:1:1, respectively. (A) Waveforms for standard stimuli (TD, thick dotted line; ASD, thick solid line) and for deviant stimuli

(TD, thin dot line; ASD, thin solid line) at Oz. (B) Waveforms for target stimuli at Pz (TD, dotted line; ASD, solid line). While there were no significant differences in P300

latencies between the two groups, the P300 amplitudes in the ASD group were significantly smaller than those in the TD group. (C) Differences in waveforms from

responses to standard stimuli relative to responses to deviant stimuli at Oz (TD, dotted line; ASD, solid line). There were no statistically significant differences in the

mean peak latency and amplitude of visual MMN between the two groups. MMN, mismatch negativity (Modified from Yamasaki et al., 2014 with permission).

that are commonly reported include the following: (1) fractional
anisotropy (FA) quantifies the degree of the directionality of
water diffusion, ranging 0 (random) to 1 (unidirectional); (2)
mean diffusivity (MD) represents average amount of water
diffusion within a given voxel; and (3) axial (parallel), and
(4) radial (perpendicular) diffusivity are indices of water
molecule movement running parallel and perpendicular to the
principle axis of diffusion, respectively (Ameis and Catani,
2015). These DTI indices provide us information about the
integrity and architectural organization of the underlying white
matter microstructure (Ameis and Catani, 2015). Lower FA and
higher MD values usually imply damaged or impaired fiber
integrity, which is attributable to increased diffusion and loss of

coherence in the preferred movement direction (Soares et al.,
2013). Reduced axial diffusivity values suggest a decline in axonal
integrity, and decreased radial diffusivity values may provide a
non-invasive surrogate marker of demyelination. These values
reflect subtle structural abnormalities that cannot be detected by
FA (Papadakis et al., 1999; Noriuchi et al., 2010).

We conducted DTI analysis in high-functioning children with
ASD and TD controls (Noriuchi et al., 2010). DTI revealed
the significant reduction of FA and axial diffusivity values
in the several regions of white matter in the ASD subjects
compared to TD controls. These regions included the white
matter around the left dorsolateral prefrontal cortex (DLPFC),
temporoparietal junction, right temporal pole, amygdala, SLF,
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and IFOF, which were related to the parallel visual pathways and
attentional networks. In the left DLPFC, a negative correlation
was found between the FA value in this area and the degree
of social impairment in children with ASD. The cerebellar
vermis lobules showed higher axial diffusivity values in the
ASD group. These DTI findings and their relationship with
social impairment provide additional evidence of functional
abnormalities in cerebral and cerebellar white matter in ASD
(Noriuchi et al., 2010).

Our DTI findings are in accordance with numerous DTI
studies from other research groups in children, adolescents,
and adults with ASD (Travers et al., 2012; Ameis and Catani,
2015; Hernandez et al., 2015; Rane et al., 2015; Ismail et al.,
2016; Li et al., 2017). These studies have documented multiple
structural connectivity differences, mostly suggesting reduced
white matter integrity (lower FA and/or higher MD values) in
long-range anterior-posterior and interhemispheric fiber tracts.
Notably, many specific fiber tracts reported to be altered in ASD
serve as structural connections among the brain areas related to
social cognition (Hernandez et al., 2015). The most commonly
reported areas for decreased FA values are association fibers
(the most common being the SLF, IFOF, uncinate fasciculus,
ILF, and cingulum) and the corpus callosum. The SLF, corpus
callosum, and corticospinal tract are the most commonly
mentioned structures in reports of increased MD in ASD
(Rane et al., 2015).

Few studies have directly studied the relationship between
DTI and visual perception in ASD. One DTI study examined
white matter pathways involved in face processing in adolescents
and adults with ASD and TD controls (Conturo et al.,
2008). Radial diffusivity values were increased in amygdala-
fusiform connections bilaterally and hippocampus-fusiform
connections in the left side in individuals with ASD. In
contrast, hippocampus-fusiform connections in the right side
showed reduced radial diffusivity in ASD, which correlated
with lower face recognition scores. These findings suggested
an early functionally significant pathological process in the
right hippocampus-fusiform pathway in accordance with small-
diameter axons (with corresponding slower neural transmission)
and/or higher packing density (Conturo et al., 2008). Another
DTI study has demonstrated the significant alterations in the
microstructural organization of white matter in the right IFOF,
which is associated with an inferior visuospatial processing
performance in ASD. The authors concluded that structural brain
abnormalities may influence atypical visuospatial processing in
ASD (McGrath et al., 2013a,b). Accordingly, it is likely that
white matter connectivity (in particular, SLF, IFOF, and ILF) that
are associated with parallel visual pathways and visual attention
networks are often disrupted in ASD.

ALTERED CONNECTOME FUNCTIONS IN

ASD

In our series of VEP and ERP studies, we found that the
following: (1) enhanced and impaired processing co-exists
within the lower visual area (V1) (sections Parvocellular and

Magnocellular Functions at V1 in ASD and Ventral Stream
Function in ASD), (2) local information integration from lower
visual areas (V1) is impaired in higher-level visual areas after
V4 and V5/MT (sections Ventral Stream Function in ASD
and Dorsal Stream Function in ASD), and (3) the DAN is
impaired while the VAN is intact in ASD (section ERP Study:
Bottom-Up and Top-Down Attention in ASD; Figure 8). These
complex functional alterations in visual and attention networks
support the possibility of altered connectivity within and between
distributed brain regions, instead of local deficits in specific brain
areas in ASD (Müller, 2008).

The most important finding in our VEP studies was the co-
existence of enhanced P-interblob and impaired P-blob pathway
processing with an intact M pathway in V1 in individuals
with ASD. Many behavioral studies have reported a preference
for local processing in ASD (Dakin and Frith, 2005). An
fMRI study demonstrated atypical increment of local functional
connectivity in ASD in posterior brain areas including V1
(Keown et al., 2013). Thus, our VEP finding of an enhanced
P-interblob pathway in ASD partly supports these previous
behavioral and neuroimaging findings. Conversely, to date,

FIGURE 8 | Schematic representation of altered connectivity of visual

networks in ASD. Red thick solid arrows indicate enhanced processing (or

overconnectivity), whereas blue broken arrows suggest impaired processing

(or underconnectivity) in the local circuitry within V1. Green broken arrows

indicate impaired global integration of local information (or long-range

underconnectivity) between lower-and higher-level visual areas.
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no electrophysiological or neuroimaging studies have reported
impaired P-blob function in V1 in ASD. Recent data have
suggested that the alteration of connectivity within V1 is more
complex than earlier suggestions of enhanced simple (local)
processing in V1, thereby providing new insight into the neural
circuit mechanisms underlying ASD.

At present, mechanisms underlying altered V1 connectivity
in ASD remain unclear. We speculate that blob impairment is
a key component of this mechanism. In V1, the P-blob stream
is characterized by a higher mitochondrial CO concentration,
whereas the P-interblob stream has a lower concentration of
CO. CO is well-known to be the last enzyme in the respiratory
chain of mitochondria that is related to oxidative metabolism
and energy production (Liu and Wong-Riley, 1995; Bókkon and
Vimal, 2010, 2013) and is closely coupled to neuronal functional
activity (Liu and Wong-Riley, 1995). It is interesting to note
that recent neuroimaging and postmortem studies have reported
mitochondrial dysfunction in the brains of ASD individuals
(Rossignol and Frye, 2012, 2014). Thus, deficits in the P-blob
pathway in ASD may reflect mitochondrial dysfunction in the
blob region of V1 (Yamasaki et al., 2017). This impairment in turn
induces the compensatory enhancement of P-interblob function
in ASD because the P-blob pathway anatomically interacts with
the P-interblob pathway (Yabuta and Callaway, 1998). Further
studies are needed to confirm this hypothesis using neuroimaging
techniques that can separately evaluate the blob and interblob
regions.

In contrast, behavioral studies have proposed that neuro-
integrative processing at higher cortical levels in the ventral
and dorsal pathways is impaired, while lower-level processing is
spared (Bertone et al., 2003, 2005; Bertone and Faubert, 2006).
Numerous fMRI studies have demonstrated that individuals
with ASD had long-range underconnectivity with local
overconnectivity (Courchesne and Pierce, 2005; Anderson et al.,
2011; Keown et al., 2013). Many DTI studies, including ours
(section DTI Studies in ASD), detected white matter alterations
of the ventral (ILF and IFOF) and dorsal (SLF) streams in
ASD (Rane et al., 2015). Therefore, our VEP findings of altered
connectivity in parallel visual pathways between V1 and V4 or
between V1 and V5/MT are consistent with the alterations of
anatomical and functional connectivity of the ventral and dorsal
streams revealed by DTI and fMRI studies in ASD.

Interestingly, our VEP studies using coherent motion revealed

dissociative impairment within the dorsal stream along the SLF;
the v-d stream (OF processing) was impaired with preserved

d-d stream (HO processing) function in ASD (section Dorsal
Stream Function in ASD). Furthermore, in our ERP study,

the DAN (top-down) related to SLF I was impaired with an

intact VAN (bottom-up) related to SLF III in ASD (section ERP

Study: Bottom-Up and Top-Down Attention in ASD). Thus,
connectivity impairment may be anatomically uneven within
the SLF. Alternatively, SLF connectivity impairment may be
exhibited in situations requiring more complex processing (OF
processing vs. HO processing; top-down vs. bottom-up).

As mentioned above, this review suggests that altered
functional connectivity within visual and attention networks
exists in ASD. However, it remains unknown (1) how the
strength and direction of functional connectivity within these
networks differ between ASD and TD, and (2) how the altered
networks influence the social cognition network in ASD. In
the field of network neuroscience, a mathematical modeling
approach (graph-theoretical approach) is used for whole-brain
functional connectivity analysis on the basis of resting-state fMRI
and magnetoencephalography data (Uehara et al., 2014; Bassett
and Sporns, 2017). This approach can reveal the strength and
direction of whole-brain functional connectivity in detail. From
our VEP and ERP data, the different visual stimuli may induce
differential effects on whole-brain functional network in ASD.
Therefore, further studies using network neuroscience methods
on functional connectomes in the ASD brain under visual
task-related condition will be needed to understand the neural
mechanisms of atypical visual perception and social impairment
in ASD.

CONCLUSION

Recent data have revealed that unusual visual perception
observed in ASDmay result from alterations to the local circuitry
within the visual area and connectivity between distributed
visual cortical areas as well as the connectivity of attention
networks. Therefore, we conclude that the altered connectivity
of visual processing networks may contribute to impaired
social communication exhibited in ASD. The underlying
pathophysiological mechanism of ASD can be considered a
“connectopathy.”
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Falls and balance difficulties remain a major source of morbidity in Parkinson’s Disease

(PD) and are stubbornly resistant to therapeutic interventions. The mechanisms of

gait impairment in PD are incompletely understood but may involve changes in the

Pedunculopontine Nucleus (PPN) and its associated connections. We utilized fMRI to

explore the modulation of PPN connectivity by Galvanic Vestibular Stimulation (GVS) in

healthy controls (n= 12) and PD subjects even without overt evidence of Freezing of Gait

(FOG) while on medication (n = 23). We also investigated if the type of GVS stimuli (i.e.,

sinusoidal or stochastic) differentially affected connectivity. Approximate PPN regions

were manually drawn on T1 weighted images and 58 other cortical and subcortical

Regions of Interest (ROI) were obtained by automatic segmentation. All analyses were

done in the native subject’s space without spatial transformation to a common template.

We first used Partial Least Squares (PLS) on a subject-by-subject basis to determine

ROIs across subjects that covaried significantly with the voxels within the PPN ROI. We

then performed functional connectivity analysis on the PPN-ROI connections. In control

subjects, GVS did not have a significant effect on PPN connectivity. In PD subjects,

baseline overall magnitude of PPN connectivity was negatively correlated with UPDRS

scores (p< 0.05). Both noisy and sinusoidal GVS increased the overall magnitude of PPN

connectivity (p = 6 × 10−5, 3 × 10−4, respectively) in PD, and increased connectivity

with the left inferior parietal region, but had opposite effects on amygdala connectivity.

Noisy stimuli selectively decreased connectivity with basal ganglia and cerebellar regions.
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Our results suggest that GVS can enhance deficient PPN connectivity seen in PD in

a stimulus-dependent manner. This may provide a mechanism through which GVS

assists balance in PD, and may provide a biomarker to develop individualized stimulus

parameters.

Keywords: vestibular stimulation, pedunculopontine nucleus, functional connectivity, Parkinson’s Disease,

non-invasive neuromodulation, fMRI

INTRODUCTION

Falls in older adult populations are a significant cause of
morbidity and mortality (Cameron et al., 2012) with non-fatal
injuries initiating a vicious cycle leading to a fear of falling,
social isolation, loss of independence, deconditioning, and a
significantly greater use of health care services (Stevens et al.,
2006; Williams et al., 2006).

In Parkinson’s Disease (PD), gait disturbances such as
decreased stride length and gait variability are associated with
increased risk of falls. Balance and gait deficits in PD are
frequently refractory to therapy (Azevedo Coste et al., 2014;
Perez-Lloret et al., 2014) and may be actually worsened by
pharmacological and surgical interventions (Bloem et al., 1996),
making falls a significant source of morbidity in PD (Schaafsma
et al., 2003). Freezing of gait (FOG) is a syndrome normally
seen in advanced PD and can occur when subjects are either
on or off medication. FOG may be partly due to a failure to
adequately scale amplitudes for the intended movement (Chee
et al., 2009) and/or defective motor programming setting by
the Supplemental Motor Area (SMA) and its maintenance by
the basal ganglia, leading to a mismatch between intention and
automation (Chee et al., 2009).

Cognitive and motor function must be carefully integrated
to execute gait. Dysfunction of the basal ganglia in PD results
in impaired motor control of skilled voluntary movements
(Magrinelli et al., 2016) and movements become excessively slow
and underscaled in size (Benecke et al., 1987). Biochemically,
imbalance in multiple neurotransmitters (including but not
limited to dopamine, acetylcholine, and GABA) is seen not
only in basal ganglia and motor structures, but also limbic
circuitries (Ondo and Hunter, 2003; Perez-Lloret and Barrantes,
2016). Balance disturbance and falls in PD may be more
related to disruption in cholinergic rather than dopaminergic
neurotransmission (Bohnen et al., 2009).

A key part of the subcortical cholinergic system is the
pedunculopontine nucleus (PPN), which appears critically
involved in gait disturbances in PD (Mazzone et al., 2005;
Androulidakis et al., 2008; Acar et al., 2011), as PPN neuronal
loss is evident in PD (Rinne et al., 2008) (Note that although we
refer to the “PPN” throughout this manuscript, at the resolution
of the imaging used here, it would perhaps be more accurate to
refer to this region as the “mesencephalic locomotor region” as
it likely includes the cuneiform nucleus—however, we use PPN
as this terminology is consistent with much prior literature (e.g.,
Mazzone et al., 2005; Androulidakis et al., 2008; Acar et al., 2011).

Connectivity to/from the PPN appears critical for FOG in
PD (Fling et al., 2014). Structural deficits in connectivity are

evident between basal ganglia-PPN and other tracts in FOG
(Fling et al., 2014; Vercruysse et al., 2015). DTI tractography
obtained with 3T MR imaging in PD patients with FOG has
demonstrated asymmetrically decreased connectivity between
the PPN and the SMA, compared to PD subjects without FOG
(Fling et al., 2014). FOG is also associated with diffuse white
matter damage involving major cortico-cortical, corticofugal
motor, and several striatofrontal tracts with DTI (Vercruysse
et al., 2015). In addition to structural/anatomical connectivity,
advanced neuroimaging techniques have enabled the studies of
functional connectivity, which refers to the statistical temporal
dependences between anatomically separated brain regions, to
reveal the functional communication in the brain. Functional
imaging studies (e.g., fMRI) have reported increased activity or
altered connectivity during gait visualization in the midbrain
locomotion centers between FOG episodes (Hanakawa et al.,
1999), possibly reflecting compensatory mechanisms which
might be overwhelmed with stress by turning or multitasking
(Shine et al., 2013). Moreover, resting state functional magnetic
resonance imaging (rs-fMRI) has allowed the inference of
functional connectivity by measuring the level of spontaneous
co-activation between fMRI time courses of brain regions
recorded during rest. In vivo functional connectivity studies with
rs-fMRI suggest that FOG patients may have significantly altered
connectivity between PPN-SMA (Fling et al., 2014), which might
reflect a maladaptive compensatory mechanism.

While the PPN has most often been investigated in PD
in the context of FOG, it is unclear if altered PPN activity
is present in non-FOG PD patients. Surgical targeting of the
PPN is usually reserved for people with FOG resulting in
significant impairment. Yet, even in early stages of the disease,
there are a number of ways in which Parkinsonian gait is
different from controls. While mildly affected PD patients can
usually perform simple straight-line walk tasks without difficulty,
they experience difficulties with turning, and when performing
simultaneous motor or cognitive tasks (dual tasks), and/or
crossing obstacles (Camicioli et al., 1998; Bond and Morris,
2000). They may have an abnormal gait pattern characterized
by a shortened stride length, increased stride variability, and
reduced walking speed (Morris et al., 2001; Buckley et al.,
2008).

Ways to modulate PPN activity and connectivity have proven
elusive. Acetylcholinesterase inhibitors may affect the PPN but
such effects are likely to be modest. PPN Deep Brain Stimulation
(DBS) has been shown to (inconsistently) improve gait difficulties
in PD (Mazzone et al., 2005; Peppe et al., 2010; Acar et al.,
2011; Hamani et al., 2011; Tykocki et al., 2011; Wilcox et al.,
2011). However, the PPN tends to be spatially diffuse and is
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difficult to visualize on standard T1-weighted images, making
electrode placement for DBS therapy difficult. Another potential
way to modulate PPN is through the vestibular system, as PPN
neurons tend to be highly vestibular-responsive (Aravamuthan
and Angelaki, 2012). Galvanic vestibular stimulation (GVS) is
a non-invasive technique that activates vestibular afferents to
the thalamus and also the basal ganglia (Stiles and Smith, 2015)
which in turn are directed to the PPN (Visser and Bloem,
2005), possibly explaining why GVS may positively impact
posture/standing balance in PD (Kataoka et al., 2016). A few
studies have demonstrated that noisy GVS improved postural
and balance responses (Pal et al., 2009; Samoudi et al., 2015)
as well as motor deficits in PD (Yamamoto et al., 2005; Pan
et al., 2008; Lee et al., 2015a,b). These studies have speculated
that noisy vestibular input may have improved information
flow through the basal ganglia via stochastic facilitation (SF).
SF is a phenomenon observed in a non-linear system where
stochastic biological noise paradoxically increases sensitivity
of a system to detect a weak stimulus possibly resulting in
functional benefits (Mcdonnell and Ward, 2011). In addition
to noisy stimuli, sinusoidal stimuli have been suggested as a
means to activate steady-state, as opposed to transient balance
responses that would be induced with pulsed stimuli (Latt
et al., 2003). Sinusoidally oscillating stimuli may also activate
irregular vestibular afferents (Gensberger et al., 2016) relying
on voltage dependent K-channels (Eatock and Songer, 2011).
While a couple of fMRI studies have shown sinusoidal GVS
modulated activations in various brain regions (Della-Justina
et al., 2014; Lee et al., 2016), GVS’s influence on the PPN
has not yet been investigated. A recent study in healthy
older adults (n = 20) found that noisy GVS resulted in
sustained reduction in Centre of Pressure (COP) parameters,
such as velocity, and Root Mean Square (RMS) (Fujimoto
et al., 2016). The mechanisms of this reduction was speculated
to be on the basis of induced synaptic plasticity in the
vestibular nuclei and the flocculus of the cerebellum, but
effects on the PPN were not considered (Fujimoto et al.,
2016).

Given the non-invasive, and potentially portable nature of
GVS, we wished to determine if PPN connectivity could be
modulated in mildly-affected PD subjects who may demonstrate
reduced stride length for example, and thus may be at
increased risk for falls, but did not exhibit FOG. Thus, in this
study, we investigated whether or not functional connectivity
between the PPN and other brain regions could be reliably
assessed, whether or not these connections were significantly
modulated by GVS, and if the connectivity was modulated in
a stimulus-specific manner. Since a priori knowledge about
functional connectivity to/from the PPN at the spatial and
temporal resolution afforded by fMRI is unknown, this was
essentially an exploratory approach. Careful care was taken to
detect robust activation from PPN structures by analyzing the
data in native space (without registration to a template) and
utilizing subject-specific weightings of voxels within the PPN
region. We demonstrated that PPN connectivity is sensitive
to vestibular stimulation in PD in a stimulus-dependent
manner.

METHODS

Subjects
Twenty three PD patients (see Table 1 for the clinical
information) and 12 age-matched healthy controls [5 females;
age: 63.3 ± 10.4 (mean ± standard deviation)] participated in
the study. The PD patients had mild to moderate PD (Hoehn
and Yahr stage I–III) (see Table 1) and were scanned at the on-
medication state. All participants were recruited from the Pacific
Parkinson’s Research Centre (PPRC) at the University of British
Columbia (UBC) and provided written, informed consent prior
to participation. All studies were approved by the UBC Ethics
Review Board. The data were collected in two experiments: in
the first group GVS was assessed both ON and OFF L-dopa
medication and has been partially reported in a separate short
report (Lee et al., 2016), and the second group were only assessed
in the ON medication state. Only the ON medication studies
from the first group are reported here. In the first group, UPDRS
scores Part III were assessed in the OFF medication state, while
in the second group UPDRS scores were assessed in the ON
medication state. A regression model was used to control for
these differences (described below).

GVS
Digital signals of the GVS stimuli were first generated on a PC
with MATLAB (MathWorks, MA, USA) and were converted
to analog signals via a NI USB-6221 BNC digital acquisition
module (National Instruments, TX, USA). The analog command
voltage signals were then subsequently passed to a bipolar,
constant current stimulator (DS5 model, Digitimer Ltd., U.K.).
The DS5 constant current stimulator was isolated in the console
room with the output cable leading into the scanning room
through a waveguide. Along the twisted coaxial output cable,
four inductance capacity filters spaced 20 cm apart and tuned
for the Larmor frequency (128 MHz) were custom-built. Near
the subject, high-resistance radiotranslucent carbon-fiber leads
(Biopac Inc., Montreal, Canada) were connected to pre-gelled
Ag/AgCl electrodes that were MR-compatible (Biopac Inc.,
Montreal, Canada). For bilateral stimulation, an electrode was
placed over the mastoid process behind each ear. Since the GVS
stimuli are alternating current (AC), the anode and cathode
are not fixed on one side (as for DC) but they are alternating.

TABLE 1 | Clinical information on PD patients.

Characteristics Statistics

(mean ± standard deviation)

Age 66.4 ± 7.0

Sex 17 males, 6 females

UPDRS motor score 22.3 ± 12.4

UPDRS assessed during on/off

medication

13 on-medication, 10 off-medication

Hoehn and Yahr stage 1.9 ± 1.0

L-dopa equivalent daily dose

(LEDD)

988.8 ± 798.9
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The order of GVS condition was kept consistent to be rest,
noisy GVS, and sinusoidal GVS across all the participants. The
potential caveat of keeping the sequence the same is the case
where there are any post-stimulation effects. To avoid such
confounding effects, we allowed a 2-min break between the
two GVS conditions. To the best of our knowledge, after-effects
of GVS on cortical activation have not yet been investigated.
However, we think that the break time was sufficient to avoid
after effects based on literature on after-effects of transcranial
alternating current stimulation (Strüber et al., 2015).

Since individuals have an inherently subjective perception
of GVS, prior to scanning, we determined the individual
sensory threshold level (cutaneous sensation at the electrode
site) utilizing systematic procedures used in prior GVS studies
(Hummel et al., 2005; Wilkinson et al., 2008; Utz et al., 2011). We
delivered two different types of stimuli at 90% of the individual
threshold level: noisy and sinusoidal. The noisy stimulus was
zero-mean with 1/f-type power spectrum between 0.1 and 10Hz
and the sinusoidal stimulus was a 1Hz sine wave.

MRI
Resting state data were collected on a 3 Tesla scanner (Philips
Achieva 3.0T R3.2; Philips Medical Systems, Netherlands)
equipped with a head-coil. During the scanning, all the subjects
were instructed to be awake with eyes closed. Blood oxygenation
level-dependent (BOLD) contrast echo-planar (EPI) T2∗-
weighted images were taken with the following specifications
with a repetition time of 1,985ms, echo time of 37ms, flip angle
90◦, field of view 240.00mm, matrix size 128 × 128, and with
pixel size 1.9× 1.9mm. The duration of each functional run was
8min for rest condition and 5min for GVS condition with noisy
and sinusoidal stimulus, respectively. As stated above, the order
of functional runs was rest, noisy GVS and sinusoidal GVS, and
it was kept consistent across all subjects. We allowed 2min gaps
after the noisy stimulus to account for possible post-stimulation
effects.

An ROI presumed to include the PPN and cuneiform nucleus
was drawn manually on the T1 sequence at the level of the
superior cerebellar decussation between medial lemniscus and
superior cerebellar peduncle (Aravamuthan et al., 2007; Zrinzo
et al., 2008) (Figure 1). T1 and the fMRI data were registered
via FLIRT (with “Boundary-Based Registration” option) in FSL
(Smith et al., 2004). The PPN voxels drawn on the T1 were
then registered to the fMRI data by applying the inverse
transformation calculated by registering the fMRI to the T1
weighted image. After registration, we included neighboring
voxels around PPN voxels in our analysis to account for possible
partial volume effects.

Resting State Functional MRI (rs-fMRI)
Preprocessing
The acquired fMRI data were preprocessed using both AFNI
and SPM8 software packages. On the whole brain, several
preprocessing steps from the AFNI software package were
performed. These included despiking, slice timing correction,
and 3D isotropic correction (3mm in each dimension). While
the subjects were asked to keep the head still during the

scanning session, some head movements occurred during
the acquisition process. Motion correction using rigid body
alignment was performed to correct for any major head motion
during the scan. Besides the fMRI scans, we also collected
a T1-weighted structural scan of each of the participants.
FreeSurfer was performed on the T1-weighted scans to get the
different ROI masks in the T1 space. Each of the subjects’
structural scans was then registered to the fMRI scan using
rigid registration. This registration step provided us with
the FreeSurfer segmented ROI mask in the fMRI space. All
analysis was done in the individual fMRI space rather than
transforming all fMRI data to a common template. This
was done to prevent introducing any unwanted distortions
in the fMRI data by registering it to a common template.
In the next step, several sources of variance such as head-
motion parameters, their temporal derivatives and their squares,
white-matter signal, CSF signal were removed using nuisance
regression. The fMRI signal was then detrended, and any linear
or quadratic trends in the fMRI signal were removed. The signal
was then iteratively smoothed until it reached 6 FWHM of
smoothness. Finally, bandpass filtering was performed to retain
the signal between the recommended frequencies of interest
(0.01–0.08Hz).

Since the brainstem can move independently from the rest
of the brain, motion correction on the whole brain motion
estimates may not be ideal. Therefore, a separate motion
correction of the brainstem was performed. First, the brainstem
mask was generated using FreeSurfer on the T1-weighted
image of the same subject. The mask was then transferred
over to the fMRI using registration as mentioned before. The
registered mask was then dilated using a spherical structuring
element of radius 3 to incorporate for any errors in the
segmentation and registration process. The motion within the
brainstem was then corrected independently using the SPM
toolbox.

Brain Region Selection
In this study, we included 58 ROIs automatically segmented by
FreeSurfer as shown in Table 2. Two PPN ROIs were manually
drawn on the T1-weighted images to include the PPN on
each side, namely left PPN, and right PPN, respectively. When
assessing the functional connectivity between PPN and other
brain regions, we first utilized Partial Least Squares (PLS) to
initially select candidate brain regions that significantly covaried
with PPN voxels.

PLS is a statistical method that explores the predictive models
between predictor variables and response variables (Wold,
1985). It constructs a linear regression model by projecting
the predictor variables and response variables to a new set
of latent variables the covariance of which is maximized.
PLS is particularly useful when the predictor variables are
highly collinear, or when the number of predictor variables
is larger than that of observations, while classical multiple
linear regression models will fail in these cases. PLS has been
widely used in various fields of chemometrics, social science,
bioinformatics, and neuroscience (e.g., Ziegler et al., 2013; Chen
et al., 2016).
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FIGURE 1 | The placement of the PPN VOI on the T1 sequence. The red area represents where the PPN VOI is placed.

When applying PLS, we used the 58-ROI dataset as predictor
variables, X, and the PPN voxels as response variables, Y, and then
tried to predict PPN activity from those 58-ROI time courses.

The general model for PLS is

X = TPT + E (1)

Y = UQT
+ F (2)

where X is a t-by-m matrix of ROI data (predictor variables),
with t corresponding to the number of time points, and m
(= 58) representing the number of subject-independent (non-
PPN) ROIs; Y is a t-by-n matrix of PPN voxel time courses
(response variables), where n is the number of PPN voxels
(which was subject-dependent); T and U are, respectively,
t-by-c component matrices decomposed from X and Y (T
and U are also called X Score and Y Score, respectively),
where c is the number of components; P is an m-by-c loading
matrix of ROI dataset, and Q is an n-by-c loading matrix of
PPN voxels; and E, F are the t-by-m and t-by-n matrices,
respectively, representing error terms. Essentially, PLS performs
the decompositions of X and Y to maximize the covariance
between T and U.

We then interrogated the loadings of the X components (i.e.,
the columns of P) to determine if they were significantly different
from zero across subjects. The same procedure was conducted
for both left PPN and right PPN, respectively, and then the
union set of the selected regions from left PPN and right PPN
was used as the final candidate set of brain regions. In addition,
we used the first component of Y (i.e., the first column of Y

Score) to represent the PPN signal in the subsequent functional
connectivity analyses.

Functional Connectivity Analyses
We further performed functional connectivity analyses between
the PPN and PLS-derived regions. Functional connectivity
measures were obtained by computing the partial correlation
coefficients between the represented PPN signal, which was
obtained by the PLS analysis, and the averaged time courses
of each PLS-derived region. We conducted the functional
connectivity analyses on a subject-by-subject and task-by-task
basis. Specifically, for each subject, functional connectivity was
assessed for each of the three conditions, i.e., rest, noisy
and sinusoidal GVS conditions, by taking the time courses
for each condition time segment of interest from the PPN
and PLS-derived regions and computing the partial correlation
coefficients between them. For simplicity, we summed the
absolute values of the significant connectivity coefficients
from both left and right PPN to get an overall PPN
connectivity.

To investigate whether or not functional connectivity between
the PPN nuclei and PLS-derived regions was significantly affected
by GVS, we calculated overall PPN connectivity differences
between GVS on (i.e., noisy/sinusoidal GVS condition) and
GVS off (i.e., rest condition). An independent one-sample t-test
was then performed on the calculated connection coefficient
differences across subjects, with the null hypothesis that the
difference was zero, to determine if significant connectivity
changes were induced by GVS.
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TABLE 2 | The 58 ROIs (in addition to the 2 PPN ROIs) used in the analysis.

1 Left-Cerebellum-Cortex

2 Left-Thalamus-Proper

3 Left-Caudate

4 Left-Putamen

5 Left-Pallidum

6 Left-Hippocampus

7 Left-Amygdala

8 Left-Accumbens-area

9 ctx-lh-caudalanteriorcingulate

10 ctx-lh-caudalmiddlefrontal

11 ctx-lh-cuneus

12 ctx-lh-entorhinal

13 ctx-lh-inferiorparietal

14 ctx-lh-inferiortemporal

15 ctx-lh-lateralorbitofrontal

16 ctx-lh-medialorbitofrontal

17 ctx-lh-middletemporal

18 ctx-lh-parahippocampal

19 ctx-lh-paracentral

20 ctx-lh-postcentral

21 ctx-lh-posteriorcingulate

22 ctx-lh-precentral

23 ctx-lh-precuneus

24 ctx-lh-rostralanteriorcingulate

25 ctx-lh-rostralmiddlefrontal

26 ctx-lh-superiorfrontal

27 ctx-lh-superiorparietal

28 ctx-lh-superiortemporal

29 ctx-lh-insula

30 Right-Cerebellum-Cortex

31 Right-Thalamus-Proper

32 Right-Caudate

33 Right-Putamen

34 Right-Pallidum

35 Right-Hippocampus

36 Right-Amygdala

37 Right-Accumbens-area

38 ctx-rh-caudalanteriorcingulate

39 ctx-rh-caudalmiddlefrontal

40 ctx-rh-cuneus

41 ctx-rh-entorhinal

42 ctx-rh-inferiorparietal

43 ctx-rh-inferiortemporal

44 ctx-rh-lateralorbitofrontal

45 ctx-rh-medialorbitofrontal

46 ctx-rh-middletemporal

47 ctx-rh-parahippocampal

48 ctx-rh-paracentral

49 ctx-rh-postcentral

50 ctx-rh-posteriorcingulate

51 ctx-rh-precentral

52 ctx-rh-precuneus

(Continued)

TABLE 2 | Continued

53 ctx-rh-rostralanteriorcingulate

54 ctx-rh-rostralmiddlefrontal

55 ctx-rh-superiorfrontal

56 ctx-rh-superiorparietal

57 ctx-rh-superiortemporal

58 ctx-rh-insula

RESULTS

Brain Region Selection
The PLS analysis results found 10 ROIs in the PD group and
5 ROIs in the control group that significantly covaried with
PPN voxels (p < 0.05). In the PD group, the ROIs included
the cerebellum cortex, hippocampus, amygdala, inferior parietal,
middle temporal, and precuneus regions on the left, and the
pallidum, hippocampus, amygdala, and middle temporal on
the right (Figure 2). In the control group, the caudate on the
left, and the caudate, entorhinal cortex, inferior temporal, and
parahippocampal regions on the right were associated with PPN
activity (Figure 3).

Functional Connectivity Analyses
To determine the effect of the L-dopa equivalent daily dose
(LEDD) on connectivity and to correct for the fact that some
subjects had their UPDRS assessed off medication, we performed
a regression analysis where connection strengths across subjects
was the dependent variable, and LEDD, UPDRS score, whether or
not the UPDRS was done on or off medication were independent
variables. We then evaluated the regression coefficients for the
LEDD to determine if it had a significant effect on overall PPN
connectivity, which it did not (p > 0.05).

The functional analysis results demonstrated that GVS
differently affected overall PPN connectivity in PD and
control groups. In the control group, no significant differences
in overall PPN connectivity were found between GVS on
(i.e., noisy/sinusoidal GVS condition) and GVS off (i.e., rest
condition). In the PD group, the overall magnitude of PPN
connectivity correlated negatively with UPDRS scores (r =

−0.39, p = 0.035, Figure 4). Both noisy and sinusoidal GVS
increased the magnitude of overall PPN connectivity (p = 6 ×

10−5 and 3× 10−4, respectively, Figure 5). Furthermore, in order
to determine if overall connectivity of the PPN was particularly
related to postural instability, we also compared the connectivity
to the retropulsion test score from the UPDRS (Figure 4, inset).
Since our emphasis was on early patients, we could not perform a
statistical analysis, as there was only 1 subject with a score of 2 and
1 subject with a score of 4. However, as shown in Figure 4, and
consistent with overall UPDRS scores, there was a trend toward
decreased connectivity with higher retropulsion test scores.

Although both types of stimuli augmented overall PPN
connectivity (both positive and negative connectivity as shown
in Figure 5), in order to determine if there are differences
between the types of stimuli, we performed a post-hoc analysis
to determine which PPN connections were most influential in
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FIGURE 2 | PLS-derived ROIs in the PD group that significantly covaried with PPN voxels. The detected 10 regions, including cerebellum cortex, hippocampus,

amygdala, inferior parietal, middle temporal, and precuneus regions on the left, and the pallidum, hippocampus, amygdala, and middle temporal on the right, are

marked with different colors.

determining changes in overall connectivity. Specifically, we
performed t-tests on each connection to determine if the different
types of GVS stimuli increased or decreased connectivity between
the PPN and other brain regions.

For the left PPN, noisy GVS decreased connectivity with
the right pallidum and sinusoidal GVS increased connectivity
with the left inferior parietal region (Table 3 and Figure 6). For
the right PPN, noisy GVS decreased connectivity with the left
cerebellar cortex, increased connectivity with the right amygdala
and increased connectivity with the left inferior parietal region;
sinusoidal GVS decreased connectivity with the left amygdala
(Table 4 and Figure 7). Note that only the connection between
left PPN and left inferior parietal region would survive multiple
comparisons.

DISCUSSION

Balance impairment remains a vexing problem in PD and
is associated with considerable morbidity. Pharmacological
(particularly dopaminergic) and surgical interventions have had
varying degrees of success. Development of novel therapies
has also been challenging because the pathophysiology and
neuropathological substrates underlying gait disturbances are
incompletely known.

To the best of our knowledge, we have shown for
the first time that is possible with GVS to non-invasively

modulate the functional connectivity in PD subjects between
cortical/subcortical ROIs and the PPN—a structure critical for
normal supraspinal control of locomotion. This demonstrated
alteration in functional connectivity complements previous work
examining anatomic connectivity patterns. Anatomically, the

PPN has been shown to have connections with various areas
such as the vestibular nuclei (Aravamuthan and Angelaki, 2012),

deep cerebellar nuclei (Hazrati and Parent, 1992), premotor,
supplemental motor (SMA) and primary motor cortices

(Aravamuthan et al., 2007), frontal eye fields (Matsumura et al.,
2000), thalamic nuclei and basal ganglia nuclei (Charara et al.,

1996). Widespread projections involving the PPN include direct
glutamatergic inputs from the motor cortex, and GABAergic

inputs from substantia nigra pars reticulata (SNr), globus pallidus
internus (GPi), subthalamic nucleus (STN), and deep nuclei of

cerebellum. Ascending efferent projections target GPi, substantia
nigra pars compacta (SNc), and thalamus. Descending efferent
projections connect to pontine, medullary reticular formation,

and the spinal cord vital for control of muscle tone and
locomotion. Additionally, the PPN appears to be important
in the initiation, acceleration, deceleration, and termination of
locomotion through connections to the basal ganglia and higher
cortical regions (Lee et al., 2000).

Our results indicate significant differences in the PPN
functional connectivity between PD subjects and controls. This
is particularly relevant when noting that none of our PD subjects
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FIGURE 3 | PLS-derived ROIs in the control group that significantly covaried with PPN voxels. The detected five regions, including the caudate on the left, and the

caudate, entorhinal cortex, inferior temporal, and parahippocampal regions on the right, are marked with different colors.

FIGURE 4 | The correlation relationship between the overall PPN connectivity

and UPDRS scores in the PD group. The inset shows the relationship between

the overall PPN connectivity and the retropulsion test scores from the UPDRS.

had FOG, given their relatively mild disease. However, even mild
disease is associated with altered gait and our results suggest that
PPN functional connectivity patterns change even in the early
stages of disease course.

We have shown that both GVS stimuli patterns (noisy and
sinusoidal) augment overall deficient PPN connectivity in PD.

FIGURE 5 | The overall PPN connectivity differences between GVS on (i.e.,

noisy and sinusoidal GVS condition) and GVS off (i.e., rest condition) in the PD

group.

Our results are consistent with previous studies demonstrating
GVS activation of vestibular afferents to basal ganglia (Visser and
Bloem, 2005; Stiles and Smith, 2015), which are also directed
to the midbrain locomotion network (Peppe et al., 2010). PET
studies in humans have also shown activation in the putamen in
response to vestibular stimulation (Bottini et al., 1994).
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We found differences in PPN network connectivity depending
upon the type of stimulus used. Noisy GVS significantly
decreased the functional connectivity between the left PPN
and right-pallidum in PD. The PPN receives strong inhibitory,
GABAergic inputs from the BG nuclei (GPi, STN, and SNr),
which have disrupted connectivity in PD (Pahapill and Lozano,
2000). In particular, previous studies suggest that the PPN may
be the principal target of pallidal outflow, since more than 80%
GPi neurons were found to send axonal branches to both the
PPN and thalamus in monkeys (Harnois and Filion, 1982). In
PD, the inhibitory GABAergic synaptic activities from the GPi
to the PPN is abnormally overactive, which may underlie the
akinesia and the gait problems seen in the PD (Pahapill and
Lozano, 2000). Taken together, these studies demonstrate the
important role of the PPN and pallidal connectivity in motor
and gait dysfunctions of PD. We demonstrated that noisy GVS
significantly decreased connectivity between the left PPN and

TABLE 3 | Statistics on significant left PPN connectivity changes induced by GVS

stimuli in the PD group.

Connectivity Type of Stimuli t-value p-value

Right pallidum Noisy GVS −2.32 0.015

Left inferior parietal Sinusoidal GVS 2.81 0.005

right-pallidum in PD (but not normal controls), which suggests
that potential benefits of GVS on balance in PD may be partly
mediated through attenuation of overactive pallidal inputs to the
PPN.

Noisy GVS also decreased connectivity between the right
PPN and the left cerebellar cortex. A DWI study found the
connectivity of the PPN region with the cerebellum, thalamus,
pallidum, and STN (Muthusamy et al., 2007). The cerebellum
functions that help control of movement, coordination, and
posture (Saab and Willis, 2003) are speculated to be associated
with the existence of the pathway with the PPN (Muthusamy
et al., 2007). The fact that prior studies have suggested a beneficial
effect of noisy GVS (Fujimoto et al., 2016) may indicate that
hyperactive PPN-cerebellar connections are partly “normalized”
with GVS.

TABLE 4 | Statistics on significant right PPN connectivity changes induced by

GVS stimuli in the PD group.

Connectivity Type of Stimuli t-value p-value

Left cerebellum cortex Noisy GVS −1.89 0.036

Right amygdala Noisy GVS 1.90 0.035

Left inferior parietal Noisy GVS 2.05 0.026

Left amygdala Sinusoidal GVS −2.09 0.024

FIGURE 6 | The GVS impact on the connectivity between the left PPN and PLS-derived regions in the PD group. The red areas represent the regions significantly

affected by noisy GVS. The green areas represent the regions significantly affected by sinusoidal GVS. The blue areas represent the regions with no significant

changes. The corresponding ROI names and significance values are labeled in the figure.
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FIGURE 7 | The GVS impact on the connectivity between the right PPN and PLS-derived regions in the PD group. The red areas (with three different color levels

indicating the different levels of significance values) represent the regions significantly affected by noisy GVS. The green areas represent the regions significantly

affected by sinusoidal GVS. The blue areas represent the regions with no significant changes. The corresponding ROI names and significance values are labeled in the

figure.

We also found that GVS increased the functional connectivity
between the left inferior parietal cortex and the right PPN (with
noisy stimuli) and left PPN (with sinusoidal stimuli). Previous
studies in non-human primates examining cortical inputs to the
pontine nuclei have supported the anatomical and functional
relationships between the PPN and the inferior parietal cortex
(May and Andersen, 1986; Martinez-Gonzalez et al., 2011).
Like the PPN, the left inferior parietal cortex is involved
in gait as well as visuospatial information processing, motor
planning, and preparation (Caspers et al., 2012). Imagining
normal gait activates the left inferior parietal lobule, in addition
to the precuneus and bilateral dorsal premotor cortex, the left
dorsolateral prefrontal cortex, and the right posterior cingulate
cortex (Malouin et al., 2003). The left inferior parietal cortex
appears to be especially related to FOG. Gray matter volume
in the left inferior parietal region is significantly reduced in
PD subjects with FOG patients compared to both PD subjects
without FOG and healthy controls (Kostić et al., 2012). Thus,
our result that noisy GVS increased the connectivity between the
PPN and the left inferior parietal cortex might suggest GVS could
improve gait difficulties in PD by augmenting the connectivity.

In the current study, one of the advantages is that we
performed analyses keeping each subject’s data in their original
space without warping the data to a common template. We are
frankly skeptical of fMRI studies suggesting robust activation

from brainstem structures (e.g., PPN) when data are spatially
transformed to a template, given the significant registration
errors that can occur to small brainstem nuclei during whole-
brain registration (Ng et al., 2009). In addition, we utilized PLS to
find the combination of PPN voxels on a subject-by-subject basis
that maximally corresponded with other ROIs. In effect, the first
column of Q in Equation (2) represents a subject-specific spatial
filter to “focus” the activity that maximally covaried with other
ROIs.

It is interesting that many of the abnormal connectivities that
we detected are lateralized, when balance might be considered a
“midline” function. Balance control and gait are asymmetrical in
patients with PD, and gait asymmetries have been linked to the
pathophysiology of FOG (Boonstra et al., 2014). The symptoms
of PD generally show an asymmetric onset and progression and it
has been proposed that this may lead to a degree of “unbalanced”
motor function, such that FOG is triggered by a breakdown in
the bilateral co-ordination underlying the normal timing of gait
(Plotnik et al., 2005).

There are a few limitations in our study. We examined a
relatively small number of PD patients. However, by carefully
selecting the PPN voxels via PLS on a subject-by-subject basis,
we expect that we have significantly enhanced our effect size,
and thus increasing our statistical power and thus increasing
our statistical power. PLS is one of the most widely used blind
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source separation (BSS) approaches which have largely benefited
the neuroscience studies (Ziegler et al., 2013; Chen et al., 2016,
2018; Smith and Nichols, 2018). In the future studies, we are
interested to further explore the effective voxel selections using
such data-driven approaches. We have shown GVS induced
changes in PPN connectivity in people with mild to moderate
PD but not in healthy controls. We speculate an “inverted-U”
shape of effectiveness of GVS as a function of disease severity:
in controls, GVS had minimal effect, in early/moderate PD, it
had some effect (shown here), and in severe disease, degeneration
in the PPN itself may prevent modulation of its connectivity.
Future work is required to further investigate the relationship
between disease severity and PPN connectivity and determine the
behavioral significance of this altered PPN connectivity. We do
note that we found a negative correlation between UPDRS scores
and overall PPN connectivity, yet still found robust modulation
of connectivity across all of our subjects.

The relation between behavioral gait measures (e.g., gait
variability) and ultimate falls risk—the most important issue
for people with PD—is an active area of research. Conceivably,
previously-described GVS improvements in balance may not
ultimately translate into reduced fall risk but such determination
would require a prospective trial in the future. We have focused
on the PPN because of its possible therapeutic implications,
but gait disturbances in PD likely involve several cortical
and subcortical structures. For example, PD patients have
decreased activity of the SMA during gait (Hanakawa et al.,
1999), and PD individuals have diminished pre-movement
electroencephalographic potentials originating from the SMA
prior to step initiation (Smith et al., 2012). Future studies to

assess connectivity changes modified by GVS in other supra-
spinal locomotion centers including SMA/pre-SMA may help to

guide the development of optimal stimuli on a subject-specific
basis.
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Idiopathic normal pressure hydrocephalus (iNPH) is characterized by a clinical triad (gait

disturbance, dementia, and urinary incontinence), and by radiological findings of enlarged

ventricles reflecting disturbance of central spinal fluid circulation. A diagnosis of iNPH is

sometimes challenging, and the pathophysiological mechanisms underlying the clinical

symptoms of iNPH remain largely unknown. Here, we used an emerging MRI technique,

resting-state functional connectivity MRI (rsfcMRI), to develop a subsidiary diagnostic

technique and to explore the underlying pathophysiological mechanisms of iNPH.

rsfcMRI data were obtained from 11 patients with iNPH and 11 age-matched healthy

volunteers, yielding rsfcMRI-derived functional connectivity (FC) from both groups. A

linear support vector machine classifier was trained to distinguish the patterns of FCs of

the patients with iNPH from those of the healthy volunteers. After dimensional reduction,

the support vector machine successfully classified the two groups with an accuracy

of 80%. Moreover, we found that rsfcMRI-derived FC carried information to predict

the severity of the triad in iNPH. FCs relevant to the classification of severity were

mainly based on interhemispheric connectivity, suggesting that disruption of the corpus

callosum fibers due to ventricular enlargement may explain the triad of iNPH. The present

results support the usefulness of rsfcMRI as a tool to understand pathophysiology of

iNPH, and also to help with its clinical diagnosis.

Keywords: resting-state functional connectivity MRI, idiopathic normal pressure hydrocephalus, functional

connectivity, supervised machine learning, support-vector machine, interhemispheric connectivity

INTRODUCTION

Idiopathic normal pressure hydrocephalus (iNPH) is a cryptogenic disorder characterized clinically
by a triad (gait disturbance, cognitive impairment and urinary incontinence), and radiologically by
enlarged cerebral ventricles because of non-obstructive disturbance of cerebrospinal fluid (CSF)
circulation (Ishikawa, 2004). The diagnosis of iNPH is important, because it is one of the few
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treatable dementias; namely, the clinical symptoms can be often
relieved by a shunt operation. Although typical iNPH shows
characteristic neuroradiological findings (Kitagaki et al., 1998;
Ishikawa et al., 2008; Mori et al., 2012), the diagnosis of iNPH
remains challenging in atypical cases, because no functional
biomarkers of iNPH have been established (Leinonen et al.,
2011; Jingami et al., 2015). The clinical guidelines of iNPH
in Japan recommend a “tap test” involving the drainage of
a small amount of CSF (30–50ml) by a lumbar puncture to
predict the effectiveness of a shunt operation. However, the
tap test has limitations: it is an invasive procedure and carries
some risks of adverse events, such as headache. Additionally,
although a positive tap test result has a high predictive value
for shunt operation outcomes, a negative result has a low
predictive value because of a high false negative rate (Sakakibara
et al., 2012). Thus, it is important to develop non-invasive and
reliable diagnostic methods for iNPH. In particular, a functional
neuroimaging method would not only help with a diagnosis of
iNPH, but would also provide insight into the pathophysiological
mechanisms of iNPH.

Recently, resting-state functional connectivity MRI (rsfcMRI)
has drawn attention as a tool to help with a clinical diagnosis
and the evaluation of neuropsychiatric disease. For rsfcMRI,
participants are not required to perform demanding cognitive
tasks, instead they only have to lie quietly in an MRI scanner.
This property is advantageous for the application of rsfcMRI to
patients with dementia, who might have difficulty in performing
cognitive tasks. In fact, rsfcMRI has recently been applied to
neuropsychiatric disorders (Greicius et al., 2004; Damoiseaux
et al., 2006; Zhang et al., 2010; Khoo et al., 2015; Takamura and
Hanakawa, 2017). In particular, Khoo et al. reported that resting-
state functional connectivity (RSFC) was reduced in the default
mode network (DMN) in iNPH patients, and that the reduction
of the RSFC in DMN was positively correlated with symptoms of
iNPH (Khoo et al., 2015). This pioneering study indicates that
RSFCs may provide a useful biomarker for the assessment of
iNPH. However, an alteration of RSFCs other thanDMN remains
unclear, because the analysis was limited to the DMN. Thus,
it is important to test the contribution of multiple large-scale
brain networks to the diagnosis of patients with iNPH. In this
regard, an emerging method for a multivariate RSFC analysis
is the application of machine-learning classification algorithms
(Craddock et al., 2009; Arbabshirani et al., 2013). For example,
Craddock and colleagues successfully applied support-vector
machine (SVM) classification to identifying a pattern of RSFCs
representing major depressive disorder (Craddock et al., 2009).
A previous study (Arbabshirani et al., 2013) demonstrated that
SVM with RSFC features could classify more accurately patients
with neuropsychiatric disease than other linear classification
methods. In addition, the SVM is particularly suitable to deal
with the classification task with limited number of the training
instances, and high feature dimensionality. This availability of
SVM is suitable to clinical neuroimaging studies where typically
just a limited number of dataset is available.

Recently, several researchers used SVM to examine the
diagnostic, and prognostic potential of structuralMRI, functional
MRI, and rsfcMRI in various areas of neurological, and

psychiatric disorders, including mild cognitive impairment,
probable dementia of Alzheimer type, major depression, bipolar
disorder, and schizophrenia (Chen et al., 2011; Costafreda et al.,
2011; Orru et al., 2012; Wee et al., 2012; Zeng et al., 2012).

However, to our knowledge, machine-learning classification
has not been applied to iNPH. A supervised machine-learning
classification algorithm uses multivariate datasets such as whole-
brain RSFC, and is able to classify the data into predetermined
categories (i.e., iNPH and healthy). Moreover, a multivariate
pattern analysis on RSFC has the potential to classify the severity
of disease, like the iNPH grading scale (iNPH-GS).

In this study, we applied SVM to rsfcMRI data to test
the hypothesis that differences in RSFCs might differentiate
between iNPH patients, and healthy volunteers, and might also
discriminate across the severity stages of iNPH symptoms.

METHODS

Participants
Eleven patients with iNPH (iNPH group; 5 male, 6 female;
average age ± SD: 78.2 ± 6.8 years) and 11 age-matched
healthy controls (HC group; 4 male, 7 female; average age ±

SD: 69.8 ± 13.6) participated in the study. The two groups
did not significantly differ in terms of age (two-sample t-test,
p = 0.07) or sex (chi-square test, p = 0.53). Nine out of
11 patients fulfilled the criteria for probable iNPH (Ishikawa,
2004; Yamashita et al., 2014): (1) age of 60 years or older; (2)
presence of at least one of the classic triad (gait disturbance,
cognitive impairment, and urinary incontinence); (3) ventricular
dilation with Evans’ index >.3; (4) normal CSF pressure and
content; (5) exclusion of other neurological or non-neurological
disorder; and (6) a positive CSF tap test. Two patients were
diagnosed as possible iNPH because the result of a CSF tap test
was equivocal. The general clinical status of the iNPH patients
was assessed with the iNPH grading scale (iNPH-GS) (Kubo
et al., 2008). The iNPH-GS grades the severity of three main
categories of symptoms (cognitive impairment, gait disturbance,
and urinary disturbance) with five levels ranging from 0 (normal)
to 4 (severe). Additionally, cognitive impairment was assessed
with the Mini-Mental State Examination (MMSE), and the
Frontal Assessment Battery (FAB). From the HC group, only the
MMSE was available. The score of the MMSE showed significant
differences between the iNPH group (22.8± 4.3, mean± SD) and
the HC group (28.9± 1.0) [T(20) = 3.93, p < 0.001]. The profiles
and clinical information of the iNPH patients are summarized in
Table 1.

The iNPH patients were enrolled at the Kitano Hospital and
the healthy participants were enrolled at the National Center of
Neurology and Psychiatry. All participants gave their informed
consent prior to their inclusion in the study according to the
study protocol approved by the institutional ethics committee.

rsfcMRI Acquisition
For rsfcMRI, the participants were scanned for 7 min with a 3T-
MRI system (Achieva 3.0TX, Philips Medical Systems, Best, The
Netherlands). The participants were asked to stay relaxed and to
close their eyes, but not to fall asleep, in a comfortable position
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TABLE 1 | Profiles of the iNPH patients and healthy controls.

Age group MMSE FAB iNPH-GS gait iNPH-GS cognition iNPH-GS urinary CSF tap test

iNPH1 80–85 17 10 3 3 0 Positive

iNPH2 80–85 25 11 2 1 1 Positive

iNPH3 70–75 22 10 2 2 0 Positive

iNPH4 70–75 16 9 3 3 3 Positive

iNPH5 76–80 19 6 3 2 2 Positive

iNPH6 70–75 28 13 2 2 2 Positive

iNPH7 80–85 25 6 2 2 0 Positive

iNPH8 66–70 29 13 1 2 0 Negative

iNPH9 76–80 25 17 1 1 0 Negative

iNPH10 76–80 25 16 2 2 4 Positive

iNPH11 86–90 20 12 2 3 2 Positive

iNPH (mean ± SD) 78.2 ± 6.8 22.8 ± 4.3 11.2 ± 3.5 2.1 ± 0.7 2.1 ± 0.7 1.3 ± 1.4

Control (mean ± SD) 69.8 ± 13.6 28.9 ± 1.0 NA NA NA NA NA

MMSE, Mini-Mental State Examination; FAB, Frontal Assessment Battery; iNPH-GS, idiopathic normal pressure hydrocephalus grading scale; NA, not available.

within the scanner. They were also instructed not to think about
anything in particular, and not to imagine specific figures or
scenes. RsfcMRI data were acquired with a T2

∗-weighted echo-
planer imaging (EPI) sequence using the following parameters:
repetition time (TR) = 3,000 ms, echo time (TE) = 30 ms, flip
angle (FA) = 90◦, 3-mm slice thickness with a 1-mm gap, voxel
size = 1.875 × 1.875 × 3 mm, and 34 slices (descending order).
In total, 120 volumes were acquired, and the first 4 volumes were
discarded to exclude signal changes arising from T1 saturation
effects.

Extracting Functional Connectivity
Preprocessing of the rsfcMRI data was conducted with Statistical
Parametric Mapping 8 (SPM8, Well-come Department of
Imaging Neuroscience, London, UK) implemented on MATLAB
(MATHWORKS, Inc., MA, USA). After slice-timing correction
was applied to the EPI images, the images were realigned to
the first image, using a rigid-body transformation for correcting
head motion. Then, the images were spatially normalized to the
EPI image template conforming to the Montreal Neurological
Institute (MNI) space, using the SPM normalization algorithm.
These normalized images were resampled to a 3 × 3 × 3-
mm3 voxel size. The normalized EPI images were then spatially
smoothed with an isotropic Gaussian kernel of 6-mm full
width at half maximum. In addition, we computed gray matter,
white matter and cerebrospinal fluid (CSF) images as binary
masks for later use. High-quality three-dimensional anatomical
images were available for the healthy controls, but not for
the iNPH patients due to the limitation of scanning time. To
avoid introducing a bias to the WM/CSF mask images between
the groups, we directly segmented the normalized EPI images
into GM, WM, and CSF images in both groups, by using a
segmentation algorithm implemented in SPM8. The purpose of
the segmentation here was to create masks for WM and CSF to
compute signals to be regressed out from the data (denoising).
This is recommended for the analysis of rsfMRI since signals
from CSF and WM produce pseudo-correlations, resulting in

non-zero mean and large standard deviations of the functional
connectivity data (Whitfield-Gabrieli and Nieto-Castanon, 2012)
For the quality check of our de-noising procedure using the
EPI-derived WM, and CSF masks, we computed the degree to
which false correlation was corrected by removing the signal
fromWM, and CSF. The QC results showed that the distribution
of correlation coefficients was reasonably corrected to nearby
zero mean and small standard deviation (before removal; average
of mean = 0.18, average of standard deviation = 0.40, after
removal; average ofmean= 0.09, average of standard deviation=
0.21). Judging from this QC result, we believe that segmentation
procedure has providedWM/CSF signals of reasonable quality to
reduce the pseudo-correlation.

After these preprocessing steps, the CONN toolbox
(Whitfield-Gabrieli and Nieto-Castanon, 2012) was used
for conducting a region-of-interest (ROI)-to-ROI analysis to
compute RSFC, indexing the degree of correlation between MRI
signal time-courses in each pair of ROIs. For defining ROIs,
90 ROIs were defined according to the automated anatomical
labeling (AAL) template implemented in the WFU Pickatlas
(Tzourio-Mazoyer et al., 2002; Maldjian et al., 2003). First,
we used standard AAL ROIs to compute FC. However, in
this procedure, some ROIs overlapped the enlarged ventricles
only in the iNPH group. To reduce the effects of the ventricle
enlargement onto signals from ROIs, we next created modified
AAL ROIs, by removing the intersection of the AAL, and
the iNPH ventricle template. The iNPH ventricle template
represented a map of voxels affected by enlarged ventricle in a
group of iNPH patients compared with a group of healthy elderly
subjects (Yamashita et al., 2010). We applied the same set of the
modified AAL ROIs to the iNPH patients and healthy subjects.
Because the results of SVM classification were essentially the
same between the standard and modified AAL versions, we
only described the results from the modified AAL approach
for simplicity. For the removal of signals of no interest, signals
correlated with six motion parameters from the realignment
procedure and signals derived from the entire WM and CSF
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mask were regressed out in each participant, by using a general
linear model-based multiple regression.

After that, a signal time-series averaged across voxels was
extracted from each ROI. Next, all of the confound-removed time
course data underwent band-pass filtering of 0.001–0.1Hz. Then,
the correlation coefficient of the BOLD signal time-course was
computed between all the pairs of ROIs, and Fisher’s z-transform
was applied for each coefficient, yielding an FC matrix including
all the ROI pairs in each participant.

Classification Analysis Using
Support-Vector Machine
We tested whether RSFC information could classify each
participant into the iNPH group or the HC group. To do so, we
used a linear SVM, a machine-learning algorithm implemented
in the e1071 machine-learning package of R version 3.1.3. SVM
is a method for classifying data consisting of multi-dimensional
features. SVM labels each data input by computing a hyperplane
that best classifies the data in the feature space. Under the context
of supervisedmachine learning, SVM identifies the closest data to
a hyperplane as sample (or representative) data, and reconfigures
the hyperplane to maximize the distance between the sample
data with different labels. We used a z-transformed FC between
each ROI pair as a feature and computed weights on the FC for
successful classification of the iNPH and HC groups. We also
tested if RSFC was able to predict the severity of iNPH patients
(i.e., iNPH-GS). For the prediction of iNPH-GS, multi-class SVM
with a one-against-all classificationmethodwas used. Because the
iNPH-GS score of iNPH participants in the present cohort varied
from 0 to 3 in the gait assessment, from 0 to 3 in the cognitive
assessment, from 0 to 4 in the urinary assessment, these scores
were set as a label for classification. Because of the limited number
of participants, we included data from healthy volunteers for the
training of SVM. Because iNPH-GS assessment was not available
for the HC group, the label of these data was assumed to be 0
(normal). First, all the FC pairs were fed in to the SVM algorithm
in both analyses as feature quantity. All of the features were scaled
internally to zero mean and unit variance. The SVM model was
constructed with parameters as follows: linear kernel function,
C-classification algorithm, and cost factor = 1. Also, to avoid a
bias arising from the asymmetry of labels, we defined class the
weight vector as 1 divided by number of each labels (Chang and
Lin, 2011). Second, we used a feature selection method with a
t-test filter to reduce the feature dimension in view of the excess
of features against the number of data samples (Craddock et al.,
2009). For the t-test filter, we applied a two-sample t-test on the
FC comparing between iNPH and HC, and then employed FC
with a difference (p-value threshold= 0.05). To validate the SVM
model for predicting a new data set, we employed a leave-one-out
cross validation (LOOCV) procedure. In the LOOCV analysis, an
SVM was trained with FC from a randomly selected 21 out of
the 22 participants. After learning, the performance of the SVM
classifier was tested to classify the remaining participant. After
this procedure was repeated until the FC from every participant
had become the test data, we calculated the classification accuracy
as the number of correct labels divided by the number of LOOCV

tests. To evaluate the specificity of classification accuracy for
iNPH patients, we limited the LOOCV test round to the data
derived from the iNPH patients in the iNPH-GS classification.
A binomial test was used to determine the significance of the
classification accuracy.

RESULTS

Classification between iNPH and HC
When the SVM was trained with all 4,005 pairs of the FC
(no feature selection), the classifier was able to distinguish
iNPH from HC with an accuracy of 63% (Figure 1), which was
not significantly different from chance level (binominal test,
14 of 22 LOOCV tests, p = 0.28). However, when the SVM
was trained with 476 features after the feature selection (t-test
filtering), classification accuracy was 81% (Figure 1), which was
significantly above chance level (18 of 22 tests, p < 0.01).

To clarify which FC was important for the classification, we
assessed SVM weights, representing the degree of contribution
of each FC to the classification. We found that relatively high
weights were placed onto the FC between the left superior
temporal pole and left inferior frontal operculum, the bilateral
insula, the left middle temporal pole, and right hippocampus,
the right superior medial frontal cortex, and left superior
orbitofrontal cortex, and the left paracentral lobule, and left
medial frontal cortex. Interhemispheric connectivity accounted
for more than half (56%) of the FCs that contributed to the
classification after the t-test filtering. Figure 2, Table 2 show the
top 20 FC with high-level weights. These 20 weights accounted
for 15.6% of the total weights.

Prediction of iNPH-GS
We next tested whether the RSFCs contained information about
the severity of iNPH-related symptoms. Specifically, we applied
SVMwith LOOCV to FCs to predict the level of gait disturbance,

FIGURE 1 | Classification accuracy without (left) and with (right) future

selection. Error bars mean 95% confidence interval from a binomial test.

Frontiers in Neuroscience | www.frontiersin.org September 2017 | Volume 11 | Article 47056

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


Ogata et al. RSFC Predicts Severity of iNPH

FIGURE 2 | Top 20 functional connectivity pairs contributing to the classification between iNPH and HC groups in the views from the left (left), top (middle), front

(right). The spheres represent the barycenter of ROIs, and the lines connecting spheres stand for edges with high SVM weights listed in Table 2. The thickness of the

lines represents relative SVM weights.

TABLE 2 | SVM weights contributing to the classification of iNPH and HC.

Functional connectivity Weight of SVM

L superior temporal pole–L inferior frontal operculum 0.0072

R insula–L insula 0.0064

L middle temporal pole–R hippocampus 0.0061

R superior frontal gyrus, medial orbital–L superior frontal

gyrus, orbital part

0.0059

L paracentral lobule–L medial frontal cortex 0.0059

L inferior occipital gyrus–L gyrus rectus 0.0058

L insula–R supplementary motor area 0.0058

R postcentral gyrus–L postcentral gyrus 0.0055

R inferior temporal gyrus–R inferior parietal gyrus 0.0054

L paracentral lobule–R gyrus rectus 0.0053

L pallidum–L olfactory cortex 0.0052

L insula–L supplementary motor area 0.0049

L calcarine fissure–L gyrus rectus 0.0048

R parahippocampal gyrus–L median cingulate gyrus 0.0047

R inferior temporal gyrus–R middle frontal gyrus 0.0046

R middle temporal gyrus–R thalamus 0.0046

L superior temporal gyrus–L supplementary motor area 0.0045

L inferior frontal gyrus, opercular part–R middle frontal

gyrus

0.0045

L thalamus–R rolandic operculum 0.0044

R hippocampus–L olfactory cortex 0.0043

cognitive impairment and urinary incontinence as indexed by
iNPH-GS. This was done after the feature selection by applying
t-test filtering comparing the two groups as described above.
We found that FC contained significant information concerning
the severity of iNPH (Figure 3). Classification accuracy was
significantly higher than chance when we limited the test round
to the data derived from the iNPH patients: 81% for the iNPH-GS
cognition (9 out of 11 tests, p< 0.05 by a binominal test), 55% for
the iNPH-GS gait (6 out of 11 tests, p < 0.001), and 72% for the
iNPH-GS urinary score (8 tests of 11 tests, p < 1.0× 10−7).

FIGURE 3 | Classification accuracy for severity of iNPH symptoms when we

limited the test round to the data derived from the iNPH patients, using

functional connectivity as the classification feature. Error bars mean 95%

confidence interval of binomial test.

For all the three symptoms, the assessment of SVM
weights indicated the importance of inter-hemispheric functional
connectivity. The top 30 FCs with high contributions to
classification are shown inTables 3–5; Figure 4. The sum of these
top 30 weights accounts for 16.9% of the total weights for iNPH-
GS gait, 16.4% for iNPH-GS cognition, and 15.0% for iNPH-GS
urinary incontinence.

To confirm the significance of inter-hemispheric FC for
classification, we calculated the sum of weights of inter-
hemispheric FC and that of intra-hemispheric FC, all of which
contributed to the prediction of iNPH-GS (Table 6).

The results showed greater contribution of the inter-
hemispheric FC than that of the intra-hemispheric FC
significantly for gait (p = 0.02, Wilcoxon rank-sum test),
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TABLE 3 | SVM weight for classification with iNPH grading scale for gait

disturbance.

Functional connectivity Weight of SVM

iNPH-GS gait

R postcentral gyrus–L postcentral gyrus 0.048

R paracentral lobule–L paracentral lobule 0.047

R median cingulate gyri–L median cingulate gyri 0.047

R superior frontal gyrus, medial orbital–L superior

frontal gyrus, medial orbital

0.046

R cuneus–R calcarine fissure 0.046

R superior frontal gyrus, medial orbital–R superior frontal

gyrus, dorsolateral

0.042

R cuneus–L calcarine fissure 0.041

L superior occipital gyrus–L calcarine fissure 0.039

R paracentral lobule–R supplementary motor area 0.038

R inferior frontal gyrus, orbital part–L inferior frontal

gyrus, orbital part

0.036

R supplementary motor area–R precentral gyrus 0.036

L paracentral lobule–R supplementary motor area 0.036

L paracentral lobule–R postcentral gyrus 0.036

R angular gyrus–R middle frontal gyrus, orbital part 0.035

L supplementary motor area–L precentral gyrus 0.034

R supplementary motor area–L precentral gyrus 0.033

R inferior temporal gyrus–L inferior temporal gyrus 0.032

R postcentral gyrus–R supplementary motor area 0.032

L paracentral lobule–R precentral gyrus 0.031

L superior frontal gyrus, medial orbital–R superior

frontal gyrus, dorsolateral

0.030

R rolandic operculum–L rolandic operculum 0.030

R inferior frontal gyrus, opercular part–R middle frontal gyrus 0.030

R insula–L insula 0.030

R middle temporal gyrus–L superior temporal gyrus 0.030

R precuneus–R superior frontal gyrus, dorsolateral 0.028

R superior frontal gyrus, medial orbital–R middle frontal gyrus 0.028

R hippocampus–L hippocampus 0.028

L middle frontal gyrus, orbital part–L superior frontal gyrus,

orbital part

0.028

R inferior frontal gyrus, opercular part–L inferior frontal

gyrus, opercular part

0.028

L inferior frontal gyrus, orbital part–L superior frontal gyrus,

orbital part

0.028

Bold fonts indicate interhemispheric connectivity.

cognition (p = 0.002), and marginally for urinary symptoms
(p= 0.07).

DISCUSSION

The SVM classifier, combined with feature selection, was able
to learn differences in high-dimensional FCs between the iNPH
patients, and the healthy controls, thereby successfully classifying
each participant with an accuracy of 80%. Considering the
importance, and difficulty of a clinical diagnosis of iNPH,
rsfcMRI is promising as a tool for providing a biomarker for the
diagnosis of iNPH. Furthermore, the assessment of the spatial

TABLE 4 | SVM weight for classification with iNPH grading scale for cognitive

impairment.

Functional connectivity Weight of SVM

iNPH-GS cognition

R superior frontal gyrus, medial orbital–L superior

frontal gyrus, medial orbital

0.053

R superior frontal gyrus, medial orbital–R superior frontal

gyrus, dorsolateral

0.050

R median cingulate gyri–L median cingulate gyri 0.049

R postcentral gyrus–L postcentral gyrus 0.047

R paracentral lobule–L paracentral lobule 0.046

R cuneus–R calcarine fissure 0.045

R cuneus–L calcarine fissure 0.041

R insular cortex–L insular cortex 0.041

L superior occipital gyrus–L calcarine fissure 0.038

L supplementary motor area–L precentral gyrus 0.038

R supplementary motor area–R precentral gyrus 0.036

R precuneus–R angular gyrus 0.036

R inferior frontal gyrus, orbital part–L inferior frontal

gyrus, orbital part

0.036

R angular gyrus–R middle frontal gyrus, orbital part 0.035

L paracentral lobule–R supplementary motor area 0.035

R paracentral lobule–R supplementary motor area 0.034

R angular gyrus–R posterior cingulate gyrus 0.034

R hippocampus–L hippocampus 0.033

L paracentral lobule–R postcentral gyrus 0.033

R rolandic operculum–L rolandic operculum 0.033

R inferior frontal gyrus, opercular part–R middle frontal gyrus 0.033

R superior frontal gyrus, medial orbital–R middle frontal gyrus 0.033

L middle frontal gyrus, orbital part–L superior frontal gyrus,

orbital part

0.032

L superior frontal gyrus, medial orbital–R superior

frontal gyrus, dorsolateral

0.032

R precuneus–R superior frontal gyrus, dorsolateral 0.032

R postcentral gyrus–R supplementary motor area 0.032

R inferior frontal gyrus, opercular part–L inferior frontal

gyrus, opercular part

0.031

R middle temporal gyrus–R precuneus 0.031

R supplementary motor area–L precentral gyrus 0.030

L precuneus–R superior frontal gyrus, dorsolateral 0.029

Bold font indicates interhemispheric connectivity.

distribution of FC contributing to classification has shed light on
the pathophysiology of iNPH.

FCs having relevance to the classification of iNPH included
the superior temporal pole, middle temporal pole, insula,
orbitofrontal cortex, and medial frontal cortex. Almost all of
these areas were located near the enlarged cerebral sulci (i.e.,
increased CSF space) in iNPH patients as shown in a previous
voxel-based morphometry study (Yamashita et al., 2010, 2014).
In a study by Lenfeldt et al. (2008), the left dorsal premotor
cortex and bilateral supplementary motor areas (SMA) showed
enhanced activation during hand motor task performance after
a three-day continuous CSF drainage in iNPH patients (Lenfeldt
et al., 2008). In the present study, FC between insula and SMA,
and between bilateral postcentral gyri showed relatively high
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TABLE 5 | SVM weight for classification with iNPH grading scale for urinary

incontinence.

Functional connectivity Weight of SVM

iNPH-GS urinary

R superior frontal gyrus, medial orbital–L superior

frontal gyrus, medial orbital

0.047

R median cingulate gyri–L median cingulate gyri 0.043

R superior frontal gyrus, medial orbita–R superior frontal

gyrus, dorsolateral

0.042

R postcentral gyrus–L postcentral gyrus 0.036

R paracentral lobule–L paracentral lobule 0.035

R superior frontal gyrus, medial orbital–R middle frontal gyrus 0.034

R cuneus–R calcarine fissure 0.034

R cuneus–L calcarine fissure 0.034

R hippocampus–L hippocampus 0.032

R insular cortex–L insular cortex 0.032

R inferior frontal gyrus, orbital part–L inferior frontal

gyrus, orbital part

0.032

R precuneus–R superior frontal gyrus, dorsolateral 0.032

R inferior frontal gyrus, opercular part–R middle frontal gyrus 0.031

L superior frontal gyrus, medial orbital–R superior

frontal gyrus, dorsolateral

0.031

L supplementary motor area–L precentral gyrus 0.030

R angular gyrus–R middle frontal gyrus, orbital part 0.030

L precuneus–R superior frontal gyrus, dorsolateral 0.029

R supplementary motor area–R precentral gyrus 0.029

L superior occipital gyrus–L calcarine fissure 0.028

R inferior frontal gyrus, opercular part–L inferior frontal

gyrus, opercular part

0.028

L paracentral lobule–R supplementary motor area 0.028

L inferior frontal gyrus, orbital part–L superior frontal gyrus,

orbital part

0.028

L inferior frontal gyrus, opercular part–L middle frontal gyrus 0.028

L paracentral lobule–R postcentral gyrus 0.027

R middle temporal gyrus–R superior frontal gyrus, dorsolateral 0.027

R rolandic operculum–L rolandic operculum 0.027

R angular gyrus–R posterior cingulate gyrus 0.027

L paracentral lobule–R precentral gyrus 0.026

R postcentral gyrus–R supplementary motor area 0.026

L postcentral gyrus–R supplementary motor area 0.026

Bold font indicates interhemispheric connectivity.

contribution to the classification of iNPH, and HC as indexed
by the SVM weights. Additionally, it is suggested that that the
effectiveness of CSF drainage possibly results from the reversal
of subcortical chronic ischemia, especially in the periventricular
zones (Momjian et al., 2004; Malm and Eklund, 2006; Lenfeldt
et al., 2008). Our results suggest that the contribution of
periventricular areas to the iNPH-HC classification may indicate
the abnormality of these FCs because of the compression of fiber
connections by enlarged ventricles.

Moreover, the prediction of iNPH-GS indicated the relevance
of inter-hemispheric connectivity to the discrimination of
the triad: gait disturbance, cognitive impairment, and urinary
incontinence. This finding is consistent with the idea that damage

to the inter-hemispheric connections via the corpus callosum
may underlie the pathophysiology of iNPH. A majority of
previous diffusion tensor imaging studies have observed lower
fractional anisotropy (FA) values in the corpus callosum in iNPH
patients than in normal controls. For instance, Koyama et al.
showed that there was a conspicuous decline in FA values in the
corpus callosum in iNPH patients, and that the degree of FA
reduction was associated with the severity of gait disturbance,
which is the most frequent clinical manifestation of iNPH
(Koyama et al., 2012, 2013). Consistent with this result, the
reduction of FA in the corpus callosum is correlated with gait
disturbance and cognitive decline in patients with age-related
white matter changes (Iseki et al., 2015). In this study, the corpus
callosum connections are suggested to mediate information
relevant to gait planning.

Previous imaging studies suggest that the micturition center is
located in the pons, and that SMA is involved in the inhibitory
control of the micturition reflex (Fukuyama et al., 1996; Zhang
et al., 2005). Because we did not include the pons in the ROI
set, the results of the present study would mainly reflect the
decline of functional connections to and from the SMA related
to the inhibitory control of micturition. The insular cortex and
cingulate cortex are thought to be involved in the regulation
of the bladder filling sensation and void control (Fowler et al.,
2008; de Groat et al., 2015). In our results, the interhemispheric
connectivity of cingulate cortex, and insular cortex showed
respectively high weights for iNPH-GS urinary classification (see
Table 5).

To account for cognitive impairment in iNPH, the present
finding of inter-hemispheric disconnectivity in iNPH is
consistent with the findings that the severity of Alzheimer’s
disease is correlated with the reduction of volume and FA in the
corpus callosum (Chaim et al., 2007; Tomaiuolo et al., 2007).
Additionally, Khoo and coworkers have demonstrated that the
reduction of RSFC in the DMN was positively correlated with
iNPH-GS cognition and urinary incontinence in the iNPH
patients (Khoo et al., 2015). Consistent with this result, the
present study showed that interhemispheric connectivity in
the medial orbital part of the superior frontal gyrus, a part
of the DMN, had high weight for all symptoms for iNPH-GS
classification. Several researchers reported that white matter
alterations in NPH include not only the reduction of FA, but
also the alteration of mean diffusivity (MD) and radial diffusivity
(RD) (Hattingen et al., 2010; Kanno et al., 2011). In addition,
a recent study by Horinek et al. demonstrated reduced FA in
the corpus callosum and increased FA, MD, and RD in the
cortico-fugal fibers in NPH patients (Horinek et al., 2016). It is
possible that the alteration of interhemispheric FC in the iNPH
patients shown here is founded on the structural changes of
the white matter indexed by those diffusion measures. In sum,
the present study suggests the importance of interhemispheric
functional connectivity in accounting for the triad of iNPH. For
the treatment of iNPH, it is well-recognized that the symptoms
are relievable by a shunt operation. The improvement of iNPH
triads by CSF drainage can be explained by the idea that a shunt
operation releases the compression of the corpus callosum and
restores the inter-hemispheric functional connectivity. In a study
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FIGURE 4 | Top 30 functional connectivity with higher SVM weights in classification for iNPH grading scale as viewed from the left (left), top (middle), and front

(right). Spheres represent the barycenter of each ROI, and lines between spheres stand for connections that showed higher SVM weights listed in Tables 3–5.

TABLE 6 | Sum of SVM weights from inter-hemispheric and intra-hemispheric

connectivity contributing to prediction of iNPH-GS.

iNPH-GS

gait

iNPH-GS

cognition

iNPH-GS

urinary

Inter-hemispheric connectivity 3.361 3.568 4.057

Intra-hemispheric connectivity 2.873 3.190 3.441

by Scheel et al. (2012), abnormality of the corpus callosum FA in
iNPH patients showed a trend toward normalization following
shunt surgery. It is likely that the enlarged ventricles compressed
the corpus callosum, affecting inter-hemispheric functional
connectivity. The present findings also suggest that the degree of
such compression and the resulting functional disconnectivity
are correlated with the severity of iNPH symptoms.

This study has several limitations. First, the present data
are derived from a relatively small number of participants.
Moreover, we acquired data with the sameMRI aperture and EPI
sequences, but in different hospital sites. This was for a purely
practical reason; scanning of the healthy population was not
possible in one hospital, and iNPH patients were not available
in the other hospital. It is possible that differences in the sites
affected the characteristics of the MRI data, because between-
site reliability might be relatively low compared with test-retest
reliability (Friedman et al., 2008). However, Turner and collages
carried out a multi-site rsfcMRI study on schizophrenia patients,
and suggested that critical RSFC information important for
disease classification was preserved when the scanner model,
and scanning parameters were the same. In the present study,
we used the same MRI model, and scanning parameters.
Therefore, we believe that the difference in site did not critically
impair the RSFC information important for the disease/severity
classification.

Second, we were not able to associate the present findings
with the information regarding treatment of iNPH, such as

responsiveness to a CSF tap test. Aoki et al. (2013, 2015)
found that responders to a shunt operation showed higher
variance in the power of beta-frequency electroencephalography
oscillations in the right fronto-temporo-occipital region than
non-responders. Because a CSF tapping test is an invasive
procedure and carries some risks of adverse events, we agree that
predicting the responsiveness to a CSF tap test beforehand is of
clinical benefit. However, we only had two negative responders
to a tap test, precluding further analysis between responders,
and non-responders. The question of whether rsfcMRI-derived
functional connectivity can predict the responsiveness to CSF
drainage should be tested in the future.

Finally, it may be possible to enhance classification accuracy
by improving the machine-learning algorithm. Recently, many
methods have been proposed such as linear discrimination
analysis, random forest, and sparse logistic regression (Yamashita
et al., 2008). We used SVM for the machine-learning classifier,
because SVM does not need many samples under the condition
that the number of feature dimensions is optimally reduced
(Hua et al., 2005). Moreover, classification accuracy may be
further improved by optimizing the cost function, kernel
type, and classification algorithm. However, considering the
computational cost, the exploration of the huge parameter
space is beyond the scope of the present study. Future
challenges include the improvement of classification accuracy
by optimizing the classifiers and feature selection methods.
Future challenges include the improvement of classification
accuracy by optimizing the classifiers and feature selection
methods.

CONCLUSION

In conclusion, a machine-learning algorithm combined with
rsfcMRI data was able to discriminate between patients
with iNPH and elderly controls. This result indicates
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that iNPH patients have abnormalities in the RSFC,
especially in inter-hemispheric functional connectivity, which
contributed to the classification of clinical stages. RsfcMRI
may have the potential to discriminate iNPH from other
neurological diseases, contributing to a differential diagnosis
of iNPH.
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Anodal direct current stimulation (DCS) of the cerebellum facilitates adaptation tasks, but

the mechanism underlying this effect is poorly understood. We have evaluated whether

the effects of DCS effects depend on plasticity of cerebellar Purkinje cells (PCs). Here, we

have successfully developed a mouse model of cerebellar DCS, allowing us to present

the first demonstration of cerebellar DCS driven behavioral changes in rodents. We

have utilized a simple gain down vestibulo-ocular reflex (VOR) adaptation paradigm, that

stabilizes a visual image on the retina during brief head movements, as behavioral tool.

Our results provide evidence that anodal stimulation has an acute post-stimulation effect

on baseline gain reduction of VOR (VOR gain in sham, anodal and cathodal groups are

0.75 ± 0.12, 0.68 ± 0.1, and 0.78 ± 0.05, respectively). Moreover, this anodal induced

decrease in VOR gain is directly dependent on the PP2B medicated synaptic long-term

potentiation (LTP) and intrinsic plasticity pathways of PCs.

Keywords: tDCS, LTP, purkinje cell, vor, cerebellum

INTRODUCTION

Transcranial direct current stimulation (tDCS) modulates cerebellar dependent motor learning
tasks (Jayaram et al., 2012; Hardwick and Celnik, 2014; Herzfeld et al., 2014; Avila et al., 2015) by
applying a weak constant electrical current (amplitude <2 mA) through scalp electrodes. This
technique allows us to stimulate the target region by the positive (anodal) or negative (cathodal)
current (Das et al., 2016). Data collected in humans suggests that polarity specific effects of
tDCS may be obtained by changing cerebellar cortical excitability (Galea et al., 2009). However,
the mechanism behind tDCS dependent modulation of motor learning is unclear (Das et al.,
2016). To optimally use tDCS in various cerebellar dependent motor learning disorders, a better
understanding of mechanisms is vital (Ivry and Spencer, 2004; Xu-Wilson et al., 2009; Bastian,
2011; Hardwick and Celnik, 2014; Benussi et al., 2015).
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Various animal models of DCS (direct current stimulation
that is not transcranial) serve in exploration of the mechanism
of tDCS (Creutzfeldt et al., 1962; Bindman et al., 1964; Purpura
and Mcmurtry, 1965). In these models, a small part of the skull
is removed at the site of stimulation in order to reduce the
inter-subject variability of transcranial-conductance.

Our current study aims to explore the mechanism of action
of DCS on cerebellar learning. To probe polarity specific effects
of DCS on cerebellar learning, we employed a gain-down
vestibulo-ocular reflex (VOR) adaptation task. The VOR aims
to compensate for head movement by making an eye movement
in the opposite direction, in order to stabilize the image on the
retina (Probst et al., 1986). This compensatory eye movement
can be adapted based on mismatched visual input, a process
that requires the cerebellum (Kawato and Gomi, 1992). Here
we presented a sinusoidal optokinetic stimulation by using a
360◦ virtual environment and vestibular stimulus by using a
turntable in phase, resulting in a decrease of the response to
the same vestibular stimulus in the dark (Tempia et al., 1991).
The turntable mimics the head movement while the movement
direction of the virtual environment demands orientation specific
compensation of the eye movement (similar to the natural
environment).

The gain-down adaptation of the VOR (Tiliket et al.,
1993) may depend partly on both the cerebellar flocculus
and the downstream vestibular nuclei (VN) (Lisberger and
Fuchs, 1974; Ito, 1982). To test the importance of Purkinje
cell (PC) plasticity in polarity-specific DCS modulation, we
investigated L7-PP2B mice, lacking postsynaptic and intrinsic
plasticity of PC (Schonewille et al., 2010). Our prediction
is that at least some DCS effects (caused either by anodal
or cathodal stimulation) would be compromised in this
mutant because DCS has an extensive modulatory role on
PC dendrites (Chan and Nicholson, 1986; Chan et al.,
1988).

A rodent model of DCS has been validated in cortical
spreading depression (Liebetanz et al., 2006a) and epilepsy
(Liebetanz et al., 2006b). Anodal stimulation of frontal cortex
enhances the Blood-oxygen-level dependent (BOLD) signal, an
indication of higher neuronal activity (Takano et al., 2011).
Furthermore, DCS alters neocortical plasticity not only by
altering pre-synaptic sensitivity (Márquez-Ruiz et al., 2012) but
also by promoting brain-derived neurotrophic factor (BDNF)
dependent long-term potentiation (LTP) (Fritsch et al., 2010). As
the plasticity mechanisms of the cerebellar cortex are different
from those in neocortex (Hansel, 2005; Lamont and Weber,
2012) there is ample justification for an animal model of
cerebellar DCS. Moreover, the cerebellum is ideal to identify
the mechanism(s) of DCS because—(i) the structure of rodent
cerebellum is clear and accessible, (ii) the plasticity mechanisms
are well studied, and (iii) there is a wide range of mutant mouse
models available to test which pathways are functionally relevant
(De Zeeuw et al., 2011). Therefore, the present study focuses
not only on developing an animal model of cerebellar DCS but
also utilizes one of the most important mutant mouse models to
unravel the role of PC plasticity inmediating DCS effects on VOR
adaptation.

METHODS

Summary of Methodology
C57BL/6 (wild type, N = 24) and L7-PP2B (LTP deficient
mutants, N = 22) mice were implanted with a DCS-implant for
administration of DCS over the cerebellum. DCS was applied to
separate groups of mice as anodal, cathodal or sham-stimulation.
Eye movements were recorded using an infrared-sensitive CCD
camera during horizontal VOR gain-down adaptation learning.
In testing sessions, the eye response to vestibular stimulation,
i.e., the motion of the table, (amplitude of 5◦ at 1Hz frequency)
in the dark was recorded. In training sessions, vestibular and
visual stimulation (amplitude of 5◦ at 1Hz frequency) were
coupled so as to cause reduction of the VOR gain. Two baseline
test sessions were followed by 10min of DC stimulation and
then by an additional baseline test session. There were then 5
training sessions of 5min each, each followed by a test session.
We subsequently compared the reduction of VOR gain in the
different stimulation groups and across strains.

Experimental Paradigm
Mice were habituated to the experimental apparatus for a
minimum of 2 days to reduce the novelty-induced anxiety and
restrain-stress after they recovered from the surgery.

Each experiment consisted of 8 test (T) and 5 training (Tr)
sessions. The duration of each test session was 1min, and the
duration of each training session was 5min. In test sessions, a
sinusoidal vestibular stimulation which was generated by moving
the table with a 5◦ amplitude at 1Hz frequency, was applied in the
dark. Eye movements were recorded simultaneously. In training
sessions, in phase vestibular and optokinetic sinusoidal stimuli
(5◦ amplitude at 1Hz frequency) were given (Figure 1A), in
order to reduce the VOR gain. Eyemovements were continuously
recorded.

Every experiment was initiated by two baseline measurements
of VOR (T1 and T2). Then the mice were randomly
divided into 3 groups, and received anodal, cathodal or
sham DC stimulation. The current amplitude was ramped
up over 30 s to 113.2 µA and kept constant for 10min
(positive polarity for the anodal group, negative polarity
for the cathodal group). For the sham group, amplitude
was then immediately ramped down (over 30 s) while for
the anodal and cathodal groups current was maintained for
10min of stimulation. After the stimulation, another session
of testing (T3) was conducted and then gain-down adaptation
learning training was initiated. A testing session was conducted
to calculate the learning rate after every training session
(Figure 1A).

Experimental Procedure
Animals
C57BL/6 (N = 24) mice were acquired from Charles River
laboratories, Inc. (Wilmington, MA, USA). L7-PP2B mutants
(N = 22) were bred in Erasmus MC, Rotterdam. Mouse lines
used in this study have been described previously (Schonewille
et al., 2010). Three to four mice were caged together in
temperature-regulated (22± 1◦C) housing with a 12:12 light-day
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FIGURE 1 | Experimental paradigm and set up (A) Schematic diagram of the experimental paradigm. T represents a testing session during which the animal is

exposed to VOR in the dark by moving the turntable in a sinusoidal manner (5◦ amplitude at 1Hz). Tr represents the training session during which the animal is

presented with a sinusoidal visual cue which is in phase with the table movement. After two testing sessions (T1 and T2) the animals were randomly assigned to the

anodal (An), cathodal (Ca) or sham (Sh) stimulation group. (B) Schematic diagram of the experimental apparatus. Top down view describes the position of the mouse

in relation to the virtual environment created by three projectors.

FIGURE 2 | DCS location and procedure (A) Schematic representation of craniotomy for placement of implant over the cerebellum of a mouse brain. (B) Craniotomy.

Anatomical location for the DCS-implant placement. (C) DCS implant. The DCS chamber serves as a bridge between the stimulating electrode and the brain. Above

the chamber is the cap that serves to protect the brain from infection. (D) Stimulating the mouse cerebellum. The DCS chamber is filled with saline (0.9% NaCl)

solution. A silver wire that touches the saline solution but not the dura directly is connected to the current generator (SUI-91, Isolated current source). During

stimulation the mouse is awake but head restrained. (E) Stimulation paradigm. DCS is ramped up to 113 µAmp. The current is maintained at its peak value for 10min.

After the stimulation the current is ramped down.

cycle. Behavioral experiments were performed in the light cycle.
Food and water was provided ad libitum. All experiments were
reviewed and approved by the Erasmus animal ethics committee
and conducted in accordance with AnimalWelfare Committee of
the Erasmus University and the European Communities Council
Directive (86/609/EEC).

Surgery
Mice, aged 10–12 weeks, were handled for 2 days before the
surgery to reduce the effect of handling-induced stress. The
surgical procedure was performed under sterile conditions.
Isoflurane (5% induction, 1.5% in 0.5 L/min O2, and 0.2
L/min air) was administered as an anesthetic drug while body
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temperature was regulated around 36.5 ± 0.5◦ via a feedback-
controlled heating pad. Breathing profile was continuously
monitored. After shaving the head, a 1 cm long mid-sagittal
incision was given. The bone was etched (37.5% phosphoric acid,
Kerr, CA, USA) and a primer (Optibond, Kerr, CA, USA) was
applied. To immobilize the animal during eye tracking, a pedestal
containing two M1.4 nuts was glued to the skull using dental
acrylic (Charisma, Flowline, Hereaus Kulzer GmBH, Germany).

In order to place a DCS implant, a circular craniectomy
(approximately 2mm in diameter) on the left occipital bone was
performed after careful removal of the neck-muscles (vertical and
horizontal) (Figures 2A,B). The placement was on the center of
the left parietal bone (by keeping the superior cerebellar artery
at the center of the implant). A lubricating ointment (Duratears,
Alcon Nederland BV, NL) was applied epidurally to protect the
exposed area of brain from drying. The DCS implant (Figure 2C)
was placed identically in all animals using an anatomical marker
(Figures 2A,B) and then glued to the skull using cyanoacrylate
gel (Plastic One Inc., VA, USA).

The mice were given an analgesic (0.1ml/mg of body weight
Buprenorphine/Temgesic) and placed under an infrared heating
lamp until the animals started tomove.Mice were allowed at least
4–5 days to recover before recordings were performed.

Apparatus
Visual and Vestibular Stimulation
Mice were head-fixed in a restrainer, which was fixed onto
the center of a turntable, placed at the center of an

FIGURE 3 | Examples of eye movement in different stimulation conditions.

Examples of filtered eye velocity illustrate results from mice that exhibited a

decrease in the VOR after training with sham (top panels), anodal (middle

panels) and cathodal (bottom panels) stimulation. Blue is vestibular stimulus

and red is eye amplitude (solid red line is filtered eye-velocity, dotted red line

fitted sine wave). Eye-trace of each stimulus condition has been presented

during pre-training (T1), after first-training (T4) and after final-training (T8) in the

left, middle and right panels, respectively.

isolateral triangle made by three projector-screens. A panoramic
virtual reality display with 360◦ field of view was created
by projecting monochrome green dots on to those screens
(Figure 1B). Horizontal rotation of the turntable was driven by
a servomotor (Mavilor-DC motor 80, Infranor, Spain). Visual
stimuli and movement of the turntable were under control
of in-house software written in C++. Training and testing
sessions were evoked by rotating the dots and/or the turntable
sinusoidally. During each session, stimuli were ramped up
to their peak velocity in 5 s for a smooth transition from
static to dynamic state. They were also ramped down at
the end.

Eye Movement Recordings
Eye movements were recorded with an infrared video system
(ETL-200 with marker tracking modifications; ISCAN,
Burlington, MA). The camera and lens were mounted under
the table surface to reduce hindrance of the mouse vision. A
hot mirror which was transparent to visible light and reflective
to infrared light was used. The eye was illuminated with three
infrared LEDs. The camera, mirror and LEDs were all mounted
on an arm that could rotate about the vertical axis over a
range of 26.12◦ (peak to peak). Eye movement recordings and
calibration procedures were similar to those described by Stahl
et al. (2000). Images of the eye were captured at 120Hz with
an infrared-sensitive CCD camera. The eye image contained a
bright corneal reflection and a dark pupil reflection. The image
was focused by manipulating the offset and the gain of the
detectors through the ISCAN software. From this image, x and y
positions of each of the three markers were recorded in real time
giving their location on a 512 × 256-pixel grid, with a resolution
of one-third pixel horizontally and one-tenth pixel vertically
(van Alphen et al., 2010). These x and y translational positions
of eye on the grid were converted into the angular rotation
of the eyeball by the ISCAN system (resolution of 0.2◦ over a
±25◦ horizontal and±20◦ vertical range using the pupil/corneal
reflection difference). The horizontal and vertical pupil position
data from the ISCAN were output as ±5 VDC signals. A delay
of 30ms in the eye movement signal was introduced by the
video system. Furthermore, this output signal was low-pass
filtered with a cutoff frequency of 300Hz (Cyberamp 380; Axon
Instruments, CA, USA), sampled at 1 kHz and stored for offline
analysis.

Direct Current Stimulation
A low amplitude (113 µA) of continuous DCS was applied
using a constant current stimulator (SUI-91, Isolated current
source, Cygnus Technology Inc., NC, USA; range = 0.1 µA—
10mA). This intensity corresponded to a current density of
3.6mA/cm2 (Liebetanz et al., 2009). Currents were applied
to the epidural surface of the cerebellar cortex through a
circular DCS implant with a defined contact area (2mm
inner diameter). Prior to stimulation, the electrode was filled
with saline solution (0.9% NaCl). A silver wire electrode
connected to the stimulation device was attached to the
DCS implant such that the tip of the silver wire touched
the top level of the saline solution but did not touch the
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FIGURE 4 | Anodal stimulation reduces VOR gain acutely in wild type C57BL/6 mice. (A) Time course of gain reduction due to adaptation: Changes in mean VOR

gain during VOR-decrease training. The VOR was tested pre- and post-training by measuring the eye movement response to the vestibular stimulus. (B) Time course

of normalized gain reduction due to adaptation: Trial-to-trial changes in mean normalized VOR gain during VOR-decrease training. Black, Green and Red lines are for

sham, cathodal and anodal stimulation conditions, respectively. The gray bar indicates the stimulation period. Error bars represent SEM.

brain directly. This circular active electrode (Figure 2C) was
chosen to create a symmetric current density without any
edge effects (Ambrus et al., 2011). A disposable foam electrode
(Kendall Medi-Trace mini resting ECG electrode, Davis medical
products Inc., CA, USA), was placed onto the ventral thorax
of the animal to complete the circuit. The entire circuit
was connected through a multimeter to check online current
amplitude. Mice were awake during DCS to prevent possible
interactions between DCS effects and anesthetic drugs. In
addition, mice were introduced to the adaptation task right
after the stimulation to quantify acute effects of stimulation.
To avoid stimulation break effects (Liebetanz et al., 2009),
the current intensity was ramped up and down gradually
over 30 s.

Data Analysis
Custom routines written in MATLAB (The MathWorks Inc.,
Natick, MA, USA) were designed and employed for automated
offline data analysis. The position signal was shifted 30ms
back in time to correct for the camera delay. A median filter
(width 50ms) with a low-pass cutoff of 10Hz was applied
to smooth the position data before transforming to velocity
domain by a Savitski-Golay differentiating filter (frequency
50Hz with a 3◦ polynomial). Rapid eye movements were
detected and removed via a velocity threshold (150◦/s). Then
a 3Hz FIR Butterworth low pass filter of 50ms width was
applied.

The processed data was divided into non-overlapping epochs
of 2 s (corresponding to two cycles of the stimulus). Amplitude
data was obtained by fitting sine waves to the eye movement data
in custom-made Matlab curve fitting routines using the least-
squares method. Median amplitude values of the eye movement
were calculated from the fitted sine waves. Gain was calculated

for,

GT =
ETn

S

E = fit eye amplitude of a testing session, n = 1
through 8,

S = stimulus amplitude,
(1)

each testing session as the ratio between the fit eye velocity
amplitude and stimulus velocity amplitude (S).

Mice were excluded when the absolute difference between
baseline gains (GT1–GT2) was > 0.2. The baseline gain (GB) was
set as the mean of gains in GT1 and GT2. Normalized gain (GN)
was also calculated for every test session.

GN =
GB − G

GB + G
(2)

Statistical Analysis
Statistical analysis of the data was performed using SPSS 20.0
(SPSS, Chicago, IL). A three way mixed-ANOVA with repeated
measures was used to compare interaction and group effects, as
the data showed a normal distribution. Significance levels were
set to 0.05. Later on, a Bonferroni corrected post-hoc analysis
was applied to find intra-/inter-group interactions. Values are
represented here as mean± SEM.

RESULTS

Degree of Adaptation at the End of Training
Session
The VOR gain-down adaptation paradigm caused a gradual
reduction in VOR-amplitude in all mice (Figures 3–6). Initially,
the amplitude of the eye movement was similar to the stimulus
amplitude; i.e., the gain at T1 for C57BL/6 and L7-PP2B mice
was 0.88 ± 0.03 and 1.03 ± 0.03, respectively (Figures 4, 6). The
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FIGURE 5 | Eye amplitude show clear deficit in learning of L7-PP2B mice in all

three stimulus conditions. Example filtered eye velocity traces illustrate typical

results from mice of both genetic backgrounds before (T1) and after (T8)

adaptation. Blue is vestibular stimulus and red is eye velocity (solid red line is

filtered eye-signal, dotted red line is the fitted sine wave). Eye amplitude

decreases from pre- to post-training sessions (T1 and T8, respectively) in wild

type mice. In contrast, L7-PP2B undergoes little change between T1 and T8

sessions.

baseline VOR gain in L7-PP2B of more than 1 indicated that
the eye amplitude overshot the head amplitude in these mice.
After being subjected for 25min to the gain-down training, the
amplitude of VOR at T8 was reduced for both C57BL/6 (raw
T8 gain = 0.33 ± 0.03) and L7-PP2B (raw T8 gain = 0.70 ±

0.03) group. In our multivariate ANOVA on the non-normalized
data, the main effect of training over the time course was highly
significant, F(7, 34) = 46.20, p < 0.001. However, comparison of
the sham stimulation data showed that the degree of adaptation
was significantly higher in C57BL/6 than L7-PP2B mice, F(5, 40)
= 14.94, p < 0.001.

Reduction of Gain in C57BL/6 and L7-PP2B
Mice
The reduction in gain made across the eight test sessions was
strongly dependent upon the genetic composition of mice, F(7, 38)
= 4.98, p < 0.001. We sought to find out at which steps the gain
was maximally reduced between C57BL/6 and L7-PP2B mice. To
do that, we checked the gain difference between two successive
test sessions and then compared that across the mouse types.
The tests of within-subjects contrasts illustrated that the gain
reduction from T5 to T6 [F(5, 40) = 2.48, p< 0.05] and from T7 to
T8 [F(5, 40) = 2.66, p < 0.05] was significantly greater for C57BL
mice compared to the L7-PP2B mice.

Effects of DCS on VOR Adaptation
ANOVA further indicated that DCS polarity had a significant
modulatory role on the gain reduction, F(14, 70) = 2.07, p < 0.05,
suggesting that the amplitude of gain decrease across the eight
tests (from T1 to T8) was dependent upon stimulus polarity.
Moreover, the gain decrease across eight test sessions yielded
a significant interaction between stimulus polarity and genetic
background of the mice (C57BL/6 and L7-PP2B mice, [F(7, 35)
= 2.52, p < 0.05]. In the following sections, we discuss how the
modulatory role of DCS was altered depending on the mouse
type.

Anodal Stimulation Reduced VOR Gain in
C57BL/6 Acutely
The anodal stimulation triggered faster initial VOR gain
reduction compared to the cathodal stimulation [F(2, 21) = 9.56,
p < 0.001, Figure 4A] in wild type mice. There was a significant
post-stimulation reduction of gain at T3 (pre-training reduction
of gain) in the anodal group compared to the cathodal group.
The contrast analysis, T2 vs. T3, comparing the raw gain at T2
with that made in T3, was statistically significant [F(2, 21) = 6.01,
p < 0.01]. Interestingly, the anodal, sham and cathodal groups
finished at the same degree of adaptation (T8), although the
anodal group showed significant initial reduction in VOR gain.

Next, we normalized the gain of every mouse to its own
baseline to provide a comparable measure of gain for all animals.
Normalized gain (Figure 4B) depicted a clear polarity-dependent
divergence. The initial post-stimulation period showed that the
cathodal stimulation significantly decelerated gain reduction
compared to the anodal stimulation. The reduction of gain in the
sham condition—as expected—remained between the rate in the
anodal and the cathodal conditions (Figure 4B).

Deletion of PP2B in PC Abolished Anodal
Effect
Anodal stimulation lost its modulatory role when
potentiation was eliminated from PCs (Figures 6A,B). Anodal
stimulation failed to improve learning in L7-PP2B mice
(T8 gain= 0.74± 0.04), compared to the sham group
(T8 gain= 0.65± 0.08; Figure 5). Moreover, anodal stimulation
could not reduce the baseline gain in these mutants
(T2 gain= 1.06± 0.04, T3 gain= 0.99± 0.04). The large
error bars in the sham condition is due to low sampling
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numbers (N = 3). Moreover, we think that chronic mutation
(deletion of LTP in PCs) leads to the adoption of various
adaptation mechanisms in the network. Therefore, when an
external current stimulus was applied the network showed
varied responses to cope with the situation. This could be
the cause for finding a large variability in the stimulation
groups.

An hour long sinusoidal oscillatory stimulus led to decrease in
VOR gain (approximately to 28%) across various species (Tempia
et al., 1991; Dow and Anastasio, 1998; Clément et al., 2002). The
cause of this VOR gain reduction in rodents has been pointed
out as habituation rather than learning (Tempia et al., 1991).
Therefore, we think that the gain reduction (27 ± 2%) in L7-
PP2B mice (similar to Schonewille et al., 2010) across all three
stimulation-conditions is due to the habituation.

DISCUSSION

Our study demonstrates three major findings of the polarity
specific effects of DCS on VOR gain-down adaptation. First,
anodal stimulation of cerebellar cortex decreases VOR gain
acutely compared to the cathodal stimulation condition
in C57BL/6 control mice. Second, despite differences in
initial post-stimulation reduction in gain amplitude, the final
gain reduction is similar in the anodal and the cathodal
stimulation groups of C57BL/6 control mice. Third, our
data, remarkably, shows when potentiation of the PCs is
genetically ablated in L7-PP2B mice, anodal stimulation no
longer led to VOR gain reduction. Hence, our interpretation
is that anodal stimulation driven VOR gain reduction depends
on a PP2B-dependent PC potentiation pathway, either at
the upstream dendritic level or at the downstream axonal

level where PCs innervate VN neurons (Schonewille et al.,
2010).

We found that anodal stimulation of the cerebellum decreases
VOR gain acutely (Figures 4A,B), though we don’t see an effect
on adaptation-rate like in other studies (Jayaram et al., 2012;
Herzfeld et al., 2014; Zuchowski et al., 2014; Avila et al., 2015).
We see that VOR gain is reduced prior to the training. Perhaps
anodal stimulation induced an acute increase in inhibition by
enhancing PC activity. Indeed, others have also reported that
artificial activation of PCs may contribute to the induction of
VOR gain-down adaptation (Nguyen-Vu et al., 2013). Moreover,
a low amplitude external electric field (EEF) is sufficient to
modulate PC activity (Chan and Nicholson, 1986; Chan et al.,
1988). Together these results suggest that anodal DCS may
induce higher PC activity, which in turn could lead to inhibition
of its downstream structures.

The possibility that the effects of DCS on plasticity are in part
secondary effects on downstream structures comports with there
being at least two sites of VOR plasticity (Hansel, 2005): one in
the floccular region of cerebellar cortex and one in the VN (Gao
et al., 2012). Physiological studies would be necessary to elucidate
the relative effects, and these studies would need to include direct
measurements from both regions.

We also found that the total gain reduction was similar in
the anodal and the cathodal stimulation conditions although
the gain reduction at the early phase is clearly different
(Figure 4A). In our study, training and testing are assessed post
DCS, whereas most of the reports available today are based
on stimulation applied during learning. For instance, anodal
stimulation facilitates learning in locomotor (Jayaram et al.,
2012), force field (Herzfeld et al., 2014), and saccade (Avila
et al., 2015) adaptation as well as eye-blink conditioning tasks
(Zuchowski et al., 2014), while cathodal stimulation hinders

FIGURE 6 | Genetic ablation of PC plasticity in L7-PP2B mice abolishes effects of anodal stimulation on gain-down adaptation. (A) Plot of gain during gain-down

adaptation: Changes in VOR gain during VOR-decrease training in L7-PP2B mice. The VOR was tested pre- and post-training by measuring the eye movement

response to the vestibular stimulus. (B) Plot of normalized gain throughout the course of the behavioral paradigm: Changes in VOR gain during VOR-decrease

training. Black, Green and Red lines are for sham, cathodal and anodal stimulation conditions, respectively. The gray bar indicates the stimulation period. Error bars

represent SEM, because of large SEM we do not find any significant difference between the groups.
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leaning in all these tasks. Surprisingly, the post-stimulation
deadaptation curve (Jayaram et al., 2012; Herzfeld et al., 2014)
or extinction rate (Zuchowski et al., 2014) shows no difference
across various stimulation groups. The later finding is notable
because irrespective of altered rate and total amount of learning,
polarity has no effect on post-stimulation de-adaptation/ learning
processes. In our study, we find that DCS has no post-stimulation
effect on the learning phase. Therefore, our study clearly depicts
both anodal and cathodal stimulation have short-lasting effects
on the habituation phase of the gain-down VOR adaptation task.
The de-adaptation experiment (like other studies) is redundant,
as we have done all the adaptation training sessions in the
post-stimulation period. To discover the actual cause, similar
experiments should be performed with a gain increase VOR
adaptation paradigm (Gao et al., 2012).

L7-PP2B mice often showed more than one gain during
baseline measurements (Figure 6A). Possibly, the eye overshoots
the head-position as we have used higher sinusoidal velocity
(amplitude of 5◦ at 1Hz frequency).We think that sensory signals
coming from the parallel fibers fail to excite PC sharply, as there is
no LTP in L7-PP2Bmice. Therefore, when the high velocity head-
movement stops, PCs could not generate sharp inhibition on the
VN to stop the eye-movement. A sub-optimal PC inhibition may
have caused facilitation of the eyemovement in the absence of the
head-movement.

We propose three, non-exclusive, possibilities that may
explain reduced sensitivity to anodal stimulation in the L7-PP2B
mutants: (i) PCs in the mutants may receive more background
inhibition; (ii) plasticity at the PC-VN synapses may be essential
for VOR gain-down adaptation (De Zeeuw and Ten Brinke, 2015;
See CSHP book by Kandel); and/or (iii) plasticity of synapses
on PCs in mutants may be saturated, preventing adaptation.
The first point reflects the possibility that anodal stimulation
may cause inhibition rather than excitation of PCs when there
is no LTP or intrinsic plasticity at PCs. Anodal stimulation
driven subthreshold depolarization may augment GABA release
from molecular layer interneurons (MLI) (Christie et al., 2011;
Stagg and Nitsche, 2011) and thereby increase inhibition onto
PCs. The second possibility is that anodal DCS has a direct
impact on PC-VN plasticity and thereby directly regulates the
adaptation process. Loss of PC LTP may retard the effects of
anodal stimulation on these synapses. The third reason could be
that loss of LTP makes the circuit unresponsive to the pairing

of the sensory stimulus with the motor response, as intrinsic

plasticity of PCs is also erratic in these mutants (Schonewille
et al., 2010). The PP2B transgene may disrupt normal signaling
through the PCs or the homeostasis of the network (Lamont and
Weber, 2012). This can corrupt the instructive signals sent by PCs
to downstream sites like the VN.

Cathodal stimulation induced inhibition of adaptation in L7-
PP2B mutants is significantly stronger compared to C57BL/6
mice but similar to the sham group of L7-PP2B mice (Figures 5,
6B). It is evident that this cathodal suppression is a by-product of
the mutation of potentiation at the PCs, as these mice fail to learn
cerebellar tasks (Schonewille et al., 2010). In addition, we need
to examine to what extent long-term depression (LTD) at PF-PC
pathway plays a role following cathodal stimulation.

In conclusion, we have successfully developed a mouse
model of cerebellar DCS, allowing us to present the first
demonstration of cerebellar DCS driven behavioral changes
in rodents. We used this model in combination with the
popular paradigm of VOR adaptation to test the effect of
current stimulation on motor adaptation. The results presented
here provide evidence that anodal DCS reduces VOR gain
acutely, an effect that is disrupted by ablation of PP2B
in PCs. This study, also finds support for recent claims
that anodal and cathodal stimulation modulate cerebellar
dependent adaptation acutely through distinct pathways. Future
research must address the neuronal activity following cerebellar
stimulation to understand the spatiotemporal aspects of DCS
effects.
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Up to date, the functional gains obtained after robot-aided gait rehabilitation training are

limited. Error augmenting strategies have a great potential to enhance motor learning of

simple motor tasks. However, little is known about the effect of these error modulating

strategies on complex tasks, such as relearning to walk after a neurologic accident.

Additionally, neuroimaging evaluation of brain regions involved in learning processes

could provide valuable information on behavioral outcomes. We investigated the effect

of robotic training strategies that augment errors—error amplification and random force

disturbance—and training without perturbations on brain activation and motor learning

of a complex locomotor task. Thirty-four healthy subjects performed the experiment with

a robotic stepper (MARCOS) in a 1.5 T MR scanner. The task consisted in tracking a

Lissajous figure presented on a display by coordinating the legs in a gait-like movement

pattern. Behavioral results showed that training without perturbations enhanced motor

learning in initially less skilled subjects, while error amplification benefited better-skilled

subjects. Training with error amplification, however, hampered transfer of learning.

Randomly disturbing forces induced learning and promoted transfer in all subjects,

probably because the unexpected forces increased subjects’ attention. Functional MRI

revealed main effects of training strategy and skill level during training. A main effect of

training strategy was seen in brain regions typically associated with motor control and

learning, such as, the basal ganglia, cerebellum, intraparietal sulcus, and angular gyrus.

Especially, random disturbance and no perturbation lead to stronger brain activation in

similar brain regions than error amplification. Skill-level related effects were observed

in the IPS, in parts of the superior parietal lobe (SPL), i.e., precuneus, and temporal

cortex. These neuroimaging findings indicate that gait-like motor learning depends on

interplay between subcortical, cerebellar, and fronto-parietal brain regions. An interesting

observation was the low activation observed in the brain’s reward system after training

with error amplification compared to training without perturbations. Our results suggest

that to enhance learning of a locomotor task, errors should be augmented based on

subjects’ skill level. The impacts of these strategies on motor learning, brain activation,

and motivation in neurological patients need further investigation.

Keywords: motor learning, error augmentation, random disturbance, error amplification, gait rehabilitation,

rehabilitation robotics, MR-compatible robotics, fMRI
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INTRODUCTION

Robot-aided gait rehabilitation was developed to improve
rehabilitation in patients with severe gait impairments (Behrman
and Harkema, 2000; Riener et al., 2005). During robotic gait
training, patients are provided with body weight support while
a gait orthosis moves their legs into a correct kinematic gait
pattern. It is thought that by moving the limb in ways that
patients are otherwise not able to move would provide novel
somatosensory stimulation that helps induce brain plasticity
(Poon, 2004; Rossini and Dal Forno, 2004). Furthermore,
robotic guidance might motivate repetitive and intensive practice
in a safe environment (Reinkensmeyer and Housman, 2007).
However, robotic guidance also appears to decrease physical
effort during training (Israel et al., 2006), suggesting that robotic
rehabilitation could potentially decrease recovery if it encourages
patient’s slacking, i.e., a decrease in effort, energy consumption,
or attention during repeated movements when movement errors
are small (Scheidt et al., 2000; Reinkensmeyer et al., 2009).

In fact, up to date, the functional gains obtained after robotic
gait training are still limited (Dobkin and Duncan, 2012). There
have been several clinical studies that have compared robotic gait
training to conventional therapy—see (Pennycott et al., 2012)
for a review. Results from these studies suggest that robotic-
aided gait rehabilitation is especially suitable in the stroke acute
phase, when patients can benefit from the higher degree of
support from the robotic device. In general, the best results
were found when the robot was employed in combination
with conventional therapy (Husemann et al., 2007; Schwartz
et al., 2009). In fact, a recent report suggested that robotic
therapy combined with conventional therapy was more effective
than conventional therapy alone in subacute stroke patients
with greater motor impairment (Morone et al., 2011). Thereby,
current rehabilitation robots might be working with suboptimal
training strategies—only using a fraction of the rehabilitation
potential—by not considering the subjects’ individual needs.

Active subject participation is vital in order to provoke motor
plasticity (Lotze et al., 2003), and is therefore, an important
feature of gait training, especially in patients with lower motor
impairments. In order to promote higher levels of subject
participation and challenge, “challenge-based” controllers have
been proposed, i.e., controllers that, unlike guiding controllers,
make movement tasks more challenging or difficult (Marchal-
Crespo and Reinkensmeyer, 2009). Research on motor learning
has emphasized that errors are needed in order to drive
motor adaptation (Emken and Reinkensmeyer, 2005; Reisman
et al., 2013). Experimental evidence with healthy subjects has
demonstrated that adaptive processes can be accelerated when
trajectory errors are amplified using robotic forces during
walking (Emken and Reinkensmeyer, 2005). In post-stroke
patients, increasing subjects’ legs phasing error (i.e., walking
asymmetry) through a split-belt treadmill that moved each leg
at a different speed resulted in a long term increase in walking
symmetry (Reisman et al., 2013). Error amplification training
also induced more robust aftereffects after locomotion training
as compared to assistive training (Yen et al., 2012). However,
augmenting errors did not always benefit motor learning. In a

recent experiment with healthy subjects, training a golf putting
task with augmented velocity errors had no effect on task
performance and resulted in a decrease in motivation that lasted
even after the error augmentation was retired (Duarte and
Reinkensmeyer, 2015). A possible rationale for these inconsistent
results is that the motivation decrease associated with error
amplification might hamper learning.

Movement errors can also be induced using unexpected
randomly-varying robotic forces that disturb subjects’
movements during training. Recent research has stated that
motor variability exhibited before training predicts motor
learning ability (i.e., subjects with more variable movements
showed faster adaptation; Wu et al., 2014). Unexpected
randomly-varying feedforward forces might increase movement
variability, and therefore, create an excellent framework to
boost motor learning. Furthermore, error exploration is an
important element to enhance learning, especially during the
first stages of learning (Huberdeau et al., 2015). Unexpected
forces might push subjects away from their “comfort zone,”
and therefore, encourage them to explore and investigate the
new motor tasks. In a motor learning experiment with healthy
subjects, training with randomly-varying robotic forces resulted
in better tracking skills than training without robotic assistance
or training with repulsive forces proportional to errors (Lee
and Choi, 2010). Furthermore, we found that adding random
disturbing forces during training improved motor learning of
a simple locomotion task, probably because the addition of
unforeseen forces increased subjects’ effort (muscle activation)
and attention (Marchal-Crespo et al., 2014a,b).

A well-known motor learning theory, the Challenge Point
Theory states that learning is maximized when the task difficulty
is appropriate for the individual skill level of the performer
(Guadagnoli and Lee, 2004). This is line with recent studies
that found that robotic guidance seems to be especially helpful
to train subjects with initial lower skill level (Marchal-Crespo
et al., 2010, 2013), while error amplification was found to
be more beneficial to train more skilled participants (Milot
et al., 2010; Duarte and Reinkensmeyer, 2015). Additionally,
error-augmenting strategies might be more suitable to enhance
learning of especially simple tasks, i.e., tasks that can be learned
in only one training session, since it might increase subjects’
concentration (Marchal-Crespo et al., 2014b). On the other hand,
in more challenging tasks, augmenting errors might decrease
feelings of perceived satisfaction and competence and result in a
decrease in motivation that might limit the effectiveness of error
amplification on motor learning (Duarte and Reinkensmeyer,
2015).

Only few motor learning studies have compared the
effectiveness of different robotic training strategies, and their
relative benefits compared to unassisted practice, on motor
learning. Most of these studies were performed with the upper
limbs and/or using simple tasks, i.e., artificial tasks that have only
one degree of freedom and can be learned in only one training
session (Wulf and Shea, 2002). However, it has been shown that
“principles derived from the study of simple skills do not always
generalize to complex skill learning,” such as, relearning how to
walk after a neurologic accident (Wulf and Shea, 2002). The goal
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of robotic therapy is to develop robotic devices that promote
motor recovery, i.e., that provoke participant’s motor plasticity.
Currently, however, there is not a solid scientific understanding
of how this goal can best be achieved. Recent work has
highlighted the relevance of motor learning principles in stroke
recovery and neurorehabilitation (Krakauer, 2006; Shumway-
Cook and Woollacott, 2007). In fact, it has been proposed that
recovery after a brain injury is a form of motor learning or
relearning (Dietz andWard, 2015). Therefore, understanding the
underlying mechanisms of motor learning might suggest novel
training strategies to improve neurorehabilitation. Neuroimaging
evaluation of brain areas involved in learning under different
robotic training strategies can provide valuable insights on the
observed behavioral outcomes. Furthermore, evaluation of brain
areas involved in learning might also allow tailoring the best
motor training strategies to the different patterns of brain damage
(Burke and Cramer, 2013).

In this study, we present results of a motor learning
experiment performed with thirty-four healthy subjects to
evaluate the impact of three different training strategies onmotor
learning of a complex locomotor task: No perturbation, error
amplification, and random force disturbance. The experiment
was conducted while performing functional Magnetic Resonance
Imaging (fMRI) employing an MRI-compatible robotic device
(MARCOS). We hypothesized that training with the challenge-
based strategies would result in better motor learning in initially
more skilled subjects. We also expected that training with
challenge-based strategies would hamper motor learning in
initially less skilled subjects. To our knowledge, no studies have
evaluated the brain regions activated during entire gait-like
movements. Therefore, our hypothesis related to brain activation
derives from studies that investigated isolated movements of
ankle and knee joints (Luft et al., 2002) or imagination of walking
(Miyai et al., 2003; Jahn et al., 2004; la Fougère et al., 2010).
We hypothesize to find activity in somatosensory/motor related
areas (S1/M1) and supplementary and pre-supplementary motor
areas (SMA/pSMA). Hypothetically, during training with the
challenge-based strategies, we expect more activity within all
somatosensory/motor related areas, as well as in brain areas
involved in error processing, such as, the anterior cingulate cortex
(Mars et al., 2005), posterior medial frontal cortex (Hester et al.,
2008), and cerebellum (Tseng et al., 2007; Grafton et al., 2008).
Activation in the brainstem is also expected, based on animal
studies.

METHODS

MARCOS
MARCOS was employed to conduct the experiment. MARCOS
is an MRI-compatible robotic device pneumatically actuated
and with one degree-of-freedom per leg (Hollnagel et al., 2011;
Figure 1, left). MARCOS was built by the SMS-lab at ETH
Zurich with low magnetic susceptibility materials to allow the
assessment of brain activation using fMRI during gait-like
stepping movements (Jaeger et al., 2014). The robot is actuated
by two pneumatic cylinders (per leg), one attached to the subject’s
knee through a knee orthosis that can move the knee up and

down, and a second one attached to the subject’s foot sole using
a special shoe, which can render forces that mimic ground
reaction forces. The device allows hip, knee, and ankle flexion
and extension movements in the sagittal plane that resemble
on-the-spot stepping. The robot incorporates force sensors
mounted at the orthoses-human contact points to measure the
interaction forces between human and robot. The position of
each cylinder piston is measured redundantly by optical encoders
with a ceramic scale and a foil potentiometer. For more detailed
information about the robot design, the reader is referred to
(Hollnagel et al., 2011).

The Complex Locomotor Task
The experimental task consisted in tracking a white dot that
moved on top of a Lissajous figure presented on a visual display
(Figure 1, right) by coordinating the legs in a predefined gait-
like pattern. The knees vertical displacements were mapped
into the movement of a green dot on the visual display: The
green dot moved up and down when the left leg moved up
and down, and moved right and left when the right leg moved
up and down. The predefined gait-like pattern to be learned
consisted of moving the knees up and down following sinusoidal
movements of equal frequency (0.5 Hz), but different amplitudes
(left leg: 0.16 m; right leg: 0.08 m, i.e., axis ratio of 2) and
with a phase difference between legs of 60◦. This task was
selected because it was challenging enough to observe learning
in most of the subjects (Marchal-Crespo et al., 2014b). This
task is also appealing because it resembles the abnormal gait
pattern observed in stroke survivors with a paretic lower limb:
An asymmetric pattern with the paretic leg performing shorter
and faster steps.

Training Strategies
Subjects trained the gait-like task with one of three different
training strategies: (i) No perturbation (NP): no disturbances
were presented, (ii) Error amplification (EA): errors were
amplified with repulsive forces proportional to errors, and
(iii) Random force disturbance (RD): errors were induced with
unexpected randomly-varying force disturbances. The design
and evaluation of the training strategies was described in detail
in (Marchal-Crespo et al., 2014b). Here, only a brief summary is
given for completeness.

No Perturbation
When training with no perturbation, subjects are free to move
without feeling any disturbance or assistance force from the
robot. The control approach for the no perturbation strategy is
a closed-loop zero force controller that minimizes the measured
interaction forces between subjects and robot. The controller
includes the compensation of the weight of the knee orthosis
and the dependency of pressure build-up on chamber volume
(Hollnagel et al., 2013; Marchal-Crespo et al., 2014b).

Error Amplification
In order to amplify the tracking errors (i.e., the differences
between the desired and measured knee positions) created when
trying to track the Lissajous figure, a proportional controller with
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FIGURE 1 | (Left) The MRI-compatible robotic stepping actuator MARCOS in the 1.5 Tesla MR scanner (Hollnagel et al., 2011). The participant in this figure

consented to the publication of his image. (Right) The Lissajous figure visually presented to participants. Subjects were requested to track a white dot that moved on

top of a Lissajous figure by coordinating the legs in a predefined gait-like pattern. Subjects tracked the white dot with a green dot that moved up and down when the

left leg moved up and down, and moved right and left when the right leg moved up and down.

negative impedance gain was developed. Therefore, the repulsive
force applied by the knee cylinder is proportional to the tracking
error, i.e., the force is smaller as smaller is the tracking error
and increases proportional to the error. The forces from the
error amplification controller were fed into a close-loop force
controller.We saturated themagnitude of the error-amplification
forces to guarantee the subjects’ safety and to limit the difficulty
of the task (Marchal-Crespo et al., 2014b).

Random Force Disturbance
The idea behind the random force disturbance strategy is to
push subjects away from their “comfort zone,” by forcing them
to experience errors/movements that would otherwise not been
created. The controller applies unpredictable random perturbing
forces using the knee cylinder while subjects train the tracking
task. The knee cylinder applies a disturbing force that last for
0.1 s with a randommagnitude between± 100 N, every 0.5 s. The
random force disturbance controller works on top of a closed-
loop force controller, therefore, the subjects are always in charge
of the movement generation (Marchal-Crespo et al., 2014b).

Experimental Protocol
The study was approved by the local ethical committee
(Kantonale Ethikkommission Zürich, Application Number: EK-
856) and conducted in compliance with the Declaration of
Helsinki. Thirty-four healthy subjects (23 male), 26.6± 3.5 years
old, gave written consent to participate. All subjects were right
footed (evaluated with the Waterloo Handedness Questionnaire,
(Bryden, 1977). FMRI was recorded in the MR-Center of the
University of Zurich and ETH Zurich, on a Philips Achieva
(PhilipsMedical System, Best, The Netherlands) 1.5 TMR system
equipped with an 8-channel head coil.

Subjects were supine positioned with their knees fixed to
the MARCOS knee orthosis, while the feet were placed in

special shoes and fixed with Velcro fasteners (Figure 1, left).
Head motion was minimized through several solutions, such as,
custom made hip-fixations and shoulder belts, a vacuum pillow
at the participants’ back, and an inflatable headgear (Crania,
www.pearltec.ch; Hollnagel et al., 2011). The video display of the
game was projected onto a screen placed in front of the scanner
and viewed by the subjects through amirrormounted on theMRI
head coil (Figure 1, left).

A parallel design was used in order to evaluate the effects of
training with the three different training strategies (Figure 2).
The first 23 subjects were randomly assigned to one of the three
training groups: No perturbation (NP), error amplification (EA),
random disturbance (RD). After a preliminary evaluation of the
data, we found that the tracking errors created during baseline
(i.e., before training) had a significant effect on the benefits of
practicing with the different training strategies (Marchal-Crespo
et al., 2014b). Although it is expected that by randomizing
subjects into the different training groups would result in a
balanced level of tracking error across groups, it is still possible—
especially in relative small sampling sizes—to end up with
imbalanced groups that could bias our results. Therefore, we
decided to allocate the remainder 11 subjects to one of the
three training groups using adaptive randomization methods.
The idea was to yield training groups whose subjects’ initial errors
followed normal distributions with similar means and standard
distributions. To accomplish this goal, we assigned new subjects
to one of the three training groups based in the visualization of
the histograms of the errors created by the subjects evaluated
till the moment and the error performed by the new subjects
during baseline. Eleven subjects ended in the no-perturbation
group, eleven in the error-amplification group, and twelve in the
random-disturbance group.

In order to instruct subjects about the task to be performed,
they were presented with a video, outside the scanner room,
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FIGURE 2 | Experimental protocol. Haptic guidance was employed to help subjects to understand the locomotor task. Three trials of 30 s with the robot passively

moving the subjects’ legs were employed to present the locomotor task. During baseline, subjects actively tracked the Lissajous figure during 70 s in no perturbation

mode. Subjects performed a second baseline test (baseline-transfer), where they tracked a similar figure but with the left leg with the smallest amplitude. During

training, subjects played with no perturbation, error amplification or random force disturbance, depending on their training group. Each training session consisted of

eight trials of 30 s of movement with 10 s rest between trials. The short-term retention and transfer tests followed the same structure and order as baseline and

baseline-transfer tests. Subjects were scanned by the fMRI during all phases.

that showed a subject in MARCOS moving alternatively his
legs up and down and how these knee movements controlled
the movement of a green dot on a screen. They were not
informed about the training group they were assigned to, but
were informed that during practice the robot could disturb them.
The experiment started with a haptic demonstration phase, where
the robot passively guided the subjects’ legs in the desired gait-like
pattern during three trials of 30 s, with 10 s of rest between trials
in order to help subjects to understand the task to be performed
(Hollnagel et al., 2013). During the haptic-guidance condition,
subjects were instructed to relax and keep both legs passive while
they observed the white and green dot moving on top of the
Lissajous figure on the screen. After the haptic demonstration of
the locomotor task, subjects performed the baseline test during
70 s. They were instructed to coordinate their legs in order to
track the white dot that moved on top of the Lissajous figure in no
perturbationmode. Transfer of learning, i.e., the capacity to apply
an acquired skill on a task to another very similar task (Schmidt
and Lee, 2010) is a crucial aspect of motor learning. Therefore,
after baseline, subjects performed a second baseline test during
70 s (baseline-transfer), where they followed a similar Lissajous
figure but with the left leg moving with the smallest amplitude
(left leg: 0.08 m; right leg: 0.16 m). During training, subjects
played without perturbation, error amplification or random force
disturbance, depending on their training strategy group. Each
training session consisted of eight trials of 30 s of movement with
10 s rest between trials. The challenge-based training strategies
were applied to the left leg only, while the right leg was controlled
in no perturbation mode in order to limit the task difficulty. The
short-term retention and short-term retention transfer tests were
70 s long each and were performed in no perturbation mode.
Overall, the experiment was <1 h. Subjects were actively scanned
by the fMRI through the duration of the experiment.

Data Processing and Statistical Analysis
Behavioral Data
For each protocol test and training trial, we calculated the mean
tracking error for each leg as the mean of the absolute value of the
difference between the measured and target knee positions. We
evaluated whether the challenge-based training strategies worked
as expected (i.e., they increased the error during training): We

compared the error of the left leg in the first training trial to
the error during baseline using a repeated measures ANOVA
with training strategy as a between subjects factor. To determine
whether subjects increased the left leg error when training
started, a paired t-test between baseline and the first training trial
was performed per each training group.We further compared the
tracking error during the eight training trials between training
groups using ANOVAs. In order to determine whether subjects
adapted to the challenged-based strategies during training—
i.e., they reduced the error of the left leg during training—we
performed a paired t-test between the left leg tracking error
created at the first and last (eighth) training trials.

The absolute tracking error during baseline was employed
as a qualitative measure of initial skill level (i.e. the larger the
error during baseline, the initially less skilled a subject was).
We used K-means cluster analysis to divide subjects into two
skill-based groups, based on the tracking error created during
baseline. Thirteen subjects who performed systematically worse
during baseline (cluster center= 0.065 m) were assigned into the
novice group (5 NP, 4 RD, 4 EA), and the remainder 21 subjects
were classified (cluster center = 0.041 m) as skilled (6 NP, 8
RD, 7 EA). An ANOVA was used to evaluate whether the skill
groups performed differently during baseline. We used repeated
measures ANOVA to test the effect that training strategies [no
perturbation (NP), error amplification (EA), and random force
disturbance (RD) as fixed effect], initial skill level (novice and
skilled as fixed effects) and their interaction had on the tracking
error reduction from baseline to retention. In order to determine
whether subjects learned the complex locomotor task, a paired t-
test between baseline and retention was performed. To determine
whether subjects in each training strategy group and skill level
subgroup learned the task, a Wilcoxon test between the tracking
error at baseline and retention was performed. We compared
the error reduction between training groups in each skill level
subgroup using Kruskal-Wallis tests. Four subjects in the skilled
group (2 RD, 2 EA) who performed remarkably well during
baseline (error< 0.032m)were not considered in theseWilcoxon
tests in order to avoid the negative effect of learning ceiling. To
test the correlation between error reduction after the different
training strategies and initial skill level, Pearson’s correlation tests
were performed.
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We used a second performance variable in order to evaluate
whether subjects learned the desired phase between legs. The
period between legs at each step was calculated as the difference
between the time at which the left leg is at its maximum high and
the time when the right leg reaches its highest position during
a step. The phase was calculated as 360◦ over this period. For
each protocol test, the absolute mean phase error (calculated as
the difference between the calculated phase and the desired one
of 60◦) across all steps was calculated. Data from one subject in
the no-perturbation group during baseline was removed from
statistical analysis, since the error reached its maximum. In order
to test whether subjects learned the desired phase, a paired t-test
between baseline and retention was performed.We used repeated
measures ANOVA to test the effect that the training strategies,
initial skill level and their interaction had on the phase error
reduction from baseline to retention.

Transfer could not be evaluated in four subjects (1 NP, 2 RD,
1 EA), because data was not correctly recorded during baseline-
transfer. Transfer was evaluated using repeated measures
ANOVA to test the effect of the training strategy (NP, EA, and
RD as fixed effects), initial skill level (novice and skilled) and
their interaction on the tracking error reduction from baseline—
transfer to retention-transfer. Paired t-tests between the tracking
error created during baseline-transfer and retention-transfer
were performed in order to evaluate whether subjects in each
training group transferred the learned motor skills.

Normal distribution was checked visually using Q–Q plots.
Post-hoc comparisons were performed with Tukey correction.
The significance value was set to α = 0.05. Statistical analyses
were performed using IBM R© SPSS R© Software (version 23,
Chicago, IL).

Functional MR Data
FMRI of the brain was acquired using a T2∗-weighted, single-
shot, echo planar imaging sequence (echo time = 50 ms,
repetition time = 3.025 s, flip angle = 90◦, SENSE factor = 1.6).
A total of 35 interleaved, angulated, transversal slices covering
the whole brain were acquired in each volume (FOV = 220 ×

220 mm, acquisition voxel size: 2.75 × 2.8 × 3.8 mm, resliced to
1.72× 1.72× 3.8 mm).

FMRI data were analyzed using SPM8 (WellcomeDepartment
of Cognitive Neurology, London, UK). Images were realigned
to the mean image and normalized to standard MNI space
using the EPI template provided by the Montreal Neurological
Institute (MNI brain) and smoothed using an 8 mm full-width
at half-maximum Gaussian kernel. The estimated realignment
parameter data were filtered using the discrete cosine transform
matrix filter incorporated in SPM8, to remove any linear drift.
In order to avoid movement artifacts, FMRI data sets that after
filtering showed a total head displacement above half voxel size
in each dimension were excluded from the 1st-level statistical
analysis. Contrast images of themotor task performed at different
time points in the MR scanner (period: baseline, training, and
retention) vs. an implicit rest (no movements) condition were
calculated. FMRI data sets from 10 subjects during training, and
data from one subject during the retention test were excluded
from further analysis because the measured head motions were

above the threshold. FMRI data from a total of 24 subjects (9
NP, 7 EA, and 8 RD) during training, and 33 (10 NP, 11 EA,
12 RD) during baseline and retention were employed at 2nd-
level analysis. The 1st-level contrast images were then subject to a
2nd-level full factorial group analysis (2-way ANOVA). Here we
computed main effects of initial skill level and training strategy
for the contrasts: Training—rest, and retention—baseline. In case
of significant main effect of strategy, we compared by post-hoc
t-tests the following contrasts:

1. Error amplification vs. no perturbation (and vice versa)
2. Error amplification vs. random force disturbance (and vice

versa)
3. No perturbation vs. random force disturbance (and vice versa)

In case of a significant main effect of skill level, we compared
by unpaired t-tests skilled vs. novice participants (across all
training strategies). We also computed strategy × initial skill-
level interaction effects. However, we did not perform post-hoc
tests on the interaction, as we had not enough subjects (n < 10)
and, thus, lacking statistical power.

All statistical tests were thresholded at p≤ 0.001 (uncorrected)
and were cluster-corrected (kE = 27 voxels) to achieve p < 0.05
corrected. This cluster threshold was based on a Monte-Carlo
simulation approach using a script to estimate the average size of
the random clusters that can occur in our data given a p ≤ 0.001
(Slotnick et al., 2003).

RESULTS

Behavioral Data
Performance during Training
The different training groups responded differently when
training started, as suggested by a significant difference between
training groups in the tracking error change from baseline to
the first training trial [Figure 3, F(2, 31) = 9.84, p < 0.001].
Subjects trained with error amplification significantly increased
the error from baseline to the first training trial (p = 0.002),
while subjects trained without perturbations and with random-
disturbance did not changed the errors significantly. Subjects
in the error-amplification group performed systematically worse
than subjects in the random-disturbance and no-perturbation
groups during the first training trials, as observed in a significant
greater tracking error during the first, second and fourth training
trials [Figure 3, Trial 2, F(2, 31) = 6.62, p = 0.004; Trial 3,
F(2, 31) = 4.17, p = 0.025; Trial 4, F(2, 31) = 2.40, p = 0.107; Trial
5, F(2, 31) = 4.17, p = 0.025]. The differences between groups
were non-significant during the last training trials. This is due to
the fact that subjects in the error-amplification group adapted to
the error amplification disturbance, suggested by the significant
error reduction from the first to the last (eighth) training trials
(paired t-test, p = 0.004). This adaptation was not observed
in the no-perturbation and random-disturbance groups. Both
groups reduced the error from the first to the last training trials,
although not significantly. The random-disturbance and no-
perturbation groups performed similarly through the duration of
the training.
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Effect of Training Strategies and Skill Level on

Learning
The performance during baseline was significantly different
between skill groups. They showed significant differences in the

FIGURE 3 | Performance during training. Mean absolute tracking error created

with the left leg during baseline (trial 1), training with the different strategies

(trials 2–9, shaded area), and retention (trial 10). Error bars show ± 1 CI.

*p < 0.05, •p < 0.1.

tracking error during baseline [F(1, 32) = 52.14, p < 0.001]. We
examined the effect of the subjects’ skill level (i.e., the tracking
error during baseline) on the effectiveness of the different
training strategies. We found a non-significant linear correlation
between initial skill level and the error reduction from baseline
to retention after training without perturbations (Figure 4 left,
Pearson’s correlation, R = 0.544, p = 0.083). We also found a
quadratic relationship between the initial skill level and the error
reduction from baseline to retention after training with error
amplification (Figure 4 left, R= 0.716, p= 0.057).

We used repeated measures ANOVA to test the effect
that different training strategies [no perturbation (NP), error
amplification (EA), random disturbance (RD)], initial skill level
(novice, skilled), and their interaction had on the tracking
error reduction from baseline to retention. We found that all
subjects reduced the tracking error after training [F(1, 28) = 27.30,
p < 0.001]. Subjects in all training strategies learned the
task (NP: p = 0.011; RD: p = 0.016; EA: p = 0.022). The
main effect of initial skill level on the error reduction was
non-significant. The main effect of training strategy was also
non-significant. However, we found an interaction between the
initial skill level and the training strategy that approached
statistical significance [F(2, 28) = 3.22, p = 0.055]. Novices
only reduced the error significantly when trained without
perturbation (Figure 4 right, Wilcoxon, p = 0.043). In fact,
novices tended to reduce the errors to a greater amount when
trained without perturbation in comparison with the other
training strategies (Kruskal-Wallis p = 0.063). The skilled group
only reduced significantly the error after training with challenge-
based strategies (Figure 4 right, Wilcoxon, EA: p = 0.043, RD:
p= 0.075).

FIGURE 4 | (Left) Effect of initial skill level (i.e., tracking error during baseline) on the error reduction from baseline to retention with the different training strategies.

(Right) Error reduction after training with the different training strategies, in the skilled and novice groups. Error bars show ± 1 CI. *p < 0.05, •p < 0.1.
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In general, all subjects reduced the absolute phase error
from baseline to retention [F(1, 28) = 7.50, p = 0.011]. The
effect of the training strategy on the phase error reduction was
one-sided significant [F(2, 28) = 2.82, p = 0.076]. In particular,
the EA group reduced the error in a smaller amount than
the NP group (Figure 5, p = 0.077). We did not find a

FIGURE 5 | Absolute phase error for the different training groups during

baseline and retention. Error bars show ± 1 CI. *p < 0.05.

significant effect of skill level in the error reduction, neither an
interaction effect of the training strategy and the initial skill
level.

Effect of Training Strategy on Transfer
Subjects generalized the learning to the untrained task, i.e.,
they significantly reduced the errors from baseline-transfer to
retention-transfer [F(1, 24) = 9.59, p = 0.005]. In particular,
subjects trained without perturbation reduced significantly the
tracking error (Figure 6 left, p = 0.016). Subjects trained
with random disturbance also reduced the tracking errors
significantly (Figure 6 left, p = 0.007). However, subjects
trained with error amplification did not reduce the error
from baseline-transfer to retention-transfer. The main effect of
training strategy was, however, non-significant [F(2, 24) = 1.58,
p = 0.228]. The main effect of initial skill level was also
non-significant. The interaction effect of the skill level and
training strategy did not reach significance [F(2, 24) = 2.64,
p= 0.092].

Subjects did not significantly reduce the phase error from
baseline-transfer to retention-transfer (Figure 6 right). The
effect of the training strategy on the phase error reduction in
the transfer task did not reach significance [F(2, 24) = 2.97,
p = 0.070]. As observed in Figure 6 right, subjects trained
without perturbation and with random disturbance reduced
the errors (although not significantly), while subjects in
the error-amplification group tended to increase the errors
after training. The main effect of initial skill level was
non-significant. The interaction effect of the skill level and
training strategy almost reached significance [F(2, 24) = 3.25,
p= 0.055].

FIGURE 6 | Tracking error (Left) and phase error (Right) created by the different training groups during baseline-transfer and retention-transfer tests. Error bars

show ± 1 CI. *p < 0.05.
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Functional MRI Data
Training Period
We first visualized the general activation for the three different
strategies (NP, EA, and RD) during the training period. As it can
be observed in Figure 7, all strategies lead to significant bilateral
activation (p < 0.001, uncorrected) in the area 4a (leg area). The
activation map was most widespread for NP and activation for
this strategy lead also to activation in other brain regions (results
not reported).

Strategy-related main effects were seen in the basal ganglia
(putamen, caudate nucleus, and pallidum), thalamus as well as in
different parts of the cerebellum (Table 1A). In addition, fMRI
signal responses were seen in the parietal cortex such as, the
intraparietal sulcus (IPS)—which represented largest cluster in
the activation map—the posterior cingulate cortex (PCC) and in
different regions of the visual and frontal cortex.

We then asked which training strategies differed in brain
activation strength (Table 2). Error amplification did not lead
to stronger fMRI signal responses relative to no perturbation
or random disturbance. On the contrary, the contrast “no
perturbations vs. error amplification” revealed numerous brain
activations, which are—for simplicity—reported on p < 0.05
(FWE-corrected, t > 7.1; Table 2A). In a similar vein, the
comparison “no perturbations vs. random disturbance” showed
several activated clusters (p < 0.001, t > 3.6, Table 2B).
The contrast “random disturbance vs. error amplification”
demonstrated few significant clusters (p < 0.001, t > 3.6,
Table 2C).

Main effects of initial skill level were seen dominantly in right
temporal and parietal regions, including the IPS (Table 1B). Post-
hoc t-test analysis revealed that skilled subjects showed stronger
activation compared to novices in the right IPS, SPL (precuneus),
medial temporal lobe, and inferior temporal gyrus (Table 3). At
the same threshold but with lower cluster-size cut-off (kE > 15
voxels) we additionally observed activation in the brainstem and
left cerebellum.

Similar to themain effect of training strategy, strategy× initial
skill-level interaction effects were most pronounced (i.e., largest
activation cluster) in the IPS (Table 1C). Apart from activation in
frontal and visual brain regions, we noticed further activation of
the basal ganglia, primary motor cortex (M1) and somatosensory
regions (e.g., SMA) as well as the cerebellum.

Retention—Baseline Period
As summarized in Table 4, a main effect of strategy was seen
in the subgenual and anterior cingulate cortex and in M1. No
main effect of initial skill level was seen (also not when bi-
directionally comparing skilled vs. non-skilled subjects by t-tests)
nor a strategy × initial skill-level interaction. Post-hoc analysis
on the main effect of strategy revealed significant differences
for the contrasts “no perturbation vs. error amplification” and
“random disturbance vs. error amplification” (see Table 5). The
first contrast demonstrated primarily activation in the frontal
cortex. Both contrasts revealed activation in orbitofrontal regions
(Figure 8).

DISCUSSION

We evaluated the impact of three error-modulation robotic
training strategies on brain activation and motor learning of a
complex locomotor task: No perturbation, error amplification,
and random force disturbance. The experimental task consisted
in learning a complex locomotor task: Coordinating the legs
in a particular gait–like pattern in order to track a Lissajous
figure presented on a visual display. The MRI-compatible
one degree-of-freedom steeper robot (MARCOS) developed
in our institution was employed to conduct the experiment,
while performing fMRI in a 1.5 Tesla MR scanner. Even
though none of fMRI results survives a voxel threshold of
p < 0.05 using familywise error correction, all fMRI results
are presented at a widely accepted cluster-corrected p-value of
p < 0.05.

FIGURE 7 | General fMRI activation for the three training strategies: NP, RD, and EA. All results are displayed at p < 0.001 (uncorrected, t > 3.6) with a cluster-extend

threshold of kE > 27 voxels. The activation overlaps for all three training strategies at the somatosensory cortex (at the leg area).
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TABLE 1 | Summary of brain activation during training for the main effect of

training strategy, initial skill level, and its interaction in the training model.

Region Hemisphere MNI Cluster-size

(A) MAIN EFFECT OF TRAINING STRATEGY

Putamen Left −22 13 0 122

Middle orbital Left −35 47 0 225

Pallidum Right 22 −4 0 82

Thalamus Left −13 −24 0 33

Right 12 −6 12 28

Cerebellum (lobule VI) Right 35 −41 −30 27

Left −20 −55 −8 52

Intraparietal sulcus (IPS) Right 45 −55 38 934

Left −42 −57 39 153

Posterior cingulate cortex (PCC) Right 1 −38 35 283

Inferior frontal gyrus (BA 44/45) Left −48 −13 34 326

Right 48 23 28 45

Middle frontal gyrus Left −28 31 34 139

Cuneus Right 18 −70 27 90

Amygdala Left −30 0 −19 61

Hippocampus Right 40 −16 −14 59

Fusiform gyrus Right 25 −61 5 55

(B) MAIN EFFECT OF INITIAL SKILL

Medial temporal gyrus Left −40 14 −32 75

SPL (precuneus) Right −2 −66 60 56

IPS Right 42 −49 36 64

Inferior temporal gyrus Right 64 −38 −12 20

Rolandic operculum Right 50 −1 13 16

(C) INTERACTION STRATEGY × INITIAL SKILL

IPS Right 42 −48 36 1595

Left −40 −57 39 320

Lingual/fusiform Left −20 −62 −6 226

Fusiform gyrus Left −37 −78 −12 28

Supplemtary motor area (SMA) Right 2 −15 56 173

PCC Right 4 −48 40 133

Primary motor cortex (area 4a/4p) Right 28 −28 58 118

Middle frontal gyrus Right 36 18 56 116

Postcental gyrus (area 1/2) Right 24 −48 66 49

Right 50 −40 58 109

Caudate nucleus Right 18 12 10 108

Cerebellum (lobule VI) Right 28 −36 −26 80

hOC3v Left −14 −92 2 70

Insula Left −26 19 0 56

Medial temporal gyrus Right 56 −48 0 53

Superior orbital gyrus Right 14 38 −14 47

Temporal pole Left −24 2 −28 44

Thalamus Right 8 −2 12 41

Putamen Right 16 8 4 107

All results are reported at p < 0.001 (uncorrected, t > 3.6), F-contrast, kE > 27.

Effects of Training Strategies on
Performance during Training
The error amplification training strategy worked as expected,
i.e., it significantly increased the tracking error when firstly

TABLE 2 | Summary of post-hoc t-tests on the main effect of training strategy

during training.

Region Hemisphere MNI Cluster-size

(A) NP—EA*

IPS Right 43 −50 37 72

Inferior parietal lobe Right 42 −68 39 32

Inferior frontal gyrus Left −57 8 31 15

Middle orbital gyrus Left −36 48 0 4

(B) NP—RD**

Angular gyrus Right 42 −60 30 1262

Fusiform gyrus Left −22 −52 −8 217

Left −27 −77 −5 136

Thalamus Left −31 −27 1 161

Right 15 −6 12 33

Superior frontal gyrus Left −21 18 38 92

Ant.insula/ant. putamen Left −28 16 1 73

Cerebellum (lobule VI) Left −26 −30 −26 72

Cerebellum (dentate nucleus) Left −22 −52 −32 32

PCC Right 12 −50 32 68

Lingual gyrus Right 26 −63 4 62

Pallidum Right 17 1 6 59

Inferior frontal gyrus Right 47 21 27 54

Caudate nucleus Left −14 6 9 50

Hippocampus Right 37 −16 −14 40

Precentral gyrus Right 64 −3 28 36

(C) RD—EA**

IPS Right 47 −56 39 587

Inferior frontal gyrus (BA 44/45) Left −54 10 34 111

Superior orbital gyrus Left −37 52 1 37

Calcarine gyrus (V1/V2) Right 1 −99 9 35

Superior frontal gyrus Left −13 53 40 34

*p < 0.05 (FWE corrected, t > 7.1).

**p < 0.001 (uncorrected, t > 3.6).

The following training strategies were compared: NP—EA, NP—RD, RD—EA. For

readability, results for NP—EA are shown at p < 0.05 (family-wise error corrected). All

other contrasts are reported at p < 0.001 (uncorrected, t > 3.6), kE > 27.

TABLE 3 | Brain activation differences for “skilled vs. non-skilled” participants

averaged across all learning strategies during training.

Region Hemisphere MNI Cluster-size

SKILLED vs. NON-SKILLED

SPL (precuneus) Midline 0 −68 57 94

Medial temporal pole Left −40 14 −32 114

IPS Right 42 −48 36 96

Inferior temporal gyrus Right 64 −38 −12 35

All results are reported at p < 0.001 (uncorrected, t > 3.6), F-contrast, kE > 27.

introduced. Training with error amplification resulted in larger
tracking errors during the firsts training trials compared to
training with random force disturbance and no perturbation,
suggesting that error amplification was the most difficult training
strategy. We did not find significant differences in subjects’
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TABLE 4 | Summary of brain activation for the main effect of learning strategy for

the contrast “retention—baseline”.

Region Hemisphere MNI Cluster-size

MAIN EFFECT OF STRATEGY

Subgenual cingulate (BA 25) Right 2 0 13 101

Left −8 −2 −12 88

Anterior cingulate cortex

(BA 24/32)

Left −13 16 −8 42

Primary motor cortex (area 4p) Right 37 −16 38 29

Results are displayed at p < 0.001 (uncorrected, t > 3.6) with a cluster-extend threshold

of kE > 27 voxels. There was no significant main effect of initial skill level or an interaction

effect (learning strategy × initial skill level) visible.

performance when training with random disturbance and no
perturbation. The forces applied during random disturbance
created short and fast change in the trajectory smoothness
(Marchal-Crespo et al., 2011) and thereby, maybe the overall
mean tracking error was not significantly affected. This is in line
with a previous study we conducted using MARCOS to train
a simple locomotor task with random force disturbance: The
introduction of force disturbances did not increase the mean
tracking error, but increased the muscle activation, suggesting
that training with random disturbances was more physically
demanding (Marchal-Crespo et al., 2014b). In fact, this higher
muscular activity may explain why the tracking error during
training with force disturbances did not differ from the mean
error created when training without perturbations: Maybe
subjects were able to cancel the tracking errors using muscular
effort.

Subjects adapted to the error-amplification strategy during
training. This is in line with previous research on motor learning
that suggested that training with error-amplification promote
the formation of an internal model (Emken and Reinkensmeyer,
2005). Subjects did not significantly reduce the tracking error
when training with random disturbances, probably because the
disturbing forces were unpredictably applied and the formation
of an internal model was not possible.

The Training Strategy that Enhances
Learning Depends on Subjects’ Skill Level
We expected better motor learning when training with the
challenge-based strategies in initially more skilled subjects. We
also hypothesized that training with challenge-based strategies
would hamper motor learning in initially less skilled subjects.
Behavioral results confirmed our hypothesis: The training
strategy that enhances learning depended on subjects’ initial
skill level. Training without perturbations benefited learning
in novices, while amplifying tracking errors during training
enhanced learning in initially more skilled subjects. This is in line
with previous experiments that showed that error amplification
seemed to be specifically beneficial for skilled subjects (Milot
et al., 2010; Duarte and Reinkensmeyer, 2015). This can be
explained by the Challenge Point Theory, which states that
learning is maximized when the task difficulty is appropriate
for the individual subject’s level of expertise (Guadagnoli and
Lee, 2004). Error amplification, on the other hand, hampered

TABLE 5 | Summary of post-hoc t-tests on the main effect of learning strategy for

the contrast “retention—baseline”.

Region Hemisphere MNI Cluster-size

(A) NP—EA

Inferior temporal gyrus Right 62 −42 −10 41

Frontal operculum Right 6 0 −12 617

Superior orbital gyrus Left −12 16 −8

Right 14 2 −14

Primary motor cortex (area

3a/4p)

Right 36 −16 38 95

Right 48 −14 38

Anterior temporal lobe Left −48 10 −16 147

Left −54 2 −16

Left −48 −6 −16

Middle orbital gyrus Right 22 34 −4 34

Right 32 36 −4

Inferior frontal gyurs/Middle

orbital gyrus

Right 34 26 −16 98

Right 44 48 −14

Right 32 40 −8

Precentral gyrus (BA 44/45) Right 56 4 36 31

Frontal operculum (fo1) Right 4 44 −14 29

Frontal operculum (fo3) Left −26 36 −2 27

(B) RD—EA

Superior orbital gyrus Left −8 −2 −12 53

Superior orbital gyrus/BA 24

and BA 25

Right 6 −2 −12 33

Middle occipital gyrus (area

hOC4lp)

Right 36 −86 16 34

Inferior temporal gyrus Left −40 −28 18 69

Supramarginal gyrus

(IPL/IPS)

Left −48 −42 34 64

OP2 Right 30 −24 22 39

OP1 (S2) Left −56 −30 24 58

IPL (PFm/PGa) Left −52 −64 42 39

Left −52 −54 44

Thalamus Right 4 −20 20 27

Left −4 −22 18

Results are displayed at p < 0.001 (uncorrected t > 3.6) with a cluster-extend threshold

of kE > 27 voxels. NP and RD showed stronger fMRI signal changes compared to EA.

learning in initially less skilled subjects, maybe because it made
the task to be learned too difficult and frustrating (Duarte
and Reinkensmeyer, 2015). Indeed, our fMRI data showed
an involvement of the brain reward system in the error-
amplification group for the contrast NP—EA, which could
support this theory.

In a previous experiment performed with MARCOS
and similar error-challenging robotic strategies, we found
contradictory results (Marchal-Crespo et al., 2014b). Training
with error amplification was most suitable for initially less skilled
subjects. This contradictionmight be explained by the differences
in the motor task to be learned. In the previous experiment,
the task consisted in trying to synchronize the non-dominant
leg with the dominant leg, passively moved by the robot.
Therefore, it was a simple one degree-of-freedom locomotor
task, compared to the complex two degree-of-freedom bipedal
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FIGURE 8 | Brain activation difference between “retention—baseline” for the

contrast no perturbation—error amplification. FMRI signal changes were most

pronounced in the frontal cortex including the orbitofrontal cortex (for a full list

of activation see Table 5).

locomotor task employed in the current experiment. This is in
line with previous research that found that “principles derived
from the study of simple skills do not always generalize to complex
skill learning” (Wulf and Shea, 2002). For less skilled subjects,
error augmenting strategies might be more suitable to enhance
learning of especially simple tasks, but might hamper learning of
more complex tasks. Therefore, matching the training strategy
to the relative trainee’s skill level to perform a specific task, may
provide the greatest opportunity for learning (Marchal-Crespo
et al., 2015).

Interestingly, we found that for the error-amplification group,
the relationship between error reduction after training and
initial skill level was quadratic. Initially proficient subjects—i.e.,
subjects who performed particularly well during baseline—did
not benefit from error amplification. This can be explained by
the behavior of the controller. The perturbations of the error-
amplification strategy depend on the subjects’ performance—i.e.,
only existing errors are amplified, with higher amplification for
larger errors. Thereby, proficient subjects may not have been
sufficiently challenged during training, since they were making
systematically small errors and thereby, error amplification failed
to have a significant impact on their performance during training.

Random force disturbances seemed to benefit motor learning
in all subjects, independently of their initial skill level. It is
interesting to note that the random force disturbance did not
increase the mean tracking error during training. The goal of
the random force disturbance strategy is to push subjects away
from their “comfort zone,” so they are encouraged to examine and
investigate new solutions to fulfill the motor tasks by themselves.
Therefore, maybe the lack of anticipation of the random
disturbing forces motivated subjects to be more concentrated
and attentive during training. The random-disturbance strategy
was independent of the subjects’ performance, thus it might

increase subjects’ attention during training, even if proficient
subjects created very small errors. Our fMRI data support
this idea, since we found stronger activation in brain areas
associated with attentional control (Shulman et al., 2003; Luks
et al., 2007; such as, SPL and IPS) when training with random
disturbance, compared to training with error amplification.
However, we did not observe differences in brain activation
between training with random force disturbances and without
perturbations. This might be due to some overlapping activity
in the frontal cortex (see Tables 2A,B) when we compare to
error amplification. Alternatively, maybe the difference in the
behavioral results was due to a change in the limbs’ stiffness.
Training in unstable environments tend to alter the effective
stiffness of the limbs through co-contraction ofmuscles (Franklin
et al., 2007; Marchal-Crespo et al., 2014b). However, this stiffness
difference did not lead do detectable brain activation differences,
maybe because the muscle co-contraction was not strong enough
(Marchal-Crespo et al., 2014b).

Error Amplification Hampered Transfer of
Learning
We confirmed our hypothesis that the training strategy that
enhances learning of a complex locomotor task depends on
subjects’ initial skill level. However, we also found that training
with error amplification limited transfer of learning, while
training with no perturbation and random disturbance seemed
to transfer the learning gains to a similar task. Although there
was no statistical proof that the transfer was greater after
training without perturbation and random noise relative to error
amplification, our results suggest evidence for transfer in these
conditions only. The lack of transfer observed in the error-
amplification group contradicts motor learning research that
found a positive effect of error amplification on transfer (Milot
et al., 2010).

A possible rationale for the differences observed in transfer
between the challenge-based training strategies is that subjects
trained with error amplification focused mainly in reducing
the tracking errors to reduce the perturbing forces, and failed
to interiorized or consciously understand the desired gait-
like pattern. This idea is supported by the fact that subjects
trained with error amplification failed to learn the correct
phase difference between legs also in the trained task, while
subjects trained without perturbation and random disturbance
did learn the correct diphase. Therefore, the good performance
of subjects after training with error amplification might have
resulted from implicit learning, i.e., subjects learned without
awareness of what has been learned. On the other hand,
subjects trained with random force disturbance (and without
perturbation) might have experienced explicit learning, i.e. they
actively searched for the gait-like pattern to correctly track
the presented figure. Several studies have shown that implicit
learning shows negative transfer of the acquired motor skills,
whereas explicit learning showed strong positive transfer (Lee
and Vakoch, 1996). Therefore, based on the transfer and phase
error results, we hypothesized that for the specific complex
locomotion task presented in this paper, error amplification
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might have promoted implicit motor learning, while random
force disturbance promoted explicit motor learning. Results
from fMRI data support this hypothesis, since training with
random disturbance revealed stronger activation in brain areas
associated with explicit learning (such as, precuneus) when
compared to training with error amplification (Yang and Li,
2012).

Effects of Training Strategies and Initial
Skill Level on Brain Activation during
Training
During the training period, strategy and skill-level dependent
effects were observed in the IPS. Human fMRI studies support
a decrease in activation in pre-SMA and dorsolateral prefrontal
cortex (DLPFC), but an increase in activation in the parietal
lobe (especially in the IPS) as visuomotor sequence learning
progresses (Hikosaka et al., 1998; Sakai et al., 1998). Grafton et al.
(1998) reported that activation in the parietal lobe progressively
increased with learning, whereas other groups (Seitz et al., 1990;
Jenkins et al., 1994; van Mier et al., 1998) demonstrated stronger
parietal activation during learning of a novel motor sequence
compared to performance on a pre-learned sequence.

Our study revealed stronger activation of the SPL (precuneus)
and the IPS in skilled subjects (across all training strategies)
during a motor task using leg movements. Less skilled subjects
did not show any significant (p < 0.001) activation at the
pre-selected voxel-threshold relative to skilled participants. In
fact, the no-perturbation and random-disturbance strategies lead
stronger activation in these (but also other frontal, visual, and
temporal) regions than error amplification. This could suggest
that attentional control is an important factor for motor learning
but in different ways. During an easy condition such as no
perturbation, a high level of attention is required to maintain
subjects focused on the task. In contrast, during random
disturbance, subjects are disturbed in an unexpected manner (in
contrast to error amplification) to perform the task and hence
attentional control is required tominimize tracking errors during
training.

We found main effects of strategy as well as strategy ×

initial skill interaction effects in different parts of the cerebellum.
Some authors demonstrated a particular link between cerebellum
activation and skill level (Jenkins et al., 1994; Seitz et al.,
1994). For example, Toni and colleagues (Toni et al., 1998)
showed a decrease in left cerebellar activation (but also in
other brain regions) during a prolonged period of trial and
error motor sequence learning. The right anterior cerebellum,
however, showed greater activation during later learning than
during initial learning. In addition, in our experiment, skilled
participants showed stronger activation of the cerebellum (and
brainstem) compared to novices but this was only seen at
p < 0.001 with kE > 15 voxels instead of kE > 27 voxels,
indicating an association between the strength of the activation
in the cerebellum and the success of learning. The only region—
again at p < 0.001 and kE > 15 voxels—showing greater
activation in untrained participants was the right rolandic
operculum.

The basal ganglia are involved in the regulation of non-
motor as well as motor sequences, and motor sequence learning
(Vakil et al., 2000; Exner et al., 2002; Tzvi et al., 2014, 2015,
2016; Fermin et al., 2016). Although the activation of the
basal ganglia for the training period in our study might reflect
on-line learning processes, we cannot distinguish activation
linked to attentional demands and on-line error correction
(adaptation). The activation of the basal ganglia was evident for
the contrast “no perturbation (NP)—random disturbance (RD).”
This was a bit surprising, as we did not expect a particular
involvement of the basal ganglia in a very simple task such as
no perturbation compared to random disturbance and error-
amplification strategies.We conclude that basal ganglia are rather
involved in the learning of non-challenging task, in which the
sequence of motor movements is not disturbed by noise or by
any error amplification.

Effects of Training Strategies on Brain
Activation during Learning
The contrast “retention—baseline” revealed activation within the
frontal cortex but also in sensorimotor regions (e.g., M1, parietal
opercular regions, i.e., OP1 and OP2, Young et al., 2004). This
activation could reflect learning (as the error rates drop during
retention relative to baseline) but it is difficult to differentiate
between mechanisms related to attention and error correction.
One interesting observation was the involvement of orbitofrontal
regions during no perturbation relative to error amplification
(Table 5, Figure 8). In fact, practicing with error amplification
is related to a persistent lower self-reported level of enjoyment
(Duarte and Reinkensmeyer, 2015). The systematic large errors
experienced during training with error amplification, which
made the task more challenging, resulted in unconventionally
low activation of the reward system. We computed several
contrasts in order to further evaluate the effect of the skill
level as we found differences comparing NP—EA in the reward
system: (NP—EA skilled) > (NP—EA non-skilled) and vice
versa,. We also performed the contrasts “EA skilled vs. EA
non-skilled” and “NP skilled vs. NP non-skilled.” Yet, we did
not observe any activation differences for these contrasts (at
p < 0.001, uncorrected), suggesting that the reward system
was not differently activated between skill groups. However,
when we used an unconventionally low threshold of p < 0.01
(uncorrected), we found some differences in the reward system
between skilled and non-skilled subjects comparing conditions.
Of course, this needs to be examined in future studies on the role
of affective components during motor learning. However, it is
evident from other studies that affective control (resulting in high
motivation) is an important factor during complicated motor
learning tasks (McAuley et al., 1989; Duarte and Reinkensmeyer,
2015).

Implications for Robot-Aided Gait
Rehabilitation
Recovery after a brain injury has been proposed to be a form of
motor learning or relearning (Dietz and Ward, 2015). However,
we cannot guarantee that the impact on motor learning of the
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training strategies here investigated do not differ in neurological
patients. Patients probably have a lower initial skill level and
therefore, their optimal challenge point (i.e., where subjects
show the best motor learning) may be at a different level.
Hypothetically, the haptic guidance mode may be especially
suitable for more disabled patients, as suggested in Klamroth-
Marganska et al. (2014).

Based on the results presented in this paper, we are developing
new training strategies to improve rehabilitation outcomes using
the Lokomat (Hocoma, Switzerland)—a commercially available
robotic gait trainer that comprises two actuated leg orthoses
(Riener et al., 2005). We developed a novel error-modulating
robotic strategy that limits large errors that can be dangerous
and frustrating with haptic guidance, while amplifies task
relevant small errors. We also developed a random disturbance
controller that can work together with the error-modulating
controller (Rüdt et al., 2016). We hypothesize that an optimal
framework for motor learning and neurorehabilitation would
consist on a combination of all these strategies: Random
force disturbance would increase subjects’ concentration on
the task, error amplification would increase subjects’ active
participation and awareness of small task relevant errors, and
haptic guidance would limit dangerous and/or discouraging
errors.

We plan to perform motor learning experiments with
neurological patients employing the different controllers
presented here, and the novel controllers derived from the
actual findings. Results from the motor learning experiments
performed with neurological patients will provide an insight
into motor learning in the impaired motor system and may
suggest new neurorehabilitation therapies and novel ways to use
robots in rehabilitation. It has been hypothesized that in order to
enhance recovery after a neurologic insult it is crucial to increase
the dose and intensity of therapy (Dietz and Ward, 2015). We
believe that employing a training strategy that optimizes learning
based on patients’ specific impairments and specific motor task
to be performed would be a more effective approach than just
increasing dose and intensity of raw therapy.

CONCLUSIONS

We investigated the effect of robotic training strategies
that augment errors–error amplification and random force
disturbance—on brain activation and learning of a complex
locomotor task. We found that the most effective training
strategy depends on subjects’ initial skill level. Training without
perturbations was especially suitable to enhance motor learning

in initially less skilled subjects, while more skilled subjects
benefited from error amplification. However, training with error
amplification limited transfer of learning. Random disturbing
forces induced learning and promoted transfer in all subjects,
probably because they increased subjects’ attention. A possible
rationale for the differences in transfer between the challenge-
based strategies is that for the specific complex locomotion task
presented in this paper, error amplification might have promoted

implicit motor learning, while random force disturbance
promoted explicit motor learning.

FMRI analysis revealed main effects of strategy and skill
level during training. These neuroimaging findings indicate
that gait-like motor learning depends on interplay between
subcortical, cerebellar, and fronto-parietal brain regions. An
interesting observation was the low activation seen in the brain
reward system after training with error amplification compared
to training without perturbations.

Our results suggest that learning a complex locomotor task
can be enhanced when errors are augmented based on subjects’
initial skill level. The impacts of these strategies on motor
learning, brain activation andmotivation in neurological patients
need further investigation.
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BACKGROUND

The development of outstanding computer science technologies such as virtual reality (VR) and
augmented reality (AR) has provided new avenues in order to challenge the functional connectivity
disruption seen in neurodegenerative diseases.

Virtually simulating the outside world with high realism, close-to-total immersion and easiness
of interaction presents an interesting way to decipher new therapeutic perspectives as a non-
invasive and non-pharmacological neuromodulation tool.

As of recently, these cutting-edge techniques already appear to be used in the treatment of some
neuropsychiatric disorders, cognitive and behavioral impairments since the patient is placed in an
environment virtually yet specifically adapted to his needs. Specific use of VR and AR becomes
interesting for both social and functional rehabilitation whether it originates from traumatic
situations and injuries or from pathologies known to show from neuromuscular disturbances to
decay. Virtual reality is already used in research in combination to rehabilitation adapted treadmills
in order to help treat children with cerebral palsy (coordination impairment, stiff andweakmuscles,
tremors, etc.) that appear in early childhood (Sloot et al., 2015; Cho et al., 2016). However, there is
still some work to be done to improve the actual research setups and the reproducibility of results.

Therefore, we will review here the innovative and emergent role of cybertherapies and focus on
the possibilities to extend its use as far as rehabilitation centers to everyday well-being.

NEUROPSYCHIATRIC PERSPECTIVES

Nowadays, virtual simulations of our world are created with high realism coupled to immersion
techniques. This appears to be a useful tool in the treatment of neuropsychiatric diseases and
behavioral disorders which might concern almost 450 million of patients worldwide. Statistically,
one out of four people has already or will develop a mental disorder during their lifetime according
to theWorldHealth Organization (WHO, 2001). And because virtual reality allows for a wide range
of applications, this cutting-edge technology could find its place as a neuromodulator to target a
panel of states from wellbeing to mental diseases and pain management.

But, due to its innovative nature, there is a strong need to enhance its development and to
standardize applications. So far, specific adaptative environments and serious games are selected
as a means to a safe and regular use in clinical medicine. It constitutes in itself a brand new
public health approach to help treating brain disorders: troubled thinking and perception disorders,
cognitive impairment, disruption of emotions, or behavioral disorders are some of the areas
targeted by this cutting-edge treatment using serious games: the patient is in a specific virtual
environment and evolves as he would in his real life. The objective is to help him face his fears
or behavioral challenge in order to improve his day-to-day life (Malbos et al., 2013; Sarver et al.,
2014; Fleming et al., 2017).
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Traditional exposure methods were found in protocols such
as gradual in vivo exposure, role-playing games and sometimes
group therapy but all eventually led to a similar limitation
due to systematic desensitization (Cottraux, 1994). Success is
often reached with difficulties because of limitations like the
lack of imagination for the patient, usually coupled to a lack
of intimacy and aversion to participate or the cost of such a
therapy. All of which don’t appear with the virtual reality, since
VR allows for a private use at a lower cost: it has to be used as
an additional technique to overcome limitations of traditional
psychotherapies. Through VR the idea is to dive deep into an
anxiogene and interactive environment with a controlled, safe
and ludic protocol. A strong planning is mandatory, as every
patient needs a design specifically matched to his pathology. One
of the main challenges is to stick to the reality as accurately as
possible in order to solve or at least lessen the psychopathological
issue caused by the dismemberment of the conscience, which
appears like a conflict between stimuli and cognition, between
what we sense and what we live. This paradigm could be resolved
by a full presence feeling: the more we are in, the less we are in
conflict, and the more the treatment is effective.

That presence feeling could be brought by the AR technique,
where the system allows inserting virtual contents in the real
world as a real time perceived ultra-reality. Virtual elements are
superimposed over the real image of the environment, bringing
additional information and augmenting our perception. That
technology is already powerful in medical training (Cutolo et al.,
2017) and as a navigational tool in surgery (Cabrilo et al., 2014),
but appears to be useful in the treatment of specific phobia,
specifically on the phobia of small animals (Chicchi Giglioli et al.,
2015), even if there is still a strong protocols development and
clinical tests to do to extend its use not only in phobia but also in
other pathologies.

REHABILITATION MEDICINE

Associated with specific exercises, VR assisted rehabilitation
becomes interesting for both social and functional rehabilitation
(Laver et al., 2015; Dockx et al., 2016; White and Moussavi,
2016; Fernandez Montenegro and Argyriou, 2017). The overall
system using a treadmill or an exoskeleton plus a chosen
specific virtual environment might have an important impact
for post-traumatic injuries or diseases with neuromuscular
disturbances and degeneration (Villiger et al., 2013; Pietrzak
et al., 2014). Using the specified setup, the patient will be
able to walk and move, repeating the exercise and gradually
increasing the intensity. Such systems could bring an innovative
solution through the use of virtual reality, where objectives,
motivation, and targeted exercises could be mixed in a ludic
protocol. Indeed, VR assisted rehabilitation allows the patient
to work on locomotion disorders, postural rehabilitation, and
equilibrium as well as spatial navigation or any other disorders
(Chiarovano et al., 2017; Cogné et al., 2017). Patients with
memory impairment such as witnessed in Alzheimer’s disease
could benefit from experiencing a virtual walk outside without
putting them at risk of getting lost and VR could help creating
familiar environments with for example the incorporation of

musicotherapy and family pictures. With an adapted setup, both
young patients and senior patients could see their rehabilitation
sessions benefiting from a new vision and therefore see a new
capacity added to the means accessible to them in order to get
better. By targeting specific brain areas and specific training,
VR could be used as a cortical reorganization inducer, and
trigger new healing neurological and critical pathways in mental
health disorders or trauma induced stress and anxiety such
as Post-Traumatic Stress Disorder (Maples-Keller et al., 2017;
Tielman et al., 2017), to adaptive rehabilitation following stroke
induced neurological impairments (Xiao et al., 2017; Yasuda et al.,
2017).

The next step would be to integrate haptic control and
grabbing of virtual elements for the patient to be immersed
in an even more lifelike simulated reality in order to achieve
greater stimulation and to obtain enhanced results aiming
at improving living conditions for all patients suffering from
myopathies.

As of late, software improvements and reduction in the
costs of virtual gear transformed VR into a practical tool for
immersive multisensory experiences in 3D that can distract
patients from their chronic pains. Virtual reality is a promising
intervention with several potential applications in the inpatient
medical setting. Studies to date demonstrate some efficacy,
but there is a need for larger, well-controlled studies to show
clinical and cost-effectiveness (Dascal et al., 2017). Several
studies aiming to assess the effectiveness of VR in hospitalized
patients with chronic pains have been published. The use of
VR as a distraction in these patients was effective to a point
in reducing pain compared to a control distraction condition
(Jin et al., 2016; Jones et al., 2016; Garrett et al., 2017;
McSherry et al., 2017; Tashjian et al., 2017), showing that it
can be used as a bonus therapy tool for pain management.
But these findings are coming in contradiction to other
studies that point out that the use of VR didn’t change pain
thresholds in patients (Smith et al., 2017). VR and AR were
also studied in the context of Phantom Limb Pain (PLP). The
PLP patients present a perception of discomfort consecutive
to amputation of their limb. In such cases, mirror therapy is
used and VR and AR therapy can provide an increased level of
immersion with customizable environments for the amputee to
alleviate the discomfort. They can also use myoelectric sensors
to manipulate artificial limbs to perform several tasks, thus
limitating their handicap (Ortiz-Catalan et al., 2014; Dunn et al.,
2017).

The pain management of patients in hospital could
nonetheless benefit from VR as adjunctive therapy if it is
used in the right emotional and social context. For example,
the qualitative effects of immersive virtual reality therapy
during painful procedures are possible in the operating
theater environment and could contribute in postoperative
satisfaction (Mosso-Vázquez et al., 2014; Chan and Scharf,
2017). More insights will be obtained by future research with
more immersive VR technology to explore the potential link
between stimuli and the context that changes the value of
these stimuli. VR was also successful as adjunct therapy for
acute pain management but most of the studies reported very
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important individualized responses in patients (Garrett et al.,
2017).

CONCLUSION

As such, the efficiency of VR and AR, while attractive
due to the increasing levels of immersion, customizable
environments, and decreasing costs, is yet to be fully

proven and continues to need further research with higher

quality studies to fully explore its benefits and democratize
its use.
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Selective serotonin reuptake inhibitors (SSRIs) are currently widely used in the field of

the neuromodulation not only because of their anti-depressive effects but also due to

their ability to promote plasticity and enhance motor recovery in patients with stroke.

Recent studies showed that fluoxetine promotes motor recovery after stroke through

its effects on the serotonergic system enhancing motor outputs and facilitating long

term potentiation, key factors in motor neural plasticity. However, little is known in

regards of the exact mechanisms underlying these effects and several aspects of it

remain poorly understood. In this manuscript, we discuss evidence supporting the

hypothesis that SSRIs, and in particular fluoxetine, modulate inhibitory pathways, and

that this modulation enhances reorganization and reestablishment of excitatory-inhibitory

control; these effects play a key role in learning induced plasticity in neural circuits

involved in the promotion of motor recovery after stroke. This discussion aims to provide

important insights and rationale for the development of novel strategies for stroke motor

rehabilitation.

Keywords: stroke, motor rehabilitation, SSRIs, cortical excitability, inhibitory tonus, neuroplasticity

INTRODUCTION

Stroke is the second cause of death worldwide and the leading cause of death in upper-middle
income countries; about 6.7 million people died from stroke in 2013 in the US (Mozaffarian et al.,
2016). Among stroke survivors, recovery of motor function is frequently incomplete, with the
majority of stroke patients unable to perform professional duties or activities of daily living 6
months after the event (Hummel and Cohen, 2005, 2006).

Current conventional therapies rely on behavioral treatments such as physiotherapy and
occupational therapy (Winstein et al., 2016); however, these treatments only induce limited plastic
and cortical reorganization changes (Veerbeek et al., 2014). Thus, considerable research efforts have
been devoted to developing methods for enhancing neuroplasticity in stroke and increasing the
efficacy of rehabilitation techniques.
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To this end, the use of pharmacological agents such as selective
serotonin reuptake inhibitors (SSRIs), in particular fluoxetine,
is increasingly being explored by several research groups. It has
been shown that SSRIs can modulate neural excitability, promote
plastic changes and improve motor rehabilitation after stroke
(Chollet et al., 2011; Siepmann et al., 2015). Chollet et al. reported
positive results of the Flame (fluoxetine for motor recovery after
acute ischemic stroke) trial. They hypothesized that fluoxetine
enhances motor recovery after stroke through a coupling of its
neuroprotective effect with the serotonergic system capability
to enhance motor outputs and facilitate long term potentiation
(LTP) (Chollet et al., 2011). The encouraging results of the Flame
trial were further supported by the positive results of a Cochrane
review of SSRIs for stroke recovery including 52 trials and 4,059
patients (Mead et al., 2013).

The similarity between the processes of stroke recovery and
learning has also recently gained increasing attention, and it
is being explored by several research groups with the goal of
improving the therapeutic efficacy of technologies for stroke
rehabilitation (Hogan et al., 2006; Krakauer, 2006). Neural
repair and recovery after stroke involve mechanisms of neuronal
excitability modulation that are very similar to those involved in
memory and learning processes (Krakauer, 2006).

Although their exact function during these processes is still
unclear (Clarkson et al., 2010), the important role of inhibitory
networks has begun to be acknowledged. These networks are
thought to play a key role in both early and late stages of learning-
induced plastic circuits. In fact, a strong neural system to promote
learning is a system that can rapidly shift between inhibition and
excitation (Trevelyan, 2016).

While the exact mechanisms of action of SSRIs on the neural
system after stroke are far from being understood, this review
aims to discuss the potential role of SSRIs on inhibitory neural
circuits as a possible mechanism underlying motor rehabilitation
after stroke through cortical reorganization and enhancement
of motor learning. We critically analyze evidence regarding: (i)
The relationship between inhibitory neural activity and motor
learning; (ii) Disruption of inhibitory activity after stroke; (iii)
Evidence of SSRIs-induced enhancement of inhibitory tone; and
(iv) Evidence of SSRIs-induced enhancement of motor learning
through an increase of inhibitory tone in stroke.

Relationship between Inhibitory Neural

Activity and Motor Learning
Motor learning leads to alteration in the cortical motor
mapping, promoting changes in the motor and somatosensory
representations. Motor learning involves neuronal excitability
and inhibitory modulatory mechanisms that are very similar to
the mechanisms involved in memory and non-motor learning
processes (Krakauer, 2006).

Learning a new motor skill shares similar physiological traits
with motor recovery from stroke. The similarities between these
processes provide us with a model that can be applied to certain
processes of functional recovery after stroke (Krakauer, 2006;
Rossi et al., 2009; Krakauer and Mazzoni, 2011; Kitago and
Krakauer, 2013; Costanzo, 2017). For instance, the modifications

of motor behavior after exposure to stimuli or experiences
(learning) are similar to those occurring during physical
therapy; however, in the latter case the modifications underlie
a process of re-learning of behaviors lost due to the structural
alteration caused by the cerebrovascular accident (Krakauer,
2006; Krakauer and Mazzoni, 2011).

Additionally, memory plays an important role in the
consolidation of newly learned behaviors, therefore the
enhancement of mechanisms underlying both learning and
memory is crucial for therapies aimed at promoting stroke motor
recovery (Krakauer, 2006).

The neurophysiological mechanism underlying learning and
memory is synaptic plasticity. Enhanced and more effective
synaptic functions largely depend on facilitating the likelihood
of neuronal inputs to happen; repeated stimuli generate a
pattern of repeated activation on a determined pathway leading
to an enhanced responsiveness of the post synaptic neuron
(potentiation) (Feldman, 2009; Costanzo, 2017). On a cellular
level these processes depend on changes in network excitability
as regulated by long-term potentiation (LTP) and long-term
depression (LTD) (Hagemann et al., 1998). LTP and LTD
can induce changes in synaptic strengthening, thereby shaping
learning and memory processing (Bliss and Collingridge, 1993;
Lynch, 2004).

Although little is known about the spatiotemporal aspects of
motor learning (Berger et al., 2017), the modulation of inhibitory
activity is an important mechanism underlying motor cortex
plasticity. In fact, inhibitory activity can change during early and
late stages of the learning process (See Figure 1; Engel et al., 2001;
Hensch and Stryker, 2004; Stagg et al., 2011).

The early stage of learning is characterized by reduction in
inhibition, facilitating LTP process in the motor cortex (Nudo
et al., 1996; Floyer-Lea et al., 2006). Local changes in inhibitory
circuits (GABA concentrations) can unmask existent neural
pathways within the cortex leading to rapid changes in the
sensory and motor representations (Castro-Alamancos et al.,
1995; Castro-Alamancos and Connors et al., 1996). It has been
shown that during early learning a transient GABA decrease in
the motor cortex correlates with the degree of motor learning
(Floyer-Lea et al., 2006; Stagg, 2013). Despite the transient
impact of lower inhibitory activity in acute phases of learning,
this correlation may be inverted in late phases of learning
consolidation.

In later stages of motor learning, a partial recovery in
inhibitory tonus (restoration of the inhibitory tonus) can be
associated with longer-term consolidation of learning (Shadmehr
and Holcomb, 1997; Floyer-Lea et al., 2006).

An interesting study using TMS, tDCS and neuroimaging
showed that the degree of learning is associated with a decrease
in GABA activity induced by tDCS (Johnstone et al., 2016),
thus supporting the notion that during early learning stages a
decreased and transient inhibitory tone is desirable. However,
subsequent inhibition seems necessary for consolidation of
learning (Brosh and Barkai, 2009).

Taken all together, these studies suggest that understanding
the balance between excitation and inhibition activity during
motor learning is key to better understanding the process
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FIGURE 1 | Neurobiology of learning phases.

of motor learning. Assuming that stroke recovery and motor
learning are somewhat similar processes (Hogan et al., 2006;
Krakauer, 2006), this knowledge may help understand how to
improve rehabilitation in stroke patients.

Disruption of Inhibitory Activity after Stroke
Following stroke, several structural and biological changes take
place and the interactions between excitatory and inhibitory
activity in learning-related circuits are crucial to drive motor
cortex plasticity and recovery (Jones, 2017). In the very
acute phase of stroke (hours after the event), inhibition of
activity of cortical areas surrounding the injured site is a
neuroprotective mechanism since increased excitability can
result in glutamatergic toxicity and increase apoptosis (Schiene
et al., 1996; Floyer-Lea et al., 2006).

After this initial phase, and similarly to early stages of learning,
the excitation/inhibition ratio increases (Schiene et al., 1996).
Two main neurophysiological changes have been associated with
brain remodeling and recovery after stroke: (i) an initial increase
in excitability in cortical regions and perilesional areas not
affected by the stroke, and (ii) increased activity/excitability in
the contralesional hemisphere. In this context, several studies
showed that in stroke patients the inhibitory function is globally
reduced in both hemispheres suggesting that the modulation

of inhibitory circuits might result from a strategy that aims
at compensating for motor impairment (Talelli et al., 2006; Di
Lazzaro et al., 2012; Takeuchi and Izumi, 2012). Even though this
enhanced excitability pattern is related to the enhanced plasticity
and functional reorganization, both changes are required to be
time dependent.

In the peri-lesional and distant cortical regions the down-
regulation of the inhibitory tonus is important for altering
cortical maps and promoting neuronal connectivity (re-
hardwiring) (Schiene et al., 1996). Moreover, manipulation of
the inhibitory tone promotes axonal and dendritic growth and
guidance, cytoskeletal organization and the expression of genes
related with adult brain remodeling (Urban et al., 2012; Nudo,
2013).

Widespread areas of enhanced cortical excitability appear after
stroke, and are important for some of the compensatory re-
organization (Collins, 2016). For example, Frost et al. (2003)
showed that in adult squirrel monkeys an increased hand
representation in ventral pre-motor areas (PMv) is observed after
an experimental ischemic lesion of 50% of the M1 hand area.
Additionally, the amount of reorganization was correlated with
the size of the hand area lesion, suggesting that bigger lesions
induce greater compensatory reorganization (Frost et al., 2003).
Although the development of compensatory reorganization
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results in initial gain of function, it may inhibit further gain of
function in later phases of stroke rehabilitation (Meintzschel and
Ziemann, 2006; Carmichael, 2012).

In this regard, increased disinhibition of the widespread
cortical areas increases the risk of competitive interaction
between the areas (premotor cortex andM1), thereby resulting in
incomplete motor recovery (Takeuchi et al., 2007). On the other
hand, the localized and transient disinhibition of the affected M1
in stroke patients may promote the motor recovery of normal
patterns by facilitating M1 plasticity (Takeuchi and Izumi, 2012).

One example is the surrounding inhibitory theory that
highlights the importance of inhibitory networks during
the initiation of active voluntary tasks. During movement
preparation, there is a local decrease of inhibition (decrease in
GABAa) and a concomitant increase of inhibition in the brain
neighboring areas; these processes avoid competition between
local and neighboring areas and allow specific activation of the
motor area in charge of generating the desired motor behavior
(Pfurtscheller et al., 2005; Klimesch, 2012; Pfurtscheller and
Lopes da Silva, 2017). In stroke patients, the local decrease of
inhibitory activity prior to movement is reduced and there is a
widespread disinhibition in the neighboring areas of the lesion
(Reynolds and Ashby, 1999; Zaaroor et al., 2003; Hummel et al.,
2009).

Therefore, stronger functional recovery is associated with a
time-dependent increase of inhibition. In fact, an important
aspect that has not been fully explored in human studies is the
modulation of the inhibitory states; varying from disinhibition to
inhibition in cortico-subcortical circuits according to the phase
of learning. A shift in one direction only (i.e., disinhibitory state)
has a low learning efficiency. In fact, that shift may be an index of
cortical disorganization.

A Network Example of Disrupted

Excitation-Inhibition Balance: Transcallosal

Imbalance and Motor Recovery in Stroke
An example of imbalance in the excitation-inhibition ratio can
be seen in the transcallosal interaction between motor cortices
in stroke (Julkunen et al., 2016). Functional imaging and non-
invasive brain stimulation have indicated that ipsilateral motor
projections are enhanced early after stroke and that a pattern
of hyper-excitation is commonly observed in the unaffected
hemisphere (Turton et al., 1996; Netz et al., 1997; Werhahn
et al., 2003; Murase et al., 2004; Oh et al., 2010). Although
the underlying mechanism remains unclear, it is believed that
latent ipsilateral motor projections are activated by disruption
of the contralateral corticospinal projections in stroke patients
(Feydy et al., 2002; Johansen-Berg et al., 2002). This results in
the reconfiguration of motor networks through the establishment
of alternative inputs for the cortico-spinal tracts. Then, parallel
motor circuits are activated and begin to transfer the impaired
functions to unaffected areas of the brain (Feydy et al., 2002;
Lindenberg et al., 2010).

In later stages of stroke recovery, better motor recovery and
outcome of functional rehabilitation are associated with a shift of
activation back to the affected hemisphere by the reestablishment

of the inhibitory tonus in the unaffected hemisphere as well as
with recovery of connectivity and cessation of imbalance between
the two hemispheres (Jaillard et al., 2005; Carter et al., 2010; Park
et al., 2011).

A persistent increased activity of the unaffected hemisphere
can result in alterations of transcallosal structure and function
and it is associated with upper limb motor impairment and
greater levels of arm motor dysfunction (Sato et al., 2015) in
chronic stroke patients. In this context, several studies showed
the importance of inhibition after stroke and the association
between increased inhibition of the unaffected hemisphere with
better functional outcomes (Conforto et al., 2008; Swayne et al.,
2008). Additionally, patients with severe upper limb impairment
display higher disinhibition of the unaffected hemisphere
compared to patients with mild-moderate impairment (Liepert
et al., 2000).

Therefore, it is hypothesized that the balance between
excitatory and inhibitory inputs after stroke is crucial for
long term stroke recovery and motor re-learning. These time
dependent changes in balance between excitatory and inhibitory
networks are also seen in healthy subjects (Guerra et al.,
2016). However, after a stroke this process can be altered and
jeopardize motor recovery. Consequently, longitudinal changes
in the regulation of inhibitory functions seem to play a major role
in this balance, since the lack of inhibition in later phases of stroke
recovery is associated with worse motor function outcomes (see
Figure 2; Crichton et al., 2016).

Can SSRIs Enhance Inhibitory Tone?
SSRIs are the most common treatment for major depressive
disorder (MDD). Clinical and preclinical data of MDD patients
indicate imbalanced activity in the right dorsolateral prefrontal
cortex (DLPC) compared to the left cortex/counterpart (Grimm
et al., 2008). It has been shown that impaired inhibition of
the right hemisphere, as indexed by TMS measures such as
intracortical inhibition (ICI), intracortical facilitation (ICF) and
cortical silent period, is correlated with treatment responsiveness
and recovery after depression (Mantovani et al., 2012). Several
authors have also demonstrated that adults with MDD present
deficits in GABAergic mediated transmission related with the
severity of MDD (Robinson et al., 2003; Ye et al., 2008; Croarkin
et al., 2014). Moreover, it has been shown that acute (intravenous
infusion) (Bhagwagar, 2004) or chronic (2 months) (Sanacora
et al., 2002) administration of SSRIs can increase cortical levels of
GABA in depressed adults, leading to the normalization of GABA
levels and possibly contributing to an antidepressant mechanism.

Besides that, in mouse models of social isolation, fluoxetine
treatment can induce stress recovery independently of its
serotonergic pathways. In these models, fluoxetine acts by
increasing the neurosteroids levels in the brain allowing a normal
allosteric increase of GABA-A synapses and therefore restoring
inhibition (Matsumoto et al., 2007).

Several neurological conditions seem to depend on a balance
between excitatory and inhibitory activity in the brain, and
the inhibitory control of excitation may have a key role
in this balance. Dysfunction in GABA-controlled inhibition
is pathophysiologically correlated with several diseases and
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FIGURE 2 | Disruption of balance between excitation (E) and inhibition (I) of the affected and non-lesioned hemispheres throughout the time post stroke.

restoration of functional inhibition leads to better treatment
outcomes. In particular, fluoxetine was shown to have positive
effects on motor rehabilitation after stroke and preclinical data
demonstrated that fluoxetine can directly up regulate GABA,
increasing inhibitory activity (Tunnicliff et al., 1999; Robinson
et al., 2003). In fact it is possible that one of the mechanisms of
SSRIs in improving depression is through a reestablishment of
normal learning patterns of prefrontal circuits.

SSRIs and Changes in Inhibitory Activity in

Stroke
Inhibitory circuits play an essential role in post-stroke motor
learning. SSRIs seem to exert an effect on excitation/inhibition
pathways, leading to enhancement of motor function after a
stroke. Although this mechanism is still underexplored in stroke,
other disease models are clearer; some insights from these
conditions can be extrapolated to better understand the potential
role of this class of drugs in stroke patients.

Recent studies have shown the effects of drugs that are capable
of modulating excitatory and inhibitory pathways and this may
be how they facilitate functional recovery after brain lesions.
Some of these pharmacological candidates are SSRIs (Pariente
et al., 2001; Chollet et al., 2011), dopamine agonist (Scheidtmann
et al., 2001), amphetamines (Bütefisch et al., 2002; Sawaki et al.,
2002b) and cholinergic substances (ACR) (Sawaki et al., 2002a;
Meintzschel and Ziemann, 2006).

Among these drugs, SSRIs have been shown to be able to
produce different effects (inhibitory or excitatory) on motor
cortex plasticity (Robol et al., 2004). The neuroplastic changes
triggered by SSRIs can be responsible for the compensation of
some of the neurophysiologic damage caused by the stroke.
Several early studies suggested that serotonergic agents such
as fluoxetine and citalopram have a positive effect on motor

function in hemiplegic patients after stroke (Dam et al., 1996;
Pariente et al., 2001; Zittel et al., 2008). The Flame trial, a large
randomized placebo-controlled clinical trial, showed that the
administration of fluoxetine during the acute stroke phase has a
moderate effect size, resulting in improvement of a clinical motor
function scale for upper and lower limbs outcome (Fugl-Meyer)
(Chollet et al., 2011).

To date, the mechanism by which fluoxetine enhances

rehabilitation after stroke remain unclear; however, some insights
from animal-based models suggested that SSRIs may enhance

overall brain excitability. Additionally, it has been shown that

SSRIs can promote neuronal sprouting (Kokoeva et al., 2005;
Hourai and Miyata, 2013; Ohira et al., 2013b) and cortical
reorganization (26), restore blood flow (Rosenstein et al., 1998;

Sun et al., 2003), and enhance neuroprotective mechanism (Lim

et al., 2009); thereby improving neuronal survival and protecting
cerebral tissue from hypoxia since it regulates the expression of

hypoxia-inducible factor-1α (HIF-1α) and of heme oxygense-1
(HO-1) (Shin et al., 2009; Siepmann et al., 2015). Therefore, one
hypothesis for the motor rehabilitation induced by fluoxetine

is that the blockage of serotonin (5-HT) reuptake due to SSRI
administration increases the availability of this neurotransmitter

in the synaptic cleft thus enhancing signal transmission (Ganzer

et al., 2013; Rief et al., 2016; Stahl, 2017) and consequently,
increasing the excitatory input of glutamate and activating

the NMDA receptors leading to a cascade of intracellular
events. These events might generate synaptic modifications
that culminate in a LTP leading synapse reprogramming and
strengthening (Stahl, 2017).

Nevertheless, we also believe that this acute effect on

enhancement of excitatory activity is followed by an increase in
inhibitory activity. Studies exploring the effects exerted by SSRIs
over motor cortex plasticity showed that SSRIs can also enhance
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inhibitory activity (Etherton et al., 2016). Studies have shown
that serotonergic drugs induce changes in inhibitory activity.
Indeed inhibition in the motor cortex was observed in healthy
subjects 2.5 h after citalopram intake. A single dose of citalopram
produced a transient enhanced GABAergic interneuronal control
over corticospinal neurons, resulting in increases in the ICI,
motor threshold and cortico-silent period (CSP) as well as mild
decrease in the ICF (Robol et al., 2004). Therefore, citalopram
was able to acutely decrease motor cortex excitability in healthy
subjects.

In addition, pre-clinical data suggest that citalopram,
fluoxetine and sertraline have anticonvulsive effects in the
hippocampus inhibiting seizure like events. The effects of these
SSRIs were likely due to regulation of pyramidal cell’s excitability
leading to vigorous inhibition of repetitive firing (Igelström and
Heyward, 2012). However, in clinical studies an increase in
seizures after administration of SSRIs was also described (Hill
et al., 2015).

Recently, authors have been exploring the role of long term
administration of fluoxetine treatment administration (Chen
et al., 2011) inducing structural plasticity by promoting neuron
“dematuration” (Kobayashi et al., 2010; Ohira et al., 2013a,b).
This mechanism consists in a reverse effect on the normal
maturate state of cells that can be induced by changes in
GABAergic transmission; therefore, culminating in a juvenile-
like state of fast-spiking inhibitory interneurons. In several
studies, neuronal “dematuration” induced by fluoxetine was
identified in different brain regions such as adult dentate granule
cells, adult amygdala cells (Karpova et al., 2011), hippocampus,
medial pre-frontal cortex (mPFC) (Guirado et al., 2014) and
a subset of GABAergic interneurons, generated from Layer 1
inhibitory neuron progenitor cells (L1-INP cells) (Ohira et al.,
2013a).

In this context, it is important to acknowledge that the
same antidepressant can exert different regulatory effects in
different brain regions and these effects vary depending on dose,
regimen of use (single dose or prolonged use) and time of
administration (in acute or chronic diseases phase). For example,
a single dose of paroxetine can improve motor performance
and induce hyper activation of the primary sensorimotor cortex
(S1M1) (Loubinoux et al., 2005). However, prolonged paroxetine
treatment (30 days 20mg per day) induced hypo activation of
S1M1 cells, but still resulted in improvement in finger tapping
motor task (Gerdelat-Mas et al., 2005). These results indicate that
SSRIs may have an acute effect on excitatory circuits that is led by
enhancement of inhibitory activity.

Even though the exact mechanism by which this effect
occurs is unknown, prior studies showed that some SSRIs
can potentiate GABA-mediated inhibitory neurotransmission.
Among SSRIs, fluoxetine’s mechanism of action includes
its 5-HT2C antagonism. Furthermore, 5-HT2C receptors are
expressed on GABAergic neurons (Serrats et al., 2005; Invernizzi
et al., 2007).

Furthermore, SSRIs can activate other receptors such as the 5-
HT2B receptor that have been identified in multiple brain cells
such as neurons, astrocytes, and Purkinje cells (Chen et al., 1995;
Peng et al., 2014). However, animal studies have shown that its

expression can be twice as much in astrocytes than in neurons
(Lovatt et al., 2007; Dong et al., 2015). Astrocytes have a main
role in the neuronal metabolic process in the brain and recent
evidence shows that fluoxetine can alter this metabolic process
through 5-HT2B receptor activity (Peng et al., 2014; Hertz et al.,
2015a).

The activation of 5-HT2B leads to a cascade of effects that
have been associated with the enhancement of learning and
memory. Among those processes, animal studies showed that
its activation can lead to raise of intracellular calcium levels
in astrocytes and consequent increase of glycogenolysis and
glycolysis, causing subsequent increase of lactate release that
can either act as extra metabolic fuel for neurons or act in
further signaling pathways (Li et al., 2011; Hertz et al., 2015a;
Steinman et al., 2016). Other processes such as potassium
homeostasis are also enhanced by this activation (Du et al., 2014).
In this regard, it is known that lactate has a neuroprotective
effects during brain ischemia and that glycogen metabolism
have many implications for the brain activities. In addition,
it is suggested that the 5-HT2B receptor plays an important
role in neurogenesis driven by SSRI treatments since studies in
animals lacking this receptor revealed a deficient response to the
enhanced effects of fluoxetine in neurogenesis (Diaz et al., 2012,
2016).

Moreover, the effects exert by fluoxetine differ depending on
its dose as different responses are seen in glycogen concentration
in astrocytes with different doses of fluoxetine. Whereas lower
concentration of fluoxetine causes an increase of glycogen
in astrocytes the opposite effects are seen with an increased
concentration of the drug. It is believe that this dual effect
can be associated with aspects of either the therapeutic effect
or adverse event of the medication (Bai et al., 2017). The
effects of fluoxetine in the 5-HT2B receptor need to be
further explored in human studies since its role in plasticity
can be used to better explain the mechanism underling this
drug effects in neuroplasticity and motor rehabilitation after
stroke.

In this context, the astrocytic metabolism could have a
role in regulation excitatory and inhibitory mechanism after
stroke. The activation of GABA-A receptors in astrocytes can
stimulate a similar mechanism enhancing regulation of calcium
concentrations and further enhancement of glycogenolysis, a
process that has already been associated with learning and
memory tasks; therefore relevant in the setting of motor recovery
(Hertz et al., 2015b). Finally, the effects of fluoxetine in the 5-
HT2B receptor need to be further explored in human studies
since its role in plasticity can be used to better explain the
mechanism underlying this drug effects in neuroplasticity and
motor rehabilitation after stroke.

SSRIs and Safety Considerations
Most studies to date have reported little or no side effects in
relation of SSRI use in the stroke population; however, known
potential adverse effects on mood disorders should be discussed.
Due to their selective action, SSRIs present a more tolerable
profile of adverse actions and there are differences between the
main side effects of the different selective serotonin reuptake
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inhibitors. Overall, the most frequently reported adverse events
are nausea, vomiting, abdominal pain, diarrhea, agitation,
anxiety, insomnia, cycling formania, headache, dizziness, fatigue,
tremors, extrapyramidal effects, xerostomia, perspiration, loss or
weight gain, sexual dysfunction, and dermatological reactions.

Moreover, SSRIs effects on patient with pre-existent cardiac
disease or acute coronary syndrome are controversial as they
may improve cardiac disease prognosis by inhibiting platelet
aggregation but could potentially worsen prognosis by increasing
risk of bleeding or of arrhythmias (Rieckmann and Kronish,
2013).

Another important aspect associated with increased
serotonergic activity in the central nervous system is the
Serotonergic syndrome, a potentially fatal condition (Peng et al.,
2014). The most common symptoms include: hyperthermia,
agitation, ocular clone, tremor, akathisia, deep tendon
hyperreflexia, inducible or spontaneous clonus, muscular
rigidity, dilated pupils, dry mucous membranes, increased
intestinal sounds, spotted skin and diaphoresis (Boyer and
Shannon, 2005). Although, serotonergic syndrome is commonly
the result of the combination of SSRIs with drugs or dietary
supplements that have a similar effect of increasing serotonin,
it may occur after the initiation of a higher doses of single
serotonergic drugs or increase of the dose of a serotonergic drug
in particularly sensitive individuals. Selective serotonin reuptake
inhibitors, such as fluoxetine, are perhaps the most implicitly
associated drug group associated with serotonergic syndrome.
They may contribute to the development of serotonin syndrome
up to several weeks after drug discontinuation (Birmes et al.,
2003).

Even though uncommon, the FLAME trial reported that
among the 118 participants two in the active fluoxetine
group have severe adverse events (hyponatremia and partial
seizure). The most frequent adverse events in the active
group were transient digestive disorders. To avoid serotonin
syndrome, treatment was stopped in patients in the active group
who developed depression and required the use of another
antidepressant during the study (Chollet et al., 2011). Therefore,
if this hypothesis that SSRIs improve motor function by
modulating the excitatory-inhibitory balance is confirmed, other
interventions that are safer may be best better first alternatives to
SSRIs in this context.

SUMMARY

The mechanisms underlying the enhancement of motor learning
via SSRIs are still unclear, and the exact effects of fluoxetine in
motor recovery after stroke are yet to be proven. We discussed
how this class of drugs might help reestablish the excitation-
inhibitory balance by initially enhancing excitation that is
followed by a compensatory inhibition. Different techniques
such as functional magnetic resonance, magnetic resonance
spectroscopy, transcranial magnetic stimulation, transcranial
direct current stimulation and EEG have been used to show
the role of neurochemical and neurophysiological markers as
well as to quantify modifications of inhibitory and excitatory
responses to several interventions. However, further work needs
to be done to develop better methods to assess specific alterations
in inhibitory pathways.

Ultimately SSRIs can have a broader action on promoting
reorganization of neural activity following brain lesion. With
the current evidence it is not possible to conclude whether the
increased neural inhibition that follows use of SSRIs is indeed the
result of its usage. However further studies can explore further
this mechanism as to understand better how to use SSRIs and
the potential limitations of this class of drugs that may also be
detrimental in some cases.
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Repetitive transcranial magnetic stimulation (rTMS) and transcranial direct current

stimulation (tDCS) are non-invasive methods for stimulating cortical neurons that have

been increasingly used in the neurology realm and in the neurosciences applied to

movement disorders. In addition, these tools have the potential to be delivered as

clinically therapeutic approach. Despite several studies support this hypothesis, there are

several limitations related to the extreme variability of the stimulation protocols, clinical

enrolment and variability of rTMS and tDCS after effects that make clinical interpretation

very difficult. Aim of the present study will be to critically discuss the state of art

therapeutically applications of rTMS and tDCS in dystonia.

Keywords: dystonia, neuroplasticity, transcranial magnetic stimulation, basal ganglia, non-invasive brain

stimulation

INTRODUCTION

Dystonia can be defined as a “movement disorder characterized by sustained or intermittent muscle
contractions causing abnormal, often repetitive, movements, postures, or both” (Albanese et al.,
2013).

Dystonia encompasses a heterogeneous group of syndromes that can be classified per the
anatomical distribution in: focal, segmental, multifocal, hemidystonia, and generalized dystonia.

In addition, according to the etiology, dystonia can be categorized in inherited (i.e., autosomal
dominant, recessive, X-linked, or mitochondrial), acquired (i.e., vascular, iatrogenic, neoplastic,
traumatic, or psychogenic) and idiopathic (sporadic or familiar) (Albanese et al., 2013).

The pathophysiology of dystonia remains highly speculative although clinical heterogeneity
suggests that it may be a multifactorial disease.

The paucity of symptomatic animal models is one of the reason why dystonia pathophysiology
remains largely obscure (Raike et al., 2005).

Recent developed symptomatic animal models have also established the critical role of the
cerebellum in dystonia, suggesting that basal ganglia and cerebellum are nodes in an integrated
network that is dysfunctional in dystonia (Wilson andHess, 2013; Richter and Richter, 2014; Pappas
et al., 2015). Dystonia treatment can only partially alleviate symptoms and mainly relies on the
injection of botulinum toxin in the hyperactive muscles, while the use of levodopa, anticholinergic
and antiepileptic drugs has been proven to be largely ineffective (Albanese et al., 2015).

Deep brain stimulation (DBS) of the internal portion of globus pallidus (GPi) is the gold-
standard of functional neurosurgical interventions for dystonia in the most severe patients and
there are several evidences providing its efficacy and safety (Moro et al., 2017). On the other hand,
it remains an invasive procedure so that alternative treatments are needed (Albanese et al., 2015).

102

http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
https://doi.org/10.3389/fnins.2017.00423
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2017.00423&domain=pdf&date_stamp=2017-07-25
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive
https://creativecommons.org/licenses/by/4.0/
mailto:aquartar65@gmail.com
https://doi.org/10.3389/fnins.2017.00423
http://journal.frontiersin.org/article/10.3389/fnins.2017.00423/abstract
http://loop.frontiersin.org/people/127756/overview
http://loop.frontiersin.org/people/194736/overview
http://loop.frontiersin.org/people/298353/overview
http://loop.frontiersin.org/people/117319/overview
http://loop.frontiersin.org/people/180457/overview
http://loop.frontiersin.org/people/362271/overview
http://loop.frontiersin.org/people/190585/overview


Quartarone et al. Therapeutic NIBS in Dystonia

In the last few years, gamma-knife and focused ultrasound
lesions, which do not require surgical incision of the skull,
have challenged the routine application of both the classic
radiofrequency lesions and DBS. However, the application of
dystonia is very limited (Higuchi et al., 2016).

Finally, transcranial magnetic stimulation (TMS) has been
used in the last 20 years to explore non-invasively cortical
excitability, shedding also important new insights into the
pathophysiology of dystonia (Quartarone and Hallett, 2013).

In addition, TMS is a valuable technique that can be
potentially used for diagnostic and therapeutic purposes in
dystonia. However, the inter-subject variability in the TMS
after-effects and the different pathophysiological mechanisms
in the different form of dystonia, have limited diagnostic
and therapeutic applications. Nevertheless, TMS can be used
to differentiate between organic and psychogenic dystonia
(Quartarone et al., 2009).

TMS has been proposed as noninvasive treatment in focal
hand dystonia, where pharmacological options or injections
of botulinum toxin are often ineffective. Finally, TMS can be
considered as an adjuvant treatment in patients with cervical
dystonia in conjunction with botulinum remaining the gold
standard of treatment.

Hence in the present narrative review, we will describe how
TMS can be used as therapeutic tool in dystonia in comparison
with other noninvasive brain techniques such as transcranial
direct current stimulation (tDCS).

NON-INVASIVE BRAIN STIMULATION

TECHNIQUES

TMS and tDCS can stimulate the cerebral cortex painlessly
through the intact skull and can produce long lasting changes in
cortical excitability.

TMSwas originally conceived as a non-invasivemethod to test
the efficiency of motor pathways from the cortex to spinal cord
(Rothwell, 1997).

Several experimental evidences suggest that TMS activates
axons of the excitatory and inhibitory interneurons that synapse
into pyramidal output neurons. In this way, the responsiveness
to TMS may represent an indirect measure of the excitability
of intrinsic cortical circuits. TMS can also produce long lasting
changes in cortical excitability when the pulses are delivered in a
repetitive fashion (Siebner and Rothwell, 2003).

Several protocols of non-invasive brain stimulation (NIBS)
have been used in the last 20 years, the most common of whom
are: repetitive TMS (rTMS), theta-burst stimulation (TBS) and
tDCS. In all these cases, electromyography (EMG) amplitude of
the motor evoked potentials (MEP) in response to single TMS
stimulus is used as read out of the induced cortical plasticity.

The after effects of rTMS depend on the frequency of
stimulation employed: if the pulses are given at frequency of
5Hz or higher they facilitate excitability, whereas at frequency
of 1Hz, or lower, they depress excitability for at least 30–60min
(Quartarone et al., 2006). Thetaburst stimulation (TBS) is
a protocol translated from animal studies characterized by

repetitive sequences where short bursts are applied in the
frequency range of EEG theta rhythms.

There are two main protocols i) the intermittent TBS (iTBS)
which has facilitatory effects and ii) the continuous TBS (cTBS)
which instead produces inhibitory effects. Their effect can be long
lasting, up to 1 h, after the end of the conditioning protocol
(Huang et al., 2005).

tDCS takes advantage of a weak polarizing direct current
(1–2mA) applied via small electrodes on the intact scalp.
Several experimental evidences suggest that this small current
is sufficient to polarize neurons changing their firing frequency.
Anodal stimulation tends to increase cortical excitability while
cathodal tends to decrease it (Nitsche and Paulus, 2001).

NIBS has been used to explore therapeutic opportunities in
a bewildering variety of neurological conditions. It is now clear
that, in order to get more tangible clinical effects, repeated rTMS
sessions are needed (Khedr et al., 2005).

The mechanisms of action of TMS responsible for the long-
lasting effects on cortical excitability are still sketchy. Changes
in the effectiveness of synapses between cortical neurons such
as long term depression (LTD) and long term potentiation
(LTP) have been postulated based on pharmacological studies
in humans. Indeed, the after effects of rTMS are abolished
by a single dose of the NMDA antagonist dextromethorphan
(Stefan et al., 2002). Similarly, another NMDA-antagonist, the
memantine can block the after effects of some rTMS protocols
(Huang et al., 2007). In addition the LTD-like depression
produced by PAS10 is abolished by nimodipine, an L-type
voltage-gated-Ca2+-channel blocker (Weise et al., 2017). Finally,
several evidences suggest that TMS modulation of BDNF-TrkB
pathway could play a permissive role in determining the NMDA
dependent after-effects on synaptic plasticity (Wang et al., 2011).

PATHOPHYSIOLOGY OF DYSTONIA AND

THERAPEUTIC NIBS

Since dystonia etiology is very heterogeneous, dystonia
pathophysiology can be a very complex puzzle (Marsden et al.,
1985).

Despite the basal ganglia have been traditionally involved in
dystonia, several evidences in animal models and in humans
studies suggest that dystonia can be considered a network
disorder (Quartarone and Hallett, 2013).

However, although it is tempting to locate the neuronal
damage to a single node of the cortico-sub-cortical loop, there
are now compelling evidences suggesting that, in a network
perspective, it is also important to consider how remote healthy
nodes of the brain may react and rearrange themselves in
response to the primary damage. Such plastic reorganization may
be either adaptive, compensatory, or maladaptive thus worsening
the deficit (Quartarone and Hallett, 2013).

In keeping with this hypothesis, increased glucose metabolism
over the striatum and anatomically related cortical motor regions
such as supplementary motor area (SMA), lateral premotor
cortex (PMC), anterior cingulate cortex (ACC) and dorsolateral
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prefrontal cortex (DLPCF) have been reported (Lerner et al.,
2004; Asanuma et al., 2005).

However, several evidences suggest also an involvement of the
cerebellar cortex and its direct connections with the basal ganglia
and the motor cortex (Neumann et al., 2015; Cacciola et al., 2016,
2017; Milardi et al., 2016). This hypothesis is also supported by
some neurophysiological data showing an abnormal cerebellar
modulation over motor cortex in dystonic patients (Brighina
et al., 2009).

Since dystonic patients have not overt cerebellar signs
such as incoordination, loss of balance or falling, it has
been postulated a compensative role of cerebellum thus
pointing it out as a good candidate for therapeutic
neuromodulation.

THERAPEUTIC APPROACHES IN

DYSTONIA: STATE OF ART

In keeping with the pathophysiological considerations discussed
above, NIBS has been applied over primary motor cortex (M1),
PMC, ACC and the cerebellar cortex which are important relays
of the cortico-striatal and cerebello-thalamic loops.

Since TMS affects the superficial layers of the cerebral cortex it
is unlikely that it may stimulate directly basal ganglia structures.
On the other hand, it has been demonstrated that rTMS over the
human PFC may exert remote effects on the ipsilateral caudate
nucleus via a cortico-striatal release of dopamine (Strafella
et al., 2001). In addition rTMS over M1 induces a reduction in
raclopride binding in the left putamen if compared with rTMS of
the left occipital cortex (Strafella et al., 2003).

Therefore, it can be hypothesized that some of the potential
therapeutic action in movement disorders are mediated by
remote sub-cortical effects.

One possible strategy in dystonia is an increase of inhibitory
mechanisms. In keeping with this hypothesis, it has been reported
that 30min of inhibitory low frequency stimulation over M1may
reduce writing pressure for at least 3 h in patients with focal hand
dystonia (FHD) (Siebner et al., 1999).

Similarly, 1Hz rTMS over PMC improved handwriting
velocity and hand discomfort during writing (Tyvaert et al.,
2006). In addition, the effect of rTMS was compared in three
different motor areas including PMC in patients with FHD. This
study revealed that rTMS (20min 0.2Hz rTMS) over PMC is
more effective than M1 and SMA repetitive stimulation (Murase
et al., 2005). The clinical effects were paralleled by increased
cortical inhibition as indexed by a prolonged cortical silent period
(Murase et al., 2005). In the same study the authors did not report
any therapeutic effect of rTMS over M1 (Murase et al., 2005);
the discrepancy with the study of Siebner could be due to the
different parameters of stimulation (Siebner et al., 1999).

A similar beneficial effect was obtained in a subsequent study
employing cTBS over the left PMCwhich however did not restore
deficient inhibitory mechanisms (Veugen et al., 2013).

The beneficial effects of PMC stimulation are in keeping with
an open trial of epidural PMC stimulation after at least 1 month
of stimulation (Lalli et al., 2012).

Another study has used rTMS over PMC (Lefaucheur et al.,
2004), however the lack of a placebo armmakes the interpretation
of data very difficult. In this study the authors applied inhibitory
rTMS over PMC for 5 consecutive days in patients with
generalized secondary dystonia showing a significant clinical
effect as indexed by the reduction of the Burke-Fahn-Marsden
scale (Lefaucheur et al., 2004).

It is interesting to note that the parameters of cortical
excitability, tested with TMS, can be used as prognostic markers
of response to rTMS. For instance, it has been reported that only
patients with a modulation of cortical inhibition do respond to
rTMS treatment (Kimberley et al., 2015).

Altogether, these data suggest a potential therapeutic
role of rTMS over PMC. The efficacy of PMC
neuromodulation is not surprising considering that PMC
is implicated in sensory-motor integration and motor
learning.

Another potential target of stimulation is the somatosensory
cortex (SCC). It has been indeed shown that 5Hz rTMS may
enhance tactile discrimination in healthy subjects (Ragert et al.,
2003). In addition, it has been widely reported that patients with
FHD have significant alterations of sensory-motor integration
(Quartarone et al., 2003) as well as distortion of the fingers
representation map in SCC (Butterworth et al., 2003).

High frequency stimulation over SCC is not beneficial in FHD,
with no effect on tactile discrimination in comparison to controls
(Schneider et al., 2010). In addition, it is interesting to note that
the improvement of tactile discrimination in healthy controls
after rTMS, was associated with an increased connectivity in the
stimulated SCC, bilateral PMC and basal ganglia, which was not
the case in FHD. Therefore, it can be postulated that a cortical-
subcortical disconnection may be the basis of the ineffectiveness
of rTMS (Schneider et al., 2010).

In another placebo controlled study, low frequency 1Hz
stimulation was delivered over SCC 30min per day for 4
consecutive weeks in 15 patients affected by writer’s cramp
(Havrankova et al., 2010). The procedure was successful only
in 4 out of 15 patients and was strictly related to the precise
coil localization of a narrow strip over the post central sulcus
(Havrankova et al., 2010).

ACC has been used as another potential target since this area
has an increased activation with PET studies in patients with
blepharospasm (Ceballos-Baumann and Brooks, 1998; Kerrison
et al., 2003). Low frequency stimulation (0.2Hz), delivered in a
randomized controlled study, can significantly reduce eye blink
rate, the number of sustained blinks and the time to eye closure
(Kranz et al., 2009). This clinical effects was associated with a
normalization of the blink recovery cycle (Kranz et al., 2010).

A new appealing target for NIBS is cerebellum since several
evidences suggest that the cerebellum may play a compensatory
role in dystonia (Jinnah and Hess, 2006; Quartarone and Hallett,
2013).

In a randomized controlled study, iTBS was delivered
bilaterally over the cerebellum for 5 consecutive days for 2 weeks
in 20 right handed patients affected by cervical dystonia.

This protocol induced a transient improvement of dystonia
and was paralleled by a restoration of the topographic specificity
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of PAS with a disappearance of the facilitation on Fist Dorsal
Interosseus (FDI) (Koch et al., 2014).

On the other hand, tDCS has brought conflicting results, in
one study tDCS over the cerebellum was successful in FHD
(Bradnam et al., 2015), while in other study it did not work
(Sadnicka et al., 2014).

Similarly cathodal tDCS tested over M1 in a randomized
double blind sham-controlled study was not successful in a
population of writer’s cramp patients and musicians cramp
(Benninger et al., 2011; Buttkus et al., 2011).

Finally, since there is an enhanced sensory-motor integration,
another feasible strategy is to provide independent inputs
from dystonic muscles via an asynchronous afferent stimulation
avoiding any temporal coupling of the evoked afferent inputs
(Schabrun et al., 2009).

The idea is that a period of asynchronous afferent stimulation
or non-associative stimulation (NAS) may reverse maladaptive
cortical changes and alleviate symptoms.

By using a NAS protocol consisting of asynchronous electrical
stimuli (never delivered together with a random inter-stimulus
interval ranging from 0.15 to 2.85 as well as with stimulus
intensity set to evoke a tiny muscle contraction) applied to the
motor points of FDI and abductor pollicis brevis (APB) for 1 h,
it has been demonstrated in FHD patients that NAS transiently
normalizes the distorted motor map and can significantly reduce
movement variability during cycling drawing (Schabrun et al.,
2009).

LIMITATIONS AND FUTURE

PERSPECTIVES

There are several factors that that strongly limit the interpretation
of results after rTMS studies.

Perhaps the most important limitation is the lack of an
optimal placebo condition, the so called sham condition. In
theory, tilting the coil should dramatically reduce the biological
effects of TMS, however several modeling studies in animals are
now suggesting that tilting the coil over the skull does not exclude
the possibility of a tiny cortical activation (Lisanby et al., 2001).

On the other hand, by using shield equipped coils and a tilt of
90 degrees it is possible to minimize the effective magnetic field
(Duecker and Sack, 2013).

Another not risible issue is that active rTMS, besides its
cortical effects, is associated with a characteristic click sound and
a stimulation of trigeminal afferents. Therefore, to mimic click
sound and trigeminal stimulation new dedicated sham shielded

coils have been designed with a delivered magnetic field of only
10% compared to active coils.

Another limitation is that most of the studies have addressed
primary dystonia while the therapeutic effect of NIBS in
secondary dystonia is still unknown.

Despite therapeutic cerebellar stimulation is promising, the
gold standard in dystonia is targeting the motor areas strictly
connected with basal ganglia (Bharath et al., 2015).

The major limitation of all these studies are the small sample
size, the presence of different phenotypes in the same cohort of

patients, as well as the fact that several different parameters of
stimulation have been adopted across studies.

Despite this extreme variability, it looks like that to be
successful NIBS needs to be delivered in a multisession design.
Some single session studies have shown positive results that
however were not persistent (Murase et al., 2005; Furuya et al.,
2014).

There are other possible confounding factors such as
preliminary exercise, time of the day and concomitant
medications (Ridding and Ziemann, 2010).

Finally, in most studies, stimulation was not performed under
neuronavigation to maintain an adequate coil position during
stimulation sessions.

Nevertheless, these preliminary results reinforce the idea
that NIBS can represent a promising alternative therapeutic
opportunity in dystonia.

Several recommendations could be considered in future
therapeutic trials: first, it will be important in future studies to
determine the best stimulation target, second to use multisession
designs with neuronavigation and finally to increase the sample
size with multicenter approaches. Another requirement is to
design more efficient stimulation protocols to prolong the
therapeutic effects. Last but not list, rTMS could be used, soon,
to pre-select possible candidates to invasive surgical stimulation
approaches.
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Focal hand dystonia (FHD) in musicians is a movement disorder causing abnormal

movements and irregularities in playing. Since weak electrical currents applied to the

brain induce persistent excitability changes in humans, cathodal tDCS was proposed

as a possible non-invasive approach for modulating cortical excitability in patients with

FHD. However, the optimal targets and modalities have still to be determined. In this pilot

study, we delivered cathodal (2 mA), anodal (2 mA) and sham tDCS over the motor areas

bilaterally for 20 min daily for five consecutive days in two musicians with FHD. After

cathodal tDCS, both patients reported a sensation of general wellness and improved

symptoms of FHD. In conclusion, our pilot results suggest that cathodal tDCS delivered

bilaterally over motor-premotor (M-PM) cortex for 5 consecutive days may be effective in

improving symptoms in FHD.

Keywords: cathodal transcranial direct current stimulation, neuromodulation, tDCS, focal hand dystonia, musician

INTRODUCTION

Focal hand dystonia (FHD) in musicians is a movement disorder characterized by irregularities in
playing due to involuntary muscular activation in both the hand and arms (Cho and Hallett, 2016;
Stahl and Frucht, 2017). FHD generally occurs in people who have spent a long period of time
performing repetitive skilled motor tasks (Cho and Hallett, 2016). Furthermore, FHD produces
excessive co-contraction of agonists and antagonists of hand and forearm muscles resulting in a
slow, stiff-appearing movement and causing pain (MacKinnon, 2002; Garraux et al., 2004). Being a
network disorder that involves several brain areas, FHD has a complex pathophysiology including
several general abnormalities as the loss of inhibition, sensory dysfunction, and abnormal plasticity
(Cho and Hallett, 2016). Functional neuroimaging studies showed alterations in the topography
and increased activation of somatosensory and motor cortices (Zeuner and Molloy, 2008; Hinkley
et al., 2009). Even though the causes of this disabling condition remain unclear, maladaptive
plasticity has been proposed as driver for FHD in musicians (Konczak and Abbruzzese, 2013).

Despite several new therapeutic strategies proposed, botulinum toxin injection is the preferred
therapy for FHD, even though some results suggest that it does not effectively improve symptoms
(Hallett et al., 2009; Lungu and Ahmad, 2016). External shock waves therapy (Trompetto et al.,
2009), prolonged immobilization of the affected arm (Priori et al., 2001), thalamic deep brain
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stimulation (Cho et al., 2009), repetitive Transcranial Magnetic
Stimulation (rTMS) (Edwards et al., 2008), and transcranial
Direct Current Stimulation (tDCS) (Cho and Hallett, 2016) are
among the alternatives explored.

In particular, tDCS is a non-invasive technique that induces
prolonged changes in brain excitability and influences motor
and cognitive performances (Nitsche and Paulus, 2000; Priori,
2003; Ardolino et al., 2005; Priori et al., 2008; Brunoni et al.,
2013; Zhao et al., 2017). In the past 10 years, tDCS has
been proposed as adjunctive treatment for several neurological
and neuropsychiatric conditions (Fregni et al., 2006; Ferrucci
et al., 2008a,b; Monti et al., 2008; Mrakic-Sposta et al., 2008;
Cogiamanian et al., 2009; Lefaucheur et al., 2017).

Cathodal tDCS was applied in FHD, but the results were
controversial, mainly for the heterogeneity of the stimulation
protocols tested (Buttkus et al., 2010, 2011; Benninger et al.,
2011; Furuya et al., 2014), in terms of electrode montage, tDCS
duration and intensity, as well as the number of treatments
administered. Also, tDCS was either performed when the patient
was at rest, or while the patient was trained (Cho and Hallett,
2016). Biparietal tDCS (two electrodes with different polarities
on the head) applied over days during neurorehabilitation could
improve therapy effectiveness in FHD (Furuya and Altenmüller,
2015; Rosset-Llobet et al., 2015) and bilateral tDCS (two
electrodes with the same polarity on the head) is thought to
improve symptoms in subjects showing bi-manual impairments
(Pixa et al., 2017). Evidence of increased excitability or loss
of inhibition at multiple levels including premotor and motor
cortex, somatosensory cortex and cerebellum (Beck et al., 2008;
Brighina et al., 2009; Delnooz et al., 2012) support the hypothesis
that cathodal tDCS could improve symptoms by reducing
excitability, even though the optimal protocol is still to be
determined (Cho and Hallett, 2016).

In this pilot study, we applied bilateral anodal, cathodal, and
sham tDCS over the motor—premotor cortices for 5 consecutive
days in two musicians with FHD, to (1) test whether cathodal
tDCS was superior to anodal and sham tDCS in controlling FHD
symptoms in musicians, and (2) preliminarily assess the use of a
5-days protocol in terms of safety and efficacy.

METHODS

Patients
After signing their informed consent, two musicians with FHD
were recruited for tDCS treatment application. The study was
approved by the local Ethic Committee and it was in agreement
with the principles stated in the Declaration of Helsinki. All the
assessments were performed by an experienced neurologist and
the diagnosis wasmade according to the recommendations found
in the literature (Rosset-Llobet et al., 2009).

Patient 1
The first patient was a right-handed 38 years-old man, in whom
FHD symptoms manifested first at the age of 18. He began
playing piano when he was 11 years-old. At present, he teaches
in a secondary school and plays as concert pianist.

Musician’s FHD was diagnosed at the age of 22, but
the disease progressively exacerbated. In the past time, the
therapeutic intervention with Transcutaneous Electrical Nerve
Stimulator (TENS) did not improve symptoms. Anatomic
Magnetic Resonance Imaging (MRI) brain scan was normal and
electroencephalogram (EEG) did not show any sign of epileptic
seizures. At the time, focal dystonia interested the middle finger
of the right hand and the left hand.

Presently, despite the drug treatment (anticholinergics: 12
mg/day, carbidopa/levodopa: 500 mg/day), dystonic tremor is
present at rest and when the right hand is tired or weak (Lee et al.,
2015).

Patient 2
The second patient was a right-handed, 44-years-old man. He
began playing the accordion at the age of 11. At present, he
teaches in a secondary school and plays saxophone, accordion,
and clarinet.

First symptoms (cramps) appeared on the right hand at the age
of 30. The patient was treated with botulinum toxin injections in
hand and forearm muscles without any improvement.

At present, FHD symptoms were predominantly on the right
hand, particularly the fifth finger with a subjective complaint
extending to the wrist and the distal forearm. The patient
complained initial symptoms to the left hand, too. The patient is
not currently taking any pharmacological treatment. Anatomic
MRI was normal and EEG did not show any sign of epileptic
seizures. Electroneurography (ENG) showed normal motor
and sensory conduction parameters; electromyography (EMG)
showed a reduced disynaptic and presynaptic inhibition of H
reflex in the right flexor carpi radialis (0 ms = 100%; 20 ms =
86%), compatible with a diagnosis of FHD.

Clinical Assessment at Baseline
Musician’s FHD was evaluated at baseline (see Table 1) using
the following rating scales: the Symptom Severity Scale (SSS) that
consists of 10 questions that evaluate direct and indirect disease
manifestations; the Functional Status Scale (FSS), a 12-item
disability scale that comprises an assessment of performances

TABLE 1 | Clinical Examination at baseline in both patients.

CLINICAL EXAMINATION T0 (Baseline Evaluation)

Scale Patient 1 Patient 2

FSS 11/36 2/36

TC 3 2

SSS 28/43 24/43

FMS 2 3

MMPI-2 Hy 74 (cut-off ≤ 65; z = 2.6) Normal

CBA IP-F (z = −1.73) Normal

IP-1 (z = −1.9)

MOCQ/R1 (z = 2.23)

FSS, Functional Status Scale; TC, Tubiana and Chamagen Scale; SSS, Symptom Severity

Scale; FMS, Fahn Marsden Scale; MMPI-2, Minnesota Multiphasic Personality Inventory

Scales; [Hy, Hysteri]; CBA, Cognitive Behavioral Assessment [IP-F=Fear; IP-1=Fear:

Calamity; MOCQ/R = Obsessions and compulsing:checking].
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of daily activities possibly affected by FHD or hand weakness.
The SSS and FSS, which were originally designed for carpal
tunnel syndrome, were adapted to FHD in order to investigate
its manifestations.

The Fahn Marsden Scale (FMS) (Fahn, 1989) was used to
quantify generalized or focal dystonia in nine body areas,
including eyes, mouth, speech and swallowing, neck, trunk, and
right and left arm and leg. The Tubiana and Chamagne (TC)
(Tubiana and Chamagne, 1983) scale is a classification of severity
of focal dystonia in musicians, and it was used to monitor the
evolution of the treatment. The scale comprises four stages of
severity of dystonia.

Psychological assessment was executed using the Minnesota
Multiphasic Personality Inventory Scales (MMPI-2) (Butcher
et al., 2001) and the Cognitive Behavioural Assessment 2.0 (CBA-
2.0) (Sanavio and Vidotto, 1996). The MMPI-2 is a well-known
and widely used psychological test consisting of 567 true-
false items. It traditionally yields scores on four validity scales
and 10 clinical scales, although numerous other scales may
be scored. For this study, the clinical, select content (Anxiety,
Depression, Negative Treatment Indicators) and supplementary
(Ego Strength) scales were considered. The CBA 2.0 battery
includes a series of questionnaires that investigate broad issues of
potential clinical interest and identify areas of dysfunction in the
current life of the subjects. Subjective mood, wellness and pain at
the hands were evaluated using five 100 mm Visual Analog Scales
(VAS) (happy/unhappy; wellness/unease; left hand pain/no left
hand pain; right hand pain/no right hand pain, tired/no tired).

Performance Assessment
The effects of tDCS on FHD were evaluated through the
following tasks administered before and after each tDCS
treatment:

Copy of an Archimedes Spiral
Patients were asked to copy a spiral template printed in black on
a paper with their dominant arm. The template was 132.31 cm
long. The quantitative value was defined through the length of the
drawn Archimedean spiral: L= pi∗N∗R with N= R/t; where: t =
spiral’s step, N = number of rpm, R = max radius of spiral. We
compared the spiral template length to the length of the drawn
spiral. The presence of tremor was qualitatively evaluated by four
independent judges blinded to the stimulation polarity on a 0–
3 scale (0 = absence of tremor, 1 = slight tremor, 2 = medium
tremor, 3= important tremor).

Follow with a Pen the Edge of the Spiral
Patients were asked to follow the spiral line with the pen
maintaining a constant distance of 2 mm from the printed line.
The task was evaluated by four judges blinded to the stimulation
polarity on a 0–3 scale about the presence of tremor (0= absence
of tremor; 1= slight tremor, 2=medium tremor, 3= important
tremor).

Copy of Sample Pictures
Patients had to copy different figures (cube, pyramid, and more
complex figures) and a 10 cm line. Four blind judges evaluated

the presence of constructive apraxia on a 0–3 scale (0 = perfect
copy; 1 = very similar copy, 2 = incomplete copy, 3 = very
incomplete copy) and the presence of tremor (0–3 scale with 0
= absence of tremor, 1= slight tremor, 2=medium tremor, 3=
important tremor).

Copy of a List of Words
Eight lists of 33 words were created using the Lists for Writing.
Each list was composed by words (verbs, adjectives, concrete
and abstract nouns, all of them both regular and irregular)
and non-words. Four blind judges evaluated the quality of
writing on a 0–1 scale (0 = good writing; 1 = bad writing
symptom of a weak and tired hand), and the presence of
tremor (0–3 scale with 0 = absence of tremor, 1 = slight
tremor, 2 = medium tremor, 3 = important tremor). The %
difference from pre-treatment evaluation was considered for the
analysis.

Execution of a Musical Scale and Exercises with the

Instrument
Patients executed a musical scale and several technical exercises
with their instrument. More specifically, for the piano, the patient
was asked to play a two-octave C-major scale, right and left hand,
10 sequences; for the clarinet, the patient was asked to play a
two-octave C-major scale.

Adverse events were collected throughout the whole session.

Experimental Protocol
This was a double-blind experiment in which both the
patients and the judges were blind to the type of stimulation
delivered. Both patients underwent three 5-days sessions,
one for sham, one for cathodal, and one for anodal tDCS,
in random order (Figure 1). Three washout weeks elapsed
between each session (anodal, cathodal, sham). After a baseline
clinical assessment at the beginning of the 5-day session,
each day included (1) pre-tDCS performance evaluation;
(2) bilateral tDCS at 2 mA intensity per side over the
motor/premotor areas (M-PM) of the cerebral cortex (above
C3/C4, FC3/FC4 according to the international 10–20 electrode
placement system) for 20 min; and (3) post-tDCS performance
evaluation. At the end of the 5-days session, FHD symptoms
were re-assessed through the SSS, the TC, and the FSS
(Figure 1).

Follow-up examinations, including both symptom and
performance assessments were conducted at 1 (T1) and 10 (T2)
days after the end of each 5-days session.

tDCS
tDCS was delivered to the scalp with two “Eldith DC Stimulator”
(Neuroconn GmbH, Germany), each connected to a pair of
thick (0.3mm) rounded saline-soaked sponge electrodes, one
(active electrode) placed over the scalp and the other (reference
electrode) over the right deltoid muscle. Cathodal and anodal
tDCS (C-tDCS and A-tDCS) polarity referred to the two
electrodes over the scalp. The wide electrode surface (scalp
electrodes 48 cm2; deltoid electrode 64 cm2) avoided the possible
harmful effects of high current density. For sham tDCS (S-tDCS),
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FIGURE 1 | Transcranial Direct Current Stimulation (tDCS) experimental protocol. tDCS was applied bilaterally over the scalp on the motor-premotor cortex (M-PM) for

5 consecutive days. Patients were assessed in the first (T0) and the last day (T1) and after 10 days from ended tDCS (T2).

electrodes were placed as for real stimulation but the stimulator
was turned off after 10 s. Hence, the patients felt an initial itching
sensation similar to that induced at the beginning of real tDCS
but received no stimulation.

To guarantee safety we applied, to each stimulation site,
current at a density of 0.0416 mA/cm2 and delivered a total
charge of 0.049 C/cm2. These intensities are far below the
threshold for tissue damage (Nitsche et al., 2003a; Liebetanz et al.,
2009; Lefaucheur et al., 2017).

Data Analysis
Considering the low number of subjects reported, we performed
only descriptive statistics.

Percentage changes, defined as [(after tDCS-before
tDCS)/before tDCS], were used for the analysis to assess
tDCS effects. When applicable, the percentage changes of
variables evaluated by the independent judges were averaged, to
obtain the trend over the entire 5-days session. Data are reported
as [mean± SD].
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RESULTS

The patients did not report any adverse effects during stimulation
sessions and were not able to distinguish active (anodal or
cathodal) and sham stimulation.

Copy of an Archimedes Spiral
Quantitative evaluation showed that whereas S-tDCS and A-
tDCS left patients’ performance unchanged, after C-tDCS both
patients could draw a complete Copy of an Archimedes spiral
(template length 100%, Figure 2A). The time elapsing before
each patient could draw a complete spiral differed in the two
patients: patient 1 drew a complete spiral 1 day after the entire 5-
day C-tDCS session, whereas patient 2 achieved a complete spiral
immediately after the first C-tDCS application (day 1) in the post-
C-tDCS assessment. Conversely, when sham and anodal sessions

ended, both patients could draw a spiral that was 20–30% shorter
than the printed one. At T2, the beneficial effect of C-tDCS ended
(Figure 2B). Qualitative analysis showed that C-tDCS reduced
tremor, whereas A-tDCS and S-tDCS did not (Figures 2C–G).

Follow with a Pen the Edge of the Spiral

and Copy of a Sample Pictures
In the Follow the edge of a spiral with a pen task both patients
improved at T1 of the C-tDCS session and worsened after A-
tDCS (Figures 3A,B).

In both patients, tremor decreased (patient 1: −33%;
patient 2: −62%) while patients were “copying sample pictures”
immediately after a single C-tDCS session. At T2, the effect of C-
tDCS persisted (% change at T2 C-tDCS, Patient 1: −9%; patient
2:−30%; Figures 4A,B).

FIGURE 2 | (A) Copy of an Archimedes spiral task: template of Archimedean Spiral; (B) The lines show quantitative evaluation in both patients at T0, at day 1 after

tDCS, at T1, and at T2. The red dashed line is the length of the sample spiral (132.31 mm), black lines refer to patient 1 and gray lines to patient 2. The full is C-tDCS,

the dashed line is A-tDCS and the dotted line s S-tDCS session; (C) Copy of Archimedean Spiral the first day after C-tDCS treatment in patient 1; (D) Copy of

Archimedean Spiral at T1 of the C-tDCS session in patient 1; (E) Copy of Archimedean Spiral at the first day after A-tDCS treatment in patient 1; (F) Copy of

Archimedean Spiral at T1 of the A-tDCS session in patient 1. (G) The histogram shows tremor in qualitative analysis in the percentage differences after tDCS in both

patients. 0% is baseline (pre-tDCS—T0).
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FIGURE 3 | (A) Follow with a pen the edge of the spiral at pre (T0) and post C-tDCS (T1 and T2) in both patients. (B) The histogram showed the qualitative analysis in

the percentage differences after tDCS in both patients. 0% is baseline (pre-tDCS—T0).

Copy of a List of Words
Either way, before and after tDCS (anodal, cathodal, and sham),
the quality of writing was good in both patients, with no presence
of bad writing due to a weak or tired hand and tremor.

FHD Symptoms and Playing
FSS, TC, and SSS values improved in both patients after C-tDCS.
At T1, FSS decreased by 9% in patient 1 and 100% in patient 2,
TC decreased by 33% in patient 1 and 100% in patient 2, SSS
decreased by 3% in patient 1 and 46% in patient 2. After A-tDCS,
only some values improved: FSS decreased in patient 1 by 35 and
100% in patient 2, TC did not change in patient 1 and 2, SSS
decreased by 13% in patient 1 and 5% in patient 2 (Table 2).

Patient 1 reported a subjective improvement and decrease
of pain at the right hand only after C-tDCS. He also reported
subjective improvement of prono-supination movement in the
left hand (Figures 5A,B).

Patient 2 reported a subjective improvement after cathodal
tDCS: the right hand was more toned, he had a better

control of the 5th finger, fewer shots, and less hand/art fatigue
(Figures 5C,D).

VAS
Both patients reported a sensation of general wellness, of
happiness, of reduction of hand pain and an improvement of rest
particularly after C-tDCS (at T1). In details, for health/wellness:
patient 1, 21 vs. 32 vs. 19% (S-C-A-tDCS, respectively); patient 2,
0 vs. 4 vs. 0%; happy/unhappy: patient 1, 20 vs. 55 vs. 43%; patient
2, 0 vs. 8 vs. 2%; pain/no pain right hand patient 1, 13 vs. 37 vs.
0%; patient 2, 0 vs. 0 vs. 0%; pain/no pain left hand patient 1, 2 vs.
68 vs. 3%; patient 2, 0 vs. 0 vs. 0%; tired/not tired patient 1, 18 vs.
42 vs. 24%; patient 2, 0 vs. 5 vs. 7%).

DISCUSSION

Musician’s FHD is a difficult disease, with little therapeutic
options while bringing to early termination of their professional
life. We showed that cathodal tDCS delivered bilaterally for
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FIGURE 4 | (A) The tremor graft pre (T0), and post (T1 and T2) C-tDCS in both patients. (B) The histogram showed qualitative analysis in the percentage differences

of tremor after tDCS in both patients. Zero percent is baseline (pre-tDCS—T0).

5 consecutive days is feasible and safe, and that it transiently
improves motor performances, subjective perception of pain and
fatigue, and subjective perception of playing in two musicians
with FHD.

Our findings, while proposing a new stimulation protocol,
are in line with the conclusions of the recent review by Cho
and Hallet who reported the potential therapeutic use of non-
invasive brain stimulation to treat FHD (Cho and Hallett, 2016).
Considering the current state-of-the-art, there are few studies
investigating the effects of cathodal tDCS in FHD, but none
of them applied a 5-days bilateral (two electrodes with the
same polarity on the head) M1 tDCS protocol nor it found
improvements lasting for 10 days. More specifically, of the seven
tDCS studies mentioned in the review (Rosset-Llobet et al., 2009;
Buttkus et al., 2010, 2011; Benninger et al., 2011; Furuya et al.,
2014; Sadnicka et al., 2014), four have applied electrodes on M1
but only one reported positive effects (Furuya et al., 2014). Unlike
the others, the authors combined cathodal tDCS on the affected
M1 with anodal tDCS on the unaffected M1 in pianists, finding
that rhythmic accuracy of sequential finger movements improved
and was retained 4 days after intervention.

Following the Furuya S and colleagues’ suggestion of working
on the two sides of the head contemporarily, we applied tDCS
bilaterally (two electrodes with the same polarity on the two
head sides) over the M-PM cortex in two musicians with FHD
and bilateral symptoms, sharing the idea of a possible advantage
over mono-lateral stimulation. The M-PM cortex was chosen as
tDCS target because it is believed to encode the motor programs
responsible for skilled finger movement (Karni et al., 1995;
Gentner et al., 2010). In addition, bilateral tDCS was shown
to improve symptoms occurring on both sides of the body
(Pixa et al., 2017), similarly to our two patients, who had both
hands affected by symptoms (at least in an initial phase). Then,
considering the positive results of applying tDCS for one week
(5 days) in other hyperkinetic disorders (Mrakic-Sposta et al.,
2008), and considering the boosting effects of tDCS applied over
days during neurorehabilitation (Furuya and Altenmüller, 2015;
Rosset-Llobet et al., 2015), we chose the 5-days protocol.

After 5 consecutive days of cathodal tDCS, both our
patients experienced consistent improvements in tremor, slight
improvement of finger postures during playing, and diminished
pain in the hands and arms, without experiencing any side
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TABLE 2 | Clinical assessment of both patients before and after 5-days tDCS session.

CLINICAL ASSESSMENT

T0 (Before tDCS) T1 (5 days after tDCS)

Scale Patient 1 Patient 2 Patient 1 Patient 2

C-tDCS S-tDCS A-tDCS C-tDCS S-tDCS A-tDCS C-tDCS S-tDCS A-tDCS C-tDCS S-tDCS A-tDCS

FSS 11/36 12/36 17/36 2/36 2/36 2/36 10/36 11/36 11/36 0/36 0/36 0/36

TC 3 3 3 2 2 2 4 3 3 4 2 3

SSS 28/43 28/43 29/43 24/43 17/43 20/43 27/43 29/43 25/43 13/43 18/43 19/43

FSS, Functional Status Scale; TC, Tubiana and Chamagen Scale; SSS, Symptom Severity Scale.

FIGURE 5 | Typical patterns of dystonia posture in a pianist (A) and clarinet

(C) at baseline (T0). In (B,D) the patients after 5-days of C-tDCS (T1).

effect. Moreover, our patients, who were blinded to the treatment
received, reported a positive subjective impression of how
C-tDCS affected their pain, tiredness, mood, and wellness.
Conversely, in line with the study by Quartarone et al. (2005),
where anodal tDCS was shown to up regulate brain excitability
in patients with writer’s cramp, A-tDCS worsened the symptoms
in our patients. Collectively, our results suggest that cathodal
tDCS treatmentmight help to produce steady, more accurate arm
movements, but not to stabilize abnormal fine finger movements.
Because cathodal tDCS reduces brain excitability (Nitsche et al.,
2003b), bilateral cathodal tDCS delivered over the motor areas
could have down regulated excitability in the underlying brain
areas by recovering the inadequate motor cortical inhibition
responsible for excessive excitation and near synchronous co-
contractions of agonists and antagonists (Nitsche et al., 2003b;
Ardolino et al., 2005; Byl, 2007). Our application of bi-
hemispheric C-tDCS seemed to help recovering patient’s bilateral
symptoms and overall condition. We can hence hypothesize that,
in presence of bilateral symptoms, tDCS should be delivered
bilaterally (two electrodes with the same polarity on the two head
sides) whereas, in presence of unilateral symptoms (Furuya et al.,
2014), tDCS preferable application may be bipolar (two different
polarities on the head). Moreover, the 5-days protocol resulted

to be effective in providing beneficial effects at least for 2 weeks,
confirming that over-days tDCS sessions may be more effective
than single-shot tDCS sessions in promoting brain plasticity,
especially if combined with neurorehabilitation therapy (Rosset-
Llobet et al., 2015).

Finally, our experiment differs from all the others reported in
the literature for both the electrode montage (bilateral tDCS) and
the stimulation protocol (5 consecutive days). This could partly
explain why our results are more consistent than those obtained
by other groups (Cho and Hallett, 2016).

However, this was a double-subject studies that allows
observing individual responses, but not generalizing its results
to the whole population of FHD musicians, as inherent
limitation of the experimental design. Although, no definitive
conclusions can be derived from 2 subjects, our results should
be interpreted in the context of the novel target of stimulation
(bilateral M-PM for patients with initial bilateral symptoms)
and stimulation protocol (5 consecutive days) that may be
considered as new factors in future trials. Also, we haven’t
assessed any biomarker to better understand the potential
pathophysiological mechanisms of tDCS that should be included
in further studies.

In conclusion, a 5-days treatment with cathodal tDCS could
be a safe and low-cost effective adjuvant in the therapy of
involuntary flexion or extension of hand and limbs and in hand
pain and the bilateral electrode montage over PM-M areas could
favorably impact FHD in musicians with bilateral symptoms.
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Neurons in the central nervous system are organized in functional units interconnected

to form complex networks. Acute and chronic brain damage disrupts brain connectivity

producing neurological signs and/or symptoms. In several neurological diseases,

particularly in Multiple Sclerosis (MS), structural imaging studies cannot always

demonstrate a clear association between lesion site and clinical disability, originating

the “clinico-radiological paradox.” The discrepancy between structural damage and

disability can be explained by a complex network perspective. Both brain networks

architecture and synaptic plasticity may play important roles in modulating brain networks

efficiency after brain damage. In particular, long-term potentiation (LTP) may occur in

surviving neurons to compensate network disconnection. In MS, inflammatory cytokines

dramatically interfere with synaptic transmission and plasticity. Importantly, in addition

to acute and chronic structural damage, inflammation could contribute to reduce

brain networks efficiency in MS leading to worse clinical recovery after a relapse

and worse disease progression. These evidence suggest that removing inflammation

should represent the main therapeutic target in MS; moreover, as synaptic plasticity

is particularly altered by inflammation, specific strategies aimed at promoting LTP

mechanisms could be effective for enhancing clinical recovery. Modulation of plasticity

with different non-invasive brain stimulation (NIBS) techniques has been used to promote

recovery of MS symptoms. Better knowledge of features inducing brain disconnection

in MS is crucial to design specific strategies to promote recovery and use NIBS with an

increasingly tailored approach.

Keywords: multiple sclerosis, inflammation, brain networks, functional connectivity, synaptic plasticity,

non-invasive brain stimulation

INTRODUCTION

Multiple Sclerosis (MS) is an autoimmune inflammatory disease of the central nervous system
(CNS) characterized by white matter demyelinating lesions and gray matter atrophy. MS represents
one of the most frequent neurological condition associated with clinical disability in young adults.
Symptoms include a huge range of manifestations such asmotor/sensory deficits, fatigue, spasticity,
cognitive dysfunction, and pain, related to the different neural systems involved. In several
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neurological disorders, and particularly inMS, structural imaging
studies hardly demonstrate clear associations between lesion
site and clinical disability. The peculiar discordance between
radiological and clinical features is usually referred to as the
“clinico-radiological paradox” (Barkhof, 2002). The remote
effects of a brain lesion on functionally connected regions
and the ongoing rearrangement produced by synaptic plasticity
in response to brain damage can concur in determining the
discrepancy between structural damage and clinical symptoms.

The concept of diaschisis (von Monakow, 1914; Feeney
and Baron, 1986) refers to focal changes in metabolism or
neuronal activity in anatomically intact brain regions located
away from the lesion (Carrera and Tononi, 2014). Recently,
the concept of diaschisis has been applied to complex networks
analysis. The connectome is defined as an overall map of neural
connections in the brain (Sporns et al., 2005) represented by
a set of nodes (i.e., graphs) joined by lines depicted between
them (Bullmore and Bassett, 2011). It is possible to explore
how network activity is changed by a lesion relying upon its
topography within the network architecture (Honey and Sporns,
2008; Alstott et al., 2009; Joyce et al., 2013). Accordingly,
the term “connectomal diaschisis” refers to changes in the
structural and functional connectome, including disconnections
between and reorganization of subgraphs, involving areas located
away from the lesion (Carrera and Tononi, 2014). A better
definition of diaschisis could contribute to clarify the clinico-
radiological paradox in neurological disorders. Understanding
how lesions alter brain networks could help to select the
appropriate treatment based on the underlying process. However,
it is challenging to ascertain whether remote connectivity changes
occur following diaschisis or rely on other recovery mechanisms,
such as plasticity (either positive or maladaptive) and vicariation
(Carrera and Tononi, 2014).

Clinical improvement after brain lesions mainly depends
on structural and functional connectivity restoring. Synaptic
plasticity is the main mechanism involved, both promoting
spontaneous recovery and mediating the beneficial effects of
rehabilitation. Non-invasive brain stimulation (NIBS) techniques
such as repetitive transcranial magnetic stimulation (rTMS) and
transcranial direct current stimulation (tDCS) perturbing local
neural activity can subsequently affect the function of distributed
brain regions located away from the stimulated area. Therefore,
NIBS can be successfully used for testing and modulating
brain networks dynamics in physiological and in a number of
neuropsychiatric conditions (Shafi et al., 2012).

A number of studies suggest that inflammatory molecules
released during MS relapses alter neuronal functioning acting
both on synaptic transmission and plasticity (Stampanoni
Bassi et al., 2017b). It is therefore reasonable to assume that
inflammation in MS could disrupt brain connectivity, even
regardless of demyelinating white matter lesions and gray matter
atrophy. In addition, as inflammation could restrain brain
network reorganization inducing synaptic plasticity alterations,
promoting beneficial synaptic plasticity through NIBS could
represent a promising therapeutic approach in MS.

In this paper, the main studies exploring brain connectivity
in MS with different techniques will be overviewed. We

performed a literature search in PubMed in August 2017
using the terms “connectivity” and “multiple sclerosis.” We
looked for original case-control studies, case series, or cohort
studies. We also examined many of the references of the
articles found. We excluded studies not available in English
language, studies conducted in animals, studies published more
than 10 years before, and studies including patients with age
<18 years. We will also overview the alterations of synaptic
transmission and plasticity described in a MS experimental
model (i.e., experimental autoimmune encephalomyelitis, EAE)
and in human MS using TMS. The findings supporting the role
of inflammation in inducing connectivity dysfunction and the
possible role of NIBS in promoting beneficial connectivity for
recovery will be discussed.

CONNECTIVITY IN MS

In MS, alterations of brain connectivity have been studied with
different techniques. TMS has been used to test cortico-cortical
connectivity, checking how a stimulus delivered on a given
brain region can influence the excitability of a different region
and providing information on effective connectivity (Gerstein
and Aertsen, 1985; Friston et al., 1993). Inhibitory connectivity
between homologous regions of both primary motor cortices
(M1) has been assessed using either a single coil or a double-
coil (d-c) approach (Figure 1). With a single suprathreshold
magnetic pulse given over M1, it is possible to induce inhibitory
influences in the contralateral M1 measurable as a suppression of
the tonic muscle voluntary activity ipsilateral to the stimulated
cortex (ipsilateral silent period, iSP; Wassermann et al., 1991).
Interhemispheric inhibition (IHI) can be also studied with d-c
TMS when a suprathreshold stimulus delivered over one M1 is
able to suppress the test response elicited by a suprathreshold
stimulus given over the contralateral M1 at short (10ms) or
longer (40ms) interstimulus intervals (Ferbert et al., 1992;
Murase et al., 2004; Uehara et al., 2013). The two subtypes of
IHI are likely mediated by different physiological mechanisms,
both depending on GABAB transmission (Kukaswadia et al.,
2005; Radhu et al., 2012). IHI40 could depend on an overlapping
population of inhibitory neurons activated by the excitatory input
from the contralateral M1 (Kukaswadia et al., 2005) whereas
IHI10 may be mediated by transcallosal fibers passing through
the posterior body and the isthmus of the corpus callosum
(CC, Ni et al., 2009). In MS, owing to high prevalence of
lesions within the CC, most TMS approaches mainly focused on
interhemispheric connectivity (Boroojerdi et al., 1998; Schmierer
et al., 2000; Codecà et al., 2010; Wahl et al., 2011). In MS,
altered iSP correlated with clinical disability (Schmierer et al.,
2000, 2002; Llufriu et al., 2012; Neva et al., 2016) and with
central motor conduction time prolongation (Jung et al., 2006).
Whereas, some studies showed a correlation between CC lesions
and iSP alterations (Lenzi et al., 2007; Llufriu et al., 2012), other
studies found that reduced iSP did not correlate with magnetic
resonance imaging (MRI) alterations of the CC (Jung et al.,
2006). One study reported reduced IHI in early RR-MS even
without detectable CC lesions at conventional MRI, making IHI
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FIGURE 1 | Results of the main studies investigating interhemispheric connections in MS. Red coils and arrows represent CS, black coils and arrows depict TS. AMT,

active motor threshold; CC, corpus callosum; CMCT, central motor conduction time; CS, conditioning stimulus; EDSS, expanded disability status scale; fMRI,

functional magnetic resonance imaging; HC, healthy controls; IHI, interhemispheric inhibition; iM1, ipsilateral primary motor cortex; ISI, interstimulus interval; iSP,

ipsilateral silent period; M1, primary motor cortex; PMd, dorsal premotor cortex; PP-MS, primary progressive multiple sclerosis; RMT, resting motor threshold; RR-MS,

relapsing-remitting multiple sclerosis; SDMT, symbol digit modality test; T1-LL, T1 lesion load; TS, test stimulus.

failure a possible marker of callosal disconnection also at earlier
disease stages (Wahl et al., 2011). Finally, altered connectivity
between dorsal premotor cortex and contralateral M1 suggests
that also excitatory transcallosal connectivity may be impaired
independently of lesion load and site, and even in the absence
of clinical disability (Codecà et al., 2010).

Recently, functional MRI (fMRI) gave the opportunity to
study the activity of a large number of brain regions. FMRI is
a tool able to reveal dynamic changes in brain tissue occurring
whilst the subject is awake and fully relaxed (i.e., resting state
fMRI, rs-fMRI), or in response to specific behavioral tasks (i.e.,
task-based fMRI). In MS, task-based fMRI showed increased
and widespread brain activations compared to healthy controls,
particularly at disease onset (Rocca et al., 2005). Increased
activation is generally interpreted as adaptive plastic changes
aimed at preventing the clinical manifestations (Pantano et al.,
2006; Filippi and Rocca, 2013). Nevertheless, overactivation
does not consequently denote adaptive plasticity, as it may be
associated to high disability. For instance, diffuse microstructural
damage—as shown by combined diffusion tensor imaging (DTI)
and fMRI- correlated with increased sensorimotor network
activation (Rocca et al., 2002; Lenzi et al., 2007). Intriguingly,
increased activation of ipsilateral M1 during hand movements

correlated with CC damage and loss of transcallosal inhibition
(Lenzi et al., 2007) suggesting that ipsilateral M1 hyperactivation
could likely represent a simple epiphenomenon of disease.

The development of methods testing brain connectivity
at rest helped to avoid behavioral confounding related to
task. In particular, the temporal correlation between neural
or hemodynamic spontaneous activity arising from distinct
brain regions, namely functional connectivity (FC), describes
the intrinsic property of a given area or the influences of a
particular area over another region, independently of external
stimuli (Biswal et al., 1995; Fox and Raichle, 2007; van denHeuvel
and Hulshoff Pol, 2010). In brain networks analysis different
types of connectivity can be explored. Structural connectivity is
usually referred to the anatomical connections and is evaluated
by fiber tractography from DTI to obtain a reliable map of
anatomical connection between brain areas. The relationship
between structural and functional brain networks has not been
yet completely elucidated (Rubinov et al., 2009; Honey et al.,
2010; Ponten et al., 2010).Whereas, areas anatomically connected
show a greater FC (Honey et al., 2007, 2009; Rubinov et al., 2009;
Hermundstad et al., 2013), functional interactions are not limited
to directly connected areas (Honey et al., 2007, 2009). A better
definition of the complex relationship between structural and
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functional brain networks could predict how structural damage
alters network dynamics (Honey and Sporns, 2008; Kaiser, 2013;
van Dellen et al., 2013).

In MS, several studies have described rs-fMRI alterations
involving different networks. Increased or decreased FC have
been related to disease phenotype, clinical characteristics
and neuroradiological findings (Table 1). Overall, findings
apparently contrast likely due to different methodological
approaches, and different clinical phenotypes. In addition,
whether FC changes could be compensatory or maladaptive
is not yet clear. Longitudinal studies or combining different
experimental techniques could contribute to clarify the clinical
implications of connectivity changes in MS. In addition,
standardized measures should be properly identified to predict
the effect of damage, evaluate symptoms evolution and compare
the effect of different treatment protocols. Recently, graph
based rs-fMRI studies showed that analyzing properties of
large-scale brain networks could help to identify reliable
measures of brain network functioning. Parameters such
as clustering coefficient, path length, network centrality,
and modularity, show that brain networks magnify cost
efficiency of parallel information processing (Achard and
Bullmore, 2007). Moreover, these properties contribute to
protect networks from damage (Achard et al., 2006; Achard
and Bullmore, 2007). Accordingly, clinical symptoms may
occur in MS when structural damage raises to a critical
level reducing overall network efficiency (Schoonheim et al.,
2015).

INFLAMMATION ALTERS SYNAPTIC
TRANSMISSION AND BRAIN
CONNECTIVITY

In MS, brain connectivity disruption could rely on the acute
and chronic structural damage and also on inflammation. In MS
experimental models, inflammatory cytokines induce alterations
of synaptic transmission of both glutamatergic and GABAergic
transmission, causing synaptic hyperexcitability (Rossi et al.,
2011; Mandolesi et al., 2013; Stampanoni Bassi et al., 2017a).
Interleukin (IL)-1β represents one of the main inflammatory
cytokines involved (Mandolesi et al., 2013).

Synaptic transmission can be explored in humans with TMS
and specific protocols are related to different features of synaptic
transmission (Ziemann et al., 2008; Rossini et al., 2015). Studies
in MS showed that the same inflammatory cytokines induce
synaptic alterations similar to those seen in EAE (Rossi et al.,
2012a); moreover, the magnitude of these alterations correlated
with CNS levels of IL-1β. Furthermore, cerebrospinal fluid
from MS patients in active phase of the disease reproduced in
vitro both the glutamatergic and GABAergic alterations and the
neuronal degeneration observed in EAE (Rossi et al., 2012a,b). In
addition, different phases and disease phenotypes are associated
to specific patterns of alterations. In particular, the relapsing
phase of MS is characterized by cortical disinhibition as indexed
by reduced contralateral silent period duration and reduced
short-interval intracortical inhibition (Caramia et al., 2004).

As inflammatory cytokines alter synaptic functioning, a direct
role of neuroinflammation in connectivity dysfunction occurring
in MS may be hypothesized. To support this view, few studies
showed that in patients with clinically isolated syndrome (CIS)
significant FC alterations develop even without white matter
lesions or brain atrophy. One study showed significant rs-fMRI
changes in a group of patients with CISmanifesting as acute optic
neuritis, involving both left and right primary visual cortices and
extravisual regions (Wu et al., 2015). Another study explored
FC alterations in a group of RR-MS patients and in a group
of patients with CIS without brain lesions (Liu et al., 2016),
including patients with optic neuritis or spinal cord syndromes.
CIS patients showed significantly decreased FC in the visual areas
and increased FC in the temporal lobes. It should be highlighted
that in both studies altered FC developed also in networks other
than the visual system, likely suggesting that acute inflammation
may induce diffuse connectivity changes.

It is important to mention another study exploring FC in CIS
and RR-MS patients considering graph-based network analysis
(Liu et al., 2017). As expected, in RR-MS patients decreased whole
brain network efficiency, reduced nodal efficiency, and impaired
FC were found. In addition, patients with CIS displayed a similar
pattern of alterations. In particular, impaired FC involved the
occipital, temporal, and frontal cortices and the insula. Finally,
changes in RR-MS did not correlate with white matter lesion load
and site, and with gray matter atrophy.

A number of studies showed that also systemic inflammation
could affect brain FC. For instance, in healthy individuals,
experimental inflammation influences brain activity in the insula
and in the cingulate cortex (Hannestad et al., 2012) and alters
resting connectivity between the left thalamus and the right
posterior cingulate cortex (Labrenz et al., 2016). Furthermore, a
study using graph analysis showed that in patients with Hepatitis
C the administration of IFN α reduced whole brain network
connectivity and efficiency (Dipasquale et al., 2016). Recently, a
study showed that IL-6 blood levels covaried with connectivity
in the default mode network (Marsland et al., 2017). These
studies are in line with previous reports showing that peripheral
cytokines may modulate central synaptic transmission altering
task-based fMRI (Capuron et al., 2005; Harrison et al., 2009).

Overall, these data suggest that inflammation in MS, altering
synaptic transmission, may represent an additional key feature
contributing to network dysfunction. It may be hypothesized
that, in addition to structural damage, network efficiency can be
dramatically disrupted by inflammatory cytokines.

INFLAMMATION, SYNAPTIC PLASTICITY,
AND CLINICAL RECOVERY

Recovery after brain injury mainly depends on the ability of
surviving neurons to undergo long-term functional changes
(Floel and Cohen, 2006). Long-term potentiation (LTP), the
most studied form of synaptic plasticity, consists of enduring
enhancement of synaptic strength followed by structural
rearrangements (Bliss and Gardner-Medwin, 1973). LTP can be
virtually induced in all brain areas and may reduce the clinical
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TABLE 1 | Main results of studies investigating rs-FC in MS.

Authors Study population Main findings

Roosendaal et al.,

2010

14 CIS, 31 RR-MS, 41 HCs Increased rs-FC in several RSNs, including the DMN and sensorimotor network, in CIS compared to HCs and

RR-MS. In RR-MS GM atrophy and abnormal WM diffusivity compared to HCs. No changes in CIS. rs-FC and

structural MRI or clinical disability did not correlate in CIS and RR-MS.

Rocca et al., 2010 33 SP-MS (18 CI), 24

PP-MS (12 CI), 24 HCs

In SP-MS reduced activity in the DMN, in the medial prefrontal cortex and precentral gyrus, compared with HCs.

In PP-MS reduced activity in the precentral gyrus and the ACC compared with HCs. In SP-MS increased ACC

activity compared with PP-MS. RS activity in the ACC was reduced particularly in CI. DMN abnormalities

correlated with cognitive test and DTI changes in the CC and the cingulum.

Bonavita et al.,

2011

36 RR-MS (18 CI and 18

CP), 18 HCs

In RR-MS reduced DMN connectivity in the ACC, reduced in the core and increased at the periphery of the PCC.

No correlations between FC changes and global atrophy or T2-LL, but association with regional GM loss. The

findings were more marked in CP than CI.

Faivre et al., 2012 13 early RR-MS, 14 HCs Increased rs-FC in several RSNs in early RR-MS compared with HCs. No correlations between RSNs connectivity

and T2-LL or disease duration. Increased rs-FC in cognitive and sensorimotor networks negatively correlated with

different cognitive and motor tasks and MSFC scores.

Rocca et al., 2012 85 RR-MS, 40 HCs In RR-MS decreased rs-FC in different RSNs (salience, executive control, working memory, default mode,

sensorimotor, and visual) and increased rs-FC in regions of the executive control and auditory RSNs. Decreased

rs-FC was correlated with disability and T2 lesion volumes.

Tona et al., 2014 48 RR-MS, 24 HCs In RR-MS both increased and decreased connectivity within the thalamic RSN. No significant correlation between

thalamic FC and radiologic variables. Increased thalamocortical FC correlated with decreased cognitive

performance.

Cruz-Gómez et al.,

2014

60 RR-MS (30 CI and 30

CP), 18 HCs

Decreased rs-FC in the DMN in CI compared with CP and HCs. Decreased rs-FC in the LFPN in both CI and CP

compared with HCs. Decreased rs-FC in the RFPN and salience network in CI compared with CP. BPF correlated

with rs-FC in the DMN, LFPN and RFPN. T1-LL negatively correlated with rs-FC in all explored RSNs.

Louapre et al.,

2014

35 RR-MS (15 CI and 20

CP), 20 HCs

In CI decreased rs-FC in DMN and ATT compared with CP. In CI decreased rs-FC particularly between the medial

prefrontal cortex and the PCC, predicted by PCC atrophy. In CI higher WM LL and more severe GM atrophy in

cognitive networks compared with CP. In CP increased rs-FC in ATT compared with HCs.

Zhou et al., 2014 24 RR-MS and 24 HC The connections of paired DMN subregions showed decreased SC and increased FC in RR-MS patients. SC

alterations correlated with EDSS. Decreased SC was correlated to atrophy.

Rocca et al., 2015 69 CP MS, 42 HCs In CP MS decreased rs-FC between the hippocampi and several cortical–subcortical regions within the DMN.

Reduced hippocampal rs-FC correlated with T2-LL, disease duration, depression and disability.

Sbardella et al.,

2015

30 RR-MS and 24 HCs In RR-MS decreased rs-FC in several networks (cerebellar, executive-control, medial-visual, basal ganglia and

sensorimotor) and changes in inter-network correlations. CC microstructural damage correlated with FC in

cerebellar and auditory networks. No correlations between rs-FC in all explored RSNs and T2-LL.

Liu et al., 2015 35 RR-MS, 35 HC Compared to HC, the MS group showed significantly decreased FC between thalamus and several brain regions

including right middle frontal and parahippocampal gyri, and the left inferior parietal lobule. Increased intra and

inter-thalamic FC was observed in MS compared to HC. FC alterations were not correlated with T2-LL, thalamic

volume or the presence of thalamic lesions.

Baltruschat et al.,

2015

17 RR-MS, 15 HCs In RR-MS increased FC between left posterior cingulate gyrus/precuneus, and left middle temporal gyrus and left

cerebellum. In RR-MS GM bilateral atrophy in posterior cingulate gyrus/precuneus. BPF negatively correlated with

FC between left posterior cingulate gyrus/precuneus and left cerebellum.

Rocca et al., 2016 214MS patients (RR-MS

and SP-MS), 55 HC

Global network properties (network degree, global efficiency, hierarchy, path length and assortativity) were

abnormal in MS compared with HC and contributed to distinguish CI MS patients from HC, but not the main MS

phenotypes. In MS, global and regional network properties were not correlated with T2-LL and normalized brain

volume.

d’Ambrosio et al.,

2017

187MS patients (136

RR-MS, 42 SP-MS and 9

PP- MS), (122 CP and 65

CI); 94 HCs

In patients lower GM, WM and thalamic volumes compared with HCs. In patients decreased rs-FC between

thalamic subregions and the caudate, cingulate cortex and cerebellum correlated with worse motor performance.

Increased rs-FC with the insula correlated with better motor performance. In CI increased rs-FC between thalamic

subregions and temporal areas compared with CP. No correlations between thalamic rs-FC and T2-LL.

ACC, anterior cingulate cortex; ATT, attentional network; CC, corpus callosum; CI, cognitive-impaired patients; CIS, clinically isolated syndrome; CP, cognitive-preserved patients;

DMN, Default Mode Network; DTI, Diffusion Tensor Imaging; FC, functional connectivity; GM, gray matter; HCs, healthy controls; LFPN, left fronto-parietal network; LL, lesion load; MRI,

Magnetic Resonance Imaging; MS, Multiple Sclerosis; MSFC, Multiple Sclerosis Functional Composite Score; PCC, posterior cingulate cortex; PP-MS, primary-progressive MS patients;

RFPN, right fronto-parietal network; RR-MS, relapsing-remitting MS patients; rs-FC, resting-state Functional Connectivity; RSN, resting state network; SC, structural connectivity; SP-MS,

secondary-progressive MS patients; WM, white matter.

expression of neuronal damage likely restoring the excitability of
neurons deprived of their synaptic inputs. Promoting LTP could
therefore contribute to maximize network efficiency restoring,
delaying the clinical expression of brain damage. The link
between LTP and clinical recovery after acute brain lesion

first came from animal studies. In rats, neurological deficit
after experimental ischemia partly improved 7 days after the
infarction and correlated with increased glutamatergic excitatory
transmission in surviving neurons, suggesting that recovery was
driven by increased excitatory synaptic activity surrounding
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the damaged area (Centonze et al., 2007c). In humans, the
evidence that LTP could be crucial for clinical recovery was first
showed in acute stroke patients, comparing the amount of TMS-
induced LTP-like plasticity with the degree of recovery 6 months
later. Patients with higher TMS-induced LTP displayed a better
recovery (Di Lazzaro et al., 2010a). Accordingly, the term LTP
reserve has been proposed to indicate the amount of LTP induced
by different TMS protocols as significant predictor of clinical
recovery.

Physical rehabilitation represents the main treatment option
to enhance spontaneous recovery of neurological deficits Albeit
early rehabilitation after acute brain lesions can facilitate
recovery, the optimal treatment type is still poorly defined
(Morreale et al., 2016). It is likely that the beneficial effect of
rehabilitation could be mediated by LTP, as shown in animals and
also in human studies by the findings that learning a motor skill
engages LTP mechanisms triggered by motor practice (Rioult-
Pedotti et al., 2000; Muellbacher et al., 2001; Ziemann et al.,
2004).

Different studies reported alterations of synaptic plasticity in
EAE and MS (Mori et al., 2011, 2012; Di Filippo et al., 2013;
Nisticò et al., 2013). An early finding was that MS relapses
are associated with impaired LTP-like plasticity as assessed with
intermittent theta-burst stimulation (iTBS) (Mori et al., 2011). In
a further study, iTBS-induced LTP-like plasticity was explored in
RR-MS patients either in acute or stable disease phase, confirming
that LTP-like plasticity is reduced in relapsing patients compared
to remitting patients (Mori et al., 2012) Remarkably, in the
same study, 6-months treatment with interferon (IFN) beta 1-
a improved LTP-like plasticity in relapsing patients (Mori et al.,
2012).

The association between LTP reserve and clinical recovery has
been explored in RR-MS patients using the paired associative
stimulation protocol (Mori et al., 2014). In this study, LTP
reserve tested at the time of a clinical relapse correlated with
clinical recovery 3months later. Patients with greater LTP reserve
showed a better recovery whereas patients with absent or poor
LTP reserve displayed partial or absent clinical recovery, further
suggesting the crucial role of LTP taking place in surviving
neurons to compensate coexisting neuronal loss (Mori et al.,
2014). Overall, these studies suggest that CNS inflammation
in MS patients negatively influences pathways involved in LTP
induction and maintenance (Tongiorgi et al., 2012; Stampanoni
Bassi et al., 2017a). In addition, some studies suggest that
negative impact of acute inflammation on LTP may be reduced
by immune-modulating therapies (Mori et al., 2012; Di Filippo
et al., 2016). In MS, it is likely that inflammation-induced LTP
alterations could lessen brain network reorganization influencing
clinical recovery after a relapse and disease progression and
that resolving inflammation could positively influence clinical
recovery.

NIBS AND SYMPTOMS RECOVERY IN MS

NIBS has been used in healthy subjects for enhancing motor
skills and cognitive functions, and in neurological and psychiatric

patients for therapeutic purposes (Hummel et al., 2005; Miniussi
et al., 2008). Different studies showed that focal perturbation
of neural activity by NIBS selectively modulates functional and
effective connectivity in different connected networks (Grefkes
et al., 2010; Eldaief et al., 2011; Grefkes and Fink, 2011; Cocchi
et al., 2016). Furthermore, as inflammation alters synaptic
plasticity, boosting LTP through NIBS could help to improve
recovery in MS patients.

rTMS and tDCS represent the most commonly used NIBS
techniques able to induce LTP-like plasticity (Ziemann et al.,
2008). In M1, this plastic effect can be generally measured
as an increase of the peak-to-peak amplitude of the motor
evoked potentials (MEPs) after the plasticity-inducing protocol,
likely coming from enhanced excitability of the cortico-cortical
facilitatory synaptic inputs onto the corticospinal cells (Di
Lazzaro et al., 2010b). A number of rTMS protocols are able
to induce persistent changes in cortical excitability depending
on the intensity, frequency and number of stimuli applied,
frequency playing a pivotal role. In particular, high-frequency
(i.e.,≥5Hz) rTMS protocols produce LTP-like plasticity (Siebner
and Rothwell, 2003; Ziemann et al., 2008). Subsequently, new
rTMS protocols have been introduced to modulate cortical
plasticity, including TBS. In particular, iTBS produces excitatory
after-effects through LTP-like plasticity (Huang et al., 2005).
tDCS employs weak transcranial currents to induce changes in
cortical excitability depending on stimulation polarity (Nitsche
and Paulus, 2000). In particular, anodal tDCSmay entail LTP-like
mechanisms (Liebetanz et al., 2002; Nitsche et al., 2003).

NIBS techniques have been applied to treat different
symptoms in MS patients. Spasticity is considered as the
consequence of the hyperexcitability of the stretch reflex
secondary to corticospinal tract lesions and reduced supraspinal
inhibitory input (Young, 1994). In MS, a single session of
5Hz rTMS over M1 reduced stretch reflex hyperexcitability
(Centonze et al., 2007a). Moreover, daily application for 2 weeks
of both 5Hz rTMS and iTBS can be useful to reduce lower limb
spasticity in MS (Centonze et al., 2007a; Mori et al., 2010a).
Noticeably, one longitudinal study showed that repeated daily
iTBS sessions associated with physical rehabilitation may induce
functional reorganization of M1 connectivity. In particular,
reduced spasticity was associated with both changes in local
connectivity and in the inter-hemispheric balance (Boutière et al.,
2017). Conversely, one study reported that anodal tDCS on M1
for 5 consecutive days had no clinical impact on spasticity in MS
patients (Iodice et al., 2015).

Some studies explored the effects of both anodal tDCS
and 5Hz rTMS over M1 to reduce motor deficits in MS
(Koch et al., 2008; Cuypers et al., 2013; Meesen et al., 2014;
Elzamarany et al., 2016). It has been shown that 5Hz rTMS
over M1 improved hand dexterity in MS patients with cerebellar
symptoms (Koch et al., 2008). Intriguingly, the beneficial effect
of high frequency rTMS may have raised from enhanced
M1 excitatory drive onto the pontine nuclei modulating the
cerebro-pontine-cerebellar network (Schwarz and Thier, 1999)
and possibly counteracting the reduced cerebellar inputs to
these structures due to demyelination. Similarly, another study
showed that two consecutive daily sessions of 5Hz rTMS on M1
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improved hand dexterity in a group of RR and progressive MS
patients, with a more pronounced effect in RR-MS (Elzamarany
et al., 2016). Of the two studies exploring the effects of anodal
tDCS, one study evidenced that anodal tDCS could increase
cortico-spinal output (Cuypers et al., 2013) and the other study
showed that a single concurrent M1 anodal tDCS session had
no beneficial effects on a unimanual motor sequence task in
a group of RR-MS and progressive MS (Meesen et al., 2014).
In addition, repeated 5Hz rTMS on M1 for 5 consecutive
days over 2 weeks may induce beneficial effects also in other
dysfunctions, such as lower urinary tract involvement (Centonze
et al., 2007b). Notably, other motor symptoms including gait
disturbances may respond to NIBS, as five consecutive sessions of
high frequency rTMS over the left dorsolateral prefrontal cortex
(DLPFC) improved gait in a RR-MS patient (Burhan et al., 2015).

In MS, neuropathic pain and both positive and negative
sensory symptoms, including paresthesia and hypoanestesia, are
frequently observed and scarcely responsive to pharmacological
treatment. It has been reported that 5 consecutive days of anodal
tDCS on M1 may improve neuropathic pain in MS (Mori et al.,
2010b). In addition, another study reported that 3 consecutive
days of anodal tDCS over the DLPFC reduced neuropathic
pain in MS (Ayache et al., 2016). Finally, tactile hypoanesthesia
improved in RR-MS after 5 consecutive days of anodal tDCS over
the somatosensory cortex (Mori et al., 2013).

Fatigue represents another disabling symptom frequently
observed in MS patients, occurring in all disease stages (Krupp
and Pollina, 1996; Kos et al., 2004; Lerdal et al., 2007). The
nature of fatigue in MS is multifactorial and it has been
related to different pathophysiological mechanisms, including
structural or functional brain alterations (Ayache and Chalah,
2017). Different studies explored the effects of anodal tDCS
on fatigue in MS. The available studies differ in terms of
parameters and stimulation sites, including M1 (Ferrucci et al.,
2014), somatosensory cortex (Tecchio et al., 2014), left DLPFC
(Saiote et al., 2014; Chalah et al., 2015, 2017), and right
posterior parietal cortex (Chalah et al., 2017). Overall, whereas
the results suggest that tDCS may represent a promising
approach to treat fatigue, further studies are needed to define
the optimal stimulation parameters and site (Lefaucheur et al.,
2017).

Finally, only few studies explored the use of NIBS for treating
cognitive deficits associated with MS. One study showed that 10
daily sessions of anodal tDCS over the left DLPFC significantly
improved concurrent cognitive training (Mattioli et al., 2016).
Another study explored the effects of 5Hz rTMS over the right
DLPFC on working memory deficits (Hulst et al., 2016). In that

study, cognitive performance improvement was associated with a

reduced aberrant hyperactivation of the prefrontal areas observed
in MS patients. It is worth noting that although cognitive
activities are subserved by diffuse networks, focal modulation of
a node may induce functional changes in remote regions (Siebner
et al., 2009).

CONCLUSIONS

Improved understanding of features inducing brain
disconnection in MS (i.e., demyelination, neurodegeneration,
inflammation) and those influencing recovery (i.e., plasticity)
may help to characterize the underlying pathophysiology. As
neuroinflammation could induce brain connectivity dysfunction
and impair network reorganization, contrasting inflammation
may hinder connectivity disruption in MS. Furthermore,
strategies aimed at promoting plasticity could be particularly
relevant in MS, as plasticity reserve is reduced in these patients.
Although NIBS could represent a promising approach for
treating different symptoms inMS, it will be useful to identify the
brain areas that should be stimulated and relate the lesion site to
therapeutic response, establish the need to perform consecutive
stimulation sessions and better predict the individual response to
NIBS, also considering that in MS plasticity is altered in response
to inflammation. It is therefore crucial to understand how focal
modulation of brain activity by NIBS can enhance network
efficiency. In particular, identifying anatomical and functional
principles determining how local perturbations affect large-scale
neural activity (Sale et al., 2015) may help to predict the impact
of NIBS on brain network reorganization (Gollo et al., 2017).
This could help to define whether restoring the original networks
or promoting alternative circuits could be the best strategy for
recovery, and therefore to use NIBS with an increasingly tailored
approach.
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The shape and position of the electrodes is a key factor for the efficacy of transcranial

electrical stimulations (tES). We have recently introduced the Regional Personalized

Electrode (RePE), a tES electrode fitting the personal cortical folding, that has been able

to differentiate the stimulation of close by regions, in particular the primary sensory (S1)

and motor (M1) cortices, and to personalize tES onto such an extended cortical district.

However, neuronavigation on individual brain was compulsory for the correct montage.

Here, we aimed at developing and testing a neuronavigation-free procedure for easy

and quick positioning RePE, enabling multisession RePE-tES at home. We used off-line

individual MRI to shape RePE via an ad-hoc computerized procedure, while an ad-hoc

developed Adjustable Helmet Frame (AHF) was used to properly position it in multisession

treatments, even at home. We used neuronavigation to test the RePE shape and position

obtained by the new computerized procedure and the re-positioning obtained via the

AHF. Using Finite Element Method (FEM) model, we also estimated the intra-cerebral

current distribution induced by transcranial direct current stimulation (tDCS) comparing

RePE vs. non-RePE with fixed reference. Additionally, we tested, using FEM, various

shapes, and positions of the reference electrode taking into account possible small

displacements of RePE, to test feasibility of RePE-tES sessions at home. The new RePE

neuronavigation-free positioning relies on brain MRI space distances, and produced a

mean displacement of 3.5 ± 0.8mm, and the re-positioning of 4.8 ± 1.1mm. Higher

electric field in S1 than in M1 was best obtained with the occipital reference electrode, a

montage that proved to feature low sensitivity to typical RePE millimetric displacements.

Additionally, a new tES accessory was developed to enable repositioning the electrodes

over the scalp also at home, with a precision which is acceptable according to the

modeling-estimated intracerebral currents. Altogether, we provide here a procedure to

simplify and make easily applicable RePE-tDCS, which enables efficacious personalized

treatments.

Keywords: regional personalized electrode (RePE), transcranial electrical stimulation (tES), computational

modeling, primary somatosensory and motor cortex (S1, M1), tDCS home treatments, non-invasive brain

stimulation (NIBS)
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INTRODUCTION

Advances in analyzing structural and functional brain features
using powerful non-invasive neuroimaging methods are
nowadays yielding intriguing insights into brain circuits, their
variability across individuals, and their relationship to behavior
(Van Essen, 2013; Kopell et al., 2014). If properly exploited,
this knowledge can enhance the neuromodulation efficacy
of transcranial Electrical Stimulation (tES), and transcranial
Direct Current Stimulation (tDCS) in particular, by tuning the
dimension, position and shape of the electrodes to the brain
networks of interest (Murphy et al., 2009; Tecchio et al., 2014;
Galletta et al., 2015; Cancelli et al., 2016, 2017; Grimaldi et al.,
2016).

Following the need to concentrate the stimulation on
the entire bilateral primary somatosensory representation of
the whole body (S1), we recently introduced a new MRI-

based neuronavigated procedure to customize brain stimulation
through the use of the Regional Personalized Electrode (RePE)
(Tecchio et al., 2013). The higher efficacy of personalized vs.
non-personalized electrode in targeting the whole region was
demonstrated experimentally (Cancelli et al., 2015a), and further
confirmed by a recent modeling study (Parazzini et al., 2017).
RePE targeting S1 (RePE-S1) was employed in two randomized
clinical trials (RCT) showing an efficacy of this personalized
5-day tDCS against fatigue in multiple sclerosis (MS), thus
we called the treatment Fatigue Relief in Multiple Sclerosis,

FaReMuS (Tecchio et al., 2014; Cancelli et al., 2017). In the
2014 group, the mean fatigue reduction was 28% of the baseline
after Real stimulation and 8% after Sham, p = 0.016. In the
2017 group, the fatigue symptoms reduction were 42% after Real
and 20% after Sham, p = 0.012. We observed 7 responders,
defined as the patients who changed the fatigue level more or
equal to 20% of her/his baseline, in the 2014 group, and 9 in
the 2017 one. The relevance of the target selection to effectively
relieve fatigue can be perceived from the fact that other two
tDCS trials, in which every parameter but the electrode shape
and position were identical to those of the efficacious FaReMuS
neuromodulation (Tecchio et al., 2014; Cancelli et al., 2017), did
not produce the desired effects (Ferrucci et al., 2014; Saiote et al.,
2014).

RePE-S1 electrode is shaped according to the projection onto
the scalp of the individual cortical folding of the Rolandic sulcus.
The projection was obtained by a neuronavigated procedure
as the minimal distance from the scalp of the central sulcus
reconstructed from the individual brain MRI (Tecchio et al.,

2013). We conceived that the treatment should target the entire
body somatosensory representation, as both limbs are impaired
in people with MS and typically both sides. For this reason we
decided to target the entire Rolandic sulcus post-central wall
(Fischl et al., 2004; Destrieux et al., 2010). For simplicity, we
selected from the left to the right Sylvian sulci, including the
secondary somatosensory representation. In fact, as discussed
above our main aim was to avoid frontal motor areas, while a
wider parietal involvement was acceptable consistently with the
literature (Pellicano et al., 2010; Engström et al., 2013; Vecchio
et al., 2017).

Despite the promising results in relieving fatigue in people
with multiple sclerosis (Tecchio et al., 2014; Cancelli et al.,
2017), the application of RePE is still difficult because of
the burdensome and complicated set up, that requires an
experienced operator for the manually neuronavigated shaping
of RePE with the patient affected by multiple sclerosis
present along the entire shaping procedure, and an accurate
neuronavigated positioning at the beginning of every stimulation
session.

The tDCS treatments typically require multiple sessions.
In fact, the duration of tES treatments, with one stimulation
per day, ranges from 2 sessions (against alcohol or smoke
craving, Boggio et al., 2008; Fregni et al., 2008) to 30 sessions
(to support motor function in stroke patients, Hesse et al.,
2011). In clinical contexts, the 5 consecutive day application
is common in several diseases, including depression (Fregni
et al., 2006b; Nitsche et al., 2009), pain (Zhu et al., 2017),
and stroke (Boggio et al., 2007). The possibility of a simple
home treatment set-up, easily manageable by the patient without
special assistance, would therefore greatly increase the impact of
RePE.

By theoretical computational modeling analysis, we tested
here the relevance of RePE shape and position in terms of
the tDCS differential efficacy on S1 with respect to primary
motor cortex (M1) using a personalized vs. a non-personalized
electrode. Computational modeling exploits high resolutionMRI
and accurate brain models based on Finite Element Method
(FEM) to predict the electric field induced in each voxel of the
brain during tDCS, thus allowing for an optimization of the
tDCS montage, i.e., the maximization of the current flowing
in the target region with respect to the other brain areas;
in other words the maximization of the target region dosage
(Antal et al., 2017).

We first aimed here to present and test a new MRI-
based procedure to shape a RePE without the need for
the neuronavigation technique, therefore bypassing the
simultaneous presence of the patient and the experienced
operator. Furthermore, we present a positioning technique that
takes advantage of the scalp-space distances calculated on the 3D
MRI reconstruction of the subject’s head.

In the perspective of applying FaReMus at people home, we
had here the second aim of introducing a procedure for easy
and accurate repositioning of the electrode in a domiciliary
environment (Pérez-Borrego et al., 2014; Charvet et al., 2015).
We developed an adjustable helmet frame (AHF) to maintain
the position of RePE during stimulation, and to allow an easy
repositioning of RePE in multisession tDCS treatments even at
the patient’s home.

METHODS

The whole procedure was tested on 14 healthy volunteers
(10 females, 4 males; age range 25–56 years, mean age 33.9
± 11.0 years), eligible to the study in absence of clinical
evidence or history of neurological or vascular diseases and
with no pharmacological treatments. All participants provided
written informed consent for participation in the study, as
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approved by the “Lazio 1-San Camillo Forlanini” Ethics
Committee.

Each subject underwent a structural brain MRI exam with
a 1.5 T scanner (Achieva, Philips Medical Systems, Best, The
Netherlands). The acquisition protocol consisted of one 3D high
resolution anatomical sequence empirically optimized to increase
gray/white matter image contrast (T1-weighted Turbo Field Echo
TR/TE/FA = 9.5 ms/4 ms/8◦; 2,562 matrix resulting in an in-
plane resolution 0.98 × 0.98mm, slice thickness 1.2mm, 160
coronal contiguous slice).

Computerized RePE-S1 Shape
As a preliminary step, we manually traced the central sulcus
on the standard MNI152_T1_1 mm_brain MR template, thus
avoiding the use of neuronavigation in shaping the RePE-S1. A
total of 123 points were selected in the middle of the pre- and
post-central sulcus (CS) walls, one for each of the 123 sagittal
slices passing across the template central sulcus. These points
span from the Sylvian sulcus of the left hemisphere to the same
sulcus of the right hemisphere (MNI_CS).

The computerized process for shaping the individual RePE-
S1 electrode (Figure 1) from her/his brain MRI consisted of the
following steps:

1. Scalp and brain tissues were segmented from individual
original MRIs (iMRI) using the Brain Extraction Tool (BET)
of FSL (iBrain and iScalp);

2. iBrain images were spatially normalized with respect to the
standard MNI152_T1_1 mm_brain MR template by means of
the FMRIB’s Linear Image Registration Tool (FLIRT) and the
related transformation was saved as a matrix (TM);

3. The 123 MNI_CS points were automatically mapped onto the
iMRI of each subject using the inverted spatial normalization
matrix [TM−1, convert xfm & img2img] to obtain the 123
points on iMRI (iCS);

4. The iCS was projected onto the external surface of the
3D iScalp using an in-house software (iCSS), applying the
minimal distance brain-scalp tissues for each point.

5. The iCSS were then projected to a plan, performing the iCSS
on a plan (iCSSp).

6. RePE-S1 was designed using AutoCAD software (Autodesk
AutoCAD 2017). The iCCSp coordinates were imported into
the software in the native space and replicated at a distance
of 2 cm from the original trace. Then, the two 2D iCCS were
connected laterally to form a polygon.

7. The shape of RePE was exported in the PDF format and
printed to be cut into sponge or conductive silicon electrodes.

FIGURE 1 | Computerized procedure to shape RePE. As detailed in the Methods, the steps from the individual brain MRI (iMRI), with segmentation of the brain

(iBrain, 1), transformed into MNI standard model (niBrain, 2), where the central sulcus identified points are stored (once for every person, thus no number in the

process applied in individual subject, 0) and retro projected obtaining the individual central sulcus (iCS, 3), projected on the scalp (iCSS, 4), and further projected on a

planar surface (iCSSp, 5) so that by AutoCAD the RePE area is obtained (6) and printed (7).
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RePE Positioning Based on the 3D MRI

Head Model
To position RePE-S1 over the scalp of each subject in a way
that the electrode would overlap her/his iCCS coordinates
(minimal distance to the target region), we developed an
MRI-based procedure to place each RePE-S1 in relation to
the selected external landmarks on the subject’s scalp. In
particular, we used the following individual head points:
Nasion (N, Figure 2A); Inion (I, Figure 2B); the central
and lateral points of RePE-S1 located on the iCSS (RePE-
S1_C, RePE-S1_L, RePE-S1_R, Figure 2C) with RePE-S1_C
positioned on the line connecting Nasion and Inion. Then,
over the 3D-rendered head, we measured the distances between
N and the above defined three points: N-RePE-S1_C, N-
RePE-S1_L, N-RePE-S1_R (Figures 2D–F). Given these three

values, an operator can position RePE-S1 using the following
procedure. She/he should place the zero (0) of a flexible
meter on N and extend the meter to I (Figure 2G). Then
he/she can center RePE-S1_C at distance N-RePE-S1_C from
N, along the N-I line. Then he/she can adjust the RePE
orientation through the N-RePE-S1_L and RePE-S1_R distances
(Figures 2H,I).

An Adaptable Helmet Frame [AHF] for the

Electrode Repositioning in Multisession

tDCS Treatment
We developed an Adaptable Helmet Frame (AHF) using a plastic
cyclist helmet (Figure 3). The helmet frame was equipped with
an adjustablemechanism to comfortably fit the individual head of

FIGURE 2 | RePE positioning with 3D MRI-derived head space distances. As detailed in the Method section, representation of the curves on the scalp (A–F), whose

lengths derived from the individual 3D head model allow positioning RePE (G–I).
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FIGURE 3 | AHF for multisession RePE repositioning. Left: Adaptable Helmet Frame (AHF) without (left) and with (right) the Velcro strips to fix RePE. The occipital

cathode electrode is fixed under the adjustable mechanism. Right: As detailed in the Methods, steps (A,B) allow positioning and re-positioning the AHF in same

position. (C,D) fix the RePE position with respect to the AHF. Informed consent was obtained from the participant wearing the AHF to publish the image.

the subject, and it was integrated with a nasal support and Velcro
bands to firmly fix the electrodes in the desired position.

Once RePE has been properly positioned, the operator can fix
the AHF taking care not to move RePE electrode. In detail, (1)
she/he positions the AHF so that the nasal support rests well on
the nose (Figure 3A) and the inferior border lays over the top of
the ears (Figure 3B). In this way, the AHF is always set in the
same position. Thereafter, she/he (2) adapts the circumference
to the individual head using the adjustment mechanism, and (3)
fixes the electrode to the AHF stably with the two coronal Velcro
strips (Figures 3C,D).

Neuronavigated Procedure to Evaluate the

RePE Positioning and Re-positioning
We used neuronavigation (SofTaxic Neuronavigation System
ver. 2.0, www.softaxic.com, E.M.S., Bologna, Italy) to test the
repeatability of the RePE positioning based on the 3D MRI head
model (Figure 4A), and to test the stability of the RePE AHF
repositioning (Figure 4B).

We marked 27 points along the entire length of the electrode:
the central point, 13 points on the left and 13 on the
right of the central point (0.5 cm between points, RePEpoints,
Figure 4C).

We collected the coordinates of RePEpoints in the individual
MRI space, after positioning the electrode along the central
sulcus projected on the scalp using the 3D-head space anatomical
landmarks system, and repeated the procedure five times.
For comparison, we also collected the RePEpoints positions
when positioning RePE using the neuronavigated procedure.
Finally, we calculated the distances between the corresponding
RePEpoints and the points of the central sulcus projected onto
the scalp (Figure 1).

To test the repeatability of the repositioning tool, we properly
fixed the electrode into the AHF, we digitized the RePEpoints
coordinates, and then we removed the AHF. We repeated the

digitization of the RePE position after wearing AHF over 5
consecutive days.

Statistical Analysis
Evaluation of the Identification of the Computerized

Individual Central Sulcus
To evaluate the ability of the computerized procedure to locate
the individual central sulcus, we compared the 123 iCSS points
with those obtained by manually tracing the central sulcus on
individual MRIs projected on the scalp (Manual iCSS).

Two independent researchers (a neuroradiologist—DL and a
biomedical engineer with specific training inMRI data analysis—
AC) selected every sagittal image where the central sulcus
appeared on the individual segmented brain and recorded one
point (X, Y, Z) for each slice. Accordingly, the number of points
of Manual iCSS varied across subjects between a minimum of 102
and a maximum of 117. We projected the Manual iCS onto the
external surface of the 3D iScalp using the same software that was
used for the Computerized procedure (Manual iCSS).

We quantified the accuracy of the Computerized iCSS
identification as the point-to-point Euclidean distance to the
Manual iCSS set (nearest points) and the Intra-Class Correlation
(ICC) between Computerized iCSS and Manual iCSS.

RePE Position Accuracy
We evaluated the repeatability of RePE position using the
Euclidean distances of the RePEpoints from the corresponding
projections on the scalp of the central sulcus points. In order
to detect possible systematic positioning errors, we submitted
the differences of the 3D coordinates (x, y, z) for the 27 points
in successive positions to an analysis of variance (ANOVA)
with the Positioning Error (Rep2-1, Rep3-1, Rep4-1, Rep5-
1) and Positioning Method (Neuronavigation, 3D MRI-head
distances) as within-subject factors. Any systematic displacement
will correspond with significant Positioning Error effect. We
performed all statistical analysis using SPSS (IBM).

Frontiers in Neuroscience | www.frontiersin.org May 2018 | Volume 12 | Article 284133

www.softaxic.com
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Cancelli et al. Easy Home Personalized tES

FIGURE 4 | Neuronavigation setup used to estimate RePE positioning systems. Top: As detailed in the Methods, experimental neuronavigated procedure to test the

RePE positioning via the MRI-derived 3D-head model measures (A) and via the AHF (B). Informed consent was obtained from the participants executing the

procedure and wearing RePE to publish the image. (C) RePE with the testing point used for the neuronavigated procedure.

Intracerebral Current Induced by RePE:

MRI-Derived Finite Element Method
The electric field (EF) distributions induced into the brain by
RePE-S1 and non-RePE were computed using a FEM forward
model. Several configurations were analyzed: different positions
of RePE-S1 and different return electrode locations. One MRI
scan of a 39 year old adult male head was segmented using an
algorithm developed in-house for automated tissue compartment
segmentation (Huang et al., 2013). Adaptive volumetric meshing
was applied to the tissue segmentation in ScanIP (Simpleware
Ltd, Exeter, UK) with a compound coarseness of−15 (maximum
edge length 1.85mm, target minimum 0.775mm, target Jacobian
minimum 0.1). The resulting meshes consisted of>107 quadratic
tetrahedral elements and >1.5·106 degrees of freedom. Further
refined meshes were found to have no noticeable effect on
simulation results. The mesh was imported into COMSOL
Multiphysics 4.3 (Burlington, MA) to simulate quasi-static
volume conductor physics, since this approximation is acceptable
for tES (Smith, 1992; Nathan et al., 1993; Eshel et al., 1995).
The overall volume was divided in seven compartments with
different electrical conductivity (Datta et al., 2011; Parazzini
et al., 2011; Wagner et al., 2014; Galletta et al., 2015; Cancelli
et al., 2016) representing: gray matter (σ = 0.276 S·m−1), white
matter (σ = 0.126 S·m−1), cerebral spinal fluid (CSF, σ = 1.65
S·m−1), skull (σ = 10−2 S·m−1), air (σ = 10−4 S·m−1), fat
σ = 0.025 S·m−1), and skin (σ = 0.465 S·m−1). Two additional

masks including the Post and Anterior Central Gyruses were
created and intersected with gray matter to segment the Primary
Somatosensory and Motor Area, respectively, for a quantitative
evaluation of the electric field generated at the target. The
electrodes were imported into ScanCAD (Simpleware Ltd, Exeter,
UK) for manual positioning over the scalp of the 3D model.
During transcranial electrical stimulation (tES), a conductive gel
(σ = 0.3 S·m−1) is interposed between the silicon electrode and
the scalp. The adopted model was modified accordingly.

Within COMSOL, the Laplace equation ∇(σ∇V) = 0,
with σ being the electric conductivity and V the electric
potential, was solved considering the Neumann boundary
conditions. COMSOL implemented a linear system solver of
conjugate gradients with a relative tolerance of 10−6 mA of
current stimulation which was applied for all the montages,
so a boundary condition of orthogonal current density was
implemented to the anode and the cathode. For each electrode,
the current value was divided by the skin-electrode contact area
and was applied as a current density boundary condition and
assigned to the mesh nodes as current loads representing the
right-hand-side of the linear system of equations.

RePE-S1 vs. Non-RePE-S1 Bilateral Stimulation
Two different electrodes of 35 cm2, RePE over S1 and a non-
personalized electrode (semi-curved pad 17.5 × 2 cm, Cancelli
et al., 2015a; Parazzini et al., 2017) placed in three different
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locations were examined as anodes (Figure 5). A standard
electrode with twice the area of the anodes [70 cm2, in order to
decrease the current density under the return electrode (Tecchio
et al., 2014, 2015; Cancelli et al., 2015a,b, 2017)] was used as a
cathode centered over Oz.
We examined four montages:

• Montage RePE A: RePE-S1 designed and positioned over S1 as
detailed in sections Computerized RePE-S1 shape and RePE
Positioning Based on the 3D MRI Head Model;

• Montage Non-RePE A: non-RePE over hand/mouth S1;
• Montage Non-RePE B: non-RePE centered on Cz of the 10–10

International System (IS);
• Montage Non-RePE C: non-RePE centered on CPz of the IS.

Reference Electrode Evaluation
Following the results of the montages described in section
Reference Evaluation in RePE tDCS, no more computations
involving either the non-RePE anode or positions behind the
Central Sulcus of RePE-S1 were run. Sixteen montages with
RePE-S1 were evaluated with the aim of optimizing the RePE
stimulation: four different reference electrodes (pad over Oz,
Neck, Shoulders and a strip around the head, Figure 6), each with
four different positions of RePE-S1, with the anterior border of
RePE-S1 overlapping the CS scalp projection (RePE A), 0.5 cm
ahead of the CS scalp projection (RePE B), or 1 and 1.5 cm ahead
(RePE C and RePE D).

RESULTS

Computerized RePE Design
Computerized Individual Central Sulcus on the Scalp
Themean average distance across points and subjects of iCSS and
manual iCSS sets was 2.9 ± 3.2mm, and the mean intra-class
correlation was 0.999± 0.0013 (ICC).

RePE Positioning and Re-positioning
RePE Position Based on Head Fiducials
The coordinates of the RePE position did not differ between
neuronavigated positioning and new computerized positioning
based on the distances derived from the 3D-head model, as
indicated by the Positioning Method factor [F(3, 3) = 0.263,
p = 0.849]. The mean repetition error in terms of the Euclidean
distance was 3.0mm for neuronavigation and 3.5mm for
anatomical landmark-system across all repetitions (Table 1).
When compared with paired-sample t-test, no differences were
found [t(9) = −1.110, p = 0.296]. No systematic displacement
occurred in any direction, as indicated by the Positioning Error
factor [F(9, 45) = 0.768, p= 0.646].

Adaptable Helmet Frame [AHF] for the Electrode

Repositioning in Multisession tDCS Treatment
The mean repositioning error in terms of the Euclidean distance
was 4.8± 1.1mm across all repetitions and subjects. The ANOVA
design analyzing the coordinate differences displayed that no
systematic displacement occurred in any direction (Table 2). In
fact, Positioning Error factor was [F(3, 24) = 0.086, p= 0.967].

Electric Field Distribution Analysis
RePE-S1 vs. Non-RePE-S1 Bilateral Stimulation
The different shape and position of the electrode used as anode
and cathode (Figure 5) played a key role in determining the
boundaries of the cortical area that was stimulated. Specifically,
RePE A generated a cortical EF diffused uniformly from the
central sulcus to the occipital area, position of the return
electrode. Therefore, the stimulation affected the entire S1
with an average EF (EFAVE) of 0.152 V/m for the 1.5 mA/35
cm2 current density, while the EF was minimized in M1
(EFAVE = 0.134 V/m). In the montage non-RePE A the non–
personalized electrode was placed ahead of the Central Sulcus
and the stimulation involved both the entire S1 (EFAVE = 0.153
V/m) and M1 (EFAVE = 0.140 V/m). The montage non-RePE
B generated a similar EF magnitude to that of RePE A in the
central section of S1, but decreasing toward the Sylvian Fissure
(Figure 5). This is conceivably because the non-personalized
electrode didn’t follow the convolutions of the entire Post Central
Gyrus. Thus, the resulting average EF in S1 was lower than
RePE A, EFAVE = 0.114 V/m. The montage non-RePE C was
placed posteriorly to S1 so the stimulation barely affected both
S1 (EFAVE = 0.083 V/m) and M1 (EFAVE = 0.078 V/m).

The maximum ratio between the EF induced in S1 and M1,
was obtained by montage RePE A (EFAVE

S1
> 13% EFAVE

M1).

Reference Evaluation in RePE tDCS
The computational analysis using various positions of the RePE
anode with different cathodes revealed that the highest efficacy
is obtained using a standard reference electrode on Oz, placed
oppositely to the area in which the induced EF is required
to be low (in this case, M1). The average EF obtained with
all the RePE positions with Oz reference (Figure 6 bottom,
Table 3) is the highest (0.91 V/m) in the Left, Central and Right
part of S1, even if the effect in the central part is similar in
M1. Indeed, the other reference choices cannot discriminate
between the EF in M1 and S1 at all. In particular the Neck
and Shoulder reference induced maximal EF only in the lateral
parts (L and R, 0.09 V/m) of the target region. The strip
reference causes a low EF from Left to Right both in S1 and M1
(0.58 V/m).

Comparing the positions of the RePE anode over the
scalp, best efficacy is obtained by the RePE A position
(EFS1/EFM1 = 1.13). RePE B, with a slip of 5mm from Position
A toward the projection of M1, generated similar EF at the target
(EFS1/EFM1 = 1.12), while RePE C and RePE D (1 and 1.5 cm
form Position A) significantly decreased performances.

DISCUSSION

The main achievement of this study is the double development
of an easy and effective tool to shape and position a tES
electrode personalized for stimulating a specific cortical district,
and for repositioning it for a multi-sessions protocol, specifically
designed to be used by the patient at home.

When the stimulation target is a limited cortical area,
modeling suggests that a ring configuration of HD electrodes is
the most appropriate montage for focusing current into such area
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FIGURE 5 | Modeling: RePE-S1 vs. non-RePE-S1 comparison. Top: First row: The four anodal electrodes tested against the same reference with twice the RePE’s

area positioned on Oz: personalized S1 electrode positioned 0.5 cm frontal to the scalp projection of the central sulcus (RePE A), the non-personalized strip shaped to

overlay Cz and from C3 to C4 (Non-RePE) with a part on hand/mouth S1 (A), on Cz (B), or on CPz (C). From the second row: electric field amplitude (EF) on the scalp

(second row), dura mater (third row), cortical surface (fourth row), and S1 post-central (fifth row) and M1 pre-central gyri (sixth row). Bottom: Average EF (V/m) in the

whole body S1 (light blue) and M1 (orange) for the four montages (Left) and the ratio in S1 with respetct to M1 (Right).
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FIGURE 6 | Modeling: Reference evaluation in RePE tDCS. (Top) For each of the reference electrode position (Oz, neck, shoulders, and a ring centered on RePE) the

electric field amplitude (EF) on the cortical strip including the S1 and M1 cortical gyri for the four RePE positions: with the anterior border fitting the CS scalp projection

(RePE A), 0.5 cm (RePE B), or 1 cm (RePE C) and 1.5 cm ahead (RePE D). (Bottom) Average EF (V/m) in the five sections (Left L, medio-Left mL, central C,

medio-Right mR, and Right R) of S1 (blue) and M1 (red), averaged across the RePE positions, for the four reference electrodes.

TABLE 1 | RePE positioning via 3D head MRI distances vs. Neuronavigation.

Session Neuronavigation (mm) 3D head model MRI distances (mm)

Distance X Y Z Distance X Y Z

1 3.1 ± 1.4 1.1 ± 2.9 0.5 ± 2.8 −0.8 ± 2.7 3.7 ± 0.6 1.9 ± 2.7 −3.1 ± 4.1 2.0 ± 3.9

2 2.6 ± 1.5 0.4 ± 3.0 −0.6 ± 3.1 −0.4 ± 2.2 2.5 ± 0.5 1.5 ± 2.7 −2.3 ± 4.3 2.8 ± 4.9

3 2.7 ± 1.3 0.9 ± 2.1 −1.9 ± 1.6 0.7 ± 2.3 3.7 ± 0.5 −2.0 ± 3.7 2.3 ± 4.4 0.9 ± 3.7

4 3.4 ± 1.1 1.4 ± 3.3 0.0 ± 2.2 0.5 ± 2.4 4.2 ± 0.7 2.0 ± 3.0 2.0 ± 2.7 −3.9 ± 2.6

5 3.0 ± 0.6 1.3 ± 2.7 −1.4 ± 4.2 1.2 ± 3.6 3.8 ± 1.2 0.8 ± 3.5 −0.2 ± 4.6 2.5 ± 5.0

Overall 3.0 ± 1.2 1.0 ± 2.8 −0.7 ± 2.8 0.2 ± 2.6 3.5 ± 0.8 0.8 ± 3.3 −2.8 ± 4.3 0.3 ± 2.1

Mean displacements between each of the 27 RePEpoints in each electrode and the corresponding point of the scalp projection of the central sulcus, both as Euclidean distance

(Distance) and the differences of each of the three Cartesian coordinates (x, y, z), when the personalized electrode was positioned either using the neuronavigated procedure or the

distances derived from the 3D-head model from individual MRI.

(Datta et al., 2009; Cancelli et al., 2016). On the contrary, the
idea of the RePE-tDCS came out from the necessity to uniformly
stimulate an extended cortical region (S1) and to minimize the
degree to which EF was induced in the adjacent region (M1). The

present procedure makes this personalized stimulationmore easy
and affordable.

The results obtained through computational modeling
support the idea that RePE-tDCS is a valid montage for
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TABLE 2 | RePE position by adaptable helmet frame [AHF].

Day Distance X Y Z

1 4.8 ± 1.4 −2.0 ± 1.9 0.9 ± 1.4 0.8 ± 1.2

2 4.9 ± 1.1 −0.7 ± 3.6 3.0 ± 3.1 −1.0 ± 2.4

3 4.7 ± 1.0 0.8 ± 1.2 2.8 ± 0.4 0.7 ± 2.3

4 4.9 ± 1.1 −2.1 ± 2.8 0.6 ± 3.8 1.1 ± 2.4

5 4.6 ± 0.7 −2.0 ± 3.9 0.8 ± 4.2 0.5 ± 2.8

Overall 4.8 ± 1.1 −0.7 ± 2.7 1.6 ± 2.6 0.4 ± 2.4

Mean displacements between each of the 27 RePEpoints in each electrode positioning

with the AHF and the corresponding point of the scalp projection of the central sulcus,

both as Euclidean distance (Distance) and the differences of each of the three Cartesian

coordinates (x, y, z).

differentiating the tDCS dose between two contiguous areas. A
non-RePE electrode cannot reach the same efficiency in terms
of local specificity of the induced EF, regardless of its position
on the scalp. On the other hand, it is clear that in any standard
tDCS montage, i.e., with 2 electrodes, the position of the second
electrode is crucial in managing the direction of the current flow.
Because of the high conductivity of the CSF, the EF generated
by tDCS is diffused between the two electrodes. Therefore, the
electrode shape is not the unique parameter which should be
considered in a RePE-montage optimization. To realize a correct
RePE-tDCS, the shape and position of the reference electrode
are essential (Figure 6). In both extra-cephalic standard electrode
references—neck and shoulders—and a strip around the head,
the current flow did not affect the cortex as much as utilizing an
occipital electrode. The four positions used to test RePE suggest
that the tDCS dose is more differentiated between the two areas
when the edge of the electrode, opposite to the reference, is close
to the boundary delimiting the two areas (RePE A). On the other
hand, a similar EF magnitude is obtained using a position of the
anode that is 0.5 cm away (RePE B). This suggests that a position
displacement of <5mm does not affect the stimulation.

The computerized procedure we developed to design RePE
identifies the edge of the target area on the MNI model and
retro-transforms it onto the individual MRI coordinates. We
evaluated the accuracy of this step through a control test, and we
observed errors to the order of 2–3mm with respect to the visual
inspection of manual tracing, as tested by two independent MRI
analysis experts.

The computerized procedure, processing the individual MRI
using standard well-tested software, offers multiple advantages
relative to manual protocols including:

(1) a significant time reduction in the electrode preparation;
(2) no need to have the patient in the laboratory for the RePE
preparation; (3) no need for a neuronavigation system; (4) the
reduction of the variability in the RePE shape, depending on
the experience of the researcher or technician who prepares the
electrode.

In the present investigation, we used a 3D T1 sequence
(MPRAGE) on a 1.5 T MRI scanner to obtain anatomical scans.
In some experiments we tested lower resolution images in order
to consider the minimal requirement of the quality of scans
necessary to apply the proposed computerized procedure. The T
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scans do not require high-resolution 3D sequences, but the sulcus
can be well identified using almost any acquisition sequence (i.e.,
T1, T2, Flair) in any direction axial, sagittal and coronal, with
a voxel resolution around 1 mm2 and maximum 3mm of slice
thickness.

The present paper provides a simple and low-cost procedure
for the tES electrode positioning and re-positioning (AHF),
using easily recognizable anatomical scalp landmarks in any tES
multisession treatments. Being a non-invasive brain stimulation,
tDCS painlessly delivers electrical current of low intensity
through the skull to selected areas of the brain (Nitsche
et al., 2000; Antal et al., 2017), and offers a very high safety
profile. Several double-blind studies proved multisession tDCS
treatments to have negligible side effects offering an analgesic
effect against chronic pain (Soler et al., 2010; Brietzke et al., 2016),
to relieve symptoms in attention deficits and depression (Gögler
et al., 2016; Cachoeira et al., 2017), in addition to relieving fatigue
in multiple sclerosis. The suitability and repeatability consistent
with those obtained via neuronavigation further simplify tES
procedures, making them largely suitable for multisession home
treatments and clinical protocols (Pérez-Borrego et al., 2014;
Amatya et al., 2015; Charvet et al., 2015).

The test of the whole procedure is performed only for the
single post-central gyrus RePE shape and position. This is
a limitation of the present study. However, it is conceivable
that the presented procedure can be easily exported to other
extended cortical targets, like (almost) all bilateral associative
cortices. While in the case of the central sulcus we proved that
our procedure was appropriate, for different sulci that show
greater variability between individuals other brain normalization
procedures that take into account all cortical folding (Destrieux
et al., 2010) might be evaluated. In the present work, we
developed an automatized procedure to shape and position an
electrode to focus the neuromodulation effect on a cortical area,
limiting as much as possible the direct effects on contiguous
cortical areas. We developed this procedure, based on individual
brain MRI, since we documented that the personalization of the
electrode is necessary to modify the excitability of the entire area
of the postcentral gyrus from the left to the right Silvian sulcus
(Cancelli et al., 2015a).

Future perspectives in the field of transportation research
will consider to build and strengthen easy to use methods
for other personalized tES. The relevance of the homologous
areas balance in different neurological and psychiatric disorders
(Fregni et al., 2006a; Ferrucci et al., 2009; Nitsche et al., 2009), and
the indication that equal bilateral stimulation impinge positively

counteracting pathological imbalances (Pahor and Jaušovec,
2018; Tseng et al., 2018), suggests that developing electrodes to
target such bilateral representations will be more frequent in
future. Conceivably, to build electrodes that take into account the
specific individual cortical folding is an advantage in focusing the
stimulation of high-definition tES (Edwards et al., 2013; Moreno-
Duarte et al., 2014; Malavera et al., 2015; De Ridder et al., 2017).
In fact, we devoted this work to develop an easy applicable tool to
stimulate a specific cortical region in individual patients, without
the need of neuronavigation, and we underlined that other RePE
to target other cortical folding can be shaped and positioned via
the procedure offered in the present work. Nevertheless, specific
cases require proper modeling analyses in selecting the proper
montage, specifically defining the reference in use.

CONCLUSIONS

We provide a model-based investigation of the RePE tDCS
accompanied by a simple, low-cost procedure to easily apply
it. We tested the technique for the stimulation of the primary
somatosensory area, but the procedure, if supported by a correct
application of the return electrode, can potentially be applied to
any cortical region to differentiate the EF induced at the target
region. Furthermore, as a complete and computerized design,
positioning and re-positioning of the electrodes establishes a
relevant advancement for any home tES treatment.
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