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The final volume in this tripartite series on Brain Augmentation is entitled "From
Clinical Applications to Ethical Issues and Futuristic Ideas”. Many of the articles
within this volume deal with translational efforts taking the results of experiments on
laboratory animals and applying them to humans. In many cases, these interventions
are intended to help people with disabilities in such a way so as to either restore or
extend brain function.

Traditionally, therapies in brain augmentation have included electrical and
pharmacological techniques. In contrast, some of the techniques discussed in this
volume add specificity by targeting select neural populations. This approach opens
the door to where and how to promote the best interventions. Along the way, results
have empowered the medical profession by expanding their understanding of brain
function. Articles in this volume relate novel clinical solutions for a host of neurological
and psychiatric conditions such as stroke, Parkinson’s disease, Huntington's disease,
epilepsy, dementia, Alzheimer’s disease, autism spectrum disorders (ASD), traumatic
brain injury, and disorders of consciousness.

In disease, symptoms and signs denote a departure from normal function. Brain
augmentation has now been used to target both the core symptoms that provide
specificity in the diagnosis of a disease, as well as other constitutional symptoms
that may greatly handicap the individual. The volume provides a report on the use of
repetitive transcranial magnetic stimulation (rTMS) in ASD with reported improvements
of core deficits (i.e., executive functions). TMS in this regard departs from the present-
day trend towards symptomatic treatment that leaves unaltered the root cause of
the condition. In diseases, such as schizophrenia, brain augmentation approaches
hold promise to avoid lengthy pharmacological interventions that are usually riddled
with side effects or those with limiting returns as in the case of Parkinson'’s disease.
Brain stimulation can also be used to treat auditory verbal hallucination, visuospatial
(hemispatial) neglect, and pain in patients suffering from multiple sclerosis.

The brain acts as a telecommunication transceiver wherein different bandwidth
of frequencies (brainwave oscillations) transmit information. Their baseline levels
correlate with certain behavioral states. The proper integration of brain oscillations
provides for the phenomenon of binding and central coherence. Brain augmentation
may foster the normalization of brain oscillations in nervous system disorders. These
techniques hold the promise of being applied remotely (under the supervision
of medical personnel), thus overcoming the obstacle of travel in order to obtain
healthcare.
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At present, traditional thinking would argue the possibility of synergism among
different modalities of brain augmentation as a way of increasing their overall
effectiveness and improving therapeutic selectivity. Thinking outside of the box would
also provide for the implementation of brain-to-brain interfaces where techniques,
proper to artificial intelligence, could allow us to surpass the limits of natural selection
or enable communications between several individual brains sharing memories, or
even a global brain capable of self-organization.

Not all brains are created equal. Brain stimulation studies suggest large individual
variability in response that may affect overall recovery/treatment, or modify desired
effects of a given intervention. The subject’s age, gender, hormonal levels may
affect an individual's cortical excitability. In addition, this volume discusses the
role of social interactions in the operations of augmenting technologies. Finally,
augmenting methods could be applied to modulate consciousness, even though
its neural mechanisms are poorly understood.

Finally, this volume should be taken as a debate on social, moral and ethicalissues on
neurotechnologies. Brain enhancement may transform the individual into someone
or something else. These techniques bypass the usual routes of accommodation to
environmental exigencies that exalted our personal fortitude: learning, exercising,
and diet. This will allow humans to preselect desired characteristics and realize
consequent rewards without having to overcome adversity through more laborious
means. The concern is that humans may be playing God, and the possibility of
an expanding gap in social equity where brain enhancements may be selectively
available to the wealthier individuals. These issues are discussed by a number of
articles in this volume. Also discussed are the relationship between the diminishment
and enhancement following the application of brain-augmenting technologies, the
problem of “mind control” with BMI technologies, free will the duty to use cognitive
enhancers in high-responsibility professions, determining the population of people
in need of brain enhancement, informed public policy, cognitive biases, and the
hype caused by the development of brain-augmenting approaches.

Citation: Casanova, M. F,, Lebedev, M., Opiris, I., eds (2018). Augmentation of Brain
Function: Facts, Fiction and Controversy. Volume IlI: From Clinical Applications to
Ethical Issues and Futuristic Ideas. Lausanne: Frontiers Media.
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1. INTRODUCTION

Temporal lobe epilepsy (TLE) and mild cognitive impairment (MCI) are both subject to
intensive memory research. Memory problems are a core characteristic of both conditions
and we wonder if there are analogies which would enrich the two distinct research
communities. In this review we focus on memory decline in both conditions, that is, the
most feared psychosocial effect. While it is clear that memory decline in MCl is highly likely
and would lead to the more severe diagnosis of Alzheimer's disease, it is a debate if TLE is
a dementing disease or not. As such, like for MCI, one can differentiate progressive from
stable TLE subtypes, mainly depending on the age of onset. Neuroimaging techniques
such as volumetric analysis of the hippocampus, entorhinal, and perirhinal cortex show
evidence of pathological changes in TLE and are predictive for memory decline in MCI.
Several studies emphasize that it is necessary to extend the region of interest—even
whole-brain characteristics can be predictive for conversion from MCI to Alzheimer's
disease. Electroencephalography is increasingly subject to computational neuroscience,
revealing new approaches for analyzing frequency, spatial synchronization, and information
content of the signals. These methods together with event-related designs that assess
memory functions are highly promising for understanding the mechanisms of memory
decline in both TLE and MCI populations. Finally, there is evidence that the potential
of such markers for memory decline is far from being exhausted. Similar structural and
neurophysiological characteristics are linked to memory decline in TLE and MCI. We raise
the hope that interdisciplinary research and cross-talk between fields such as research
on epilepsy and dementia, will shed further light on the dementing characteristics of
the pathological basis of MCI and TLE and support the development of new memory
enhancing treatment strategies.

Keywords: epilepsy, mild cognitive impairment, subjective cognitive complaints, memory decline, neuroimaging,
neurophysiology

dubious findings, or no findings at all, in the epileptogenesis or
latency period of epilepsy (Engel et al., 2013). Because of the

Memory problems are a core symptom of amnestic mild cogni-
tive impairment (MCI) (Stewart, 2012a), but are also one of the
chief complaints of patients with temporal lobe epilepsy (TLE)
(Helmstddter, 2002; Butler and Zeman, 2008). Even worse, qual-
ity of life is negatively influenced by memory impairment (Fisher
et al., 2000). This superficial analogy is not only a possible link
between TLE and MCI but can serve as starting point from which
researchers in each field may add innovative aspects to their
respective research areas. Detection of early prognostic markers
of memory deficits in MCI and TLE would obviously pave the
way for new therapeutic programs, for memory augmentation,
and treatment of memory deficits, possibly reducing the overall
prevalence of memory disorders and improving quality of life in
these patients (DeKosky and Marek, 2003; Geda, 2012).

Current research endeavors are focused on early diagnosis of
MCI and TLE. In the case of MCI it is clear that neuropsycho-
logical tests alone are not sufficient, since they are not sensitive
enough for patients with subjective complaints and no significant
and clinically detectable deficits (Stewart, 2012b). Analogously,
electroencephalographic assessment and imaging may lead to

various aetiologies and pathologic processes that may lead to
memory impairment, it is suggested that a combination of sev-
eral biomarkers is necessary to provide an early diagnosis with
reliable prognostic validity (DeKosky and Marek, 2003). In this
review, we want to highlight promising biomarkers from a pool
of structural and electroencephalographical measures for which
prognostic validity was evidenced for one of the two clinical
groups with similar cognitive impairments, TLE and MCI. While
prediction of memory decline and conversion to Alzheimer’s dis-
ease is an established field of research, prognosis of memory
decline in TLE mainly focuses on the prediction of post-surgical
memory impairment and only rarely on the prediction of change
over the course of the disorder; in this review, we focus on the
latter case. As such, we identify commonalities between the two
disorders, which could give rise to new approaches in research.

2. NEUROPSYCHOLOGY AND PROGNOSIS

TLE is most often associated with impaired long-term memory
(Hermann et al.,, 1997). In addition to problematic long-term
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memory, MCI is especially annoying for patients because of
impairment of prospective memory (van den Berg et al., 2012).
Patients with epilepsy rank cognitive dysfunction highest among
the problems experienced (Fisher et al., 2000). However, in many
cases such impairments are not detected by standard neuropsy-
chological tests of memory functions, so that complaints about
memory decline commonly mismatch with test performance
(Butler and Zeman, 2008). Specifically, standard test intervals
ranging from some hours to days are too short to detect impaired
long-term memory. Indeed, it is the episodic memory which is
affected in TLE (Helmstidter, 2002). In addition, it seems difficult
to tell from neuropsychological tests alone if patients are already
impaired during encoding or if they just fail to retrieve learned
information. Similarly, it is necessary to distinguish free recall
of memories from recognition. Thus, research should take into
consideration the existence of inter-individual differences with
respect to the type of impairment, i.e., encoding or retrieval, recall
or recognition, within the specific pathologies.

Epileptic seizures might trigger neurodegenerative changes
leading eventually to memory impairments (Helmstidter, 2002;
Stefan and Pauli, 2008). However, the question whether TLE
is a dementing disease due to seizure activity is under debate
(Helmstaedter and Elger, 1999, 2009; Jokeit and Ebner, 1999,
2002; Dodrill, 2004; Elger et al., 2004; Mantoan et al., 2009;
Gonzalez et al., 2012). The typical course of epilepsy includes in
the early phase a long silent period after the brain insult before
recurrent seizures start, which then allows an accurate diagno-
sis (see Najm et al., 2001, for a review on epidemiology and
risk factors). The early evolution is often caused by a structural
lesion, that is, the epileptogenic lesion (Rosenow and Liiders,
2001). In fact, memory deficits correlate well with the age of the
early precipitating event. This might produce an artificial cor-
relation of memory impairment with the duration of epilepsy
(Kaaden and Helmstaedter, 2009). For example, no difference
between the extent of memory deficits at the time of the first
diagnosis and a 5-year follow up was found (Aikii et al., 2001),
suggesting a non-progressive course of memory deficits in TLE.
In fact, Helmstaedter and co-workers found that memory decline
which is specific to TLE occurs in childhood and early adoles-
cence, while a further progress of loss of memory functions runs
in parallel with normal aging (Helmstaedter and Elger, 2009). On
the other hand, deficits are more severe in patients with chronic
TLE as compared with newly diagnosed patients (Aikid et al.,
2001). Similarly, there is a correlation between time and sever-
ity of memory impairments for patients with long chronic course
(>27 years) but only for those with more than 10 secondarily
generalized seizures per year, and not for complex-partial seizures
(Stefan and Pauli, 2002). There are further studies suggesting that
patients with a longer duration of refractory TLE exhibit more
severe cognitive impairments (Hattiangady and Shetty, 2008;
Stefan and Pauli, 2008; Mantoan et al., 2009). However, a longitu-
dinal study over at least 10 years at the stage of severe, chronic and
intractable epilepsy showed that duration has less influence on
cognitive decline than what was found in cross-sectional studies
(Thompson and Duncan, 2005). Most importantly, in this study
it was demonstrated that in refractory epilepsy a high frequency
of tonic-clonic seizures was the strongest predictor for cognitive

decline. However, it is necessary to disentangle the influence of the
underlying causes, such as mitochondrial dysfunction or inflam-
matory causes from seizure activity (Helmstaedter, 2007). It is
obvious that progressive brain diseases, such as a malignant brain
tumor, lead to a progressive pathology of memory function and
it is therefore important to provide an accurate diagnosis which
allows identification of progressive comorbidity.

Epileptic seizures can occur also at the stage of MCI or early
Alzheimer’s disease (Vossel et al., 2013) and the initial diagnosis
of late-onset TLE, more specifically the epileptic amnesic syn-
drome, can be indicative for development of MCI and Alzheimer’s
disease (Cretin et al., 2012). Most interestingly, Vossel and co-
workers reported that cognitive decline is detectable in patients
with amnestic MCI or Alzheimer’s disease on average 6.8 (MCI)
or 5.5 (Alzheimer’s disease) years earlier in the case of comorbid
epilepsy (Vossel et al., 2013). It is important to note that epilep-
tic symptoms predated memory symptoms or at least showed up
contemporaneously.

Finally, memory deficits in TLE may be caused by clinical or
subclinical seizure activity, structural, or other underlying brain
pathology, adverse effects of anticonvulsant medication, and
psychological mechanisms (Butler and Zeman, 2008; Hermann
et al,, 2010). Helmstaedter suggests that assessing two types
of patients could explain contributory mechanisms of memory
decline (Helmstddter, 2002). The first type includes newly diag-
nosed TLE patients at first presentation, i.e., after experiencing
first seizures. The second type includes TLE patients with chronic
course and drug resistant seizures. A follow-up measurement
of memory performance should help to answer the question
whether memory deficits are progressive or not. However, exam-
ining newly diagnosed TLE patients is a challenge. After the
first or second seizure, a patient is usually not subjected to
cost-intensive, extensive examinations, such as long-term video-
monitoring which is the gold standard to reliably establish a
diagnosis. Instead, in clinical practice an appropriate first line
medication is chosen in order to control seizures, even if the
type of epilepsy is not fully elucidated. Again, simple and reli-
able biomarkers to ascertain diagnosis at this early stage are highly
warranted. For example, in a large multicenter study, hippocam-
pal T2 hyperintensity and impaired hippocampal growth were
found to be an early biomarker for epilepsy after febrile status
epilepticus in children (Lewis et al., 2013).

A similar challenge is met by family doctors with respect to
MCI. The first examination in primary care needs to reliably dis-
tinguish between age-associated memory impairment (Hanninen
and Soininen, 1997), subjective memory complaints, and MCI
(Stewart, 2012a,b). Classification is performed according to the
global deterioration scale for aging and dementia (Reisberg et al.,
1982). This scale stages individuals into Level 1, being free of both
subjective and objective clinical deficits, Level 2, having subjec-
tive deficits only, Level 3, having subtle deficits in cognition and
some impairments in executive functioning, affecting complex
occupational and social activities, and finally Level 4, having clear
deficits in cognition and functioning with reduced performance
in instrumental activities of daily life (Gauthier et al., 2006). Thus,
patients which present memory complaints in primary care with-
out fulfilling the criteria for MCI are considered to suffer from
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so-called subjective memory complaints. These complaints are
not related to significant deficits on neuropsychological scales
but could still be an early form of a neurodegenerative disorder
since this diagnosis implies high risk to experience further decline
toward MCI (Reisberg et al., 2010). It contrast, it is possible that
a patient who is diagnosed as suffering from subjective cogni-
tive complaints has simply detected an age-associated memory
impairment, which can be a symptom of normal aging. As such,
subjective complaints do not necessarily correlate with progress
of decline (Forstl et al.,, 1995). However, the diagnosis of age-
associated memory impairment does not imply that the patient’s
memory performance is normal (Goldman and Morris, 2001).
A normal test-performance can still be seen after a significant
decline when the patient’s starting level of memory was high.
As such, neuropsychological tests cannot identify progressive
memory decline alone.

If a patient has ascertained the diagnosis of MCI, the diag-
nosis can be further refined into amnestic, multi-domain and
single, non-memory-domain subtypes (Winblad et al., 2004), as
well as into a stable and a progressive group. While 30-50% of
newly diagnosed MCI patients do not experience further decline
of cognitive functions over 3-5 years, or even return to normal,
the residual 50-70% show progress toward a more severe form
of impairment (Rossini et al., 2007). This broad range of pro-
gression rates results from a large number of studies, in which
inclusion and exclusion criteria varied to some degree. It is pos-
sible that correlating neuropsychological progression to specific
biomarkers could yield less variable estimations of conversion
rates. Therefore, the following sections of this review are dedi-
cated to promising biomarkers in the fields of neuroimaging and
neurophysiology. Finally, we close with an outlook on possible
strategies for augmentation of memory function with respect to
the discussed biomarkers.

3. NEUROIMAGING

Neuroimaging is of high value for diagnosis and prognosis of
neurodegenerative diseases (Borghesani et al., 2010) such as MCI
(Winblad et al., 2004). A characteristic symptom in MCI is
atrophy of the medial temporal lobe, including memory related
structures such as the hippocampus. Brain atrophy correlates with
the progression of cognitive decline at the stage of subjective cog-
nitive complaints (Forstl et al., 1995). More specifically, medial
temporal lobe atrophy is able to predict progression to dementia
in patients with MCI (Korf et al., 2004) with a reasonable predic-
tive value (positive and negative predictive values 0.44 and 0.91,
respectively Geroldi et al., 2006).

Decreased volumes of hippocampal formations are also a com-
mon finding in TLE patients. There is a relation between degree
of memory impairment and seizure frequency, but it is sug-
gested that structural pathologies in the temporal lobe rather than
seizures cause memory difficulties (Butler and Zeman, 2008).
However, these pathologies may be the consequence as well as the
cause of seizures (Mathern et al., 2002a) and there are contro-
versial findings in these respects. While neuronal cell loss in the
hippocampus is not related to duration of the epilepsy, decreased
neuronal density in the dentate gyrus evidenced by histology
correlates positively with memory impairment in patients with

TLE (Pauli et al., 2006). In addition, TLE is also associated with
reduced neurogenesis in this region, further contributing to the
decreased neuronal density (Mathern et al., 2002b). Neurogenesis
of functional granule cells in the dentate gyrus of the hip-
pocampus might facilitate hippocampal-dependent learning and
episodic memory (Hattiangady and Shetty, 2008; Kuruba et al,,
2009). On the other hand, some studies have indicated a cor-
relation between epilepsy duration and neuronal loss (Mathern
et al., 1995, 2002a). In other words, reduced neurogenesis and/or
neuronal loss in this region in the chronic stage of TLE may be
closely related to impairments in learning, memory, and other
cognitive functions. In fact, it seems that the origin of memory
problems in TLE is in childhood or adolescence (Helmstaedter
and Elger, 2009). Well in line with this, hippocampal sclero-
sis is associated with poorer performance independent of age.
However, temporal lobe atrophy is not present in all TLE patients.
(Bernasconi et al., 2000) averaged six slices containing the head,
body, and tail of the hippocampus. They found that the obtained
hippocampal T2 relaxation times better predicted the epileptic
focus than analyzing atrophy. Most interestingly, in addition to
hippocampal damage, entorhinal lesions seem to play a special
role in memory impairment in TLE. Especially lesions in layer III
which are frequently found in TLE (Schwarcz and Witter, 2002).
These findings and the importance of the rhinal cortex for mem-
ory consolidation (Axmacher et al., 2008) suggest that extracting
biomarkers of the rhinal cortex may shed further light on memory
problems in TLE. Thus, it is very likely that also other charac-
teristics and other regions need to be addressed in the debate of
whether memory decline in TLE is progressive or not.

Since hippocampal volumes discriminate patients with
Alzheimer’s disease and correlate with episodic memory perfor-
mance, the volume and shape of this structure has the potential
for a valid biomarker (Mueller et al., 2012). However, the hip-
pocampus is not the only relevant structure in memory deficits.
Research in MCI and Alzheimer’s disease suggests that it is possi-
bly not even the most relevant one. Volumetry of the hippocam-
pal formation with Magnetic Resonance Imaging (MRI) revealed
a relative risk of 0.69 for transition from MCI to Alzheimer’s dis-
ease (Jack et al., 1999). A recent review suggests that perirhinal
lesions have a stronger impact on memory functions than hip-
pocampal lesions (Salig, 2009). Thus, atrophy of both structures,
hippocampus and entorhinal cortex, may be a better marker
for MCI, than either one of these alone (Winblad et al., 2004).
Similarly, for TLE patients, entorhinal and perirhinal cortices
are reduced in volume. Atrophy of the entorhinal cortex ipsi-
lateral to the seizure onset zone is only found in patients with
TLE, but not in other forms of epilepsy (Bernasconi et al,
2003). In addition, there is evidence that a global cortical atro-
phy marker such as widening of cerebrospinal fluid spaces might
also be predictive for conversion from MCI to Alzheimer’s dis-
ease (Teipel et al., 2007). Well in line with this, in MCI and
Alzheimer’s disease brain atrophy is prominent in the medial
temporal lobe but also widespread over posterior cingulate and
neocortical temporoparietal regions (Fox et al., 2001). Similarly,
gray-matter decrease in the hippocampal area, inferior and mid-
dle temporal gyrus, posterior cingulate, and precuneus is greater
in patients who convert from MCI to Alzheimer’s disease than
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in non-converters (Chételat et al., 2005). Moreover, entorhinal
and perirhinal cortices reveal reduced numbers of cells before
the hippocampus is affected by degeneration (Dickerson and
Sperling, 2008). The special role of the enthorinal cortex is fur-
ther supported by a study which revealed that best classification
accuracy of MCI was based on enthorinal cortex volume and best
classification accuracy of Alzheimer’s disease was based on hip-
pocampal volume (Pennanen et al., 2004). Similarly, enthorinal
cortex thickness was found to predict further memory decline in
established Alzheimer’s disease (Velayudhan et al., 2013). Thus,
it would be worth analyzing more globally defined markers for
atrophy or different combinations of regions, depending on the
questions being asked.

However, by interpreting the role of hippocampal volumetry
for predicting memory decline we have to consider the large vari-
ation between protocols for the delineation of the hippocampus
in MR images. Up to date, there is no consistently applied stan-
dard which would allow comparing results of different studies
to each other. Major differences refer to inclusion and exclu-
sion of hippocampal white matter, definition of the anterior
hippocampal—amygdala border, definition of the posterior bor-
der, and the extent to which the hippocampal tail is included,
definition of the inferior medial border of the hippocampus, and
use of varying arbitrary lines (Konrad et al., 2008). Therefore, it
is difficult to estimate the real validity of volumetry in predicting
memory decline. Alternatively, hippocampal shape features may
be used instead of hippocampal volumetry. (Gerardin et al., 2009)
utilized these shape features to train a support vector machine in
order to perform multidimensional classification. The resulting
classification rates were 94% for patients with Alzheimer’s dis-
ease and 83% for MCI patients. Regarding the entorhinal cortex,
reliable findings support stability of cortical thickness, volume,
and surface area in normal aging (Lemaitre et al., 2012). The
average cortical thickness over a region is a feature which is
mostly independent from defined borders. Finally, to account for
global atrophy, measures of intensity and deformation were of
high predictive value for memory decline (Duchesne et al., 2010).
Similarly, whole brain atrophy measures are predictive for conver-
sion from MCI to Alzheimer’s disease (Jack et al., 2005; Spulber
et al., 2010).

Another promising MR technique is Diffusion Tensor Imaging
(DTI). The potential of DTI for diagnosing MCI and its ability
to predict further decline might have been underestimated so far,
possibly due to a higher variability of fractional anisotropy than
volumetric measures (Mueller et al., 2012). Indeed, DTI has been
shown to be superior to hippocampal volumetry in distinguishing
MCI from healthy controls (Muller et al., 2007). Hippocampal
diffusivity predicts conversion from amnestic MCI to Alzheimer’s
disease at least as well as hippocampal atrophy (Kantarci et al.,
2005; Fellgiebel et al., 2006).

4. NEUROPHYSIOLOGY

Clinical EEG is the standard neurophysiological test in patients
with epilepsy, with a high positive and low negative predictive
value of epileptiform discharges, such as spikes and sharp waves
in routine recordings. While the literature on EEG-biomarker
for localization of the seizure-onset zone is overwhelming, the

information about memory-relevant biomarkers is scarce, and
there is even less literature about prediction of memory decline.

Analysis of peak-frequency showed that poorer memory per-
formance coincides with lower alpha peak (Ripper et al., 2001).
Similarly, in children with epilepsy the differential activation
of memory-resources has been documented with event-related
power changes in the theta and lower-alpha range (Krause et al.,
2008). Thus, assessing frequency properties of the EEG in TLE
patients may reveal memory-relevant features. As such, using the
rat pilocarpine model of TLE, it was found that spatial memory
declines soon after status epilepticus and that these deficits cor-
relate with a decrease of theta power but not with interictal-like
activity in the hippocampus (Chauviere et al., 2009). Similarly to
results from cross-sectional studies in humans (Helmstaedter and
Elger, 2009), the loss of spatial memory ability is stable and not
progressive in this model.

Intracranial EEG is only used in presurgical assessment to bet-
ter delineate the seizure onset zone (Foldvary-Schaefer, 2004)
and cannot be applied in the early stages of TLE. Indeed, neu-
rophysiological parameters have been underutilized to assess the
functional deficit zone, including memory deficits in patients
with TLE (Grunwald and Vannucci, 2004). Event related designs,
assessing brain signals in response to items that have to be mem-
orized and recalled, are well suited to identify abnormal patterns
in the surface and intracranial EEG of patients. We suggest that
it would be of interest if such designs could help identifying
abnormal changes over time in patients with TLE.

Despite the fact that the use of EEG for diagnosis of
Alzheimer’s disease or MCI is not a standard in clinical practice,
a large number of studies succeeded in identifying markers that
distinguish patients with Alzheimer’s disease from MCI. EEG-
biomarkers also successfully differentiated MCI from healthy sub-
jects (see Rossini et al., 2007, for a review). Dauwels et al. (2010)
summarize characteristics of the EEG in these clinical groups.
First, the EEG is dominated by slower frequencies (Bonanni
et al., 2008). Fast Fourier Transformations (FFTs) show a rela-
tive increase of activity below 8 Hz and decrease above this range.
This characteristic was the first measure used in quantitative EEG-
evaluation in MCI patients (Prichep et al., 1994) and therefore
probably the most well known in the field. However, this slow-
ing is possibly caused by perturbations in synchronization and
decreased neural complexity (Cantero et al., 2009), represent-
ing two characteristic features of EEG in MCI. Synchrony can be
expressed as Pearson’s correlation coefficient, coherence, Granger
causality, information-theoretic and state space based synchrony
measures, phase synchrony indices, stochastic event synchrony,
spatial distribution of phase synchrony, and small world net-
work characteristics, among others (see Dauwels et al., 2010, for a
review). Different measures of synchronization may be increased
or decreased in MCI depending on frequency range, type of anal-
ysis, and regions being assessed (Jelic et al., 2000; Stam et al.,
2003; Pijnenburg et al., 2004; Koenig et al., 2005; Babiloni et al.,
2006). In addition, analysis of complexity of EEG signals is a
valuable approach for resting EEG (Stam, 2005). Therefore, we
suggest to apply complexity analysis for prognostic assessments.
For example one could use approximate entropy, auto mutual
information, sample entropy, multiscale entropy, Lempel-Ziv
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complexity, Hjorth parameters, Petrosian fractal dimension, or
Higuchi fractal dimension (see also Bao et al., 2009; Dauwels
etal., 2010).

It is remarkable that assessing frequency characteristics of MCI
patients differentiates progressive from stable patients. It was
found that a reduction of alpha power over posterior leads is char-
acteristic for the progressive subgroup (Luckhaus et al., 2008).
Despite this success, it is acknowledged that markers of resting
EEG largely overlap between progressive MCI and stable MCI
(Giannakopoulos et al., 2009). For example, it was shown that
measures based on frequency analysis are valuable approaches for
diagnosis and they change over the course of progression, but
have no prognostic validity at baseline (Jelic et al., 2000). Thus,
such markers (i.e., theta and beta power) have to be recorded
longitudinally to detect changes which correlate with cognitive
decline. It is suggested to use event-related EEG dynamic analysis
to examine neocortical circuits and neuronal networks in order to
predict memory decline (Giannakopoulos et al., 2009). The major
advantage of doing memory research using event related designs
in the EEG is the high temporal resolution, showing immediately
pathologically delayed responses. In fact, it was found that delayed
components of the event-related potential differ between stable
and progressive MCI (Missonier et al., 2007). As such, it is highly
likely that the combination of frequency, complexity, and syn-
chrony characteristics in event-related EEG can shed further light
on the progressive nature of MCI and eventually also of memory
characteristics in TLE.

Since both TLE and MCI have impaired long-term memory;,
it is reasonable compare the mechanisms of successful and non-
successful memory formation. A large number of studies have
aimed at identifying the markers in the event related potential.
The studies looked at efficient encoding which was recorded dur-
ing the patient’s learning of items. This was compared to the
patient’s recall performance in a later session (Ferndndez et al.,
2002; Voss and Paller, 2007). Another approach refers to the
dual route theory of recognition, that is, familiarity and recol-
lection components (see Rugg and Curran, 2007, for a review).
Familiarity is impaired in Alzheimer’s disease but to some extent
preserved in amnestic MCI while recollection is impaired in both
clinical groups (Ally et al., 2009). However, other research groups
report that familiarity is preserved in Alzheimer’s disease and
MCI for pictures (Westerberg et al., 2006), and that familiarity
is impaired to at least the same extent as recollection in amnes-
tic MCI, distinguishing MCI from normal aging population but
not from Alzheimer’s disease (Wolk et al., 2008). These findings
from functional research are well in line with decreased volume of
the perirhinal cortex and the hippocampus. While the perirhinal
cortex mediates familiarity, the hippocampus is considered a core
region for recollection (Turriziani et al., 2008; Brown et al., 2010).
Thus, when designing event-related EEG studies the dimensions
of familiarity and recollection, as well as encoding and retrieval,
have to be addressed.

5. AUGMENTATION OF MEMORY FUNCTION

There are several strategies to augment human memory, and
some of these are candidates for future treatment strategies in
the here discussed patient populations. Madan (2014) discusses

nootropic agents, brain stimulation, mnemonic strategies, and
external aids as possible approaches to support memory. These
strategies include common ones such as caffeine and notes, but
also implanted devices which stimulate deep brain structures
electrically. The hippocampus is an obvious target for memory
stimulation. For example, it was found that working memory in
rats could be transferred from one animal to the other by applying
hippocampal firing patterns via electrical stimulation (Deadwyler
et al., 2013). Deep brain stimulation in the entorhinal cortex of
epilepsy patients enhanced spatial memory (Suthana et al., 2012).
Similarly, in-phase stimulation during long-term encoding in the
rhinal cortex and the hippocampus of epileptic patients modu-
lated memory performance (Fell et al., 2013) and stimulation in
the fornix of Alzheimer’s patients activated entorhinal and hip-
pocampal regions, which lead to improved memory (Laxton et al.,
2010). Thus, it is not surprising that Alzheimer’s disease and tem-
poral lobe epilepsy were mentioned as possible target for deep
brain stimulation and memory enhancement (Suthana and Fried,
2014).

However, these stimulation techniques are still at an experi-
mental stage and can’t be used in every single patient. Specifically,
most stimulation studies were performed in epilepsy patients
with intracranial electrodes implanted for pre-surgical evalua-
tion. In contrast, cognitive intervention is an established strategy
for memory augmentation in MCI (Rapp et al., 2002; Simon et al.,
2012). The changes are not only measurable by the assessment
of memory function, but also with fMRI (Simon et al., 2012),
and can be enhanced by incorporating emotional content into
the training (Broster et al., 2012). While there have been several
endeavors to support the validity of cognitive training in MCI
or dementia, there is still room for research in temporal lobe

epilepsy.

6. CONCLUSIONS
Even if the debate of whether TLE is a dementing disease or
if there are just a few subtypes with progressive course is still
ongoing, there is a lot of literature about structural markers for
impaired memory whereas the literature about EEG-markers is
scarce. Valid biomarkers, which can reliably predict conversion
from MCI to Alzheimer’s disease, could shed new light on the
question of whether TLE is a disorder with progressive memory
decline. It is likely that memory decline occurs in TLE patients
with early onset but after a certain age does not result in a progres-
sive course. There may be elderly patients with MCI-like symp-
toms who instead suffer from late-onset epilepsy and could be
misdiagnosed. The biomarkers summarized in this review could
help determine the mechanisms of memory loss at early-onset of
TLE and, most importantly, identify patients with late-onset TLE.
Prediction of conversion from MCI to Alzheimer’s disease has
been paid much attention so far, but TLE research and specifically
intracranial recordings in presurgical evaluations may help to find
new biomarkers for both disorders. For example, the importance
of the rhinal cortex for memory consolidation has been shown
by use of intracranial EEG in TLE research and can be trans-
lated into prediction of memory loss in MCI by use of structural
imaging. As such, functional EEG is a promising approach which
should be paid more attention in the future, since it allows one
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to combine the strength of neuropsychological assessments and
the physiological assessment of brain function at a high temporal
resolution.

Finally, the mentioned structures could be target for stimu-
lating interventions such as deep brain stimulation in the rhinal,
entorhinal, and hippocampal regions. The basis for these stimu-
lation studies are the knowledge about the functional relevance
of the mentioned structures but also about the involved EEG-
oscillations. While deep brain stimulation is at an experimental
stage we should not forget about the good effects of cognitive
intervention, being established in MCI and having the potential
of enhancing memory function in TLE patients.
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Epilepsy is one of the most common neu-
rological disorders in humans afflicting
more than 1% of the population and
65 million people worldwide (England
et al., 2012). The most common form of
acquired epilepsy is temporal lobe epilepsy
(TLE), and over 30% of patients with TLE
have seizures that are refractory to com-
monly used anticonvulsant drugs (Bauer
and Burr, 2001). Mesial temporal lobe
sclerosis (MTS) is the most common
pathological abnormality in TLE (Bronen
et al., 1997). The histopathological hall-
marks of hippocampal sclerosis include
segmental loss of pyramidal neurons,
granule cell dispersion, and reactive glio-
sis (Sutula et al., 1989). Indeed, changes
in the integrity of hippocampus and sur-
rounding hippocampal white matter is
postulated to influence overall temporal
lobe network connectivity, hippocampus
efficiency, seizures (Cadotte et al., 2009),
and memory function (Eichenbaum et al.,
2007, 2012). Indeed, animal and human
studies show that abnormalities in the hip-
pocampus and its white matter inputs and
outputs are correlated with the severity
of memory dysfunction (Christidi et al.,
2011).

TEMPORAL LOBE CONNECTIVITY IN
TLE: FILLING GAPS IN KNOWLEDGE

Patterned inputs to the hippocampus from
mediobasal cortical regions and entrorhi-
nal cortex are hypothesized to support
critical memory functions of recollection
(controlled, deliberate recall) and famil-
iarity (automatic, item-based memory),
respectively (Fichenbaum and Lipton,
2008; Eichenbaum et al., 2012; Dixon
et al, 2014). An integrated theory of

parahippocampal (PHc), perirhinal (PRc),
entrorhinal (ERc), and hippocampal (HC)
functioning [the ‘Binding of Items and
Context [BIC] Model (Diana et al., 2007)],
suggests that these structures form an inte-
grated circuit that supports recollection
and familiarity. The PRc is proposed to
be important in encoding and retriev-
ing items (e.g., objects, words, and ideas),
whereas the PHc is responsible for rep-
resenting spatial, temporal, and semantic
context. The HC supports memory for
episodes by integrating these inputs and
binding the item-based contextual infor-
mation together as a unique event in
space and time. In this view, the forma-
tion of new memories depends upon the
integrated series of inputs from PRc and
PHc components of the parahippocampal
gyrus and their respective targets in the
ERc and hippocampus. Despite extensive
animal work, it is unknown in humans
whether selective damage to these areas
or their interconnections that produce
subtypes of memory impairment might
differentially respond to different types
of memory training. Although some data
exists on the efficacy of memory reha-
bilitation programs, little is known about
the neural basis of individualized rehabil-
itation responses from a mechanistic per-
spective (Wagner, 2011).

IMPLICATIONS FOR MEMORY
REHABILITATION

Understanding individual differences in
morphological and connectional compo-
nents of medial temporal lobe injury in
TLE can lead to identification of sub-
types of memory impairment, and thus
help identify clinically important targets

for memory augmentation. Our hypothe-
sis is that the subtypes of memory impair-
ment that result will preferentially respond
to specific memory interventions, a notion
that is also being addressed in the apha-
sia treatment literature (Kim et al., 2011).
To this end, an emerging method for
treating neurologically-induced memory
impairment is non-invasive brain stimula-
tion (NIBS), including transcranial direct
current stimulation (tDCS) and transcra-
nial magnetic stimulation (TMS). Both
tDCS and TMS are safe for use in human
subjects (Nitsche et al., 2003b), and have
been used widely to test hypothesis about
causal links between specific brain struc-
tures supporting cognition and mem-
ory (Dayan et al., 2013; Hummel, 2014).
Indeed, several studies support the use
of NIBS techniques as tools for enhanc-
ing cognitive function in normal subjects
and as therapeutic agents for individu-
als with psychiatric and neurologic disor-
ders (Hummel and Cohen, 2006; Miniussi
et al., 2008). NIBS consist of applying a
weak (0.5-2.0 mA in tDCS) direct current
through the scalp and skull. Depending on
the polarity of the current during stim-
ulation, NIBS may increase or decrease
the rate of neuronal firing by modu-
lating the resting membrane potentials
(Creutzfeldt et al., 1962; Bindman et al.,
1964; Liebetanz et al., 2002; Nitsche et al.,
2003a; Zaghi et al., 2010). Although these
studies are preliminary, they do pro-
vide reassuring proof-of-principle that the
stimulated brain region is part of a criti-
cal circuit for performing the task under
investigation.

The application of brain stimulation
in combination with specific memory

Frontiers in Systems Neuroscience

www.frontiersin.org

16

August 2014 | Volume 8 | Article 147


http://www.frontiersin.org/Systems_Neuroscience/editorialboard
http://www.frontiersin.org/Systems_Neuroscience/editorialboard
http://www.frontiersin.org/Systems_Neuroscience/editorialboard
http://www.frontiersin.org/Systems_Neuroscience/about
http://www.frontiersin.org/Systems_Neuroscience
http://www.frontiersin.org/journal/10.3389/fnsys.2014.00147/full
http://community.frontiersin.org/people/u/764
http://community.frontiersin.org/people/u/116208
mailto:tdemarse@bme.ufl.edu
mailto:carnepr@peds.ufl.edu
http://www.frontiersin.org/Systems_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Systems_Neuroscience/archive

DeMarse and Carney

Augmentation of cognitive function in epilepsy

rehabilitation methods (Stringer and
Small, 2011) has been put forth as a strat-
egy to compensate for basic defects in
TLE-related memory processing (Miatton
et al., 2011; Sankar et al., 2012; Suthana
et al., 2012; Fell et al., 2013; Hariz et al.,
2013; Hartikainen et al., 2014; Suthana
and Fried, 2014). These studies demon-
strate that electrical neuromodulation of
specific deep structures within the medial
temporal lobe may have persistent benefits
in memory function.

NIBS has been shown to signifi-
cantly decrease seizures in individuals with
treatment-resistant epilepsy (Fregni et al.,
2006; Nitsche and Paulus, 2009; San-Juan
et al., 2011; Varga et al., 2011; Yook et al.,
2011; Auvichayapat et al., 2013; Parazzini
et al.,, 2014). Whether NIBS techniques
can also improve memory function in TLE
is an area of much interest. To this end,
recent reports suggest that NIBS may aug-
ment cognition in a wide array of neuro-
logic and psychiatric disorders, including
schizophrenia (Minzenberg and Carter,
2012), Alzheimer’s disease (Boggio et al.,
2006), depression (Brunoni et al., 2012),
and post-stroke recovery (Floel, 2014).
Although the underlying mechanism that
produces the cognitive deficits associated
with epilepsy may differ from those that
produce similar deficits in other disor-
ders, the mechanism that enables tDCS’
therapeutic effect appears to transcend
individual disease. These results strongly
suggest that tDCS may represent an excel-
lent potential new treatment modality for
epilepsy. Therefore, future studies on the
possible effects of tDCS in TLE are highly
warranted. There are however, a number
of significant issues that must be addressed
for tDCS to become practical as a treat-
ment for TLE.

FUTURE DIRECTIONS

While NIBS has been shown to be rela-
tively safe, currently there is surprisingly
little known about the specific mecha-
nisms underlying the therapeutic effects
(Reato et al., 2013). Nevertheless, various
postulates have been put forward such as
N-methyl-D-aspartate receptor mediated
long and short-term potentiation modula-
tion (Liebetanz et al., 2002; Nitsche et al.,
2004; Thickbroom and Mastaglia, 2009).
Studies aimed at defining the dose for
NIBS techniques in space and in time, as

well as determining the safe stimulation
intensity parameters and electrode posi-
tions, are now critical to propel this field
forward. Finally, with regard to tDCS, it
was initially believed to primarily affect
cortical regions directly beneath the elec-
trode. However, there are now a number
of reports based on results from com-
puter modeling suggesting that the current
during tDCS may in fact reach deeper
areas, such as the hippocampus (Sadleir
et al.,, 2010; Parazzini et al., 2012). In
order to systemically reach the hippocam-
pus and surrounding structures at thera-
peutic levels, computer modeling will be
needed and will likely play an increasingly
important role in the design of electrode
montages that can consistently reach these
areas in the future. Fortunately, a num-
ber of groups now use computer modeling
to gain a better understanding of where
current is flowing during NIBS as well as
methods to guide or focus current (Datta
et al., 2009; Bai et al., 2013; Dmochowski
et al., 2013; Edwards et al., 2013). While
NIBS techniques offer the capability to
modulate large or diverse areas of the
brain, it is still an open question as to
what extent electrical neuromodulation in
one brain area may affect adjacent or more
distant areas and mechanism of action.
However, recent efforts are beginning to
explore these many complex issues directly
(Keeser et al., 2011; Polania et al., 2011;
Lamy et al,, 2012; Polania et al., 2012;
Park et al., 2013; Hampstead et al., 2014;
Notturno et al., 2014).

Future advancements in current
methodologies for NIBS may provide
substantial improvements during focal
delivery of stimulation to the temporal
lobe for memory augmentation. Also,
improvements in multi-modal non-
invasive techniques such as fMRI or MEG,
may be able to detect neural signatures
reflective of NIBS related neurophysio-
logical changes within the hippocampus
and surrounding structures that result in
memory enhancement. Through the com-
bined use of NIBS and multiunit local field
potential recordings in combination with
non-invasive measurements such as EEG
and fMRI studies we may be able to opti-
mize detection and determine the precise
neuronal correlates of NIBS related behav-
ioral changes. Other training techniques
such as neurofeedback may also allow

patients the ability to modulate electrical
stimulation oscillatory activity in order to
achieve improvements in memory.

In summary, it will become increas-
ingly important for future studies to
build upon and elucidate the mecha-
nism of action used in NIBS enhancement
of memory. The location, parameters,
and phase of delivery of NIBS may
need to vary amongst individuals. Hence,
systematic comparisons and consistent
methodologies across studies will likely
contribute to a solid understanding of
NIBS and its effects on learning and mem-
ory. Resolution of these issues may be cru-
cial as to whether NIBS based therapeutics
will advance toward a useful treatment
for patients with TLE related memory
problems.
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Several brain disorders are characterized by abnormally strong neuronal synchrony.
Coordinated Reset (CR) stimulation was developed to selectively counteract abnormal
neuronal synchrony by desynchronization. For this, phase resetting stimuli are delivered
to different subpopulations in a timely coordinated way. In neural networks with spike
timing-dependent plasticity CR stimulation may eventually lead to an anti-kindling,
i.e., an unlearning of abnormal synaptic connectivity and abnormal synchrony. The
spatiotemporal sequence by which all stimulation sites are stimulated exactly once is
called the stimulation site sequence, or briefly sequence. So far, in simulations, pre-clinical
and clinical applications CR was applied either with fixed sequences or rapidly varying
sequences (RVS). In this computational study we show that appropriate repetition of
the sequence with occasional random switching to the next sequence may significantly
improve the anti-kindling effect of CR. To this end, a sequence is applied many times
before randomly switching to the next sequence. This new method is called SVS
CR stimulation, i.e., CR with slowly varying sequences. In a neuronal network with
strong short-range excitatory and weak long-range inhibitory dynamic couplings SVS
CR stimulation turns out to be superior to CR stimulation with fixed sequences or RVS.

Keywords: coordinated reset, slowly varying sequences, desynchronization, spike timing-dependent plasticity,
anti-kindling

Introduction

Abnormally strong neuronal synchronization characterizes several brain disorders, e.g., Parkin-
son’s disease (Lenz et al, 1994; Nini et al, 1995, Hammond et al., 2007), epilepsy
(Wong et al., 1986; Schomer and Lopes da Silva, 2010), and tinnitus (Ochi and Eggermont, 1997;
Llinas et al., 1999; Weisz et al., 2005; Eggermont and Tass, 2015). Coordinated reset (CR)
stimulation (Tass, 2003a,b) was developed in order to specifically counteract abnormal neu-
ronal synchrony by desynchronization (Tass, 1999). CR stimulation means to deliver phase
resetting stimuli at different times to different sub-populations involved in abnormal neu-
ronal synchronization (Tass, 2003a,b). Computational studies showed that in neuronal popu-
lations with spike timing-dependent plasticity (STDP) (Gerstner et al., 1996; Markram et al.,
1997; Bi and Poo, 1998; Feldman, 2000) CR stimulation has long-lasting, sustained effects (Tass
and Majtanik, 2006; Hauptmann and Tass, 2007; Popovych and Tass, 2012). This is because
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CR stimulation employs the multistability of neuronal networks
with STDP (Tass and Majtanik, 2006; Hauptmann and Tass,
2007; Maistrenko et al., 2007; Popovych and Tass, 2012). CR-
stimulation causes a desynchronization and in turn, due to STDP
(Gerstner et al., 1996; Markram et al., 1997; Bi and Poo, 1998;
Feldman, 2000), leads to a decrease of the mean synaptic weight.
In this way, CR stimulation shifts the neuronal network from a
pathological attractor with up-regulated synchrony and connec-
tivity to a physiological attractor with down-regulated synchrony
and connectivity (Tass and Majtanik, 2006; Hauptmann and Tass,
2007; Popovych and Tass, 2012). In this way CR applied induces
an unlearning of the abnormal synaptic connectivity and abnor-
mal neuronal synchrony, so that an anti-kindling is achieved
(Tass and Majtanik, 2006).

Computational studies showed that anti-kindling can robustly
be achieved in networks of spiking or bursting model neurons
where the neurons interact via plastic excitatory and inhibitory
synapses (Popovych and Tass, 2012; Tass and Popovych, 2012).
These studies show also that anti-kindling occurs irrespective of
whether CR stimulation is delivered to the somata or to excitatory
or inhibitory synapses.

In accordance with these computational findings, long-lasting
CR-induced desynchronization was achieved in pre-clinical as
well as clinical studies with invasive and non-invasive stimulation
modalities. Electrical CR stimulation induced long-lasting desyn-
chronization in rat hippocampal slice rendered epileptic by mag-
nesium withdrawal (Tass et al., 2009). Therapeutic long-lasting
after-effects of electrical CR deep brain stimulation were observed
in parkinsonian non-human primates (Tass et al., 2012b). Uni-
lateral CR stimulation applied to the subthalamic nucleus (STN)
of parkinsonian MPTP monkeys for only 2h per day during 5
subsequent days caused significant sustained bilateral therapeu-
tic after-effects for at least 30 days, while no after-effects were
induced by standard permanent high-frequency deep brain stim-
ulation (Tass et al., 2012b). By the same token, lasting after-
effects of electrical CR stimulation of the STN were also verified
in parkinsonian patients (Adamchic et al., 2014a). So far, non-
invasive CR stimulation was realized with acoustic stimuli and
applied to the treatment of chronic subjective tinnitus (Tass and
Popovych, 2012; Tass et al., 2012a). In a proof of concept-study it
was shown that acoustic CR stimulation causes a statistically and
clinically significant and sustained reduction of tinnitus symp-
toms (Adamchic et al., 2012a,b; Tass et al., 2012a) along with a
concomitant reduction of abnormal neuronal synchrony (Tass
et al., 2012a; Adamchic et al., 2014b), abnormal effective connec-
tivity (Silchenko et al., 2013) and abnormal cross-frequency cou-
pling (Adamchic et al., 2014c) within a tinnitus-related network
of brain areas.

We here set out to further improve the efficacy of CR stimu-
lation by focusing on a key element of CR, the stimulation site
sequence, i.e., the temporal sequence of activating the different
stimulation sites exactly once, which in what follows will briefly
be called sequence. Keeping the sequence constant for all stimula-
tion cycles is optimal in neuronal networks without STDP, since
it enables optimal desynchronization at minimal intensities (Tass,
2003a,b). The situation gets more sophisticated in the presence of
STDP. In a network of phase oscillators with couplings subject to

STDP the sequence was randomly varied from cycle to cycle in
order to avoid reverberations which might possibly lead to the
formation of sequence-related neuronal subclusters and/or to a
delayed anti-kindling (Tass and Majtanik, 2006). However, in sev-
eral computational studies addressing different aspects of CR a
robust anti-kindling was achieved with CR stimulation with fixed
sequence (Hauptmann and Tass, 2007, 2009; Tass and Haupt-
mann, 2007, 2009) as well as with sequences randomly varying
form cycle to cycle (Tass and Majtanik, 2006; Tass and Haupt-
mann, 2006; Popovych and Tass, 2012; Tass and Popovych, 2012;
Ebert et al., 2014). We denote CR stimulation with sequences
randomly varied from cycle to cycle as RVS CR stimulation, i.e.,
CR with rapidly varying sequences, whereas CR stimulation with
fixed sequence is called FS CR stimulation, i.e., CR stimulation
with fixed sequence. Although some findings indicated that RVS
CR might lead to a quicker anti-kindling (Tass and Majtanik,
2006), so far no systematic comparison or deeper analysis was
performed. In pre-clinical and clinical studies mainly RVS CR
stimulation was applied (Tass et al., 2012a,b; Adamchic et al.,
2014c), while FS CR stimulation was used only in an in vitro
experiment (Tass et al., 2009). The available results do not allow to
judge whether RVS CR or FS CR stimulation or possibly another
variant of CR might be superior.

In this study we investigate the efficacy of a new CR stimula-
tion variant for which a sequence is repeated during »n stimulation
cycles in a row before randomly switching to the next sequence.
This type of CR will be called SVS-n CR stimulation, where SVS
stands for slowly varying sequences. We show that repetition with
occasionally switching of the sequence may significantly improve
the performance of CR stimulation, leading to a more robust and
quicker anti-kindling. To this end, we use a neuronal network
model with STDP as described in Section Materials and Meth-
ods. The impact of the RVS and the SVS-n CR stimulation are
compared in Section Slowly Varying Sequences Boost CR Stim-
ulation Effect. Finally, in Section Optimal Number of Different
Sequences Used for SVS CR Stimulation we demonstrate that
optimal anti-kindling requires both variation and substantial rep-
etition of the sequence. In fact, a sequence has to be repeated suf-
ficiently often, e.g., at least 25 times, before randomly switching
to another sequence.

Materials and Methods

Conductance-Based Hodgkin-Huxley Model

The neural network used in this study consisted of N (N = 200)
spiking conductance-based Hodgkin-Huxley neurons (Hodgkin
and Huxley, 1952). The membrane potential V of each neuron i
(i=1,..., N) is characterized by Hansel et al. (1993), Popovych
and Tass (2012):

dVi 3 4
C I Ii — gnami b (Vi — ViNg) — grn; (Vi — Vi)

—gVi=V)+Si+F. (1)
C is the membrane capacitance, I; the constant depolarizing cur-
rent injected into neuron i, S; is the current that represents synap-
tic input of the neurons within the network to neuron i and F; is
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the current induced in neuron i by CR stimulation. Values used
in this study are: C = 1 pF/cm?, maximum conductance per unit
area for the sodium, potassium and leak currents, gy, = 120
mS/cm?, gk = 36 mS/cm?, g = 0.3 mS/cm?, with sodium
reversal potential Vy, = 50mV, potassium reversal potential
Vk = —77mV, leak reversal potential V; = —54.4mV. For
the equations of the time-varying gate variables m, h, and n see
Hansel et al. (1993). The injected constant currents (I;) are uni-
formly distributed random numbers (I; € [Ip — &1, Ip + €1], in
this study Iy = 11.0 wA/cm? and &; = 0.45 pwA/cm?) and
determine the intrinsic firing rate of the uncoupled neurons.

The coupling term S; from Equation (1) (Popovych and Tass,
2012) contains a weighted ensemble average of all post-synaptic
currents received by neuron i from the other neurons in the
network and is given by:

IZ Vr]

Vi) cij |M11| Sj- )

N is the number of neurons within the ensemble, V, ; is the rever-
sal potential of the synaptic coupling (20 mV for excitatory and -
40 mV for inhibitory coupling), and ¢;; is the synaptic coupling
strength from neuron j to neuron i. There are no neuronal self-
connections within the network (¢; = 0 mS/cm?). M;; has the
form of a Mexican hat (Wilson and Cowan, 1973; Dominguez
et al., 2006; De la Rocha et al.,, 2008) and defines the strength
and type of neuronal interaction: strong short-range excitatory
(Mj; > 0)and weak long-range inhibitory interactions (M;; < 0).
This spatial profile of coupling between neurons i and j is given

by:
d?j / 012) exp (

where djj = d |i — j| is the distance between neurons i and j,

My = (1- j/@od) 3)

d=dy/(N—1) (4)

is the lattice distance between two neighboring neurons within
the ensemble, dj is the length of the neuronal chain, o7 = 3.5,
and 0, = 2.0 as used in Popovych and Tass (2012). To mini-
mize boundary effects, the neurons form a ring, which implies
that dj = d - min ( N —|i—j]).

The synaptic variable s; in Eqn. 2 is given by:

de 0.5(1 — S]')
exp [— (V; = 5) /12]

(5)

Spike Timing-Dependent Plasticity

In general, synaptic coupling strengths change depending on the
precise timing of pre- and post-synaptic spikes (Markram et al.,
1997; Bi and Poo, 1998). In the present study all synaptic weights
cij were considered to be dynamic variables dependent on the
time difference (At;;) between the onset of the post- and pre-
synaptic spikes f;, respectively t; (Atjj = t; — t;). According to the

spike timing-dependent plasticity (STDP) rule (Bi and Poo, 1998)
the change in synaptic weight is given by:

—At;

Bre T | At;; >0
ACtj = ! At Y (6)

At 4
ﬂzT”el’zf J AL <0

See Popovych and Tass (2012), In our model we update the synap-
tic weights c;; in an event-based manner by adding § - Ac;; for
excitatory connections and —4 - Ac;; for inhibitory connections
with learning rate § > 0 every time a neuron spikes. To avoid
an unbounded strengthening or weakening, the synaptic weights
are restricted to the interval ¢;; € [0, 1] mS/cm? for excitatory
synapses and ¢;; € [0, Cinax] mS/cm? for inhibitory synapses with
Cmax = 1 unless stated otherwise. In this study the following
values are used for the STDP parameters: 81 = 1, 2 = 16,
y1 = 0.12,y, = 0.15, 7 = 14 ms, and § = 0.002.

Due to STDP and the different intrinsic periods of the neu-
rons, the synaptic weights change constantly. In this study the
dynamics of the synaptic weights were investigated on a pop-
ulation level. The strength of the coupling within the neuronal
population at time ¢ is given by the synaptic weight averaged over
the population:

Cav (1) =

-2 ngn

ij Cl] ®, (7)

with Mj; as defined in Equation (3) and the sign-function sgn.
The amount of synchronization of the neuronal activity within
the ensemble is influenced by the synaptic weights and can be
represented by the order parameter (Haken, 1983; Kuramoto,
1984)

R(t) =

N71 Zehpj(t) , (8)
j

Where @; (t) = 27 (t — tj,m)/(tjm+1 — tj,m) fOr £ < t < b mp1
is a linear approximation of the phase of neuron j between its
m' and (m + 1) spikes at spiking times tim and tj i1 The
order parameter R measures the extent of phase synchronization
in the neuronal ensemble and takes values between 0 (complete
desynchronization) and 1 (perfect in-phase synchronization). For
our data analysis the order parameter was averaged over the last
1.6 s of the CR-off period and will be denoted as average order
parameter R,.

Coordinated Reset Stimulation Algorithms

Coordinated Reset (CR) stimulation was delivered to the neu-
ronal ensemble of N spiking Hodgkin-Huxley neurons. This
was done sequentially via N; equidistantly spaced stimulation
sites (Tass, 2003a): one stimulation site was active during Ts/Ns,
while the other stimulation sites were inactive during that period.
After that another stimulation site was active during the next
Ts/Ns period. All N; stimulation sites were stimulated exactly
once within one stimulation ON-cycle. Therefore, the dura-
tion of each ON-cycle is T;. This spatiotemporal activation

Frontiers in Systems Neuroscience | www.frontiersin.org

March 2015 | Volume 9 | Article 49


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

Zeitler and Tass

Boosting CR by SVS

of stimulation sites is represented by the indicator functions
ok (1) (ke {1, ..., N}):

1, k™" stimulation site is active at ¢

0 (9)

) =
Pk otherwise

The stimulation signals induced single brief excitatory post-
synaptic currents. The evoked time-dependent normalized con-
ductances of the post-synaptic membranes are represented by
a-functions given by Popovych and Tass (2012):

F—1t
Getim (1) = ——e WP <t <pyy.
Tstim

(10)

Here 74, = T5/(6Ns) denotes the time-to-peak of Gy, and
tr is the onset of the k' activation of the stimulation site. The
spatial spread of the induced excitatory post-synaptic currents in
the network is defined by a quadratic spatial decay profile (see
Popovych and Tass, 2012 for motivation) given as a function of
the difference in index of neuron i and the index x;, of the neuron
at stimulation site k:

1
1+ d2(i — x)? o2

D (i, x) = (11)

with d the lattice distance between two neighboring neurons as
defined in Equation (4) and o5 = 0.08d) the spatial decay rate of
the stimulation current.

The stimulation current from Equation (1) is given by:

N
[V, = Vi()] - K Y D (i, %) ok (t) Gatim(2),
k=1

F; (12)

where V, = 20mV denotes the excitatory reverse potential, V;
the membrane potential of neuron i, K the stimulation intensity,
and D, p, G are given by Equations (11), (10), and (9).

In this paper we study three different CR algorithms: RVS
CR stimulation (Tass and Hauptmann, 2006; Tass and Majtanik,
2006; Popovych and Tass, 2012; Tass and Popovych, 2012), FS CR
stimulation (Tass, 2003a,b; Hauptmann and Tass, 2007, 2009; Tass
and Hauptmann, 2007, 2009), and our novel SVS CR stimulation.
During one sequence each stimulation site is activated exactly
once. There are N,! (in our study 4!=24) different sequences
possible to stimulate N stimulation sites. In the RVS CR algo-
rithm for each ON-cycle a new sequence was drawn randomly
from the set of N;! possible sequences (see Figure 1A). For the
slowly varying sequences CR algorithm (SVS-n) the sequence
order is random and determined a priori in such a way that each
sequence used, is consecutively repeated » times before another
one is applied. For the SVS-4 CR stimulation signals as shown in
Figure 1B one sequence was applied during the first #n consecu-
tive ON-cycles. After that the next sequence was applied during
the next n consecutive ON-cycles, and so on (see Figure 1B for
n=4).

A RVS CR
'] i l “ 1
1
[l
X l H
1,
2
w
£ [ H | | W1 A
= i
n i
| ] i | i
SEEE B S ISR
i i i i i
64 128 192 256 320
B SVS-4 CR
1 n | Wil TN
4 1 1
1 1
1 1
1 1
1 [}
| 1t IR Y o VR Y Y
o3 B
- — 1 1
n i
= 2 il | I il
= i
n 1o
3 I
1 L)
P
0 64 128 192 256 320
t (ms)
FIGURE 1 | Spatiotemporal stimulation signals of CR stimulation. (A)
An example sequence order for the rapidly varying sequences (RVS) CR. (B)
An example sequence order for the slowly varying sequence CR with every
sequence repeated 4 times (SVS-4) before the next sequence is used. A
change of color indicates a new sequence. Vertical dashed lines separate
stimulation ON- and OFF cycles: three ON-cycles are followed by two
OFF-cycles.

Simulation Details and Data Analysis

We ran simulations for different initial network conditions and
different sequence orders. For each initial network condition the
initial conditions of all N neurons were randomly drawn from
uniform distributions (n;, m;, h;, s; € [0, 1]; V; € [—65, 5] mV;
I; € [Ip — o1, Ip + o1]). The initial synaptic weights c;; between
the neurons were drawn from a normal distribution (c;; ~ N(u =
0.51A/cm?, 0 = 0.01uA/cm?)). After an initial equilibration
phase of 2s, STDP was included for the rest of the simulation.
During the first 60 s with STDP the network was given the oppor-
tunity to rewire its connections without any influence from an
external stimulation. At the end of this STDP-only period the
network activity was highly synchronized and the CR simula-
tion was applied for 64s from t = 0 s on. During this CR-on
period three stimulation ON-cycles alternated with two OFF-
cycles as in the example stimulation signal shown in Figure 1. No
stimulation was applied during the OFF-cycles. Each ON- and
OFF-cycle lasted T; = 16 ms. After 64 s the CR stimulation was
stopped permanently and the 64 s lasting CR-off period started.
After going through this procedure for one particular stimula-
tion intensity, K, the procedure was repeated from ¢t = 0 s on
for the other K-values (K € {0.10, 0.20, 0.30 ..., 0.60}). For
each CR stimulation this whole process was repeated for eleven
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different initial network conditions and sequence orders. Besides
the RVS CR stimulation also the SVS-100 CR stimulations were
applied for eleven different combinations of initial conditions
and sequence orders. Finally, the optimal number of different
sequences used in the SVS CR stimulation was explored.

The resulting values of C,, (Equation 7) at t = 128 s and Ry,
(Equation 8) averaged over the last 1.6 s of the CR-off period)
were plotted in boxplots (Tukey, 1977). In order to compare
the results of different CR algorithms for a constant stimula-
tion strength, K, the obtained boxplots are plotted next to each
other, whereby the color represents which CR algorithm was
used. Statistical significances of differences between the results of
the different CR algorithms were determined by the one-sided
Mann-Whitney test.

Results

Slowly Varying Sequences Boost CR stimulation
Effect

To verify whether the SVS CR stimulation is more successful than
the RVS CR stimulation, the effect of both CR algorithms on the
average synaptic weight, C,,, as well as on the synchronization of
neuronal activity R has to be investigated. Each measure will be
explored first for the RVS and then for the SVS CR stimulation.

As visualized in Figure 2A the RVS CR stimulation causes a
weakening of the average synaptic weight C,, during the CR-on
period for all stimulation intensities K. At the end of the sub-
sequent CR-off period, the average synaptic weight is still much
weaker than before the CR stimulation was applied, except for the
weakest stimulation intensity. Figure 2B then shows how the SVS
CR stimulation, delivered to the same initial network, decreases
the average synaptic weights even more and causes in general
lower long-lasting C,,—values compared to the RVS CR stimula-
tion. Since we are interested in the long-lasting effects of the CR
stimulation period, we will concentrate on the values at the end
of the CR-off for the remainder of this work.

To investigate whether this observed improvement by the
SVS CR stimulation is just a coincidence, we have also changed
the sequence order or the initial network conditions. Figure 3A
shows that by applying another RVS order to the same initial net-
work or by applying the initial sequence order to a network with
different initial conditions, different long-lasting C,,-values were
obtained. Only for the weakest stimulation intensity, K = 0.10,
the RVS algorithm caused similar long-lasting Cy,-values. For
other stimulation intensities, it suggests that the effect of the RVS
CR stimulation depends on the sequence order used and on the
initial network conditions. As follows from Figure 3B, the suc-
cess of the SVS-100 CR stimulation depends less strongly on the
exact sequence order and the initial network conditions and the
SVS-100 CR stimulation results in a smaller C,,-value than the
RVS CR stimulation, over a wide range of stimulation intensities
K continuing the superiority of this method.

Robustness against variations of the sequence order and
against initial network conditions is of crucial importance for
the CR therapy. Therefore, all stimulations were repeated 11
times for different combinations of initial network conditions

RVS CR-on

CR-off

96
CR-off

32
SVS-100 CR-on

96

64
t(s)

FIGURE 2 | Dynamics of the average synaptic weight, Cay, for different
stimulation intensities, K. (A) Results of the RVS CR stimulation. (B) Results
of the SVS-100 CR stimulation. The initial network is the same for all
simulations. The sequence order used for each CR method is constant for all
K-values. The CR-on period, represented by the red horizontal bar, starts at

t =0 s and is switched off at t = 64 s (dashed vertical line). During the
subsequent 64 s CR-off period, no stimulation is delivered, and Cay evolves
spontaneously. cmax = 1 for all simulations.

32 128

and sequence orders. The boxplots in Figure 4A show that the
long-lasting effect of decreasing the average synaptic strength is
significantly better for the SVS-100 than for the RVS CR stimu-
lation over a wide range of stimulation intensities K (one-sided
Mann-Whitney test, p < 0.05). Besides generating a better C,-
value, the SVS CR stimulation is also more robust against ini-
tial network conditions and sequence orders. The SVS-100 also
induces a significant smaller R,, than the RVS CR stimulation
(one-sided Mann-Whitney test p < 0.01), but for a smaller set
of K-values as shown in Figure 4B. R,, is the value of the order
parameter averaged over the last 1.6 s of the CR-off period.

To rule out false estimates of the time averaged order parame-
ter R, we used different window lengths. False estimates could, for
instance, be caused by low-frequency oscillations of R with peri-
ods exceeding the window length used for our averaging analysis.
In our analysis of the order parameter R, presented in this paper,
we averaged over the last 1.6 s of the 64 s during CR-off period.
Averaging R over a quarter (=16 s) of the total CR-off period gave
very similar results. Hence, we can consider our results to be suf-
ficiently robust with respect to variations of the length of the time
window used for our evaluation.

Simulations for SVS-25 CR stimulation during the 64 s lasting
CR-on period gave similar results for C,, and R, as the SVS-100
CR (results not shown), illustrating that 25 consecutive repeti-
tions of each sequence are already enough to improve the CR
effect.

From the standpoint of clinical applications it is important
to understand the relationship between the acute effect achieved
during stimulation and the after-effect observed after cessation of
stimulation. To this end, we studied the relationship between the
values of C,, and R,, at the end of the CR-on period (t = 64
s) and their values at the end of the CR-off period (tf = 128 s)
(Figure 5). The relation between C,y att = 64 sand att = 128's
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A RSV

B SVS-100

= reference results
=== different sequence order;
====='different initial conditions

FIGURE 3 | Effect of the sequence order and of the initial network
conditions on the average synaptic weight C3y at t =128 s as a
function of stimulation intensity K. (A) Cgy-values at t =128 s
obtained by the RVS CR stimulation. (B) Cay-values at t =128 s
obtained by the SVS-100 CR stimulation. The Cgay(t = 128s) values in
Figure 2 are the reference results and represented by the solid lines in

this Figure. The dashed-dotted lines show the result for a simulation
with the same initial network conditions as used to obtain the reference
results but for another randomly chosen sequence order. The dotted
lines represent the obtained Cay-values at t =128 s for a simulation
with the same sequence order as used to obtain the reference results,
but for other initial network conditions.

s 0.0 :
o L *
-0.2} l;]: =M I'JI]:’ Ii] .
] 0.2 0.4 0.6
1.0
% .
S 0.5
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0.0-2 0 B W
' 0.2 0.4 0.6

stimulation intensity K

FIGURE 4 | Comparison of the anti-kindling effects at t = 128 s for the
RVS and the SVS-100 CR stimulation. (A) Boxplots of the average synaptic
strength, Cay, at t = 128 s as a function of the stimulation intensity, K, for the
RVS and the SVS-100 CR stimulation. (B) Boxplots of the order parameter R
averaged over the last 1.6's, Ray, as a function of K for the RVS and the
SVS-100 CR stimulation. The RVS CR results for the same K-values are
shown in red and slightly shifted to the left and the SVS-100 results are shown
in blue and slightly shifted to the right. The black lines within the boxes show
the medians for each condition, the boxes the middle 50% and the whiskers
below (above) the boxes the first (last, respectively) 25%. Outliers are defined
as 1.5 times the length of the box below or above the box and represented by
open circles. For each condition (K-value and type of CR) the simulations are
repeated eleven times for different initial conditions of the network in
combination with different sequence orders. One asterisk indicates a
significantly lower Cay - or Ray-value compared to the values obtained by the
RVS CR stimulation (one-sided Mann-Whitney test with p < 0.05).

is visualized in Figure 5A. In a first approximation, small values
Cay and R,y at t = 64 s are required but not necessarily sufficient
for small values of C;, and R,, at t = 128 s. Hence, with a

certain probability a pronounced acute stimulation effect is asso-
ciated with a good long-term outcome. In contrast, poor acute
stimulation effects are not related to pronounced after-effects.

Optimal Number of Different Sequences Used for
SVS CR Stimulation

In this section we analyze the impact of sequence changes on
the dynamics of the average synaptic connectivity as assessed by
Cgay- To this end, first, we perform a CR stimulation with fixed
sequence (FS CR) and compare it to CR stimulation epochs where
the sequence is either changed once or at three equidistant times
without changing the total duration of the CR-on period. This
implies that the number of different sequences multiplied with
the number of consecutive repetitions, #, is constant. Finally,
the optimal number of different sequences used in the SVS CR
stimulation was explored.

We analyzed the effect of FS CR stimulation for eleven dif-
ferent initial network conditions in combination with a different
sequence for each network, respectively. Figure 6A clearly shows
that for the FS CR stimulation (SVS-2400) with K = 0.20, the
decrease of C,, strongly depends on which sequence is used.
Pronounced long-lasting effects are achieved by some sequences,
whereas no anti-kindling is observed for other sequences.
Increasing the stimulation intensity to K = 0.45 improves
the robustness of FS against the choice of the sequence used
and the initial network conditions (Figure 6B). For K = 0.45
the average synaptic weight stabilizes at a small to intermediate
value, depending on the sequence and the initial network condi-
tions. The stabilization of Cj,, is more rapidly achieved at higher
stimulation intensity K.

By using two different sequences instead of just one sequence,
the first sequence may stabilize C,, at an intermediate value of Cg,
and, hence, lead to a sub-optimal outcome. However, at t = 32
s the second sequence takes over, and may further reduce C,, as
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FIGURE 5 | Predictability of the anti-kindling effect by C5, at
t =64 s. (A) Relation between Cy, at the end of the CR-on period
(t=64 s) and at the end of the CR-off period (t =128 s). (B) Relation
between Cgy at the end of the CR-on period (t =64 s) and Ray at the
end of the CR-off period (t =128 s). The Cay-values at t =64 s are
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calculated and plotted against Cay or Ray at t =128 s for each
condition (initial network conditions, stimulation intensity, sequence order,
Ccmax = 1) as used for Figure 4. Red circles represent the results of the
RVS CR stimulation, blue circles of the SVS-100 CR stimulation. Note
that the red circles are plotted on top of the blue circles.

shown by its kinks at ¢t = 32 s (Figure 6C for K = 0.20 and SVS-
1200), in particular, for the more effective stimulation intensity
K = 0.45 (Figure 6D).

By the same token, the long-lasting effects on the mean synap-
tic connectivity C,, and the robustness of the stimulation further
improve by using four different sequences (SVS-600, Figure 6E for
K = 0.20 and Figure 6F for K = 0.45). Again, especially at higher
stimulation intensity changes of the sequence may come with a
stepwise-like further reduction of Cg,, showing up as kinks in the
time course of Cg, at times when sequences are changed (¢ = 16,
32, and 48s).

Analogously, we further increase the number of different
sequences used during one CR epoch. Figure?7 shows the
stimulation outcome in terms of synaptic connectivity Cgy,
(Figures 7A,C) and order parameter R,, (Figures7B,D) aver-
aged over the last 1.6 s of the CR-off period for different stimu-
lation intensities (K = 0.20 in Figures 7A,B and K = 0.45 in
Figures 7C,D). The statistics obtained from a set of eleven sim-
ulations performed for different initial network conditions and
sequence orders shows that the main part of the SVS-induced
improvement of the CR effect is already achieved with four differ-
ent sequences. Using more than four different sequences hardly
leads to a further reduction of R, and C,, and their variability.

Discussion

Our results show that the SVS CR stimulation leads to signifi-
cantly weaker average synaptic weights than the RVS CR stim-
ulation over a wide range of stimulation. Within this range the
Inter-Quartile-Range (25th to 75th percentile) is smaller for the
SVS CR approach compared to the RVS CR. This implies that
the SVS CR approach is more robust against initial conditions of
the network and against the order of the sequences than the RVS
CR in this range. The differences between the results of the SVS
with 25 and 100 consecutive repetitions of each sequence are in

general not significant, although more repetitions tend to have a
larger impact on the average synaptic weight (results not shown).
A more significantly reduced average synaptic weight does not
necessarily translate into more significantly reduced overall syn-
chrony. In fact, for the SVS CR stimulation the network activity
was significantly more desynchronized than for the RVS CR stim-
ulation in a smaller range of stimulation intensities than for the
weakening of the network connectivity.

Optimal anti-kindling is obtained at intermediate stimula-
tion intensities (Figures 3, 4). This is in agreement with previous
computational studies (e.g., Lysyansky et al., 2011a; Popovych
and Tass, 2012; Ebert et al., 2014). On the one hand CR stim-
ulation has to be of sufficient intensity to achieve phase resets
of the different subpopulations, but on the other hand at high
intensities the subpopulations are no longer separately stimu-
lated. In the limiting case of very high intensities each stimu-
lus affects nearly the whole neuronal population and causes an
entrainment of the whole population which fosters synchroniza-
tion rather than desynchronization. Our results are stable with
respect to variations of model parameters, e.g., by doubling the
maximum allowed inhibitory synaptic weight (cjuex = 2 for
inhibitory synapses, results not shown).

Our results show that optimal long-lasting desynchroniza-
tion requires the right combination of appropriate repetition
and occasional variation of sequences. In fact, SVS-CR stimu-
lation is better than FS CR stimulation over a wide range of
stimulation intensities. Furthermore, the optimal number of dif-
ferent sequences for the SVS CR stimulation is four or more.
This implies that repetition alone, like in the case of FS CR
simulation (Hauptmann and Tass, 2007, 2009; Tass and Haupt-
mann, 2007, 2009; Tass et al., 2009), is not the only ingredi-
ent for the improvement of CR stimulation. With insufficiently
many different sequences in the SVS CR approach, the network
can stabilize in a local minimum that is much larger than the
global minimum C,,-value for a given stimulation intensity. In
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FIGURE 6 | Effect of switching the sequence during CR
stimulation. In a series of simulations with different stimulation
intensities (K =0.20 in left panels and K =0.45 in right panels) the
sequence was either kept fixed [FS CR stimulation, (A,B)], randomly
varied just once [in the middle of the stimulation period, at t =32 s,
(C,D)] or randomly varied at three equidistant times [at t =16, 32,
48s, (E,F)]. Simulations were performed for eleven different sequence
orders and initial network conditions. Each panel shows the dynamics
of Cqy for each of the eleven simulations in a different color. FS CR
stimulation (A,B): Time course of Cg, for eleven combinations of
different initial network conditions and different sequence for
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SVS-2400, respectively, for K =0.20 (A) and K =0.45 (B). Change
of sequence in the middle of the stimulation epoch (C,D): Two
different sequences, each applied 1200 times in a row. Change of
sequence at t=232 s, with K=0.20 (C) and K=0.45 (D).
Sequence is changed three times at equidistant times (t =, 16, 32,
and 48s) during the stimulation epoch (E,F): In each simulation four
different sequences are applied 600 times in a row, so that after
16s the next sequence randomly chosen, with K =0.20 (E) and

K =0.45 (F). The red horizontal bars represent CR-on periods. The
vertical dashed-dotted lines indicate a change of sequence. cmax =1
in all simulations.

case the sequence is replaced after many repetitions by another
sequence and again after a large number of repetitions by another
sequence, the network connectivity can stepwise decrease from
one local minimum to another, in this way, approaching the
global minimum for a given stimulation intensity. Using more
than four different sequences in the SVS CR stimulation does
not significantly improve the long-lasting anti-kindling effects
compared to those obtained with just four different sequences.

The different local minima correspond to different attractors of
the network (see Popovych et al., 2015). In fact, in our model net-
work a multitude of attractors with different amount of mean
synaptic weight and neuronal synchrony coexist, covering the
whole spectrum from minimal mean connectivity and synchrony
up to strongly up-regulated mean connectivity and synchrony.
Hence, our results indicate that SVS CR stimulation prevents
the network from getting stuck in undesirable attractors (with
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FIGURE 7 | Comparison of the anti-kindling effects for some numbers
of different sequences applied during the SVS CR stimulation. (A)
Boxplots of Cay at t = 128 s for different numbers of sequence changes used
in the SVS CR stimulation with K = 0.20. (B) Boxplots of Rgy at t = 128 s for
some numbers of different sequences used in the SVS CR stimulation with

K =0.20. (C) As in (A) for K = 0.45. (D) As in (B) for K = 0.45. The black lines
within the boxes show the medians for each condition, the boxes the middle
50% and the whiskers below (above) the boxes the first (last, respectively)
25%. Outliers are defined as 1.5 times the length of the box below or above
the box and represented by open circles. For each condition (K-value and
number of sequences) the simulations are repeated eleven times for different
initial conditions of the network in combination with different sequence(s). The
number of consecutive sequence repetitions was adjusted with respect to the
number of different sequences so that the duration of the CR-on period is
always 64 s for each simulation. For example if two different sequences are
used, each of them is repeated 1200 times in a row, in case four different
sequences are used, each of them is repeated 600 times.

intermediate mean connectivity and synchrony) in the course of
the anti-kindling stimulation.

Another difference between the SVS-100 and the RVS CR
stimulation is that for the SVS CR stimulation by definition in
a suitably large time window each sequence is repeated exactly
100 times, but that for the RVS CR stimulation the number of

(timely separated) repetitions of each sequence can vary within
such a time window, since by definition the sequence of the RVS
CR changes from ON-cycle to ON-cycle, where each sequence
occurs with equal probability. For an infinitely long time win-
dow also for the RVS CR stimulation the different sequences will
occur with equal probability. However, on the time scale of one
completed series of sequences of the SVS-100 CR stimulation, i.e.,
for larger, but not infinitely large numbers of sequences, this may
be different. Taking a permutation of all 2400 applied sequences
(including the repeated sequences) of a SVS-100 CR stimula-
tion generates a CR stimulation signal in which the different
sequences occur randomly, but each still exactly 100 times. Simu-
lations with this permutated CR stimulation signal show that C,,
and Ry, -values are similar to those obtained by the RVS CR stim-
ulation although the spread is in general larger for the permutated
than the random signal (results now shown). This suggests that a
constant frequency with which each sequence occurs in a wider
time window does not contribute to the success of the SVS CR
stimulation, but that it is mainly determined by the consecutive
repetitions of a sequence and the number of different sequences.
This is actually supported by the fact that already four different
sequences in the SVS CR stimulation are sufficient to induce a
full-blown anti-kindling (see above).

Applying our SVS CR approach to DBS may be particularly
rewarding, since with the same stimulation intensity as used for
RVS CR or fixed sequence CR, SVS CR might lead to a bet-
ter therapeutic outcome. Reducing the stimulation energy will
likely lead to a reduction of the rate of side effects. RVS CR DBS
was successfully applied at stimulation amplitudes (of the sin-
gle stimulation pulses) similar to those of standard permanent
high-frequency DBS (Adamchic et al., 2014a) as well as corre-
sponding to a third of the amplitude used for standard permanent
high-frequency DBS (Tass et al., 2012a). Accordingly, within that
range of stimulation amplitudes SVS CR-DBS might be supe-
rior to RVS CR-DBS. However, given the intensity dependence of
the anti-kindling effects (e.g., Figure 4), systematic dose finding
studies for both types of CR-DBS are required to best exploit their
actual clinical potential. By the same token, systematic dose find-
ing studies should be conducted for acoustic CR stimulation for
the treatment of tinnitus (Tass et al., 2012b) for SVS CR. As yet,
acoustic RVS CR stimulation was delivered at only one stimula-
tion intensity (i.e., loudness level), namely for just super thresh-
old loudness. In the context of dose finding studies the results
from Figure 5 might be important, since they show that—at least
in the model under study—acute effects (achieved during stimu-
lation) are necessary but not sufficient for pronounced long-term
desynchronization effects observed after cessation of stimulation.

In a previous computational study it was shown that FS CR
stimulation may augment brain function by counteracting cere-
bral hypo-activity without promoting pathological neuronal syn-
chrony (Lysyansky et al, 2011b). Accordingly, a forthcoming
study might focus on the comparison of the potential of SVS CR
for activating brain areas and protecting the brain from abnormal
synchrony and kindling as opposed to both FS CR and RVS CR.
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Compensation or Restoration:
Closed-Loop Feedback of Movement
Quality for Assisted Reach-to-Grasp
Exercises with a Multi-Joint Arm
Exoskeleton

Florian Grimm, Georgios Naros and Alireza Gharabaghi *

Division of Functional and Restorative Neurosurgery, and Centre for Integrative Neuroscience, Eberhard Karls University,
Tuebingen, Germany

Assistive technology allows for intensive practice and kinematic measurements
during rehabilitation exercises. More recent approaches attach a gravity-compensating
multi-joint exoskeleton to the upper extremity to facilitate task-oriented training in
three-dimensional space with virtual reality feedback. The movement quality, however, is
mostly captured through end-point measures that lack information on proximal inter-joint
coordination. This limits the differentiation between compensation strategies and genuine
restoration both during the exercise and in the course of rehabilitation. We extended
in this proof-of-concept study a commercially available seven degree-of-freedom arm
exoskeleton by using the real-time sensor data to display a three-dimensional multi-joint
visualization of the user’s arm. Ten healthy subjects and three severely affected chronic
stroke patients performed reach-to-grasp exercises resembling activities of daily living
assisted by the attached exoskeleton and received closed-loop online feedback of
the three-dimensional movement in virtual reality. Patients in this pilot study differed
significantly with regard to motor performance (accuracy, temporal efficiency, range
of motion) and movement quality (proximal inter-joint coordination) from the healthy
control group. In the course of 20 training and feedback sessions over 4 weeks,
these pathological measures improved significantly toward the reference parameters of
healthy participants. It was moreover feasible to capture the evolution of movement
pattern kinematics of the shoulder and elbow and to quantify the individual degree
of natural movement restoration for each patient. The virtual reality visualization and
closed-loop feedback of joint-specific movement kinematics makes it possible to detect
compensation strategies and may provide a tool to achieve the rehabilitation goals in
accordance with the individual capacity for genuine functional restoration; a proposal that
warrants further investigation in controlled studies with a larger cohort of stroke patients.

Keywords: robot-assisted rehabilitation, stroke rehabilitation, hemiparesis, motor recovery, upper-limb outcome
assessment
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INTRODUCTION

Assistive rehabilitation technology allows an increase and
standardization in the amount of upper limb movement
therapy after stroke, potentially resulting in improved arm/hand
function and muscle strength, albeit respective trials have,
as yet, provided only low-quality evidence (Kwakkel et al,
2008; Mehrholz et al, 2015). In clinical settings, therapists
often provide the patient with feedback on the movement
quality to encourage relearning of premorbid movement patterns
(Cirstea and Levin, 2007). Particularly in patients with severe
impairment, deficits in the range and coordination of elbow and
shoulder movements might interfere with reaching performance
(Cirstea and Levin, 2000; Cirstea et al., 2003). Moreover,
motor compensation could limit gains in motor function by
learned non-use and lead to pain and joint contractures in the
long run (Cirstea and Levin, 2007). However, although robot-
assisted therapy focuses on task performance, it usually does
not differentiate between compensation strategies and genuine
motor restoration despite being capable of objective movement
evaluation (Kwakkel et al., 2008). Although kinematic parameters
would be particularly suitable for assessing movement quality
during rehabilitation exercises, current robotic devices tend to
capture end-point measures that lack information on proximal
interjoint coordination (Nordin et al., 2014) which would be
necessary to differentiate recovery from compensation. In this
context, a gravity-compensating multi-joint exoskeleton could
not only support reach-to grasp movements in severely affected
stroke patients but also provide closed-loop virtual reality
feedback of movement quality during task-oriented training. This
pilot study intended to explore the methodological feasibility
and clinical validity of virtual reality visualization and closed-
loop feedback of joint-specific movement kinematics to capture
the evolution of upper extremity movement patterns in severely
affected stroke patients. We furthermore wanted to quantify
the individual degree of natural movement restoration or
compensation for each patient. When a proof-of-concept is
demonstrated here, such an approach would provide a tool to
follow rehabilitation goals in accordance with the individual
capacity for genuine functional restoration, a strategy that could
then be verified by further investigations in controlled studies.

MATERIALS AND METHODS

We recruited ten right-handed healthy subjects (6 males, mean
age: 29 =+ 4 [24 39] years) and three right-handed stroke patients
(all male, mean age: 62 £ 6 [56 68] years). The patients were
in the chronic phase after stroke (57 £ 22 [34 78] months)
and presented with a severe and persistent hemiparesis of the
left side. To ensure that our results were comparable to earlier
studies, coordination, speed and reflexes were not taken into
account. This resulted in a modified upper extremity Fugl-Meyer-
Assessment scores (UE-FMA) of 12, 12, and 25, respectively.
This study was in accordance with the guidelines of the ethic
committee of the local medical faculty. Participants performed
either a single session (healthy control group) or 20 sessions
in the course of 4 weeks (patients) of reach-to-grasp training

with a multi-joint exoskeleton attached to the left arm. The
orthosis was calibrated according to the individual anatomy (e.g.,
shoulder position, forearm/upper arm length) of each patient.
This setup and calibration of the system before every session
took about 5min per patient. Each session lasted approximately
30 min and consisted of 150 trials. The general experimental
setup has already been described in detail elsewhere (Grimm and
Gharabaghi, 2016; Grimm et al., under review) and is cited here
when applied in the same way.

Exoskeleton and Virtual Reality

We used a commercially available (Armeo Spring, Hocoma,
Volketswil, Switzerland) rehabilitation exoskeleton for shoulder,
elbow and wrist joints with seven axes (i.e., degrees of freedom)
providing antigravity support for the paretic arm and registration
of movement kinematics and grip force. This device allowed
individual adjustments e.g., of gravity compensation, thereby
supporting patients with severe impairment in performing
task-oriented practice within a motivating virtual environment.
Kinematic sensor data was provided by 7 built-in angle sensors
(sensor resolution <0.2°) for shoulder flexion/abduction (1
sensor), shoulder rotation (2 sensors), elbow flexion/extension
(1 sensor for horizontal registration, 1 sensor for vertical
registration), forearm pronation/supination (1 sensor) and
wrist flexion/extension (1 sensor). The shoulder rotation was
calculated as the sum of the two sensors. The upper arm
movement was calculated as the angle between forearm and
upper-arm in three-dimensional space. The sensors were placed
directly in the movement axis of the exoskeleton within the
joints, allowing an accurate registration of the actual joint
position of the upper arm, forearm and hand (Figurel).
Kinematic data of hand closure/opening could not be captured
directly with this set up. We therefore estimated the hand
function indirectly by registering the grip force. Grip force has
previously been shown to correlate with motor function in
chronic stroke patients (Boissy et al., 1999) and was captured
with an in build mid-palmar grip pressure sensor in the present
study.

FIGURE 1 | Exoskelleton setup and location of angle sensors within the
device (yellow dots).
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Thereby, a complete real-time registration of the subjects
kinematic reach-to-grasp movement could be performed with
the orthosis. We extended these features in-house by using the
real-time sensor data of the exoskeleton to display a three-
dimensional multi-joint visualization of the user’s arm in virtual
reality (Figure 2A). The exercises where displayed to the subjects
on a monitor in front of the setup. For this purpose, we
captured the angles of all arm joints and the grip force from
a shared memory block using a file mapping communication
protocol. The virtual arm engine was programmed in a Microsoft
XNA™ framework. The arm model utilized by the engine
was constructed as a meshed bone-skin combination with 54
bones (3Ds Max 2010™, Autodesk). The measured joint angles
and grip forces of the device were used to modify the bone-
vectors of the meshed model according to the movements
of the user thereby providing online closed-loop feedback.
The kinematic data and the 3D virtual representation were
updated in 20 ms intervals. The joint angles of the exoskeleton
were directly represented in virtual reality, whereas the grip
forces were augmented to feedback natural hand function.
Prior to each session, participants were instructed to perform
a natural reach-to-grasp movement during the task by using
distal (elbow) rather than proximal (shoulder) movements. The
participants were moreover encouraged to track and adjust their
movements accordingly with the information provided by the
virtual environment. Furthermore, they were informed that their
movement quality would be captured and evaluated afterwards.
This preparation was intended to prime the participants to
exploit the information provided by the virtual feedback. The
three-dimensional visualization of the arm was then applied
during each task as an implicit online feedback of movement
quality, since explicit information can disrupt motor learning
in stroke patients (Boyd and Winstein, 2004; Cirstea and Levin,
2007). Various virtual training paradigms were designed to allow
for different rehabilitation exercises resembling activities of daily
living.

Task Design

In this study, participants performed a reach-to-grasp movement
toward a ball which changed its position in virtual space after
each trial, necessitating three-dimensional transfer movements.
The ball had to be grasped, carried to a distant basket and then
released again (Figure 2B). The virtual hand could interact with
the ball as soon as it entered a defined range around the latter. The
ball changed its color according to the hand position (white: out
of range, green: possible to grasp, yellow: possible to transfer, red:
possible to release). The grasping and releasing of the virtual ball
was performed by applying force to the grip sensor and opening
the hand, respectively, while the threshold was adjusted to the
individual strength of the user. No other support was provided
during the exercises. The level of orthotic assistance remained
constant in the course of the 20 sessions.

Outcome Measures

The kinematic assessment included both motor performance and
movement quality (Nordin et al., 2014). The motor performance
was estimated with regard to accuracy, temporal efficiency and

range of motion. Movement accuracy, more specifically the
decrease of inaccuracy, was captured by calculating changes of
movement direction along an optimal path toward the targets,
by estimating the distance function between the hand-position
and the final endpoint, and by calculating the second derivative
of the function to acquire the number of turning points for each
task (Cirstea et al., 2006). Temporal efficiency was captured as the
mean velocity of the hand between the targets while calculating
their distance for X-, Y- and Z-directions in virtual units (vu).
The range of motion of each joint was measured according
to the orthosis and displayed in degrees along with the mean
change in grip pressure. Movement quality of proximal inter-
joint coordination was defined as the amount of compensatory
shoulder inward rotation during the task and quantified by
a shoulder/elbow index, i.e., the degree of inward rotation of
the shoulder in relation to the degree of elbow movement.
More specifically, a larger proportion of shoulder movement
would indicate compensation, while a larger proportion of elbow
movement for the same task would indicate a rather natural
movement.

Statistics

Statistical analysis was performed on a Matlab 2010b Engine.
Data was tested for linear distribution using the Lilliefors-test (2-
sided goodness-of-fit test). The non-parametric Kruskal-Wallis
was used for group comparisons. To estimate the evolution
of parameters during training, a robust multilinear regression
model was fitted. Although the Lilliefors-test revealed normality
of the data, a robust multilinear regression analysis was applied in
order to minimize the impact of outliers. The fitting function was

FIGURE 2 | (A) Bone architecture of the three-dimensional multi-joint
visualization of the user’s arm in virtual reality. (B) Virtual training environment
for reach-to-grasp movements toward a ball which changes its position in
space after each trial. The ball has to be grasped, carried to a distant basket
and then released again.
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TABLE 1 | Overview of kinematic data for subjects and patients, respectively.

Parameter Subjects Patients p-value
Inaccuracy, number of turning points 4.20+£0.42 [4.00 5.00] 8.75+2.51 [6.00 13.00] <0.001
Average velocity (distance/time) (vu/s) 13.86+2.17 [11.31 17.53] 3.89+1.85[0.90 8.04] <0.001
Grip pressure 0.45+0.19 [0.14 0.69] 0.684 4+0.27371 [0.22 1.04] <0.001
Shoulder movement, angle in degrees (°) 32.90+8.03 [21.81 44.42] 22.00+12.48 [11.93 35.97] <0.001
Elbow movement, angle in degrees (°) 36.83+7.65 [19.65 44.79] 19.18+£5.03 [6.94 28.87] <0.001
Shoulder/elbow index 0.78+£0.05[0.71 0.88] 1.360.30 [1.0 1.58] <0.001
TABLE 2 | Individual slopes of robust multilinear regression models of kinematic changes in the three stroke patients (n.s.: not significant).

Parameter Patient 1 Patient 2 Patient 3
Inaccuracy, turning points —0.24, p =0.26 (n.s.) —0.14, p = 0.02 —0,06, p < 0.001

Average velocity (distance/time) (vu/s)
Grip pressure

Shoulder movement, angle in degrees (°)
Elbow movement, angle in degrees (°) +0.49, p = 0.01

Shoulder/elbow index —27e-3, p = 0.007

+ 0.14e-3, p < 0.001
+1.1e-3, p = 0.08 (n.s.)
+0.14,p =0.45 (n.s.)

+ 0.13e-3, p < 0.001
+4.4e-3, p < 0.001

+ 0.17e-3, p < 0.001
+8.4e-3, p < 0.001

+0.4, p =0.01 +1.2, p < 0.001
+0.36, p = 0.01 +0.36, p < 0.001
—15e-3, p = 0.05 —6e-3, p = 0.46 (n.s.)

based on an iteratively reweighted least squares algorithm. The
weights of each iteration were calculated by applying a bisquared
function to the residuals of the previous iteration. For every
fitting function the slope b of coefficient estimates was presented.
The significance level was set to p = 0.05 for all tests.

RESULTS

Patients differed significantly with regard to motor performance
(accuracy, temporal efficiency, range of motion) and
movement quality (proximal inter-joint coordination) from
the healthy control group (Table 1). Most notably, they applied
compensatory strategies by using more shoulder than elbow
movements.

However, the patients showed motor learning in the course of
the training program with significant changes in most kinematic
measures toward the reference parameters of healthy participants
(Table 2) paralleled by improved FMA-UA scores (41, +2, +5
points, respectively) in the end of the training.

Most importantly, the evolution of movement pattern
kinematics of the shoulder and elbow enabled us to quantify
the individual degree of natural movement restoration for
each patient: Patient 1 had the lowest scores in all kinematic
parameters and also showed the poorest motor performance
(Figure 3). However, he presented with the steepest evolution of
movement quality and was the only patient to reach the reference
parameter of healthy participants (Figure 4). By contrast, patient
3 showed the highest kinematic parameters, ie., the best
motor performance (Figure 3), but also revealed the strongest
compensatory movements with the shoulder (Figure 4).

DISCUSSION

Rehabilitation devices with a gravity-compensating arm
exoskeleton provide assistance for intensive exercises in severely

affected stroke patients and may thereby improve motor
performance in the course of a training intervention (Housman
et al., 2009). However, functional gains in hemiparetic patients
are often achieved by non-physiologic movements with a
disturbed shoulder-arm inter-joint coordination (Levin, 1996;
Levin et al., 2002). Although these compensatory strategies might
be efficient in short-term task accomplishment, they may lead
to long-term complications such as pain and joint-contracture
(Cirstea and Levin, 2007). Movement pattern kinematics may
provide accurate, valid, reproducible and predictive measures
of the impairment severity in chronic stroke (Subramanian
et al., 2010) and of atypical movement patterns that aim to
compensate the diminished range of motion of the affected limb
(Cirstea and Levin, 2000). In this context, providing detailed
information about how the movement is carried out, i.e., the
movement quality regarding inter-joint coordination, is more
liable to recover premorbid movement patters and to avoid
compensatory movements than to provide information about
movement outcome, i.e., end-point based accuracy information,
only (Cirstea et al., 2006; Cirstea and Levin, 2007). When this
feedback is administered during virtual reality training, even less
compensation was achieved in the moderate-to-severe group
(Subramanian et al., 2013). However, in these previous studies,
information on movement quality was provided explicitly to
the patients via auditory feedback. Moreover, all patients who
received this feedback on their movement pattern kinematics
were mildly or moderately-to-severely affected and were able to
perform reach-to-grasp movements without assistance.

In the present feasibility study, we extended this line of
research by incorporating information on movement quality
as implicit closed-loop feedback in the virtual environment
of an exoskeleton-based rehabilitation device suitable for
severely affected stroke patients who require gravity-support
to perform activities of daily living such as reach-to-grasp
exercises. Notably, antigravity-support did not interfere with the
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grip

07r

06

051

041

pu

03

0.2

01

1234567 8 91011121314151617181920 Subjects
days

kinematic evaluation of proximal inter-joint coordination. By
contrast, this approach allowed disentangling in patients with
severe impairments whether improved motor performance was
achieved by compensation or by functional restoration. Notably,
improvement in kinematic measures may be misleading since
driven by compensatory strategies. The observations of this
study highlighted that these measures were not sufficient to
fully assess the evolution during motor rehabilitation thereby
supporting the analysis of multi-joint information along the
movement trajectory. Moreover, the continuous visual feedback
of the whole arm kinematics allowed the patients to adjust
their movement quality online during each task; an approach
closely resembling natural motor learning. Although pathological
measures improved significantly toward the reference parameters
of healthy participants, this study did not provide evidence for the
specificity of these effects to the implemented setup, i.e., feedback
modality. Future studies need therefore to address this question
by directly comparing multi-joint with end-effector feedback
in controlled trials with long-term follow up evaluation, before
conclusions about the therapeutic superiority of the presented
approach can be drawn. In any case, however, the diagnostic

advantage of detecting compensatory strategies (i.e., use of
proximal instead of distal joints in a reach-to-grasp task) with the
help of the multi-joint orthosis remains evident.

Future studies may explore the additional effects of brain
stimulation on movement quality for assisted reach-to-grasp
exercises: a recent study which applied bilateral transcranial
direct current stimulation has demonstrated improved motor
performance beyond the natural learning curve while using the
very same multi-joint arm exoskeleton studied in the present
work (Naros et al., 2016a). Moreover, brain state-dependent
transcranial magnetic stimulation has been demonstrated to
induce robust increases of corticospinal excitability (Kraus
et al., 2016b) and may thereby amplify use-dependent plasticity
when applied in conjunction with orthotic rehabilitation devices
(Gharabaghi, 2015). Future approaches may also address patients
with even more limited residual motor function as well (which
might not benefit from the presented approach) by providing
closed-loop feedback with a robotic multi-joint exoskeleton
during brain-states in which both the participant’s effort to move
and the responsiveness of the brain for peripheral input are
reflected (Brauchle et al., 2015). In such a restorative framework,
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FIGURE 4 | Movement quality data for subjects (boxplots) and individual patients over the time course of training.

closed-loop interfaces follow an operant conditioning rationale,  explore alternative, i.e., therapeutically non-desired, strategies
providing contingent feedback to facilitate self-regulation of  (Gharabaghi et al., 2014b). Particularly in patients with severe
specific brain activity which is considered to be beneficial for ~ impairments, motor compensation could limit genuine motor
recovery and might ultimately lead to functional gains (Bauerand  restoration. In this context, detection and closed-loop feedback
Gharabaghi, 2015a). Accordingly, these brain-robot interfaces  of movement quality during rehabilitation exercises would allow
were found to constitute a back-door to the motor system  differentiating recovery from compensation and thus encourage
(Bauer et al.,, 2015; Gharabaghi et al., 2014a), since this type of  the relearning of premorbid movement patterns. For those
feedback training may result in connectivity changes of cortico-  patients, however, who benefit less from the implicit closed-loop
spinal (Kraus et al., 2016a) and cortico-cortical motor networks  information provided in the presented set-up (e.g., patient 3)
(Vukeli¢ et al.,, 2014; Vukeli¢ and Gharabaghi, 2015a,b) and  more explicit feedback or even segmental movement restriction
thereby lead to behavioral gains after the intervention (Naros by the orthosis might be necessary to reinforce the targeted
et al, 2016b). Recently, pilot data has suggested that such  movement pattern.

restorative brain-robot interfaces may even lead to task-specific In conclusion, virtual reality visualization and feedback of
motor improvement in chronic stroke (Naros and Gharabaghi,  joint-specific movement kinematics facilitates to monitor the
2015). evolution of upper extremity movement kinematics and to

Problematic for restorative approaches is, however, that the  quantify the individual degree of natural movement restoration
considerable challenge of these devices (Bauer and Gharabaghi,  in the course of rehabilitation training of severely motor impaired
2015b; Fels et al, 2015) might condition the patients to  patients; controlled studies with a larger cohort of stroke patients
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need to investigate whether this approach also allows to achieve
the rehabilitation goals in accordance with the individual capacity
for functional recovery.
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INTRODUCTION

Cognitive impairment is a common non-motor feature of Parkinson's disease (PD).
Understanding the neural mechanisms of this deficit is crucial for the development of
efficient methods for treatment monitoring and augmentation of cognitive functions in PD
patients. The current study aimed to investigate resting state fMRI correlates of cognitive
impairment in PD from a large-scale network perspective, and to assess the impact of
dopamine deficiency on these networks. Thirty PD patients with resting state fMRI were
included from the Parkinson's Progression Marker Initiative (PPMI) database. Eighteen
patients from this sample were also scanned with 123|-FP-CIT SPECT. A standardized
neuropsychological battery was administered, evaluating verbal memory, visuospatial, and
executive cognitive domains. Image preprocessing was performed using an SPM8-based
workflow, obtaining time-series from 90 regions-of-interest (ROls) defined from the AAL
brain atlas. The Brain Connectivity Toolbox (BCT) was used to extract nodal strength from
all ROls, and modularity of the cognitive circuitry determined using the meta-analytical
software Neurosynth. Brain-behavior covariance patterns between cognitive functions
and nodal strength were estimated using Partial Least Squares. Extracted latent variable
(LV) scores were matched with the performances in the three cognitive domains
(memory, visuospatial, and executive) and striatal dopamine transporter binding ratios
(SBR) using linear modeling. Finally, influence of nigrostriatal dopaminergic deficiency
on the modularity of the “cognitive network” was analyzed. For the range of deficits
studied, better executive performance was associated with increased dorsal fronto-parietal
cortical processing and inhibited subcortical and primary sensory involvement. This profile
was also characterized by a relative preservation of nigrostriatal dopaminergic function.
The profile associated with better memory performance correlated with increased
prefronto-limbic processing, and was not associated with presynaptic striatal dopamine
uptake. SBR ratios were negatively correlated with modularity of the “cognitive network,”
suggesting integrative effects of the preserved nigrostriatal dopamine system on this
circuitry.

Keywords: parkinson’s disease, cognition, dopamine, resting state fMRI, SPECT, graph theory, nodal strength,
modularity

doubt that its preservation is crucial for cognitive functioning of

Cognitive impairment is a very important and common non-
motor feature of Parkinson’s disease (PD) with a major impact on
patients’ and caregivers’ quality of life, as well as healthcare costs
(Muslimovic et al., 2005; Vossius et al., 2011; Svenningsson et al.,
2012). Approximately one-fifth of newly diagnosed PD patients
fulfill clinical criteria for mild cognitive impairment (PD-MCI)
(Aarsland et al., 2009) and about one-sixth develop dementia after
5 years (Williams-Gray et al., 2009).

Although the exact role and mechanisms of the dopaminer-
gic system in cognition are still a matter of debate, there is no

PD patients. Thus, there is strong evidence suggesting that the
impairment of at least 3 major dopaminergic pathways (nigrostri-
atal, mesocortical, mesolimbic) originating in the brainstem play
a very important role in cognitive dysfunction associated with PD
(Narayanan et al., 2013).

Previous neuroimaging studies assessing brain net-
works in vivo have shown impairment of the dopaminergic
pathways and related neural circuits in PD. Numerous
studies on cognitive dysfunction associated with PD have
revealed structural and functional abnormalities within the
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cortico-strio-thalamo-cortical circuits, known to be largely
modulated by the dopaminergic system (Hirano et al., 2012;
Christopher and Strafella, 2013).

Decreased 6-['8F] -fluorodopa (1¥F-DOPA) uptake in the ante-
rior cingulate cortex, ventral striatum and right caudate nucleus
has been found in PD patients with dementia (PDD) com-
pared to PD (Ito et al., 2002). Studies employing Single Photon
Emission Computed Tomography (SPECT) with the dopamine
transporter-binding ligands (DaTSCAN) also suggest more severe
striatal presynaptic dopaminergic deficiency in PDD compared
to PD patients, especially in the caudate nuclei (O'Brien et al.,
2004). In addition, there is also evidence suggesting an association
between striatal '®*F-DOPA uptake and executive performance in
PD patients (Bruck et al., 2001; Cheesman et al., 2005; Cropley
et al., 2008).

Several '3F-fludeoxyglucose Positron Emission Tomography
(FDG-PET) studies analyzing brain networks in PD have iden-
tified partially overlapping patterns of brain metabolic changes
associated with cognitive impairment in multiple domains, sug-
gesting that the PD-related profile of cognitive impairment is
associated with reduced glucose metabolism mainly in prefrontal,
parietal, hippocampal, and striatal regions (Mentis et al., 2002;
Huang et al., 2007a,b; Eidelberg, 2009). H;so—PET studies have
shown an impaired basal ganglia and dorsolateral prefrontal
response during executive task performance in PD (Owen et al.,
1998; Dagher et al., 2001; Cools et al., 2002).

Functional MRI studies have also revealed abnormalities
within the frontal-subcortical circuits in patients with PD. For
instance, an abnormal fronto-striatal response during executive
task performance has been found in cognitively impaired PD
patients compared to non-impaired ones (Lewis et al., 2003).
Another fMRI study assessing working memory and motor func-
tions in ON and OFF dopaminergic medication states in PD
patients (Mattay et al., 2002) found increased prefrontal and pari-
etal activations during the working memory task performance in
the OFF state, which were positively correlated with errors during
the task. Studies focusing on set-shifting paradigms have found
a PD-associated pattern of prefrontal and parietal response char-
acterized by either reduced or increased activation depending on
whether the caudate nucleus was involved in the task (Monchi
et al., 2004, 2007).

Notably, a pharmacological fMRI study in healthy subjects
revealed a significant effect of L-dopa administration on stri-
atal functional connectivity (Kelly et al., 2009). In addition
to its effects on motor networks, L-dopa increased functional
connectivity between the ventral striatum and ventrolateral
prefrontal cortex, and disrupted connectivity of the striatum
with components of the default mode network (Kelly et al,
2009). Impaired deactivation of the default mode network
during executive task performance has been reported in sev-
eral fMRI studies of PD (Tinaz et al.,, 2008; Van Eimeren
et al.,, 2009). Resting state fMRI studies have reported abnor-
mal cortico-striatal connectivity in PD (Wu et al., 2009; Helmich
et al,, 2010; Kwak et al., 2010), while L-DOPA administra-
tion has been shown to enhance functional connectivity in
the frontal areas of the sensorimotor network (Esposito et al.,
2013).

The brain is a complex biological system that demonstrates
emergent network properties on different scales, even at a cellular
and single-structure level (Welsh et al., 2010). At the cellular
scale, neocortical neurons are organized into sets of structurally
and physiologically merged modules (Mountcastle, 1997), which
in turn, are grouped into functionally segregated hypercolumns,
wired with inter-modular connections. At the larger scale, system-
wide coordination of the brain networks give rise to the coherent
dynamic states that support cognitive functions and behavior
(Sporns, 2013). Large-scale network architecture of the human
brain appears to combine two principles of structural and func-
tional organization. On the one hand, densely connected net-
work modules or communities promote specialized processing
and functional segregation. On the other hand, these special-
ized communities are interconnected via long-distance pathways
that ensure efficient functional integration across multiple func-
tional domains. Maintaining the balance between segregation and
integration is thought to be essential for establishing complex
network dynamics that support cognition (Sporns, 2010).

Recent advances in neuroscience and mathematical modeling
have made it possible to apply classical concepts of graph theory
to the analysis of brain network structure and dynamics (Rubinov
and Sporns, 2010; Sporns, 2010). Graph-theoretical studies of
structural and functional networks of the brain have revealed
“small-world” properties (Achard and Bullmore, 2007), i.e., the
coexistence of dense local connectivity with relatively sparse long-
range connections. Such small-world networks combine high
clustering with a relatively short path length between any pair of
the elements (e.g., brain regions). The “small-world” model may
be of functional importance as it balances functional segregation
(high modularity or clustering) and functional integration (short
path length) and thus offers a network architecture that may be
well-suited for neuronal information processing (Sporns and Zwi,
2004).

To date, there are very few studies of PD employing graph the-
oretical framework for fMRI data analysis. Skidmore et al. found
reduced whole-brain global efficiency in PD (Skidmore et al.,
2011). Compared to healthy controls, 14 PD patients included
in the study demonstrated reduced local efficiency (nodal level)
in the precentral regions, primary and secondary visual cortex.
Another recent study found global reduction of network-level
processing efficacy in PD. Analysis of network modules indi-
cated decreased interaction of the visual network with other
brain modules, but abnormally increased connectivity within
the sensorimotor network. The authors interpreted the latter as
a compensatory mechanism aimed at overcoming the striato-
cortical functional deficit within the motor loops, which may
also be associated with loss of mutual inhibition between brain
networks (Gottlich et al., 2013).

To the best of our knowledge, there are no previous stud-
ies assessing brain correlates of PD-related cognitive impairment
employing both dopamine transporter imaging and fMRI with
graph theory metrics.

In the present study, we assessed global and local network-
level correlates of cognitive dysfunction and related dopaminergic
impairment in PD using the graph theory metrics of nodal
strength and modularity.
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We hypothesized that the PD-related profile of cognitive
impairment would be associated mainly with abnormalities
within the fronto-subcortical (impaired cortico-striatal connec-
tivity) and fronto-parietal circuits, which are closely related to
nigrostriatal deficiency.

METHODS

The main workflow steps are illustrated in Figure S1.

INCLUSION AND EXCLUSION CRITERIA

We included all 30 subjects (31 minus one subject excluded dur-
ing quality control due to “cuts” of dorsal cortical areas) with
rs-fMRI enrolled in the Parkinson’s Progression Marker Initiative
(PPMI) (in total 452 PD patients), a multicenter study launched
in 2010 designed to identify progression biomarkers in newly
diagnosed PD patients (www.ppmi-info.org/data).

Inclusion criteria required that subjects must have at least two
of the following symptoms: resting tremor, bradykinesia, rigidity
or either asymmetric resting tremor or asymmetric bradykine-
sia. In addition, the subjects had to be drug naive, Hoehn and
Yahr stage I or II at baseline, and a screening '2°I-FP-CIT SPECT
scan, sensitive to the loss of striatal dopamine transporter (DaT)
binding.

Exclusion criteria were atypical PD syndromes due to drugs or
metabolic disorders, encephalitis, or other degenerative diseases.
In addition, it was required that the subject was not taking lev-
odopa, DA agonists, MAO-B inhibitors, amantadine, or other PD
medication; or had taken levodopa or dopamine agonists prior to
baseline for more than a total of 60 days.

NEUROPSYCHOLOGICAL ASSESSMENT

In addition to a cognitive screening test, the Montreal Cognitive
Assessment (MoCA), all subjects underwent a neuropsychological
test battery developed to assess major cognitive domains affected
by PD.

Visuospatial function was evaluated using the 15-item ver-
sion of the Benton’s Judgment of Line Orientation Test, which
examines the ability of a subject to estimate angular relationships
between line segments by visually matching angled line pairs to
11 numbered radii forming a semi-circle (Benton et al., 1978).

Verbal memory was assessed using the Hopkins Verbal
Learning Test-Revised (HVLT-R) (Shapiro et al., 1999), which
consists of presenting a list of 12 words over three learning
trials. With each repetition, subjects are expected to learn addi-
tional words on the list and increase their performance with
each trial. Total immediate recall or encoding (sum of trial 1-3)
and delayed recall (after 20-25 min) scores were included in this
study.

Executive functions were evaluated using three semantic flu-
ency tests (names of animals, fruits, and vegetables, in 1 min
each), the MoCA subtests of phonemic fluency (words that start
from the letter “E” in 1 min) and alternating trail making (draw-
ing a line, going from a number to a letter, in ascending order;
score 0—1).

Attention was assessed by the Letter-Number Sequencing Test
(LNST), in which a combination of numbers and letters is read
to the subject who is then asked to recall the numbers, first

in ascending order and then the letters in alphabetical order.
The Symbol Digit Modalities Test (SDMT) was also used to
assess attention, in which specific numbers had to be paired with
geometric figures based on a reference key within 90s.

COGNITIVE DOMAINS

Three cognitive domains were calculated based on the standard-
ized tests for memory, visuospatial, and attention/executive func-
tioning. Raw values were converted to z-scores using the mean
and standard deviation of the healthy control group. Domain
composite scores were calculated by averaging z-scores of the
standardized tests in each cognitive domain.

In the memory domain, three learning trials and the
delayed recall of HVLT-R were included. The visuospatial
domain included the Benton judgment of line orientation. The
attention/executive domain included the LNST, SDMT, seman-
tic fluency, and the phonemic fluency test. No corrections
were performed to adjust the tests scores for age or gender
given that the subsequent analyses included these variables as
nuisances.

Since the calculated composite scores for cognitive domains
were scaled and reflected positive cognitive performance (the
higher the score, the better functioning in a corresponding
domain), we defined the “motor” domain by inverting and scaling
UPDRS-III raw scores in order to achieve the same variable scale
and direction (higher scores correspond to better motor function)
when assessing and plotting the results.

AUTOMATED META-ANALYSIS IN NEUROSYNTH

In order to support our hypotheses and to objectively iden-
tify regions that are relevant for cognitive functions, an auto-
mated search using the meta-analytical software Neurosynth
(http://neurosynth.org) was undertaken. This approach utilizes
text-mining and machine-learning techniques to perform prob-
abilistic mapping between neural and cognitive states (Yarkoni
et al., 2011). In the present study, the Python-based ver-
sion (https://github.com/neurosynth/neurosynth) was used. The
database was accessed on 24.10.13, searching for the key-words
“executive” (237 studies), “visuospatial” (n = 116) and “mem-
ory” (n = 1470).

After the search overlapping patterns were found between cog-
nitive domains. They were in line with the regions that have
revealed an association with cognitive impairment in PD high-
lighted in the introduction. Thus, the profile of visuospatial
functions included prefrontal, parietal, and occipital regions. The
“executive” pattern contained prefrontal [with more extended
involvement of dorsolateral prefrontal cortex (DLPFC)], cin-
gulate, superior parietal, temporo-occipital, basal ganglia, and
cerebellar regions. Finally, the “memory” profile, in addition
to prefrontal and parietal regions, also included hippocampus,
temporal areas, and basal ganglia.

Due to the observed overlap, the resulting statistical maps were
merged and overlaid with the Automated Anatomical Labeling
(AAL) atlas in order to have an unbiased definition of ROIs
associated with cognitive functions for further network analysis.
The main steps of the meta-analysis and the resulting maps are
illustrated in Figure S2.
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MRI

Image acquisition

A standardized MRI protocol included acquisition of whole-brain
structural and functional scans on 3 Tesla Siemens Trio Tim MR
system. More details can be found in the MRI technical operations
manual at http://www.ppmi-info.org/.

3D T1 structural images were acquired in a sagittal orientation
using a MPRAGE GRAPPA protocol with Repetition Time (TR) =
2300 ms, Echo Time (TE) = 2.98 ms, Field of View (FoV) =
256 mm, Flip Angle (FA) = 9° and 1 mm? isotropic voxel.

For each subject, 212 BOLD echo-planar rs-fMRI images (40
slices each, ascending direction) were acquired during a 8 min,
29s scanning session (acquisition parameters: TR = 2400 ms,
TE = 25ms, FoV = 222mm, FA = 80° and 3.3 mm? isotropic
voxels). Subjects were instructed to rest quietly, keeping their eyes
open and not to fall asleep.

123|-FP-CIT SPECT

In the fMRI + DaTSCAN subgroup (n = 18), only those PD
patients who had both fMRI and DaTSCAN acquired within less
than a week interval were included.

Image acquisition was performed 4 & 0.5 h after injection of
123[_FP-CIT, a time-point at which striatal specific binding ratios
are stable (Booij et al., 1999) with a target dose of 185 MBq. The
radiopharmaceutical was provided as a unit dose and filled to a
standard volume, which was re-assayed.

Raw projection data were acquired into a 128 x 128 matrix
with steps of 3 or 4 degrees for the total projections. Image pre-
processing (reconstruction, attenuation correction, spatial nor-
malization) was performed using the Hermes software (Medical
Solutions, Stockholm, Sweden) at a central SPECT Core lab in
New Haven (Connecticut, United States). Specific binding ratios
were calculated for the left and right caudate nuclei according to
specific binding ratio = (L/R Caudate)/(Occipital area) — 1 and
then averaged for further analysis.

IMAGE PREPROCESSING
As a first step, a population template was generated from the
bias-corrected T1 structural images using the Diffeomorphic
Anatomical Registration Through Exponentiated Lie Algebra
(DARTEL) algorithm (Ashburner, 2007) in order to improve
normalization quality.

For the fMRI data, two initial echo-planar volumes were
automatically removed by the scanner software to minimize
T1 effects on the T2* echo-planar images, and the remain-
ing 210 volumes underwent preprocessing in the SPM8-based
(http://www.filion.ucl.ac.uk/spm) pipeline implemented in the
Data Processing Assistant for Resting-State fMRI: Advanced
Edition (DPARSFA, version 2.3) (Chao-Gan and Yu-Feng, 2010),
installed within the MATLAB environment (Matlab 8.0 and
Statistics Toolbox, 2012).

Next, functional images underwent the following preprocess-
ing steps: spatial realignment and slice-timing correction, co-
registration with the high-resolution structural scans. Finally, the
co-registered BOLD volumes were normalized into standardized
Montreal Neurological Institute (MNI) space using the DARTEL
template and resampled to 3mm?® isotropic voxels. Spurious

variance was reduced by a voxel-specific head motion correction
(Satterthwaite et al., 2013) and by regressing-out time-series from
the white matter and cerebrospinal fluid. Next, the images were
band-pass filtered to eliminate biologically non-relevant signals
(Biswal et al., 1995; Lowe et al., 1998) (it was not necessary to use
large smoothing kernels due to a ROI-based framework imple-
mented in the study), and the resulting low-frequency fluctua-
tions were extracted from 90 regions-of-interest (ROIs) defined
in the AAL atlas (Tzourio-Mazoyer et al., 2002) and were used in
the subsequent network analysis (Rubinov and Sporns, 2010).

DATA ANALYSIS

Network analysis

The data analysis workflow was developed in order to assess
both regional and global network-level correlates of presynap-
tic DAT uptake and cognitive functions. To do this, two metrics
were selected: nodal strength (local measure) and modularity of a
network (global measure).

Generalization of nodal strength and modularity for positive and
negative connections
In binarized networks, the number of edges emanating from
a particular node is known as its degree. For non-binarized
networks, this metric has generalization called nodal strength
(weighted degree), defined as the sum of neighboring link weights
(Rubinov and Sporns, 2010).

Although the source of negative correlations in rs-fMRI is still
a matter of debate (Fox et al., 2009; Murphy et al., 2009), there
is strong evidence supporting a biological origin (Chang and
Glover, 2009). In light of this, generalizations of several weighted
graph theory metrics have been developed taking into account
negative correlations (Rubinov and Sporns, 2011).

Thus, nodal strength can be calculated for positive
and negative connections. The corresponding definition is

straightforward:
5= Y w m

jeN

[Equation (1), adopted from Rubinov and Sporns, 2011] Where:

N—set of all nodes in the network;

(i, j)—link between nodes i and j (i, j € N), associated with
connection weights w;; (0 < [w| < 1)

Nodal strength can therefore be computed for both positive
and negative weights (£). In our analysis, the total strength of
both positive and negative weights was used.

A widely used metric for network modularity is formally
defined as the fraction of the edges that are within a given
set of communities minus the expected fraction of edges if
the network was randomly wired (Newman, 2006). The met-
ric therefore serves as a global large-scale network measure that
allows quantification of the community structure of the brain.
Higher modularity values for a particular network are generally
associated with denser within-modular connections, but sparser
connections between nodes that are in different modules.

Generalization of the modularity to both positive and nega-
tive correlations is more complex than nodal strength due to the
differences in significance of positive and negative weights when
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determining modularity-partitions. Therefore, a non-symmetric
generalization of network modularity has been proposed as:

v

Q" =Q"+ in (2a)
or more complete definition:
ko __ 1 -+ -+ 5
Q - F Z(WU - eij) Mz'Mj
i
v _ _
- Z(Wﬁ —¢ )5M,.Mj (2b)

Y

Both equations are adopted from Rubinov and Sporns (2011)
Where:
QF—modularity;

(w;jt — efjc)—difference between present within-module con-
nection weights w and chance-expected within-module connec-
tion weights e;

(SM,-M]- = 1, when i and j are in the same module and 5M,-Mj =0
otherwise.

vE=Ycn sii—total weight (the sum of all positive or nega-
tive weights)

The Brain Connectivity Toolbox
http://www.brain-connectivity-toolbox.net) ~ (Rubinov
Sporns, 2010) was used to compute the described measures.
Of note, connectivity matrices were neither thresholded nor
binarized. Instead we employed a strategy that aimed to analyze
weighted graphs by taking into account both positive and
negative weights.

Next, the analysis proceeded in two directions with the aim
of assessing local and global network-level correlates of cognitive
functioning in PD and the impact of nigrostriatal dopaminergic
deficiency on these networks.

All statistical analyses were performed using the R program-
ming language, version 3.0.1 (R Core Team, 2013).

(BCT,
and

Dimensionality reduction: covariance patterns between nodal
strength and cognitive functions

Partial Least Squares Regression (PLSR) was performed to reduce
the dimensionality of the data, estimating latent components
associated with composite scores for each domain (executive,
memory, visuospatial).

PLSR is an effective data-driven method that allows high-
dimensional associations between explanatory and response vari-
ables to be reduced into a small set of latent variables (LVs) (Wold
et al., 1984). After decomposition, each of the LVs represents a
distinct pattern of brain—behavior associations.

The following elements of these components were of particu-
lar interest in our study: (1) eigenvector (loadings) showing the
degree to which a given LV contributes to the variance within the
X-matrix (in our case, brain network measures), and (2) a set of
scores representing a transform of a particular data-point into a
latent component’s space (the degree to which a given component
is “represented” in a particular subject).

The models were assessed with leave-one-out cross-validation.
As a result, 3LVs minimizing total Root Mean Squared Error

Prediction (RMSEP) for all 3 domains were selected. For details,
see Figure S3. Individual LV scores were subsequently correlated
with 3 cognitive domains using motor function, age, and sex as
nuisance covariates.

GLM formula:

LVN—score ~ (executive domain) + (memory domain)
+ (visuospatial domain) + (motor domain)

+ (age) + (sex). (3)

Finally, the scores were correlated with mean caudate DaT bind-
ing ratios in order to investigate which of them were influenced by
nigrostriatal dopamine deficiency. The analysis was focused only
on the caudate nuclei (without putamen), as this striatal structure
is well-documented to be involved in cognition.

Due to the concerns regarding potential influence of motion
artifacts, in addition to a voxel-specific correction strategy
(Satterthwaite et al., 2013), analysis of motion with respect to the
variables of interest (cognitive, motor domains, and age) was also
performed. For this purpose, first principal component extracted
from the absolute mean displacement values (x, y, and z axes) as
well as relative displacements were used.

None of our variables of interest (executive, memory, and
visuospatial domains) demonstrated significant association. The
only significant associations were found for the motor domain
(Pmean displacement = 0.036;  prelative displacement = 0.035) and age
(Pmean displacement = 0.026), as expected. These variables were
included in the modes as nuisance covariates.

Impact of nigrostriatal deficiency on the modularity of cognitive
brain circuitry
For the second part, adjacency matrices were constructed using
60 AAL ROIs identified during the meta-analysis step (see Meta-
Analysis section and Figure S2). Next, modularity was estimated
based on both negative and positive weights [as described in
Equations 2a and 2b].

Finally, an association between network modularity and mean
DaT uptake in the caudate nuclei was analyzed using linear
modeling.

RESULTS

DEMOGRAPHICS AND CLINICAL DATA

Demographics and clinical characteristics are shown in Table 1.
The data were representative of the entire DaTSCAN cohort of

PD patients (results not shown). Of note, visuospatial functions

were relatively less affected than executive and memory domains.

GRAPH THEORETICAL ANALYSIS

Brain-behavior covariance patterns

The analysis was performed with PLS LV-scores determined after
the dimensionality reduction step (see corresponding Methods
section).

Nodal strength

The first PLS LV captured global effects. Its higher scores were
associated with higher strength of all 90 nodes with largest effects
on motor, prefrontal cortices, and striatum. On a behavioral level,
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Table 1 | Demographics and clinical data.

Complete sample (n = 30) Subsample* (n = 18)

Mean [+SD] Median (range) Mean [+SD] Median (range)
Age 61.67 [+£9.46] 62 (40-75) 60.11 [£9.04] 61 (44-75)
MoCA 26.67 [£3] 27 (15-30) 26.72 [+3.5] 27 (15-30)
ExecDom —0.254 [+0.73] —0.125 (—1.37-1.26) —0.297 [+0.67] —0.125 (—1.35-0.99)
MemDom —0.51 [+1.2] —0.41 (—2.81-1.47) —0.73 [+1.26] —0.51 (—2.81-1.25)
VspDom 0.06 [+0.78] —0.06 (—1.57-0.95) 0.08 [+0.84] 0.44 (-1.57-0.95)
UPDRS IlI 20.2 [+10.6] 17 (7-47) 19.83 [+£10.9] 17 (7-47)

Male/Female ratio was 2:1.

*Subsample of subjects who had both fMRI and DaTSCAN acquired within less than a week interval.

MoCA, the Montreal Cognitive Assessment; ExecDom, “Executive” domain; MemDom, “Memory” domain; VspDom, “Visuospatial” domain; UPDRS I, part Ill of
the Unified Parkinson’s Disease Rating Scale.

Table 2 | Associations between component scores and behavioral data: nodal strength.

Executive Memory Visuospatial Motor
T DOF p T DOF T DOF p T DOF p
1 0.782 29 0.442 135 29 0.19 ~0.89 29 0.383 '3 29 0006
LV Il —0.656 29 0518 _ —1.74 29 0.094 1.327 29 0.127
LV 1l _ —1.74 29 0.096 1.65 29 0.113 ~2.02 29 0.055

The table shows associations between latent variable (LV) scores extracted from the nodal strength data and performance in 3 cognitive (executive, memory,

visuospatial) and motor domains. Positive significant associations are depicted in red and negative ones in blue.

In total, 3 models were fitted with component scores as dependent variables, cognitive domains as independent variables (other covariates: motor domain score

[also shown here as an important confounder], age and sex).
T, t-statistics; DOF, degrees of freedom.

this component was positively associated with motor function
(see Table 2, Figure 1).

The second LV was associated with higher degree of pos-
terior (supramarginal, superior parietal, posterior cingulate,
occipital regions) and striatal nodes, and lower prefronto-
limbic (orbitofrontal, anterior cingulate, parahippocampal,
temporopolar regions) nodal strength (except for operculo-
triangular, middle frontal areas, and left hippocampus,
which demonstrated positive associations). Behaviorally,
this component displayed a negative association with mem-
ory function, that is to say that better memory performance
was associated with reversed component pattern, favoring
the involvement of prefronto-limbic nodes (see Table2,
Figure 1).

The third LV, in turn, favored cortical-subcortical segrega-
tion with positive associations found in dorsal cortical nodes
(dorsolateral prefrontal, frontal and parietal areas) and neg-
ative in subcortical structures (hippocampi, striatum, globus
pallidus), primary visual, middle temporal, and paralimbic
(ventral prefrontal) areas. Higher scores of this component
were associated with better executive performance (see Table 2,
Figure 1).

Latent variable scores and caudate DaT uptake
Analysis of the effects of nigrostriatal dopaminergic deficiency on
the LVs estimated from the nodal strength revealed significant

positive associations of mean caudate SBR ratios with I and III
LV-scores (See Table 3, Figure 2).

This means that higher caudate DaT binding is associated with
global increase of nodal strength and segregation toward more
active dorsal cortical processing when the subject is at rest.

Modularity of the cognitive circuitry and caudate DaT binding

The analysis revealed negative effects of the preserved dopaminer-
gic function on modularity of the cognitive circuit (T = —3.6, 17
DOE, p = 0.002), suggesting greater integration among regions
within this network (see Figure 3).

DISCUSSION

To the best of our knowledge, this is the first study to assess
large-scale network correlates of PD-related cognitive impair-
ment and presynaptic dopaminergic deficiency, combining rs-
fMRI and DaTSCAN. Higher executive functional scores were
associated with higher nodal strength of dorsal cortical nodes
(predominantly in dorsolateral prefrontal, premotor, and supe-
rior parietal regions) and lower involvement of subcortical, occip-
ital, temporal, and ventral cortical nodes, suggesting that relative
preservation of executive functions in PD is linked to the domi-
nance of dorsal cortical processing with inhibition of subcortical,
paralimbic, and primary sensory circuitry when the subject is at
resting state with eyes open. This pattern was positively influenced
by higher nigrostriatal dopaminergic function.
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FIGURE 1 | Associations between component scores and behavioral domains. On the right-hand side of the graph, corresponding loading maps
data: nodal strength. (A) Between-component correlation plot. Positive are depicted in brain space, reflecting the relevance of the nodes (spheres)
association (r = 0.5) was found between latent variables (LVs) | and III. for a particular LV, the magnitude of which is represented by nodal size.
(B) Associations between LV scores extracted from the nodal strength data Positive loading values are depicted as red spheres, whereas negative ones
and performance in 3 cognitive (executive, memory, visuospatial) and motor are shown in blue. *p < 0.05, **p < 0.01.

Our results are consistent with an abnormally increased associations with presynaptic striatal dopamine uptake in the
fronto-striatal connectivity found in a single-blind placebo- present study. The latter suggests that other mechanisms may be
controlled rs-fMRI study of PD patients (Kwak et al., 2010), in  involved in the development of memory impairment associated
which this hyperconnectivity was down-regulated by L-DOPA  with PD. The most likely ones are mesocortical dopaminergic
administration. Further analysis in this study revealed PD-related  deficiency (Narayanan et al., 2013) and impaired cortical cholin-
increase of power in the low-frequency band (0.02—-0.05Hz) in the  ergic function (Bohnen et al., 2003), which in turn may at least be
striatum, which was also reduced after L-DOPA administration.  partly associated with concomitant cortical atrophy (Weintraub
Of note, this reduction correlated with L-DOPA-associated cog- et al., 2012).
nitive improvement. Apart from this, an increase in spontaneous Of note, our study did not find any correlates of visuospatial
oscillatory activity in the 10-35 Hz range (beta frequency band), impairment. However, this finding may be influenced by small
occurring within the basal ganglia-thalamocortical networks sample size and due to the fact that visuospatial function was only
and suppressed by dopaminergic treatment, is a well-replicated  mildly affected in the present cohort.
pathophysiological finding in PD (Brown et al., 2001; Levy et al., According to Mink’s hypothesis (Mink, 1996), the basal ganglia
2002; Gatev et al., 2006; Hammond et al., 2007), which provides play a crucial role in sustaining the balance between facilitation
additional support of our results converging from other imaging and suppression of movements. If we consider executive functions
modalities. as the “movement of thoughts” a similar analogy can be drawn

The pattern associated with higher scores in the memory within this context. Indeed, cognitive frontal-subcortical loops
domain favoring prefronto-limbic processing did not reveal is a widely accepted notion, where the DLPFC circuit has been
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documented to mediate set-shifting, complex problem-solving,
retrieval abilities, organizational strategies, concept-formation,
working memory (Zgaljardic et al., 2006), and other executive
functions that are known to be affected in PD. Preserved nigros-
triatal dopamine function therefore not only allows effective exe-
cution and termination of motor activity, but may also implement

Table 3 | Latent variable scores and mean caudate DaT binding.

CN DaT binding

T DOF p
LV I
v —0.096 17 0.925

The table shows associations of the PLS latent variables (LVs) extracted dur
ing the dimensionality reduction step with nigrostriatal dopaminergic function
measured by '23I-FP-CIT SPECT (mean caudate SBR ratios). Fositive signifi-
cant associations (depicted in red) were found for LVs | (“global/motor”) and
Il (“executive”).

CN, Caudate Nucleus, DaT, Dopamine Transporter; T, t-statistics; DOF, degrees
of freedom.

smooth switching between cognitive patterns, controlling mutual
inhibition and/or facilitation of fronto-subcortical circuits. This is
also supported by computational models of the basal ganglia that
highlight their routing role in various cognitive functions, such as
for example action-selection (Stocco et al., 2010).

In general, higher DaT binding values were associated with
global integrative effects on the brain (global increase of nodal
strength). This was also confirmed for the cognitive circuitry
(defined during meta-analysis), where higher DaT SBR ratios
(relative preservation of dopaminergic function) were associated
with lower network-level modularity, suggesting that dopamine
favors integration of the cognitive network when the subject
is at rest. These results are in line with previous fMRI stud-
ies that indicated globally impaired network-level processing
in PD (Skidmore et al., 2011; Gottlich et al., 2013). Negative
effects of the preserved dopaminergic function on the modular-
ity of cognitive circuitry are also in line with previous literature.
Thus, a recent randomized double-blind rs-fMRI study of healthy
subjects with bromocriptine administration (dopamine agonist)
revealed drug-induced decreases in modularity, estimated for the
whole brain (White et al., 2013). Our results also suggest that
preserved nigrostriatal dopaminergic system allows supporting
integrity of the cognitive network when a subject is at rest. In

Caudate DaT binding and PLSR LV-scores
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FIGURE 2 | Associations between component scores and mean
caudate DaT binding. Associations of latent variable (LV) scores
extracted from the nodal strength data with nigrostriatal dopaminergic
function measured by '23|-FP-CIT SPECT (mean caudate SBR ratios).
Positive associations (*p < 0.05) were found for the Ist (“global/motor”)

and lllird (“executive”) LVs. Corresponding loading maps are depicted in
brain space, reflecting the relevance of the nodes (spheres) for a
particular LV, the magnitude of which is represented by nodal size.
Positive loading values are depicted as red spheres, whereas negative
ones are shown in blue.
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Caudate DaT binding and Modularity
of the Cognitive Circuitry
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L 1 |

Network Modularity
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05 1.0 15 20 25 3.0
Mean Caudate DaT uptake

FIGURE 3 | Caudate DaT uptake and modularity of the cognitive
circuitry at rest. The figure shows significant (o < 0.01) negative
association between modularity of the cognitive circuitry (identified with
automated meta-analysis) and nigrostriatal dopaminergic function
measured by '23|-FP-CIT SPECT (mean caudate SBR ratios).

the light of this, it would be interesting to assess the dynamics
of cognitive circuitry during performance of particular executive
tasks or multi-tasking, where dopamine may have different or
even opposite effects on network modularity. This is supported
by previous functional imaging studies of executive functions
in PD, revealing that hypodopaminergic states are associated
with increased prefrontal cortical responses during performance
of corresponding tasks (Mattay et al., 2002), whereas L-dopa
administration, in contrast, decreases it (Cools et al., 2002). In
this context, it is also worth mentioning an event-related fMRI
study that found PD-related brain abnormalities during per-
formance of the set-shifting task specifically developed to elicit
caudate responses (Monchi et al., 2007). Compared to the con-
trol group, patients demonstrated increased cortical activation
in the condition not specifically requiring the caudate nucleus,
whereas decreased cortical activation was observed in the task
that involved the caudate nucleus. These studies, however, are not
focused on any specific dopaminergic system, looking at general
dopamine-related effects instead, and therefore do not necessar-
ily confirm the role of exactly nigrostriatal dopaminergic system
in these phenomena.

Finally, a recently published graph theoretical MEG study with
longitudinal design found that progression of PD is associated
with growing impairment of local integration (measured by clus-
tering coefficient) in multiple frequency bands and loss of global
brain network efficiency (based on path length) in the alpha2
frequency band. This deterioration was, in turn, correlated with
cognitive and motor impairment observed during disease pro-
gression (Olde Dubbelink et al., 2014). These findings provide

additional support for our results, also suggesting global positive
effects of dopaminergic preservation on efficient functioning of
the brain networks.

The main limitation of the present study is a relatively small
sample size. In addition, the cross-sectional design complicates
causal interpretation of the results. Apart from this, the resting
state setting itself hampers direct interpretation of the findings
with regard to the role of brain networks in cognitive task per-
formance. Active cognitive processing is likely associated with
patterns of brain dynamics that are different compared to the
ones occurring when the subject is at rest. These patterns in turn
may have different associations with altered dopaminergic func-
tion in PD. Therefore, this presents a need for further studies of
brain dynamics underlying cognitive processing in PD and related
dopaminergic deficits.

The main strengths are a multimodal approach and graph the-
oretical setting that have not yet been implemented together for
clarifying brain mechanisms of PD-related cognitive impairment.
Further strengths are a relatively broad cognitive evaluation com-
bining multiple tests to assess three major functional domains
and the drug-naive status of the participants. Of note, although
the present study specifically investigated the nigrostriatal sys-
tem, the deficiency measured by '2*I-FP-CIT SPECT might also
reflect indirect effects of neurodegeneration of dopaminergic
neurons within other pathways, since the severity of dopaminer-
gic deficits may correlate across different systems. Therefore, the
results should be interpreted with caution.

To summarize, our study found that PD-related executive
impairment is associated with altered balance between corti-
cal and subcortical processing at rest, when contribution of the
dorsal cortex is getting abnormally suppressed, and subcortical
processing is disinhibited. This pattern (unlike brain profiles of
visuospatial and memory impairment) is linked to nigrostriatal
deficiency, which also has disruptive effects on cognitive circuitry
at the network scale.

The results provide evidence for the contribution of the
nigrostrital dopaminergic system in human cognition, and the
described concept can potentially be utilized in future interven-
tional studies to monitor the effects of treatments, including the
approaches that augment cognitive functions.
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00045/abstract

Figure S1 | Study Workflow. The study workflow consisted of IV main
steps: (I) Selection of 30 PD subjects with fMRI data from the complete
PPMI cohort and an fMRI + DaTSCAN subsample of 18 subjects; (I1)
Preparation of the data for further analysis that, in turn, included (lla)
calculation of composite scores for 3 cognitive domains, (llb) automated
meta-analysis to define “cognitive network,” (llc) image preprocessing
and network measure extraction; (Ill) Dimensionality reduction with PLS
followed by parametric tests evaluating associations between latent
variable (LV) scores and cognitive functions; (IV) Final analysis assessing
influence of caudate dopamine transporter (DaT) uptake on LV scores and
modularity of the “cognitive network.

Figure S2 | Automated meta-analysis workflow. An automated search
using the meta-analytical software Neurosynth (http://neurosynth.org) was
undertaken in order to identify regions that are relevant for cognitive
functions. The key-words “executive” (237 studies), “visuospatial”
(n=116) and “memory” (n = 1470). The profile of visuospatial functions
included prefrontal, parietal, and occipital regions. The “executive” pattern
contained prefrontal (with more extended involvement of DLPFC),
cingulate, superior parietal, temporo-occipital, basal ganglia, and cerebellar
regions. Finally, the “memory” profile, in addition to prefrontal and
parietal regions, also included hippocampus, temporal areas, and basal
ganglia. Due to the observed overlap, the resulting statistical maps were
merged and overlaid with the Automated Anatomical Labeling (AAL) atlas
defining cognitive circuitry, the modularity of which was then correlated
with nigrostriatal function measured by '23|-FP-CIT Single-Photon
Emission Computed Tomography.

Figure S3 | Latent variable selection. The figure shows Root Mean
Squared Error Prediction (RMSEP) as a function of a number of PLS latent
variables (LVs). The maximum number of LVs was selected that minimized
total training (red dashed line) and leave-one-out cross-validation (green
solid line) errors for all the domains (n = 3).
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INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative movement disorder that is characterized
clinically by slowness of movement, rigidity, tremor, postural instability, and often cognitive
impairments. Recent studies have demonstrated altered cortico-basal ganglia rhythms in
PD, which raises the possibility of a role for non-invasive stimulation therapies such as noisy
galvanic vestibular stimulation (GVS). We applied noisy GVS to 12 mild-moderately affected
PD subjects (Hoehn and Yahr 1.5-2.5) off medication while they performed a sinusoidal
visuomotor joystick tracking task, which alternated between 2 task conditions depending
on whether the displayed cursor position underestimated the actual error by 30% ('Better’)
or overestimated by 200% (‘Worse'). Either sham or subthreshold, noisy GVS (0.1-
10 Hz, 1/f-type power spectrum) was applied in pseudorandom order. We used exploratory
(linear discriminant analysis with bootstrapping) and confirmatory (robust multivariate linear
regression) methods to determine if the presence of GVS significantly affected our ability to
predict cursor position based on target variables. Variables related to displayed error were
robustly seen to discriminate GVS in all subjects particularly in the Worse condition. If we
considered higher frequency components of the cursor trajectory as “noise,” the signal-to-
noise ratio of cursor trajectory was significantly increased during the GVS stimulation. The
results suggest that noisy GVS influenced motor performance of the PD subjects, and
we speculate that they were elicited through a combination of mechanisms: enhanced
cingulate activity resulting in modulation of frontal midline theta rhythms, improved signal
processing in neuromotor system via stochastic facilitation and/or enhanced “vigor” known
to be deficient in PD subjects. Further work is required to determine if GVS has a selective
effect on corrective submovements that could not be detected by the current analyses.

Keywords: Parkinson’s disease, vestibular system, GVS, manual tracking, discriminant analysis

by abnormally exaggerated beta synchronization throughout a

Motor symptoms in Parkinson’s disease (PD) characteristically
manifest themselves as tremor, rigidity, akinesia/bradykinesia
and postural instability. While levodopa is the gold standard
treatment for PD, chronic use eventually leads to the long-term
development of side effects, such as motor fluctuations, dyskine-
sias, and psychiatric disorders (Pontone etal., 2006; Weintraub
etal., 2006). Surgical treatments, including deep brain stim-
ulation targeted to subcortical nuclei, have provided effective
therapeutic benefits, but are complex and invasive (Okun, 2012).
With recent technological advances, numerous novel stimula-
tory techniques for PD treatment are presently being explored
(Fuentes etal., 2009; Thevathasan etal., 2010; Samoudi etal.,
2012; Faught and Tatum, 2013). Non-invasive brain stimula-
tion techniques are currently a growing avenue of interest for
PD and other neurological disorders due to their safety, tolera-
bility and minimally invasive nature (Fregni and Pascual-Leone,
2007). Additionally, these methods, such as transcranial current
brain stimulation (tCS), arguably influence solely the targeted site
of stimulation, but also exert effects on associated brain con-
nectivity patterns (Luft etal., 2014). Since PD is characterized

basal ganglia (BG)-cortical network (Eusebio etal., 2009), non-
invasive stimulatory approaches could potentially be used to
modulate aberrant network dynamics (Fregni and Pascual-Leone,
2007).

A few studies have suggested that non-invasive stimulation
of vestibular nerves via noisy galvanic vestibular stimulation
(GVS) may improve motor deficits in PD (Yamamoto etal,
2005; Pan etal., 2008; Pal etal., 2009; Samoudi etal., 2012).
Noisy GVS delivers currents with randomly varying amplitudes
in time to vestibular afferents and subsequently influences resting
state cortical electroencephalography (EEG) activity, suggesting
that cortical-subcortical connections are also modulated by GVS
(Kim etal., 2013). Akin to how tCS strengthens connectivity
patterns in premotor, motor, and sensorimotor areas while sub-
jects are engaged in a finger tapping task (Polania etal., 2011),
noisy GVS hypothetically is also able to influence functional BG-
cortical motor networks depending on the brain state during
stimulation. It is not fully established, however, whether noisy
GVS improves motor performance. Yamamoto etal. (2005) mea-
sured trunk dynamics as well as reaction time in a Go/NoGo
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paradigm whereas Pan etal. (2008) measured wrist activity in
akinetic PD patients. Effects of noisy GVS on postural and bal-
ance responses have also been measured in both humans and
rat models (Pal etal, 2009; Samoudi etal., 2012), although
none of these studies have directly investigated the effects of
GVS on bradykinesia with respect to motor coordination and
sensorimotor processing.

One potential way to rigorously assess the motoric effect of
GVS is to utilize a visuomotor task, which is useful for under-
standing mechanisms that contribute to motor coordination with
accuracy and stability (Ryu and Buchanan, 2012). Corrective
movements and behavior are required in response to vary-
ing visual error feedback, which are important for maintaining
effective perception-action or sensorimotor processing (Ryu and
Buchanan, 2012). With respect to clinical significance, the abil-
ity to continually adapt one’s behavior to changing environmental
or sensory stimuli is particularly relevant in PD as these patients
demonstrate impaired switching between motor paradigms (Engel
and Fries, 2010).

In the present study, we implemented a visuomotor tracking
task and investigated the effect of noisy GVS on motor per-
formance. Our visuomotor task required subjects to respond
to visual error feedback that was, unbeknownst to the sub-
jects, either minimized to 30% of the actual error, or amplified
by 200% to create the appearance of ‘Better’ or ‘Worse’ motor
performance, respectively. We used linear discriminant analy-
sis (LDA; Duda etal., 2012) to identify parameters significantly
influenced by GVS and to investigate if the effects of GVS are
dependent on the task conditions. We then analyzed our data
using a robust multivariate linear regression method (Filzmoser
and Todorov, 2011) to test if tracking movement was affected by
GVS. We show that subthreshold GVS resulted in robust changes
in tracking, mostly related to increased sensitivity to perceived
error.

MATERIALS AND METHODS

SUBJECTS

Twelve PD subjects (10 males, 2 females; mean age 61.4 & 6.5 years;
11 right-handed, 1 left-handed) participated in the study. None of
the participants had any reported vestibular or auditory disor-
ders. All PD subjects were recruited from the Pacific Parkinson’s
Research Centre (Vancouver, BC, Canada). PD subjects had mild
to moderate disease severity (Hoehn and Yahr stages 1.5-2.5)
with UPDRS (Unified Parkinson’s Disease Rating Scale) Part III
motor scores at a mean of 22.3 & 7.8 (Table 1). All PD sub-
jects were tested in the off-medicated state after a 12-h overnight
withdrawal from L-dopa medication. Other medications that
some subjects were on included: amantadine, ramipril, and
atorvastatin.

ETHICS STATEMENT

The study was approved by the University of British Columbia
Clinical Research Ethics Board. All subjects gave written, informed
consent prior to participation. Research was conducted according
to the principles expressed in the Declaration of Helsinki.

VISUOMOTOR TRACKING TASK

Subjects were comfortably seated 80 cm in front of a screen and
performed a manual tracking task. On the screen, a target (blue)
and cursor (yellow) connected by a black horizontal rod were
displayed (Figure 1). The target box oscillated vertically up and
down with the summation of two frequencies (0.06 and 0.1 Hz).
Subjects controlled the cursor using a joystick with the objective of
matching the horizontal position of the cursor to the target —i.e.,
to keep the horizontal black rod straight. The tracking error (A,
difference between the actual positions of the target and cursor)
was scaled by a factor (a) to determine the displayed position
of the cursor: A x a = displayed visual error feedback. In the
‘Better’ (B) task condition, a was set to 0.3, and in the ‘Worse” (W)

Table 1| PD subjects’ characteristics for behavior task.

Patient Age (yr) Sex Duration since UPDRS Hoehn and Handedness
number diagnosis (yr) motor score Yahr stage

1 58 M 18 2 R
2 64 F 12 1.5 R
3 67 M 16 2 R
4 56 M 25 21 2 L
5 53 M 3 32 25 R
6 49 M 75 35 2 R
7 65 F 5 32 2 R
8 68 M 1.5 22 2 R
9 66 M 1 24 2 R
10 70 M 1 21 2 R
1 59 M 1.5 10 2 R
12 62 M 3.5 24 2 R

UPDRS, unified Parkinson’s disease rating scale.
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FIGURE 1 | Behavior task. (A) Subjects faced a screen with a target (blue)
that moved vertically up and down, and controlled a cursor (yellow) using a
joystick. The error difference (A) between the actual positions of the target
and cursor was amplified by a scaling factor (a): A x a = displayed visual
error feedback. In the ‘Better’ (B) condition, a was set to 0.3, and in the
‘Worse' (W) condition, a was set to 2, such that it appeared that subjects
performed better or worse respectively based on their visual error
feedback. (B) Trials (90 s) alternated between B and W conditions (each
condition 30 s). Each trial was followed by a break of 30 s until a
culmination of eight trials total were completed for the experiment.

task condition, o was set to 2, such that it artificially appeared to
subjects that they performed better or worse, respectively, based
on their scaled error feedback.

During the experiment, subjects performed a total of eight tri-
als. Each trial (90 s) was comprised of three alternating blocks
(30 s each) of B and W conditions — with Trial 1 ordered as
B-W-B and Trial 2 ordered as W-B-W (Figure 1). During each trial,

either a subthreshold verum current (90% of cutaneous sensory
threshold) or sham current stimulation was delivered. Four trials
contained verum GVS delivery whereas the other four trials con-
tained sham stimulation. Subjects were unaware of either verum or
sham stimulation since the order in which stimuli were delivered
was pseudorandom, and the verum stimulation was imperceptible
to the subject. Each trial was followed by a break (30 s) to preclude
a hysteretic effect carrying over to the next trial. Before starting the
experiment, subjects were allowed to practice tracking the target
and using the joystick as needed in at least one practice trial. Prac-
tice trials were differently structured from the eight experiment
trials described above. Due to technical details of the data capture
system, the cursor position was irregularly sampled at ~55 Hz. We
then resampled the data at exactly 50 Hz using linear interpolation
before further analyses.

STIMULUS

Galvanic vestibular stimulation was delivered to subjects through
carbon rubber electrodes (17 cm?) in a bilateral, bipolar fashion.
For bilateral stimulation, an electrode was placed over the mastoid
process behind each ear, and coated with Tac gel (Pharmaceutical
Innovations, NJ, USA) to optimize conductivity and adhesive-
ness. The average impedance of the subjects was measured around
1 k€. Digital signals were generated on a computer using MATLAB
and converted to analog signals via a NI USB-6221 BNC digital
acquisition module (National Instruments, TX, USA). The analog
command voltage signals were subsequently passed to a constant
current stimulator (Model DS5, Digitimer, Hertfordshire, UK),
which was connected to the stimulating electrodes.

Bipolar stimulation signals were zero-mean, linearly detrended,
noisy currents with a 1/f-type power spectrum (pink noise) as
previously applied to PD and healthy subjects (Soma etal., 2003;
Yamamoto et al.,2005; Pan et al., 2008). The stimulation signal was
generated between 0.1 and 10 Hz with a Gaussian probability den-
sity, with the command signal delivered to the constant-current
amplifier at 60 Hz (Figure 2). The stimulus was applied at an
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FIGURE 2 | Characteristics of the stimulus. (A) Typical recording from a 90% of the subject’s individual sensory threshold (RMS current value of
subject receiving a noisy stimulus applied for 90 s duration. The stimulus 266 pA). (B) Probability density function of the stimulus current follows a
presented is at the highest current intensity (current level 6), which is set to Gaussian distribution.
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imperceptible level to avoid effects by general arousal and/or
voluntary selective attention, with the current level individu-
ally determined according to each subject’s cutaneous sensory
threshold.

Since perception of GVS is inherently subjective, we utilized
systematic procedures that have been previously used in deter-
mining subliminal current levels for both GVS and transcranial
stimuli (Hummel etal., 2005; Utz etal., 2011; Wilkinson etal.,
2012). Starting from a basal current level of 20 jLA, noisy test stim-
uli were delivered for 20 s periods with gradual stepwise increases
(20 wA) in current intensity until subjects perceived a mild, local
tingling in the area of the stimulating electrodes. As performed
previously, a threshold value was defined once subjects reported a
tingling sensation (Utz etal., 2011; Wilkinson etal., 2012), which
lasted for the duration of the test stimulus. The current level was
then decreased each time by one level until sensation was no longer
reported during delivery of test stimulus pulses, and increased by
one step in current intensity to confirm threshold. Each delivery
of a test stimulus was followed by a period of no stimulation for
at least 30 s to preclude a hysteretic effect carrying over to the
next test stimulus. Subjects were blind to the onset and duration
of test stimuli, as well as the threshold-testing scheme. After com-
pleting the threshold test and throughout the experiment, stimuli
were delivered at subthreshold intensity (190-900 A), which is
achieved at 90% of the determined cutaneous sensory threshold
value.

BEHAVIORAL DATA ANALYSIS

We employed both exploratory and hypothesis-driven analysis
methods to analyze the behavioral data. We initially analyzed the
data on a subject-by-subject basis as we were unclear whether
or not there would be substantial intersubject variability to GVS
response. LDA was first used to see if tracking behavior could be
reliably discriminated depending upon whether GVS was applied
or not. We derived a GVS linear discrimination function, g(X),
to create maximum separation between means of the projected
classes with minimum variance within each projected class:

gX) = wiX; + mX, + -+ wuX,y +wo = wX +wy (1)

where X = [X X, ... X,,] is a input data matrix in which each

column represents an independent variable, w = [wy, wy,...,
wy] € R?! the weight vector containing linear coefficients of the
variables in the data matrix X, and wy the bias-weight. LDA was
applied to the “Better” and “Worse” conditions separately.

For this exploratory part of the analysis, we included linear
(first-order) and non-linear (second- and third-order) combina-
tions of variables in the GVS discriminant function (Table 2).
During the experiment, we varied the phase of the initial tar-
get trajectory not only between subjects but also between the
trials to prevent the subjects from easily predicting upcom-
ing target movement. Therefore, variables from X; to X9 were
included as nuisance variables in the LDA to account for the target
differences.

To test for significance of the LDA results, we employed boot-
strapping techniques. We permuted the GVS labels (on/off) and
then re-computed the LDA function with the permuted data.

Table 2 | Variables in linear discriminant analysis (LDA) model.

Notation Variables
X1, X, X3 T, T2 T(t)3
Xo, X5, X6 Vr(o, Vr0?2, Vr(?®
X7, Xg, Xo Ar(t), Ar(?, Ar()®
X0, Xi1, Xia D@ — T, (D) — T, (D) — T(1))3
Xi3, X1a, Xi5 Vo) = Vi), (Vo(t) — Vi), (Vp(t) — Vi
Xig, Xi7, Xig D(t + At — D(), {D(t + At) — D(1))?,
{D(t + At) — DD}
X19, X20, X21 Vo (t +AD — Vo), (Vp(t + A1 — Vp (1))2,

(Vp(t + At — Vp())°

T, target position; /1, target velocity; At, target acceleration; D, displayed cursor
position; Vp, displayed cursor velocity, t, time index, and At, reaction delay of
0.5 s (Jordan etal., 1992).

This was repeated 1000 times. Any weight value from the orig-
inal LDA function g(X) whose absolute value was greater than all
the weights computed from the permuted data was considered to
be significantly influenced by GVS.

In addition, a multivariate linear regression model was used
to test the hypothesis that GVS had a significant effect on cursor
position during tracking. As the traditional least squares regression
may be sensitive to noisy and gross errors (Akkaya and Tiku, 2008),
we chose a robust regression method to analyze our data (“robust-
fit” function in MATLAB). This method is known to be robust to
outliers utilizing an iteratively reweighted scheme to deweight the
influences of outliers. With cursor position as a response variable
(Y;), the following regression model was proposed:

Yi=A;8+¢ (2)

where for each data point i we have the vector of independent
variables A; = [Aj1, - - - , Ajs], the vector of regression coefficients
solved by a bisquare weighting function B, and the residual &;
(assumed to be independent and identically distributed Gaussian).
The selected independent variables are summarized in Table 3
(note that Ay, A, and Ajz are same as the variables X;, X; and X
in eq.1, respectively). The categorical variable of GVS was denoted
with either 0 (GVSoff) or 1 (GVSon). We tested for significance

Table 3 | Estimated coefficients in the robust regression model (eq.2)
and the p-values.

Variables (A) Coefficient p-value
estimates (B)

Target position (A7) 1.00 0.0000
Target velocity (Ap) —779e-02 0.0000
Displayed cursor position — target position (Az) 5.01e-01 0.0000
Cursor velocity — target velocity (44) —1.60e-02 0.0002
GVS (4s5) 3.99e-05 0.0410
R? = 0.8811.
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of the coefficients under the null hypothesis that the coefficient
estimates were equal to zero.

For a signal-to-noise ratio (SNR) analysis, we utilized “snr”
function in MATLAB to calculate SNR of cursor trajectories. This
examines the fundamental frequencies of the tracking trajectory
plus the next six harmonics, and assumes that any power in the
spectrum than these peaks are “noise.”

RESULTS

RESULTS OF LDA IN WORSE CONDITION

Coefficients of GVS discriminant function (eq.1) were calculated
for each subject and are plotted as black lines in Figure 3. For
clarity, nuisance variables related to absolute target position (i.e.,
X1—Xg) are not shown. The 1000 sets of linear coefficients gen-
erated from the bootstrapping are depicted as blue lines. In most
subjects, the coefficients wig, wi1, and wy, of g(X; representing
linear and higher powers of the perceived error between the tar-
get and the displayed cursor position) were robustly modulated
by GVS. In addition, displayed cursor velocity (w;¢ or w;7) and
acceleration (w19, Wy, or wy1) were also found to be significantly
affected by GVS across subjects.

RESULTS OF LDA IN BETTER CONDITION

Figure 4 shows the LDA results in the better condition. As before,
coefficients wyg, w1, and wy, were significant among all the sub-
jects. In addition, 10 out of 12 subjects showed significant w;g
weightings. Other coefficients were not robustly seen in all sub-
jects. For example, unlike the LDA results of the Worse condition,
displayed cursor acceleration (w9, wyg, or wy1) was no longer
significantly influenced by GVS in the Better condition.

RESULTS OF ROBUST REGRESSION MODEL

Table 3 is the coefficient estimates of the variables of the multivari-
ate regression model (eq.2) and their p-values. The computed R? of
the regression model was 0.8811. GVS was significantly associated
with cursor position across all subjects (p < 0.05).

EFFECT OF GVS ON CURSOR OVERSHOOTING

In order to get an intuitive interpretation of GVS effects, we calcu-
lated the GVS discriminant function values (eq.1) for each subject.
We used data from trials 1 and 7 for the calculation as these two
trials had identical phases of the trajectories, with a difference in
whether or not GVS was delivered (GVSon for trial 1). Then, Ag
was computed by subtracting the function values of trial 7 from
trial 1. By plotting Ag, we could not only locate GVS effects on the
cursor trajectory but also directly make visual comparison of the
cursor movement in the identified location. Figure 5 shows target
trajectory, cursor trajectory and Ag for each subject.

The effect of GVS was greatest near sinusoidal peaks. This trend
was found in most of the subjects regardless of how well the sub-
jects tracked the target. For instance, subject 5 tracked the target
relatively better compared to the other subjects, and Ag was signif-
icant around at 5, 20, 65, and 80 s. Subjects 11 and 12 performed
the tracking task poorly, but the GVS effects still appeared near
sinusoidal peaks.

One of the noticeable features on the peaks is a degree of
overshooting of cursor trajectories. To assess a possible relation-
ship to GVS stimulation, we compared the difference between
the cursor position and the target on the peaks. Figure 6 shows
a representative example of cursor overshooting near sinusoidal
peaks in target. The peaks in cursor appeared with some lagged

Al
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FIGURE 3 | Coefficients of the variables of the linear discriminant
function in the Worse condition. The x-axis represents variables from Xjq to
X1 inTable 2 while the y-axis represents weight (w) value. The computed
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coefficients are depicted as black for the GVS discriminant function and blue
for bootstrapping. Red asterisks denote coefficients that are outside the 95%
confidence interval of bootstrapping.
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FIGURE 4 | Coefficients of the variables of the linear discriminant
function in the Better condition. The x-axis represents variables from Xjq to
X1 inTable 2 while the y-axis represents weight (w) value. The computed
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coefficients are depicted as black for the GVS discriminant function and blue
for bootstrapping. Red asterisks denote coefficients that are outside the 95%
confidence interval of bootstrapping.
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FIGURE 5 | Trajectories of target (blue) and cursor (GVSon: red, GVSoff: black) and Ag (black bar in the bottom). Ag was computed by subtracting the
linear discriminant function values of trial 7 (GVSoff) from trial 1 (GVSon).The trials alternated between W-B-W conditions (each condition 30 s).
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time (At). The amplitude of the target peaks was subtracted
from the cursor peaks, and the difference (Ad) was defined as
cursor overshooting. Cursor peak was defined when the cur-
sor position was at its max/min point. Cursor overshooting
was calculated for all trials and subjects, then averaged depend-
ing on the task conditions and presence of GVS stimulation as

shown in Table 4. The p-value was calculated from ANOVA of
the means between GVSon and GVSoff (i.e., a single, two-level
factor).

In Worse condition, the subjects tended to overshoot signifi-
cantly less on the lower peaks while stimulated by GVS. On the
upper peaks, the mean overshooting of GVSon was also smaller
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FIGURE 6 | Representative example of cursor overshooting on upper
and lower peaks from Subject 1 Cursor overshooting (Ad) was
calculated as cursor position - target position. At represents time
difference between peaks in cursor and target trajectories.

Table 4 | Means of cursor overshooting on sinusoidal peaks and
ANOVA results.

Lower peak Upper peak
GVSon GVSoff p-value GVSon GVSoff p-value
Worse —0.0517 —0.0714 0.0036 0.0695 0.0784 0.22
Better —0.0946 —0.0451 0.0038 0.0890 0.0690 0.14

than GVSoff, but the difference was not significant. In Better
condition, however, there was an increasing tendency for cursor
overshooting with stimulation.

EFFECT OF GVS ON SNR OF CURSOR TRAJECTORY

Movement variability is another important feature to characterize
the tracking performance. Particularly, in goal-directed behavior,
the variability originates from collateral movement to the main
goal of a task. In this sense, the cursor trajectories in our track-
ing test can be seen to a combination of two components. One
is the primary movement whose form is similar to the target tra-
jectory, and the other is submovement that may appear as noise
superimposed on the primary movement. In order to investigate
if GVS had affected movement variability of the subjects, we cal-
culated SNR of cursor trajectories and compared differences in
between GVSon and GVSoff conditions. As shown in Figure 7,
the mean SNR of 12 PD subjects was 27.6 when GVS was applied,
which was significantly greater than 21.3 in GVSoff condition
(p < 0.05).

DISCUSSION

Our results demonstrate that noisy GVS robustly influences motor
tracking performance in PD patients off dopaminergic medica-
tion. Motor improvements are consistent with results previously
reported in hemiparkinsonian rats (Samoudi et al., 2012) whereby
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FIGURE 7 | Comparison of SNR of cursor trajectories between GVSon
and GVSoff conditions.

GVS with a 1/f power density improved rod performance. Previ-
ously, we demonstrated that noisy GVS has the ability to modulate
synchronization of broadband EEG oscillations in healthy sub-
jects (Kim etal., 2013). Our recordings of EEG rhythms were
observed at resting-state, suggesting that noisy GVS was able to
modulate cortical activity and presumably connected subcortical-
cortical projections. In this study, we observed a functional effect
of GVS on sensorimotor processing and motor performance in
a visuomotor task, suggesting that noisy vestibular stimulation
modulates motor networks in PD subjects.

Our results seem to indicate that noisy GVS affects the sensi-
tivity of motor responses (in this case, joystick-controlled cursor
position) to visualized error (displayed cursor position — target
position). We do not believe that our observed results are the
consequence of an attentional or general arousal effect, such as
through activation of the reticular activating system. The imper-
ceptible nature of our stimulus, which subjects were not aware
of throughout the experiment trials, precludes this issue which
is present with other forms of minimally invasive stimulation
methods (Fuentes et al., 2009).

Depending on the stimulus parameters (i.e., current intensity,
frequency, signal shape), GVS is known to induce a broad range
of effects, including eye movements, postural control and move-
ments (Fitzpatrick and Day, 2004). Therefore, one interpretation
of our results may include the confounding effects of nystagmus
and/or ocular torsion through activation of the vestibulo-ocular
reflex (VOR; Zink etal., 1998). Since subjects rely on visual error
feedback, ocular torsion would potentially hamper the perceived
error feedback through a subjective tilt in the visual perceptual
field (Zink etal., 1998). However, we note that our stimulus
levels were weak, subthreshold currents with the highest cur-
rent delivered at around 140 &+ 113 pA, whereas the preferred
GVS current intensities for inducing ocular torsion and subse-
quent perceptual tilts through GVS are much higher at around
1-3 mA (Zink etal., 1998). Therefore, we presume that our
subthreshold stimulus was not strong enough to notably induce
confounding visual effects and corollary perceptual changes in our
experiment.

Noisy GVS is known to modulate EEG spectral power. Wilkin-
son etal. (2012) have demonstrated that noisy GVS is able to
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modulate the EEG spectral power during a face processing task.
Our previous study has demonstrated that noisy GVS is able
to modulate the EEG synchrony patterns in healthy subjects
(Kim etal., 2013). Altogether, these findings combined with our
present results suggest that noisy GVS is able to modulate oscil-
latory activity in resting and task-related networks, which involve
sensorimotor processing in our particular study.

The motoric effects of GVS may be related to modulation
of oscillations related to integration of information and error-
processing. Since perceived error (i.e., the error between the target
and the displayed cursor position) was robustly detected by the
LDA analysis, fronto-midline (FM) theta may be a candidate
oscillation to be modulated by GVS in PD subjects. FM-theta
shows an increased amplitude during tasks requiring concen-
tration (Mitchell etal., 2008), which is related to error-related
negativity (ERN), an event-related potential seen after errors are
made. FM-theta may represent a universal mechanism for action
monitoring with the midcingulate cortex acting as hub for the
integration of information (Cavanagh etal., 2012). Thus, our
results suggest that GVS may regulate FM-theta activity in PD
subjects.

The increased SNR shown in Figure 7 suggests that application
of noisy GVS may have increased synchronization in neuromo-
tor system via stochastic facilitation. Stochastic facilitation is a
term to describe phenomena where stochastic biological noise
elicits functional benefits in a non-linear system such as the
nervous system (McDonnell and Ward, 2011). Several studies
have reported that a presence of additive noise allows a weak
input signal to be better detected, resulting in an increase in
SNR in EEG (Galambos and Makeig, 1992; Srebro and Mal-
ladi, 1999; Elias et al., 2003; Kitajo etal., 2007; Keita etal., 2008;
Ward etal., 2010; Doren etal., 2014) and sensorimotor perfor-
mance (Ignacio etal., 2012). These findings suggest that noisy
GVS input may also be able to modulate detection and trans-
mission of the sensorimotor system via stochastic facilitation,
resulting in an increase in synchronization of the neuromotor
system. However, a further investigation is required to elucidate
whether the synchronization is limited to cortical areas or if it
could give rise to corticomuscular synchronization (Ignacio etal.,
2012).

We further speculate that our results may be at least partly
explained by modulation of cortico-BG rhythms involved in sen-
sorimotor processing. Growing observations suggest a concept
that the BG regulates action motivation or response ‘vigor’ (Niv
etal., 2007; Salamone etal., 2009) as well as the speed and size
of movement (Spraker etal., 2007; Thobois et al., 2007). Deficient
scaling of the initial burst of earliest agonist muscle activity (EMG)
to meet the demands of a motor task is frequently observed in clin-
ical disorders of the BG, such as PD. The link between motivation
and movement gain may be universally weakened in Parkinso-
nian subjects (Ballanger etal., 2006; Thobois etal., 2007). We
thus speculate that GVS may also correct deficient vigor caused
by BG dysfunction through modulation of pathological brain
rhythms.

We note that we used a single noisy stimulus for all sub-
jects. However, the results shown in Figure 3 also emphasize the
importance of looking at patient-specific stimuli. For instance,

the coefficients regarding the difference between cursor and target
velocities (wy3, w4, and w;s) were found to be significant in some
subjects, but were indistinguishable from bootstrapping for the
rest subjects.

Finally, we note that GVS had fewer effects in the Better condi-
tion compared to the Worse condition. Presumably, subjects would
have made fewer corrective movements in the former condition.
This raises the possibility that GVS may also depend upon the
number and form of corrective submovements. As submovements
were not captured by the global LDA and multivariate regression
methods used here, this warrants further investigation.
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Huntington’s disease (HD) is an incurable neurodegenerative disease characterized
by the triad of chorea, cognitive dysfunction and psychiatric disturbances. Since the
discovery of the HD gene, the pathogenesis has been outlined, but to date a cure has not
been found. Disease modifying therapies are needed desperately to improve function,
alleviate suffering, and provide hope for symptomatic patients. Deep brain stimulation
(DBS), a proven therapy for managing the symptoms of some neurodegenerative
movement disorders, including Parkinson’s disease, has been reported as a palliative
treatment in select cases of HD with debilitating chorea with variable success. New
insights into the mechanism of action of DBS suggest it may have the potential to
circumvent other manifestations of HD including cognitive deterioration. Furthermore,
because DBS is already widely used, reversible, and has a risk profile that is relatively
low, new studies can be initiated. In this article we contend that new clinical trials be
considered to test the effects of DBS for HD.

Keywords: deep brain stimulation, Huntington’s disease, globus pallidus, striatum, cognition, chorea

Preserving Cortico-Striatal Function: Deep Brain Stimulation in
Huntington’s Disease

Few conditions in medicine present patients and their families the challenges of Huntington’s
disease (HD). Because it is a heritable disease, the majority of individuals at risk are exposed to a
turbulent environment with a parent diagnosed with HD and faced with the reality of suffering a
similar fate. At-risk patients have the option to learn if they have the disease and then must confront
the sad truth that the disease will end in neurologic disability and premature death. For those who
elect not to be tested, the specter of developing symptomatic HD still looms large. This in part
contributes to the increased risk of suicide during early stages and engenders fear and desperation
that perpetuates itself with time as families search for answers (Meiser and Dunn, 2000). This
psychological burden, coupled with the absence of any promising interventions, contributes to
low predictive testing rates and the potential to adopt overly optimistic beliefs about one’s future,
which at times may have undesirable consequences from a medical or economic standpoint (Oster
etal., 2013).

It is estimated that 30,000 individuals in the United States alone have manifest symptoms
of HD, with twice as many additional individuals yet to manifest symptoms. Extensive efforts
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on the part of researchers, emboldened by these unfortunate
facts, identified the genetic basis of HD in the early 1990’s. Since
then, the effort to find a cure has accelerated, although to date
only one therapeutic agent has been approved for clinical use.
Physicians are therefore left to consider off-label uses of existing
therapies. Deep brain stimulation (DBS) has been used in HD
as a treatment for disabling chorea but targeted stimulation
may be a potential consideration to palliate symptoms
of HD.

Several longitudinal studies have contributed to the current
understanding of the natural history of HD (Paulsen et al,
2008; Ross and Tabrizi, 2011; Ross et al., 2014). The mean
age of onset is 40 with an additional 20 years of life expected
after the disease manifests (Tabrizi et al., 2011). Onset is
defined with the emergence of motor symptoms. Chorea—
abrupt, random, involuntary movements—is the hallmark of HD.
These movements often intensify before being replaced with
voluntary motor deficits. The cognitive features of HD consist
of executive dysfunction, visuospatial dysfunction, cognitive
slowing, and loss of mental flexibility. Evidence suggests that
cognitive dysfunction may parallel (or precede) the emergence
of motor deficits (Paulsen and Long, 2014). The psychiatric
manifestations vary widely, ranging from mood disturbances to
obsessional anxiety and, rarely, psychosis. Furthermore, limbic
dysfunction, in the setting of cognitive inflexibility and poor
insight, contributes to a ‘dysexecutive syndrome’, characterized
by perseveration, apathy, impulsivity and aggression. Non-
pharmacologic interventions may be helpful in early stages
but tend to become less effective as the disease progresses.
Tetrabenazine is the only FDA-approved agent for the treatment
of the chorea. Psychiatric symptoms are managed similarly to the
general population. Cognitive symptoms are typically resistant
to intervention. Biomarkers that correlate to disease stages have
not yet been defined, although promising considerations in
premanifest individuals have been identified (Paulsen et al.,
2014).

Pathogenic Mechanisms of HD

HD exhibits autosomal dominant inheritance and is equally
prevalent in men and woman. In those who inherit the mutation,
a cytosine-adenosine-guanine (CAG) repeat expansion is added
to the IT15 huntington (HTT) gene on the short arm of
chromosome 4 (Raymond et al., 2011). Affected individuals with
the mutated form have between 36 and 121 CAG repeats in
the coding region that translate into a polyglutamine expansion.
The age of onset of motor symptoms inversely correlates with
the number of repeated sequences (Ross et al., 2014). In healthy
persons, HTT encodes a protein (huntingtin) responsible for
synaptic vesicular transit and other cellular functions that when
absent leads to in utero death (Cepeda et al., 2007). For example,
wild type huntingtin contributes to the cortical production of
brain derived neurotrophic factor (BDNF) before the latter’s
downstream support of striatal neurons (Zuccato et al., 2010).
In those with the mutation, glutamine residues accumulate
and the mutant HTT protein disrupts cellular signals and
homeostasis decades before symptoms emerge. The mutation

is detectable in nervous tissue diffusely; however, the disease is
uniquely characterized by its expression in the medium spiny
neurons (MSNs) found in the caudate, putamen and cortical
pyramidal cells. The eventual death of these MSNs is the
pathological hallmark of the structural damage demonstrated in
HD (Georgiou-Karistianis et al., 2013). The precise cascade of
events that leads to neurodegeneration is still largely unknown
(Raymond et al., 2011).

MSNs account for 90% of all neurons in the striatum and
are its only output source (Murer et al.,, 2002). There are two
subtypes of MSNs that are differentiated by the peptides co-
expressed; the receptor subtypes and the target to which they
project. These GABAergic MSNs exert their effect via a direct or
indirect pathway. MSNs in the indirect pathway (striaopallidal,
D2 receptors) project to the external segment of the globus
pallidus (GPe) and subthalamic nucleus (Cepeda et al., 2007).
These indirect pathway neurons are the first cell population to
succumb in HD and are implicated in the hyperkinesia that
heralds the onset of the disease. MSNs in the direct pathway
(striatonigral, D1 receptors) project to the internal segment of
the globus pallidus (GP1i) and the substantia nigra pars reticulatea
(SNr1; Cepeda et al., 2007). Degeneration of direct pathway MSNs,
and the resulting loss of substance P, may contribute to late stage
motor features characterized by impaired voluntary movement
(Raymond et al., 2011). This transition from hyperkinesia to
akinesia during the natural history of the disease may confound
the results of interventions aimed at arresting or controlling
chorea.

Impaired dopamine homeostasis is another consequence of
the mutation that contributes to the impaired information
processing from cortical inputs to the striatum (André
et al, 2010). Dopaminergic neurons projecting from the
substantia nigra pars compacta, and to a lesser degree the
ventral tegmental area (VTA), to the dorsal striatum regulate
glutamate sensitivity as well (dorsal circuit). Indirect pathway
MSNs express D2 receptors whereas D1 receptors are more
abundant in direct pathway MSNs. Degeneration of these
nigrostriatal dopaminergic neurons are observed in HD and
may contribute to late onset akinesia (André et al, 2010;
Raymond et al., 2011). Conversely, presynaptic hyperactivation
of the nigrostiatal pathway may elicit the characteristic chorea
of early stage disease (André et al, 2010). Agents affecting
dopamine (DA) transmission are used to modulate HD
symptoms with some effect. DA may facilitate the “upstate”
or depolarized state that enables encoding of specific motor
tasks routed by the corticostriatal pathway (Murer et al,
2002).

The primary inputs to the MSN’s are glutamatergic projections
from the neocortex. Cortical neuron death is also observed
in HD, especially in layers III, V and VI. The cell death is
profound enough to be observed on gross pathological specimens
and predates the onset of motor symptoms. One hypothesis
is that excitotoxicity at the cortico-striatal synapses underpins
HD (Cepeda et al., 2007). This is supported by evidence that
increased release of glutamate from cortical projections, together
with reduced uptake from the synaptic cleft by glial cells and
enhanced striatal sensitivity to glutamate contributes to an
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amplified affect (Wojtowicz et al.,, 2013). In mouse models of
HD, down-regulation of GLT1 has been demonstrated (Liévens
et al,, 2001). GLT1, a sodium-dependent glutamate transporter,
ordinarily serves to remove extracellular glutamate and limit
excitotoxicity. This down-regulation, together with NMDA-R
hypersensitivity, increases intracellular calcium and induces an
apoptotic cascade in HD.

Aspiny cholinergic, fast spiking, interneurons that co-express
parvoalbumin are the main inhibitory neurons within the
striatum (Russo et al., 2013). Theses interneurons are typically
preserved until the late stages of the disease and are at least
partly responsible for information processing and integration
in the normal striatum (Raymond et al, 2011). Although,
the death of the interneurons lags behind the MSNs, the
dystonia that is especially pronounced in early onset and
juvenile HD may be related to interneuron death (Reiner et al.,
2013).

Abnormal Electrophysiology in HD

Under normal conditions, the ventral, dorsolateral (motor)
and dorsomedial (associative) striatum are both activated
simultaneously during specific task learning (Williams and
Eskandar, 2006; Gale et al.,, 2014; Thorn and Graybiel, 2014).
As a behavior becomes habitual, the association between striatal
components decouples and the ventral (Gale et al., 2014) and
motor striatum emerges while the activity of the associative
striatum, now redundant, recedes (Williams and Eskandar,
2006; Thorn and Graybiel, 2014). In the ventral striatum, the
learning related facilitation of activity is thought to represent
the increased expectation of reward for the execution of specific
stimulus-motor behaviors (Gale et al., 2014). Thus, under normal
conditions, it is thought that the ventral striatum provides the
motivation to engage in reward obtaining behaviors. In HD, the
depressive and limbic symptoms may be related to motivational
changes brought on by dysfunction of striatal MSNs and/or
dopamine de-innervation (via dopamine cell loss of the SNpc
and VTA). In the dorsal striatum, once a task is learned, the
specific motor sequences or chunks are organized within the
basal ganglia as a concatenation of neuronal activity played out in
the direct and indirect pathway. Co-activation of these pathways
facilitates the desired movement by suppressing unwanted
movements (indirect) and expressing the specific motor chunk
(direct pathway) (Jin et al., 2014). Near limitless combinations
of nested oscillating frequencies are able to associate with
these specified action sequences. Normally, when an action
is queued, an assembly of neurons transitions to the upstate,
enabling the asynchronous, specified action to emerge (Stern
et al., 1998). However, in HD, the bidirectional cortico-striatal
network is no longer able to precisely orchestrate action as
nested frequencies uncouple (Miller et al., 2011). Together with
the thalamocortical network, which helps set the membrane
potential of the MSNs, the system becomes deregulated. As
redundancies in the system also dissociate, the behavior chunk
fails.

This high degree of coordination needed to facilitate a desired
movement is evident when studied on a smaller scale. In mouse

models of HD, widespread electrophysiologic dysfunction at the
neuronal level is observed. The MSNs demonstrate a depolarized
resting membrane potential. This induces hyper-excitability of
the depolarization dependent NMDA receptor in response to
glutamate. The overactive cells create an energy sink that may
lead to cellular death (Rebec et al.,, 2006). Similar findings are
noted in cortical pyramidal cells. As the disease progresses, the
overactive cortico-striatal pathway eventually becomes less active
and cortical synaptic inputs are lost (Cepeda et al., 2003).

Normalizing large-scale nested oscillations or stabilizing
more localized dysfunctional units in HD is challenging. To
achieve this, establishing how fundamental frequencies within
the striatum evolve throughout the course of HD will be
paramount. Recordings from the dorsal striatum in one study
of freely moving normal rats demonstrated LFPs in the 1-30 Hz
range with a relatively isolated peak at 50-55 Hz (Masimore et al.,
2004). Still, LFPs in HD patients have not been well characterized
(Estrada-Sanchez and Rebec, 2013). Once known, an attempt
to tune the local frequency with electrical stimulation (ES) to
regulate function may be possible.

In HD, re-entrainment of the striatum through ES of both
the direct and indirect pathway, may repair learning deficits or
reduce the rate of loss of existing habitual circuits. ES may also
be able to partially restore the energy imbalance by reducing
the hyper-excitable state, consequently preserving cortical inputs.
Interestingly, in some animal models of HD, the cortex assumes
a hyper-excitable state only after the disease has progressed. This
finding contrasts with the observations in MSNs but may mark
an identifiable time point for intervention (Cummings et al.,
2009).

Deep Brain Stimulation for HD

There are several reports describing the use of DBS in HD when
debilitating chorea predominates in the presence of atrophy and
structural changes. We must be cautious in the interpretation of
these studies based on the heterogeneity (Table 1). The target
most often selected was GPi and DBS was primarily offered to
control medically refractory chorea in most cases; although the
progression to hypokinesia later in the disease can sometimes
complicate interventions (Reiner, 2004). Although cognition was
either not addressed or mentioned only in brief, these studies
serve as a starting point for the next generation of DBS therapies
for HD.

In one of the earliest published reports, bilateral GPi
leads were implanted in a patient with pharmacologically-
refractory HD chorea (Moro et al., 2004). 40 Hz stimulation
improved the chorea and dystonia in this patient. The
effect was enhanced at higher frequencies (130 Hz) but this
exacerbated the bradykinesia, corroborating findings in other
studies. Positron Emission Tomography (PET) studies in this
patient also demonstrated increased cerebral blood flow in
the supplementary motor area, anterior cingulate cortex and
sensorimotor cortex with “ON” stimulation only. It is unclear
what, if any, cognitive gains may have been facilitated by DBS.
In the wake of the success treating this initial patient, others
followed, publishing their findings after bilateral GPi DBS for HD
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TABLE 1 | Summary of published deep brain stimulation reports for HD.

Target(s) N Ages(s) at surgery Approximate disease duration CAG repeat
(vears) prior to DBS (years) length(s)

Moro et al. (2004) GPi 1 43 8 -
Hebb et al. (2006) GPi 1 41 13 47
Biolsi et al. (2008) GPi 1 60 10 44
Fasano et al. (2008) GPi 1 72 17 -
Ligot et al. (2011) GPe 5 41-60 2-5 41-53
Kang et al. (2011) GPi 2 57 10 42

50 5 41
Groiss et al. (2011) GPi 1 65 - -
Spielberger et al. (2012) GPi 1 30 9 58
Cislaghi et al. (2013)* GPi 1 27 12 74
Huys et al. (2013) GPi 1 40 3 -
Velez-Lago et al. (2013) GPi 2 34 7 60

25 6 68
Gonzalez et al. (2014) GPi 7 30-78 3-8 40-50
Gruber et al. (2014) STN and GPi 1 41 9 49
Beste et al. (2014) GPe 2 57 - 42

32 53

“Westphal variant; (-) indicates data was not found or reported.

with mixed, but generally favorable, results (Hebb et al., 2006;
Spielberger et al., 2012).

Biolsi et al. described a patient with bilateral GPi DBS
implantation for chorea, which also had moderate subcortical
cognitive dysfunction at the time of surgery (Biolsi et al,
2008). Four vyears later, the cognitive dysfunction remained
stable and the patient was still able to perform complicated
motor tasks. DBS in this case reduced the chorea and may
have been neuroprotective, although his disease progression
had been noted to be slow even prior to DBS. In another
case, bilateral GPi DBS was performed which demonstrated
global progressive cognitive decline on serial testing. He, like
others, developed bradykinesia after DBS that prevented stable
ambulation (Fasano et al., 2008). In two other patients who
underwent bilateral GPi, chorea was improved at 2 years
but cognitive decline continued, suggesting DBS was unable
to halt progression of cognitive dysfunction (Kang et al,
2011).

Another report of two patients who underwent DBS of the
GPi as a palliative treatment for disabling motor symptoms
was recently published (Velez-Lago et al., 2013). In one patient,
for whom chorea was the predominate symptom, DBS reduced
a chorea subscore on the Unified HD Rating Scale. In the
second patient, DBS was offered as a treatment of generalized,
non-fixed dystonia. This failed to improve her dystonia, and
the devices were eventually turned off. Although GPi DBS is
a well-established treatment for primary generalized dystonia,
the dystonic symptoms in HD are unique and appear to
reflect the loss of direct pathway striatal neurons in advanced
disease.

In the largest published series to date, seven patients
with refractory chorea were treated with bilateral GPi DBS
between 2008 and 2010 (Gonzalez et al., 2014). Similar to
the other studies, chorea improved on average 60% at 1
year but a favorable improvement on the total motor score

was not observed (Gonzalez et al, 2014). Importantly, DBS
did not alleviate dystonia; while deactivation of stimulation
reactivated chorea, indicating that, as for other movement
disorders, the effects on motor symptoms depend on continuous
stimulation.

Gruber et al. implanted a patient using simultaneous STN
and GPi DBS in an attempt to recalibrate the direct and
indirect pathways. This strategy minimized the bradykinesia
observed following GPi stimulation alone (Gonzalez et al., 2014).
Not surprisingly, when STN was used alone, chorea was not
sustainably improved (Gruber et al., 2014).

Because of its role in error processing control, the GPe is
another potential target for DBS in patients with HD exhibiting
cognitive dysfunction. Error processing control, a measure of
negative feedback that updates a behavioral action in real
time, is believed to underlie early executive dysfunction in HD
(Smith et al, 2000). Temel et al. tested DBS of the globus
pallidus externus in a transgenic rat model of HD to evaluate
the effect on motor and cognitive function (Temel et al.,
2006). Cognitive function was measured by performance on
a choice reaction time test. Transgenic rats will prematurely
release a lever associated with a food reward compared to
controls. This indicates that transgenic rats are unable to
suppress the unwanted response. In both wild type rats and
transgenic rats, DBS improved performance on the choice
reaction time test relative to preoperative testing. Although the
number of animals tested was small, this study suggests DBS
restores unwanted response inhibition in the indirect pathway-
—a necessary precursor for executing learned behavior in the co-
activation model.

In part, based on these results, Ligot et al. proposed that
inhibitory stimulation of GPe would suppress thalamocortical
hyperactivity-induced hyperkinesia as well as influence
cognitive and behavioral symptoms (Ligot et al., 2011). To
study this effect, the investigators used PET imaging to

Frontiers in Systems Neuroscience | www.frontiersin.org

March 2015 | Volume 9 | Article 32


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

Nagel et al.

Deep brain stimulation in HD

SNc

Stimulation of the SNc¢
and related dopaminergic
bundles may activate the
reward system to enhance
learning.

Pe
Preliminary evidence
indicates GPe
stimulation will

influence cognition.

FIGURE 1 | Therapeutic targets for deep brain stimulation in HD.
The scale of the response could be modulated by using different
stimulation paradigms in addition to the location of the lead(s). For
example, increasing dopaminergic activity through SNc stimulation may
improve non-specific striatal processing that governs learning. Similarly,

Entrainment of striatal &
neurons with pulsed
DBS may facilitate

learning new tasks.

" THALAMUS

Low frequency thalamic
stimulation initiates
widespread neuronal
coherence to modulate
nested frequencies across
large scales, including
LFPs in the striatum.

GPi/SNr

GPi DBS reduces
chorea but has

limited influence
on other domains.

thalamic stimulation at low frequencies may modulate multiple nested
frequencies simultaneously to re-establish a normal frequency spectrum.
High frequency, triggered focal, pulsed stimulation of the striatum paired to
a specific task could augment learning of specific skills by boosting event
sequencing.

compare 15 control subjects with 5 HD patients implanted
with stimulation electrodes in GPe. In the resting state,
cortico-subcortical regional cerebral blood flow is reduced in
HD with the stimulator off. In keeping with the basal ganglia
thalamocortical circuit model, GPe stimulation modulated
connectivity and further reduced regional cerebral blood
flow in the basal ganglia, cortical structures and the default
mode network (Ligot et al, 2011). These findings lead to
the conclusion that stimulation of GPe may benefit patients
with HD. In a recently completed prospective pilot study,
intended to test both GPe and GPi stimulation using a
crossover design, DBS of GPe in two patients with HD
seemed to restore error processing control, although this
effect was washed out when the system was turned off
(Beste et al., 2014). Based on these studies and current
models of learning, it is our impression, that GPe DBS

warrants continued study as a potentially therapeutic target
in HD.

Deep Brain Stimulation for HD: Future
Directions

The effects of HD lead to cortical disassociation where new
behaviors and motor tasks are no longer acquired and existing
concatenations that subserve simple and complex skills are
decoupled. While the current results of DBS in HD patients may
seem disappointing at first, a great deal has been learned. Earlier
human studies are primarily aimed at evaluating safety of a novel
therapy. The current stage of knowledge seems to support that
GPi and GPe DBS may or may not improve motor symptoms
but, in general, effects of stimulation were not deleterious.
With safety largely established, new studies can be initiated
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including controlled trials. New therapies could be aimed at
realigning cortical and subcortical structures or reinforce existing
pathways, particularly when neural compensation is most
responsive (Papoutsi et al., 2014). Cognitive biomarkers that can
be detected during the prodromal stages and followed during
disease progression, such as working memory, psychomotor
speed, reaction to negative emotions, and executive functioning,
may be most promising (Dumas et al., 2013).

It is our opinion that DBS may hold promise in preserving
brain function in patients with HD to maintain independence
and reduce suffering. However, because the phenotypic
expression of HD is heterogeneous, DBS may only benefit a
select group of patients. Determining this subset is paramount
to the success of any intervention. Fortunately, recent large-
scale longitudinal studies (such as PREDICT-HD) that have
identified specific functional imaging signals indicating early
neuronal dysfunction in HD have exposed this window of
opportunity. Targeted ES, early in the course of disease may be
able to overcome limitations via several mechanisms including:
(1) regulation of dopamine homeostasis, (2) focal inhibition or
(3) activation of local brain regions, (4) task specific, triggered
closed-loop stimulation or (5) diffuse modulation of multiple
pathways with low frequency stimulation (Figure 1). Deciding
when to initiate a disease modifying therapy in HD is challenging.
Intervention in the prodromal stage exposes an individual to risk
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Alzheimer’s disease (AD) and vascular dementia (VaD) are the most common cause of
dementia. Cerebral ischemia is a major risk factor for development of dementia. '23|-FP-
CIT SPECT (DaTScan) is a complementary tool in the differential diagnoses of patients
with incomplete or uncertain Parkinsonism. Additional application of DaTScan enables
the categorization of Parkinsonian disease with dementia (PDD), and its differentiation
from pure AD, and may further contribute to change the therapeutic decision. The
aim of this study was to analyze the vascular contribution towards dementia and mild
cognitive impairment (MCI). We evaluated the utility of DaTScan for the early diagnosis of
dementia in patients with and without a clinical vascular component, and the association
between neuropsychological function, vascular component and dopaminergic function
on DaTScan. One-hundred and five patients with MCI or the initial phases of dementia
were studied prospectively. We developed an initial assessment using neurologic
examination, blood tests, cognitive function tests, structural neuroimaging and DaTScan.
The vascular component was later quantified in two ways: clinically, according to the
Framingham Risk Score (FRS) and by structural neuroimaging using Wahlund Scale Total
Score (WSTS). Early diagnosis of dementia was associated with an abnormal DaTScan.
A significant association was found between a high WSTS and an abnormal DaTScan
(0 < 0.01). Mixed AD was the group with the highest vascular component, followed by
the VaD group, while MCI and pure AD showed similar WSTS. No significant associations
were found between neuropsychological impairment and DaTScan independently of
associated vascular component. DaTScan seems to be a good tool to discriminate,
in a first clinical assessment, patients with MCI from those with established dementia.
There was bigger general vascular affectation observable in MRI or CT in patients with
abnormal dopaminergic uptake seen on DaTScan.

Keywords: dementia, mild cognitive impairment, Framingham risk score, '23I-FP-CIT SPECT
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Introduction

Dementia is a chronic brain syndrome which affects 35.6 million
people worldwide and this number is expected to triple by 2050
(115.4 million). Thus, it has an enormous impact on health care
provision currently costing the world more than US$ 604 billion
per year (Wimo et al., 2013).

The most frequent cause of dementia in the elderly is
Alzheimer’s disease (AD), followed by vascular dementia (VaD),
Parkinson disease with dementia (PDD) and Lewy Body
dementia (LBD). Together these account for over 90% of cases
of dementia in the elderly (Albanese et al., 2007).

Although they have distinct features, the different types of
dementia overlap clinically and pathologically, especially in the
early stages and particularly in regards to the contribution
of brain ischemia (Iadecola and Gorelick, 2003). Increasing
evidence demonstrates that ischemia is not only an additive cause
of brain damage in all types of dementia but also contributes
specifically to the underlying disease processes (Niwa et al.,
2002; Tadecola and Gorelick, 2003) Many cardiovascular risk
factors (CVREF), such as hypertension, diabetes, dyslipidemia,
and smoking increase the risk of AD, suggesting a vascular
contribution to the etiology of AD. Ischemia upregulates
and deregulates the entire amyloidogenic cascade. Within the
framework of the neurovascular unit, vascular dysfunction may
reduce the clearance of B-amyloid (AB) via the blood brain
barrier or indirectly increase Ap deposition. Amyloid deposition
is considered the pivotal event in the AD pathological cascade,
but whether the accumulation is accelerated by CVRF remains
unclear (Breteler, 2000; Purnell et al., 2009; Figure 1). The
evidence is stronger for VaD and AD, but there is a lack of
research into the potential contribution of ischemia to LBD
or PDD.

Other studies showed that most CVRF also increase the risk
for AD (Tatemichi et al., 1994; Tanimukai et al., 1998; Kalaria,
2012). In large epidemiological studies, the prevalence of AD
is reported to increase with the severity of atherosclerosis, the
presence of atrial fibrillation, hypertension, diabetes mellitus,
hyperinsulinemia and insulin resistance, and a previous stroke
(Skoog et al,, 1996; Leibson et al, 1997; Ott et al., 1997).
Antihypertensive treatments can prevent stroke and also the risk
of dementia (Soros et al.,, 2013). Further, abnormalities in the
cerebral white matter thought to be ischemic in nature are more
common in AD than controls, and its severity correlates with
mild cognitive impairment (MCI) progression to AD (Scheltens
et al., 1992; Eckerstrom et al., 2011).

The occurrence of both AD pathology and vascular brain
injury is very common, especially amongst the oldest of old
and can be classified as mixed AD. Although epidemiologic
studies report that vascular risk factors for arteriosclerosis
increase the risk of incident AD, both autopsy, MRI and amyloid
positron emission tomography (PET) studies indicate that AD
and vascular lesions contribute additively, but independently,
to the risk of dementia. The literature confirms the malignancy
of AD and highlights the adverse effects of microinfarcts on
cognitive function. For the clinical diagnosis of mixed AD,
the presence of AD can be recognized by neuropsychological

profile, structural imaging, cerebrospinal fluid biomarkers,
and glucose PET and amyloid PET imaging. The diagnosis
of mixed AD, however, still hinges predominantly on the
structural MRI findings (Chui and Ramirez-Gomez, 2015).
Studies on neuroimaging have reported that over 70% of
patients consulting for neurodegenerative disease have abnormal
MRI findings suggestive of a vascular component (Mills et al.,
2007). White matter hyperintensities (WMHs) on brain MRI
reflect cardiovascular risk profiles, and greater WMH volume is
associated with cerebral hypometabolism and cognitive decline,
particularly in tests of executive function (DeCarli et al,
1995; Jeerakathil et al., 2004; Carmichael et al., 2010). These
structural and cognitive changes were associated with CVRF.
The Framingham Stroke Risk Profile score, a composite risk
score of CVRF that measures 10-year probability of stroke,
was negatively associated with total cerebral brain volume and
positively related to prevalent WMHs. The association between
multiple CVRF was examined by a number of studies using
the Framingham Stroke Risk Profile. High Framingham scores
correlate with poor cognitive performance (Wolf et al., 1991;
Elias et al., 2004; Jeerakathil et al., 2004). These results confirm
that ischemia is a major risk factor for dementia. In fact,
10% of stroke patients develop dementia shortly after their
first stroke and more than a third develop dementia after
recurrent strokes. Subjects not developing dementia as a direct
consequence of a stroke have a 10-fold increase in the risk
of dementia over the next 5 years (Pendlebury and Rothwell,
2009).

Neuroimaging techniques play a major role as diagnostic
instruments (Visser et al, 2012). In particular, emission
tomography (single photon emission computed tomography,
SPECT and PET) provides a unique tool to investigate functional
and neurochemical changes, both in those with established
dementia and at risk of subsequent cognitive decline (de Souza
et al., 2012; Herholz, 2012).

AD is characterized by bilateral temporoparietal
hypoperfusion on SPECT and hypometabolism on PET,
which may precede the onset of clinical dementia. Similar
changes can be demonstrated in those with MCI and in those
genetically at risk of developing AD (Brun and Englund, 1986;
Vanitallie, 2013). In turn, VaD is related to multiple, asymmetric,
perfusion deficits secondary to brain multi infarction (Chen
et al., 2013).

In contrast, in LBD medial parietal and occipital perfusion
deficits are seen together with mainly pre-synaptic dopaminergic
changes, most commonly a reduction in the striatal pre-
synaptic dopamine transporter (DAT) which can be visualized
using appropriate tracers [e.g., '2*I-N-3-fluoropropyl-2beta-
carbomethoxy-3beta-4-iodophenyl ~ tropane  ('?*I-FP-CIT
SPECT); McKeith et al., 2005; Cummings et al., 2011].

Thus, advanced functional imaging has a promising potential
in supporting dementia diagnosis. Indeed, imaging of the DAT
defines integrity of the dopaminergic system, and hence its
degeneration in vivo (Varrone and Halldin, 2010). Its main
clinical application is in patients with mild, incomplete, or
uncertain Parkinsonism (Weng et al., 2004; Tolosa et al., 2007;
Eshuis et al., 2006). That is, striatal uptake correlating with
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FIGURE 1 | In VaD, cerebrovascular risk factors induce neurovascular
dysfunction leading to brain dysfunction and damage. In Alzheimer’s
disease (AD), cleavage of amyloid precursor protein by by - and y-secretases
leads to AB accumulation, which also causes brain dysfunction and damage.
Although individually these pathways are capable of inducing cognitive
impairment, their interaction enhances their pathogenic effects. Thus, A

induces vascular dysregulation and aggravates vascular insufficiency, thereby
enhancing the brain dysfunction and damage associated with vascular risk
factors. In addition, the hypoxia-ischemia resulting from the vascular
insufficiency increases Ap cleavage from APP and reduces A clearance
through the cerebral vasculature, promoting A accumulation and the attendant
deleterious effects on the brain (ladecola, 2010).

disease severity, in particular bradykinesia and rigidity. Also, it is
a useful tool in the monitoring of progression in clinical trials of
potential neuroprotective drugs and in differentiating juvenile-
onset Parkinson’s disease (abnormal 2*I-FP-CIT SPECT) from
dopa-responsive dystonia (normal '23I-FP-CIT SPECT; Marshall
and Grosset, 2003).

Dopamine loss is seen even in the earliest clinical
presentations of true Parkinsonism; a normal scan suggests
an alternative diagnosis such as essential tremor, drug-induced
Parkinsonism, or psychogenic Parkinsonism (Cummings et al.,
2011). Congruence between working clinical diagnosis and DAT
imaging increases over time in favor of baseline '2*I-FP-CIT
SPECT imaging results. Additional applications, especially
accurate when combining with other neuroimaging tools such
as FDG-PET, characterize dementia with Parkinsonian features
(Cummings et al.,, 2011; Garibotto et al., 2013). Furthermore, it
is possible to differentiate AD from LBD [normal tracer uptake
in AD and abnormal in dementia with Lewy bodies (DLB) with
sensitivity and specificity of 78 —88% and 94—100%, respectively;
McKeith et al., 2005].

Regarding the vascular component involved in dementia, the
role of nuclear medicine imaging in the diagnosis of vascular
Parkinsonism (VP) or VaD has been addressed by only a few
studies up to now and with non-definitive results. Some of these
suggest normal '2*I-FP-CIT SPECT (Gerschlager et al., 2002;
Lorberboym et al., 2004; Garcia Vicente et al., 2005) in VP while
others suggest reduced '>*I-FP-CIT binding as well as a lower
mean asymmetry index than Parkinson’s disease (Zijlmans et al.,

2007). In general more studies reported higher percentage of
normal FP-CIT SPECT in VP patients (Bouwmans et al., 2013).

The aim of this study was to analyze the vascular contribution
towards dementia and MCI. We evaluated the utility of FP-
CIT SPECT for the early diagnosis of dementia in patients with
and without a clinical vascular component, and the association
between neuropsychological function, vascular component and
dopaminergic function on FP-CIT SPECT.

Materials and Methods

Subjects

The study population included 105 patients. They were recruited
prospectively from the outpatient Dementia and Stroke Unit.
We included patients with clinical diagnosis of MCI (n = 50),
probable dementia (AD and VaD, n = 37), and Parkinson disease
with dementia (PDD and DLB, n = 18; Table 1).

TABLE 1 | Distribution of different diagnoses in our study group.

N Age Sex M:F
Mild cognitive impairment (MCI) 50 72+8 26:24
Alzheimer’s disease (AD) 31 6+7 12:19
Parkinson disease with dementia (PDD) 12 77 +6 10:2
Vascular dementia (VaD) 6 73+9 3:3
Lewy body dementia (LBD) 6 73 + 11 3:3

Data are presented as mean (£SD) or number.
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Dementia was diagnosed according to the Diagnostic and
Statistical Manual of Mental Disorders, fourth edition (DSM-
IV), and AD based on the criteria of the National Institute
of Neurological and Communicative Disorders and Stroke and
the Alzheimer’s Disease and Related Disorders Association for
definite, probable, or possible. Independently, two trained
neurologists made the diagnosis and the final diagnosis was
established by consensus. Patients with hemispheric vascular
accident or severe isolated aphasia were not included. Also,
patients with prior cranial trauma, severe heart, kidney or
liver disease, cancer or infection signs were excluded from our
study.

Baseline Assessment
Demographic and Clinical Variables and
Cardiovascular Risk Profile
Demographic data included age and gender. We also
recorded medical history including data such as CVRF and
psychiatric disorders. CVRF were extracted from the medical
history: hypertension, dyslipidemia, Diabetes Mellitus, smoke
habit, family history of dementia or cardiovascular disease,
presence of peripheral vascular disease (PVD), coronary artery
disease (CAD) or prior stroke. Cardiovascular risk score was
calculated using the recently developed Framingham General
Cardiovascular Disease Risk from the Framingham Heart
Study (Wolf et al., 1991; D’Agostino et al., 2008). Framingham
Risk Score (FRS) was estimated in all patients according to
age, gender, total cholesterol levels, HDL levels, systolic blood
pressure, hypertension treatment, smoking habit, diabetic
status, and vascular disease (CAD, PVD, stroke). Those patients
presenting moderate or high FRS were categorized as having a
clinical vascular component, while all the rest were considered as
not having it.

Data were provided by the patient and/or caregiver or
extracted from medical reports if available.

Physical Examination

Neurological clinical examination was performed. Assessments
were undertaken according to the local practice. The Mini-
Mental State Examination (MMSE) was administered as a
cognitive screening test. The effect of cognitive impairment on
global functioning was measured with the Clinical Dementia
Rating Scale (CDR) and the Global Deterioration Scale
(GDS). Instrumental activities of daily living (IADL) and
ADL functions were measured with the Blessed Dementia
Rating Scale (BDRS), the Bayer ADL or self-rating Bayer ADL
scale.

Motor sub-scale of the Unified Parkinson’s Disease Rating
(UPDRS- III) was used as a measure to help in the description
of the extrapyramidal symptoms (EPS). Neuropsychiatric
symptoms were measured with the Neuropsychiatric Inventory
(NPI) and depression rates on the elderly were measured with
the Yesavage scale.

Neuropsychological Battery
A standardized protocol was administered by a trained
neuropsychologist. We selected a short version of the Barcelona

test. The domains tested were orientation, attention, immediate
and differed memory, language, praxis, gnosis, executive
functions and working memory. Neuropsychologists were
also asked to give a GDS of the cognitive impairment
evaluated.

Complementary Physical Examinations

General blood tests were realized including lipid profile.
According to our laboratory criteria, lipid abnormal profile was
defined as cholesterol levels higher than 200 mg/dl, high density
lipoprotein cholesterol (HDL) lower than 56 mg/dL if men and
lower than 65 mg/dL if women, low density lipoprotein (LDL)
cholesterol higher than 100 mg/dl and triglycerides higher than
190 mg/dL.

Neuroimaging Study

In addition to the clinical vascular component defined
using FRS, the vascular contribution in each group of
patients was also quantified from WMHs on anatomic
neuroimaging.

MRI and CT imaging

MRI was used preferentially, if not available CT was used.
MRI was performed on a Symphony MR A-35 1.5 T scanner
and processed using MR 2004 A Syngo software. CT imaging
was performed on Siemens Sensation Somaton E scanner and
processed using the software CT 2007 -S 16 C. Axial CT
or T2 weighted MRI images were used for the quantification
of the vascular component using a validated score according
to Wahlund scale (from 0 to 3; Wahlund et al., 2001). The
Wahlund scale was used in the analyses of WMHs in five
cerebral areas in both hemispheres: frontal, parieto-occipital,
temporal lobes, infratentorial area and basal ganglia. WMHs
on MRI were defined as ill-defined hyperintensities >5 mm
on T2 images, and on CT as ill-defined and moderately
hypodense areas of >5 mm. Lacunes were described as well-
defined areas of >2 mm with attenuation (on CT) or signal
characteristics (on MRI) the same as cerebrospinal fluid. If
lesions with these characteristics were <2 mm, they were
considered perivascular spaces. Changes in the basal ganglia were
rated in the same way and considered WMHs even if located
in the gray matter nuclei, which contains a small amount of
white matter. The Total Score of the Wahlund Scale (WSTS) was
finally quantified as the mean value of the five cerebral areas
analyzed.

Molecular imaging of dopaminergic activity by >3 I-FP-
CIT SPECT

SPECT images were acquired on a 2 headed gamma camera
hybrid SPECT-TC Infinia HW4 General Electronic with a high
resolution collimator. Images were acquired 3 h after a single
intravenous injection of 5 mCi (111-185 MBq) of the radiotracer
1231 Toflupane. Subjects underwent standard thyroid blocking
with potassium iodide oral administration (120 mg) 1-4 h
before and 12-24 h after the radiotracer injection. Images were
assessed using a dichotomous division of normal (0) vs. lower
uptake (1).
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Statistical Analyses

Demographic parameters were expressed as absolute values
and percentages for the qualitative variables and by mean and
standard deviation for the quantitative variables.

In bivariate analysis, qualitative variables were compared
using the x> test or Fisher exact probability Test, when
appropriated. To complete the comparison between qualitative
and quantitative variables Student’s t-test was carried out.
For the mean comparisons ANOVA test was used. Finally,
Pearson correlation coefficients were used to examine the
relationship between quantitative variables. A two-sided P
value of <0.05 was used to assess statistical significance.
For significant variables, 95% confidence intervals (CI) were
established.

Statistical analyses were performed using the Statistical
Package for the Social Sciences SPSS 17.0 (SPSS Inc., Chicago,
IL, USA).

Ethical Considerations
This study was done in accordance with the Review Board and
Ethics Committee of our center. Written informed consent was
always obtained from patients.

Results

Subject Demographics

Subject’s  demographic  characteristics, =~ CVRF, results
of neurological, neuropsychological and neuroimaging

examination frequencies of MCI group compared to the
dementia group are shown in Table 2. In Table 3 the same
features are described as N(%) for each dementia type and
also MCI.

Vascular History and Risk Factors

Within clinically diagnosed AD, 7 out of 31 patients had vascular
lesions on imaging and were classified as mixed AD. However,
none of the CVRF studied was associated with dementia. Similar
frequencies of hypertension were seen in MCI and dementia
(62 vs. 66%, respectively). The same smoking habit frequency
was found in MCI compared to dementia (21%). Zero percent
smokers were found in the VaD group and the highest frequency
existed in DLB (40% smokers).

HDL levels were normal for all the different subtypes of
dementia except DLB and PDD, which presented with lower
levels (36 + 22 mg/dL and 47 £ 13 mg/dL, respectively).
Elevated LDL levels were found in AD (136 4= 48 mg/dL). Overall
dementia presented with general abnormal triglycerides levels
(171 £ 59 mg/dL).

Regarding the clinical component according to FRS, no
significant association was found with dementia compared to
MCI (frequencies of 64% and 63%, respectively). When studying
the different types of cognitive impairment separately, PDD
showed the highest frequency (92%) followed by VaD (67%),
MCI (63%), DLB (60%) and AD (53.6%).

Related to the presence of PVD this showed the highest
frequency within the VaD group (20%) and no significant
differences were observed between MCI (5%) and overall

TABLE 2 | Subject’s demographic characteristics, distributions of CVRF,
results of neurological, neuropsychological and neuroimaging
examination in MCI group compared to the dementia group.

N (%) MCI Dementia
Sex M:F 26 (52):24 (48) 29 (563):26 (47)
Age 72+8 75+8
Vascular component 14 (29) 14 (26)
EPS 0(0) 17 (31)
Hypertension 29 (62) 31 (66)
Dyslipidemia 16 (34) 17 (36)
Diabetes mellitus 12 (26) 15(32)
Smoking or ex-smoking 10 (21) 10 (21)
PVD 2 (5) 3(7)
CAD 4 (10) 6 (14)
Prior stroke 15 (37) 11 (26)
Total cholesterol 194 + 40 190 + 47
HDL cholesterol 50+ 18 51+ 21
LDL cholesterol 108 + 63 103 +£ 55
Triglycerides® 137 £ 100 171 £ 59
HACHINSKI 443 443
GDS fast 3+ 1 4+ 1
MMSE? 25+4 21+5
UPDRS-IIl motorsub-scale” 9+9 37 £15*
WSTS* 05+04 0.7+0.6
123|_FP-CIT SPECT decrease uptake® 7 (21) 14 (45)

Numbers and % are presented for each group. *p < 0.05; *This refers only to PDD
group.

dementia (7%). The dementia group presented with higher
frequency (14 vs. 10% in MCI) of CAD, and similar frequencies
were seen in AD, VaD, PDD (13, 20 and 22% respectively).
MCI patients had more prior strokes than dementia patients (37
vs. 26%). When ischemic lesions were examined according to
Hachinski ischemic scale, VaD had the highest score (6 £ 5 total
score).

Parkinsonism Features

The presence of extrapyramidal signs (EPS) was measured with
UPDRS III (motor subscale) test. In our sample, 17 patients
presented with EPS, corresponding to all patients with PDD and
DLB. UPDRS III scores were higher in PDD than in MCI (mean
values of 37 vs. 9 in a 0-108 scale).

Cognitive Test Function and Neuropsychological
Battery

Our population of probable dementia patients did not show
significant differences regarding MMSE scores among dementia
subtypes (mean MMSE score for probable dementia and MCI
was 21 and 25, respectively).

A significant association was found between dementia and the
global neuropsychological function, measured as a summary of
the different affected areas (p = 0.025).

When we analyzed each neuropsychological area separately,
patients with overall dementia (regardless of dementia subtype)
had a higher frequency of affectation of the orientation domain
compared to those with MCI (35% in MCI and 58% in dementia,
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TABLE 3 | Subject’s demographic characteristics, CVRF, results of neurological, neuropsychological and neuroimaging examination in different dementia

subtypes and in MCI patients.

N (%) AD VaD PDD LBD MCI
Vascular component 7 (23) 5(893) 2(17) 0 14 (28)
EPS 0 0 12 (100) 6 (100) 0(0)
Hypertension 18 (67) 4 (80) 8(80) 1(17) 29 (62)
Dyslipidaemia 9(33) 2 (40) 4 (40) 2(33) 16 (34)
Diabetes mellitus 6 (22) 2 (40) 4 (40) 3 (50) 12 (26)
Smoking or ex-smoker 6 (22) 0 2 (20) 2(39) 10 (21)
PVD 1) 1(20) 1(11) 0 2 (5)
CAD 3(13) 1(20) 2(22) 0 4 (10)
Prior stroke 5(21) 3(60) 2(22) 1(17) 15 (37)
Total cholesterol 205 + 49 165 £ 39 172 £ 34 186 + 62 194+ 4
HDL cholesterol 56 +£17 66 + 30 36 + 22 47 £ 14 50 +£18
LDL cholesterol 136 + 48 83 + 22 82 + 56 74 108 £ 63
Triglycerides 144 + 65 84 + 31 97 + 46 117 + 68 137 + 100
HACHINSKI 443 6+5 5+3 2+2 4+4
GDS fast 44+1 NA 4+1 NA 3+ 1
MMSE 22+5 22+6 19+£83 19+6 25+4
UPDRS-IIl motor sub-scale NA NA 38+17 33+4 9+9
WSTS 0.6+0.5 0.7+ 0.6 0.8+0.5 03+04 05+04
123|-FP-CIT SPECT lower uptake 3(23) 0(0) 7(78) 4 (80) 7 (21)

Numbers and percentage are presented.

p < 0.05). Speech was also more affected in dementia (16% in
MCI and 39% in dementia, p < 0.05) and gnosis alterations was
not found in MCI (0%) while 13% of patients with dementia
presented with gnosis alterations (p < 0.05). No significant
differences were found in relation to the other tested functions
(memory, working memory, attention, praxis).

Association Between Vascular Component and
WSTS

We used the WSTS to quantify the vascular lesions observed
either in MRI or CT and then studied their association with the
qualitatively established clinical vascular component.

An association was found between the presenting clinical
vascular component according to FRS and WSTS calculated
using MRI and CT images. Patients presenting with a clinical
vascular component showed a higher mean WSTS (mean WSTS
0.7 vs. 0.4, p < 0.05 respectively).

We also found significant association regarding frontal,
basal ganglia, infratentorial and Wahlund Scores with vascular
component according to FRS (p < 0.05).

Association Between WSTS and Clinical Diagnoses:
Mixed AD has Higher WSTS than Other Dementia
Types or MCI

One of our aims was to study the contribution of the clinical
vascular component towards brain damage and dementia.
Hence, after seeing association between clinical vascular
component according to FRS and WSTS, we wanted to look
at the association between having a high WSTS and the
clinical diagnoses of either dementia or MCI. Although not
being statistically significant, the highest mean WSTS was

found in the PDD group of patients. Moreover, when AD
patients with clinical vascular component (mixed AD, 7/31
patients) were separated from the pure AD they appeared
to have the highest WSTS. In contrary, pure AD showed
a lower WSTS, even lower than that observed in MCI
(Figure 2).

Association between area-specific 'WSTS and clinical
diagnosis was only found in infratentorial WSTS, which is linked
to PDD (p < 0.05).

Wahlund Scale Total Score (WSTS)
1,2

@ Mixed AD, 1,1

038 % PDD,0,8
@ vap, 0,7
06
@ Mmc, 05
04 @ Pure AD; 0,4
@ LBD,0,3

0,2

FIGURE 2 | Mean values of wahlund scale total score (WSTS)
measured on MRI/CT for each patient group. AD patients with clinical
vascular component (mixed AD) have the highest score, followed by VaD and
PDD. DLB showed the lowest score, while mild cognitive impairment (MCI)
and pure AD presented with comparable values.
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FIGURE 3 | Dopaminergic uptake distribution observed on 2%|-FP-CIT
SPECT for MCI and dementia group. 0257 *p<0,01
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Association Between Clinical Diagnoses and Uptake
in 123|-FP-CIT SPECT

123[_FP-CIT SPECT was available in 33 MCI and 31 dementia
patients (13/31 AD, 4/6 VaD, 9/12 PDD, 5/6 LBD, respectively),
a total of 61% of studied population. A significantly higher
frequency of decreased uptake in '2*I-FP-CIT SPECT was found
in patients with dementia compared to MCI (21% patients
with decreased uptake in MCI vs. 45% patients in dementia
group, p < 0.05; Figure 3; Table 2). As expected, patients with
Parkinsonism (DLB and PDD) showed the highest frequency of
decreased dopaminergic uptake (80% in DLB and 78% in PDDj;
Table 3).

Association Between WSTS and Dopaminergic
Uptake in 2*|-FP-CIT SPECT
A significant association was found between dopaminergic
uptake seen on *I-FP-CIT SPECT and the vascular component
quantified using WSTS (p < 0.01; Figure 4). Thus, patients
presenting higher WSTS more frequently showed an abnormal
1231 FP-CIT SPECT image (p < 0.01; Figure 5).

Nevertheless, no significant association was found between an
abnormal '2*I-FP CIT SPECT image and the vascular component
according to FRS.

No Association Between Dopaminergic Uptake
123]-FP-CIT SPECT nor WSTS and
Neuropsychological Function

In relation to the association between dopaminergic uptake
observed in '?*I-FP-CIT SPECT and the neuropsychological
function examined by an ordinary test battery. No
significant results have been obtained when studying each
neusopsychological function separately, and neither with the
overall performance on neuropsycological tests. No relationship
was found between neuropsychological function and the clinical
vascular component measured using WSTS.

Discussion

In this study we aimed to analyze the contribution of vascular
component (assessed clinically and on neuroimaging) to clinical
diagnoses of the common types of dementia and MCI. We
tested the potential application of '2*I-CIT-SPECT imaging

1231.Fp-CIT SPECT Uptake

FIGURE 4 | Association between WSTS and abnormal dopaminergic
uptake in '2%I-FP-CIT SPECT (p < 0.01).

FIGURE 5 | MRI and '2%I-FP-CIT SPECT Images from a representative
patient to show relation existing between abnormal MRI and uptake
on '22|-FP-CIT SPECT. (A) MRI T2-potentiated showing diffuse cerebral
atrophy with increased size and depth of cerebral grooves and ventricular
supratentorial enlargement. Multiple lacunar chronic infarctions, some of those
were hemeorrhagic in the lenticular and head of caudate nuclei. Chronic
periventricular ischemia leucoencephalopaty and focal hyperintensities in
parietal frontal and temporal bilateral white matter WSTS = 1.6.

(B) '23I-FP-CIT SPECT from the same subject showing detectable decreased
uptake in right putamen.

in dementia, particularly when the vascular component is
present. We looked at the association between having vascular
component and presenting an abnormal !ZI-CIT-SPECT.
Finally, we studied the association between neuropsychological
function and vascular component or abnormal '2*I-CIT-SPECT.
A better understanding of the association between these variables
could help providing new tools for a more accurate and early
diagnoses of common types of dementia.

Our results showed an association between clinical vascular
component according to FRS and quantification of the vascular
component using WSTS on MRI and CT images. These results
are in line with what would be expected and confirm the
reliability of the quantification of WMHs lesions using Wahlund
scale in our population (Wahlund et al, 2001). Further, it
confirms that it was a well selected population. The association
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between WMHs for each brain area separately was significantly
different in frontal, basal ganglia and infratentorial areas.
However, no association was found within the temporal area,
which actually would be the most likely, considering that
most frequent types of AD-like dementia are characterized by
temporo-parietal alterations (Fischer et al., 1990; Jabtonski et al.,
2011; Marchesi, 2011).

It was observed in previous studies that vascular lesions
contribute to cognitive decline. It was suggested that
cerebrovascular lesions induce amyloid deposition perhaps
accelerating the process of dementia (Garcia-Alloza et al., 2011;
Pluta et al., 2013). Although, we did not find a significant
association between the different clinical diagnoses of cognitive
impairment and WSTS, we have observed a notable frequency
of the vascular component on neuroimaging within the AD
group. The later group probably was formed by mixed AD
population. These findings confirmed the fact that vascular
accident history contributes to the etiology and/or progression
of dementia. Patients with mixed AD and PDD had a high
WSTS, even higher than in patients with VaD. Although
not being statistically significant, these results are in line
with the association between AD or PDD and WMHs. No
conclusions can be drawn related to overall dementia and MCI
WSTS.

In relation to the particular areas affected by ischemic lesions
and each diagnoses, we only found a significant association
relating to the infratentorial region in PDD. This could be
explained by the fact that in our PDD group there was a high
frequency of VP, as this group presented with a high mean
of WSTS (0.8 & 0.5) with 92% frequency of clinical vascular
component according to FRS. Further, the non-association
of VaD and any specific brain region could be due to a
diffuse pattern of this type of dementia, unusual low FRS
of this group and/or the few number of patients in this
group.

Furthermore, we evaluated the potential utility of 12*I-FP-CIT
SPECT as a diagnostic tool to discriminate dementia from MCI,
and differentiate among different dementia types, emphasizing
on dementia with a vascular component. Our study showed
that '**I-FP-CIT SPECT is a useful tool to discriminate MCI
from overall dementia subtypes. This is a promising observation,
since it is a major clinical priority to be able to more accurately
confirm dementia diagnoses and predict MCI progression.
However, in our study we could not demonstrate the utility of
1251_FP-CIT SPECT to discriminate among different dementia
types.

As expected, most of patients with PDD and all but
one of those with LBD showed an abnormal !2*I-FP-CIT
SPECT. Nevertheless, three patients with PD did not show an
abnormal '2I-FP-CIT SPECT, suggestive of possible iatrogenic
Parkinsonism. We hypothesized that patients with VaD could
show an abnormal !2’I-FP-CIT SPECT if ischemic lesions
affected directly or indirectly the dopaminergic control of
cortical-striatal circuits. This was not seen in our study
probably because of the small number of patients with
VaD (n = 6), none of which showed abnormal '>*I-FP-CIT
SPECT.

Once we had demonstrated the utility of 'ZI-FP-CIT
SPECT to differentiate dementia vs. MCI, we then studied the
association between abnormal '?*I-FP-CIT SPECT and presence
of the vascular component clinically assessed with the FRS
and quantified on neuroimaging using WSTS. An association
between the vascular component according to FRS and abnormal
I25_FP-CIT SPECT was not found, but the association between
dopaminergic function and WSTS was statistically significant.
Thus, our results showed that 12°1-FP-CIT SPECT discriminates
between vascular risk factors load and vascular component
quantified using WSTS and that neuroimaging of vascular lesions
is indeed important. Wahlund scale criteria thus being more
accurate in analysing the grade of vascular component observable
than classical FRS. It is interesting that WSTS, as a global brain
WDMHs score, rather than basal ganglia sub-score, is associated
with an abnormal '2*I-FP-CIT SPECT imaging. This suggests
that this technique can reflect vascular alterations other than
those affecting basal ganglia. The association observed between
abnormal '2*I-FP-CIT SPECT and the vascular component
quantified by WSTS could be justified because dementia patients
have a significantly higher frequency of abnormal **I-FP-
CIT SPECT, in particular, the PDD group seems to be the
responsible for this finding. PDD and LBD had the highest
frequency of abnormal 2*I-FP-CIT SPECT and PDD showed
the second highest WSTS after mixed AD. Moreover, AD
showed a high vascular contribution (high mean WSTS) and
the frequency of abnormal '2I-FP-CIT SPECT was higher
(23%) than expected according to previous reports that confirm
the utility of 12*I-FP-CIT SPECT in the differentiation of
PDD/LBD from AD (O’Brien et al., 2009; Cummings et al.,
2011). Some studies reported that approximately 5-10% of
1231.FP-CIT SPECT in patients with clinical dementia showed
intermediate scans. Thus, abnormal images within AD group
may represent mixed LBD/AD disease (Kemp and Holmes,
2007).

In conclusion, our study supports the utility of '23I-FP-
CIT SPECT to detect abnormal dopaminergic function in those
patients that showed a high WSTS corresponding to a high grade
of generalized ischemic brain lesions. This decrease uptake could
be due to the loss of dopaminergic innervation in the striatum
as a consequence of ischemia or the alteration of dopaminergic
system because of abnormal cell functionality, characteristic of
oxidative stress that could precede cell death in dementia or MCI
(Kim et al., 2012).

There is growing evidence demonstrating that the vascular
component has an active role in dementia mechanisms and its
progress and is probably involved in most dementia subtypes
which share similar physiopathological features (Iadecola and
Gorelick, 2003). Therefore, it is not surprising that an abnormal
I231.FP-CIT SPECT is associated with cerebrovascular lesions
related to dementia, but cannot differentiate among dementia
subtypes that have an important vascular component, such as
mixed AD, VaD or VP.

It is known that '2I-FP-CIT SPECT is useful to discriminate
AD from PDD/LBD, and hence to distinguish patients in
whom dopaminergic therapy may be beneficial (Varrone and
Halldin, 2010; Cummings et al., 2011). Therefore, an abnormal
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scan suggests underlying neurodegeneration, supportive of a
diagnosis of Parkinson’s disease, or atypical parkinsonism, LBD
and even VP if the nigrostriatal system is affected. Conversely, a
normal dopaminergic imaging supports an alternative diagnosis
such as AD, essential tremor or iatrogenic parkinsonism. In our
study, we demonstrated that '2*I-FP-CIT SPECT could be also
useful to confirm diagnosis of dementia among those patients
with MCL

Recent studies have demonstrated a 6-8% decline of DAT per
decade (Erixon-Lindroth et al., 2005), suggesting DAT binding
is a powerful mediator of age-related cognitive changes. These
findings should be taken under consideration when designing
and interpreting in vivo imaging studies.

Finally, this study did not find a significant association
between neuropsychological function and abnormal 23I-FP-
CIT SPECT nor high WSTS. This suggests that neither
measurement of vascular component score nor the functionality
of dopaminergic system can detect degree of cognitive decline in
our sample.

Limitations
It is important to note that patients with VaD in our sample
had lower FRS scores than expected; the distribution of CVRF
was low and they did not appear to have the highest WSTS-
being lower than those observed in AD, where cholesterol levels
seemed to be a risk factor to develop AD. This fact could be
due to the small number of patients in our sample, especially in
the VaD group. Another limitation of our study was the use of
clinical diagnosis as the gold standard, which may not always be
accurate.

Further studies are needed to better elucidate the potential
role of dopaminergic transporter imaging on detecting vascular
brain damage and its association with clinical dementia.
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As the title of the special issue indicates,
controversy surrounds augmentation of
brain cognition in humans. Lacking effica-
cious drugs for Alzheimer’s disease (AD)
and with many AD patients recruited for
clinical trials that unfortunately do not
provide the expected results, one wonders
whether to test cognition enhancement
strategies in individuals without symp-
toms of cognition decline. This opin-
ion article presents the view that safe
drugs and or dietary supplements should
be tested worldwide in aged individu-
als under the control of a non-for-profit
organization.

Unfortunately, the effort to translate
the results in rodents into patients with
dementia, mainly of the Alzheimer’s type
has not provided the expected results.
The reasons for the loss-in-translation are
varied (see Franco and Cedazo-Minguez,
2014). Moreover, failures on achieving effi-
cacious anti-AD medications and the high
cost of performing clinical trials make
pharmaceutical companies to abandon
the dementia field (see http://www.abc.
net.au/pm/content/2012/s3611062.htm).
Clinical trials face the difficulty of patient
recruitment and the need—due to ethical
reasons- to maintain the already approved
anti-AD medication. It is difficult to attain
the primary outcomes in AD patients
under a multi-drug treatment regime.
An alternative approach consists of test-
ing cognition enhancement in individuals
not taking anti-AD medication, even in
those without any clinical symptom of
dementia.

A controversy concerning supplements
of vitamin D in individuals with little or
no clinically-relevant symptoms attracted

enough interest to allocate one discussion
session in the 15th European Congress
of Endocrinology held in Copenhagen in
2013. A similar controversy on testos-
terone supplementation exists among
endocrinologists and nutritionists. Solid
reasons emerge for and against the con-
venience of those supplementations; yet
these compounds are easily available. On
analyzing the benefit-risk balance, the
main concern is the side effects that may
appear after chronic treatment with vita-
min D or testosterone. A similar concern
arises on thinking about the possibility
to prescribe cognition enhancers under
a chronically regime. Research in animal
models clearly indicates that cognition
enhancement is possible. Should drugs
with cognition-enhancing potential in
mice models of dementia be tested in
healthy humans? I consider, for instance,
that safe drugs deserve a chance to be
tested in aged non-demented humans.
Relevant for the present discussion is
that drugs may be prescribed to indi-
viduals without any clinical symptom.
Statins, which are inhibitors of 3-hydroxy-
3-methylglutaryl coenzyme A reductase,
are instrumental for the prevention of
cardiovascular dysfunction in hyperc-
holesterolemic patients. Statins are taken
in familial hypercholesterolemia at rela-
tively high doses, chronically and from
very early in life. Statins are safe as deduced
from the records of millions of patients
taken the medication since 1985, when
the first statin was available for human
use. Statin development was on the verge
to be abandoned due to potential side
effects of blood lipid-lowering drugs.
An important pharmaceutical company

took the decision of discontinuing statin
development. Relevant here is that the
“FDA—food and drug administration—
became actively involved in maintaining
interest in the development of the statins.”
Also relevant is that “there was no proof
at that time—early eighties—that drugs
or diet used to lower cholesterol would
be the clinical equivalent of patients with
spontaneously occurring low cholesterol,”
meaning that statins were being devel-
oped without the certainty that lowering
cholesterol by statins could be effica-
cious in combating atherosclerosis. The
full drug development story is avail-
able at http://www.fda.gov/AboutFDA/
WhatWeDo/History/ProductRegulation/Se
lectionsFromFDLIUpdateSeriesonFDAHis
tory/ucm082054.htm. In summary, safe
and efficacious statins are prescribed even
in the absence of clinical symptoms.
Interestingly, some compounds
approved for non-CNS indications have
shown cognition enhancing properties in
animal models of AD. As scientist in a
laboratory on translational AD research I
had experience on two drugs with good
safety records: 4-phenylbutyrate (PBA)
and tadalafil. The first is used in children
with thalassemia, sickle-cell disease or
congenital defects in enzymes of the urea
cycle (Dover et al., 1994; Collins et al.,
1995; Maestri et al., 1996). The second is
one of the phosphodiesterase V inhibitors
prescribed in erectile dysfunction (Boolell
et al., 1996a,b) and pulmonary hyperten-
sion (Prasad et al., 2000; Weimann et al.,
2000; Ghofrani et al., 2004; Kukreja et al.,
2004; Affuso et al., 2006). Two are the
mechanisms underlying the cognition-
enhancing effects of PBA in mouse models
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of AD (reviewed in Cuadrado-Tejedor
etal, 2011a, 2013). On the one hand, PBA
is a chemical chaperone that may help in
preventing the formation of protein aggre-
gates. On the other hand, PBA is a histone
deacetylase inhibitor that enhances the
transcription of genes involved in memory
processes. Inhibition of phosphodiesterase
V is effective in AD models by increas-
ing the concentration of cGMP that in
turn enhances the neural mechanisms
of defense against tau hyperphospho-
rylation and Af aggregation (Rutten
et al., 2007; Puzzo et al., 2009; Cuadrado-
Tejedor et al., 2011b, 2013; Zhang et al.,
2013; Garcia-Barroso et al., 2013, 2014).
Importantly, whereas acute treatment
did not affect cognitive performance in
healthy individuals (Reneerkens et al.,
2013), a double-blind placebo-controlled
study in patients with erectile dysfunc-
tion showed cognitive enhancement of
a chronically administered phosphodi-
esterase inhibitor (Shim et al., 2014). Even
in a chronic regime phosphodiesterase V
inhibitors are safe (Montorsi et al., 2004;
Giuliano et al., 2010; www.fda.gov/drugs/
drugsafety/ucm390876.htm). To bridge
the gap of successful “anti-AD” therapies
in mice that do not reach humans (see
Franco and Cedazo-Minguez, 2014), safe
drugs could, in my opinion, be the first to
test.

I consider that a non-for-profit organi-
zation such as the US FDA may take the
lead to select 3—4 safe drugs, a couple of
dietary supplements and a placebo, and
design a longitudinal study that should
start in late middle-aged healthy individ-
vals with a lifelong follow-up. Such a
study will take long to give results, but
they would be quite robust and of bet-
ter quality as time passes. In summary my
opinion is that cognitive enhancers in the
form of safe drugs and safe dietary sup-
plements (vitamin C for instance') should
be tested already in individuals without
clinical symptoms of dementia. Less infor-
mative but easier to implement would
be to follow the age-dependent cognitive
decay in patients taking already chronic
medication for non-CNS indications that
has shown (in mice) cognitive enhancing

' A recent report shows positive results of vitamin C in
both wild type and the APP/PSEN1 animal model of
AD (Kennard and Harrison, 2014).

potential. Such studies would benefit of
the most recent criteria of dementia/AD
diagnosis, of novel behavioral tests and
of novel biomarkers of preclinical phases
of AD (Jack et al., 2011; Sperling et al.,
2011). Likely, the results would indi-
cate the potential of the assayed drugs
for improving cognition and/or delaying
onset of dementia, and the convenience or,
otherwise, the inconvenience of starting
medication in apparently healthy individ-
uals. Even individuals not entering into
dementia might benefit from reducing the
cognitive decline due to aging.
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Alzheimer’s disease (AD) is an age-
related neurodegenerative disorder char-
acterized by global cognitive decline,
with predominant impairments arising
in attention and memory (Perry and
Hodges, 1999). It is the sixth largest
cause of death, and currently there is
no way to prevent, cure, or even slow
the progression (Klafki et al., 2006;
Alzheimer’s Association, 2014). Although
there is a widespread decline in vari-
ous neurotransmitter-containing cell bod-
ies and axonal terminals in AD, the most
consistent losses are seen in the basal
forebrain (BF) cholinergic neurons and
its projections (Mesulam, 2004; Schliebs
and Arendt, 2011). Because of the docu-
mented role of the BF cholinergic system
in learning and memory, the “choliner-
gic hypothesis” of AD was established
(Bartus et al., 1982) and has been the
primary directive for drug development
and treatment in AD for almost three
decades. While cholinomimetic drugs such
as acetylcholinesterase (AChE) inhibitors,
which elevate extracellular levels of the
neurotransmitter acetylcholine (ACh), are
the viable treatment option for AD and
provide moderate alleviation to cogni-
tive impairment, the magnitude of cog-
nitive improvements with these drugs
has remained limited (McGleenon et al.,
1999; Raina et al., 2008). Additionally,
these drugs are not successful in halt-
ing the progression of AD. Furthermore,
the evidence that non-specific block-
ade of either muscarinic or nicotinic
ACh receptors (mAChRs and nAChRs)

alone produce dementia-like symptoms
has remained inconsistent (Little et al.,
1998; Erskine et al., 2004; Roegge and
Levin, 2006). These issues have raised
questions concerning the validity of the
cholinergic hypothesis and whether the
development of procholinergic therapies
as cognition enhancers should be con-
sidered for AD. Here we argue that
psychopharmacological approaches tar-
geting the cholinergic system are based on
previous conceptualizations of ACh regu-
lating arousal states. We urge that emerg-
ing views from recent studies that refine
our understanding of the cholinergic
mediation of specific cognitive processes,
and how cholinergic mechanisms inter-
act with other pathological markers during
the progression of AD, should be consid-
ered while designing procholinergic thera-
pies. This discussion will also focus on the
development of new drug candidates such
as cholinergic receptor subtype-specific
agonists, choline transporter (CHT) mod-
ulators and neurotrophin-based therapeu-
tics to normalize cholinergic function in
AD. Additionally, the need to combine
multiple therapeutic approaches to slow
AD progression and maximize cognitive
benefits will be emphasized.

BF cholinergic neurons located in
the medial septum, vertical and hor-
izontal band of Broca, and nucleus
basalis/substantia innominata complex
innervate the cortical mantle, as well as
the hippocampus. Traditionally, the BF
cholinergic system was described as a dif-
fusely organized neuromodulator system

that influences information processing
throughout the cortex and hippocampus
in the awake brain and during REM sleep
(Woolf, 1991). There are a plethora of neu-
rophysiological studies that demonstrated
that pairing BF stimulation with the stim-
ulation of thalamic afferents enhanced
the processing of sensory inputs, while
the loss of cortical cholinergic inputs or
administration of m/nAChR antagonists
abolished this effect (Sarter et al., 2005).
Additionally, a considerable amount of
evidence generated from psychopharma-
cological and lesion studies indicated that
the BF cholinergic system supports atten-
tional functions, working memory, and
memory consolidation (Furey et al., 2000;
Power et al., 2003; Sarter et al., 2003).
Furthermore, microdialysis studies illus-
trated performance-associated changes in
ACh release in the cortex and hippocam-
pus of rodents performing attention or
memory tasks (Himmelheber et al., 2000;
Mclntyre et al., 2002). Together, these data
suggested that the BF cholinergic system
contributes to attention, learning, and
mnemonic processes by generally induc-
ing a state of arousal and elevating sensory
processing by increasing the signal to noise
ratio. Therefore, sustaining extracellular
ACh release by terminating its highly effi-
cient degradation process via AChE was
considered a valid approach to restore
cognitive function in AD.

AChE inhibitors have been in clinical
practice to treat the cognitive symptoma-
tology of mild to moderate AD for almost
two decades. Tacrine was the first approved
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AChE inhibitor for AD. However, due to
a faster half-life and potential to pro-
duce adverse effects, specifically liver tox-
icity, it was replaced by newer AChE
inhibitors such as donepezil, galantamine
and rivastigmine (Knapp et al., 1994;
Ma et al., 2003; Di Santo et al., 2013).
Although AChE inhibitors have been
shown to improve cognitive, specifically
attentional, functions in AD subjects
(Foldi et al., 2005), these improvements
are ultimately inadequate and new pro-
cholinergic approaches are needed (Raina
et al., 2008; Pepeu and Giovannini, 2009).
One possible explanation for limited ther-
apeutic efficacy of AChE inhibitors might
be that besides stimulating the postsy-
naptic cholinergic receptors, higher levels
of baseline ACh levels at the choliner-
gic synapses may also stimulate presy-
naptic autoreceptors, such as muscarinic
M2 receptors, which may shut down the
recruitment of cholinergic inputs during
information processing (Decossas et al.,
2005). Furthermore, the behavioral con-
sequences of sustained postsynaptic m/n
AChR activation remain unknown. The
uncoupling of presynaptic from postsy-
naptic cholinergic signaling is hypothe-
sized to have profound effects on the
neuromodulation of local and efferent
circuitry limiting cognitive enhancement
(Hasselmo and Sarter, 2011).
Advancements in understanding the
multi-temporal modes of cholinergic
transmission offer insight into develop-
ing drug treatments centered on cognition
enhancement. The recent evolution of a
biosensor-based electrochemical approach
for monitoring cholinergic transmission in
real time generated evidence that precisely
orchestrated and temporally restricted
changes in ACh release mediated specific
cognitive operations. In task-performing
animals, phasic (rapid; on a sub-second to
second time scale) increases in choliner-
gic transmission in the prefrontal cortex
mediated the detection of attention-
demanding cues by switching perceptual
processing of the cue to cue-evoked acti-
vation of response rules (Parikh et al.,
2007; Howe et al., 2013). Such transient
increases in behavior-evoked ACh release
were not observed in the motor cortex,
which was used as a neocortical control
region. Moreover, performance-related
tonic (slower; on the time scale of minutes)

increases in ACh release, which occurred
cortex-wide, fostered and maintained gen-
eral readiness for input processing, and
facilitated signal-driven processes required
for learning and maintaining attention.
The pattern of tonic changes in cholinergic
transmission resembled performance-
related cortical ACh release measured
using microdialysis (Parikh and Sarter,
2008). These temporally-dissociated char-
acteristics of ACh release patterns are also
supported by the electrophysiological evi-
dence demonstrating burst firing and
tonic discharges of BF cholinergic neu-
rons (Unal et al., 2012). Collectively, these
studies led to a major revision of our view
on ACh that was previously considered as
a slowly releasing modulator of arousal
augmenting the gain function of neurons,
to now, as a neurotransmitter that encodes
distinct cognitive operations. This view
emphasizes a need to focus on designing
cholinergic therapies targeting the phasic
component of cholinergic transmission
that is critical for signal detection.
Harnessing this updated view of cholin-
ergic transmission, specific ligands that
activate a4p2 nAChRs may exert procog-
nitive effects by amplifying cholinergic
transients in AD subjects. Cortical cholin-
ergic transients are generated based on
local glutamatergic-cholinergic interac-
tions (Sarter et al., 2009). Stimulus-driven
recruitment of thalamocortical inputs
increases glutamate release, which acti-
vates ionotropic glutamate receptors on
cholinergic terminals and evokes phasic
ACh release. These cholinergic transients
foster detection of signals in attentional
contexts, presumably by producing persis-
tent spiking activity on cortical pyramidal
neurons through postsynaptic mAChRs
(Haj-Dahmane and Andrade, 1998).
Activation of the high-affinity o4f2
nAChRs residing on thalamocortical
afferents also produces phasic increases
in cholinergic activity via similar gluta-
matergic mechanisms (Parikh et al., 2008,
2010). A similar conceptual framework is
applied to septo-hippocampal cholinergic
circuits for encoding of episodic memories
(Hasselmo and Sarter, 2011). Thus, a4p2
nAChRs represent a valid biological target
to develop procognitive drugs that act by
facilitating phasic cholinergic signaling.
Another strategy would be to target
cellular mechanisms that are involved in

ACh production in cholinergic synapses
and are critical to maintaining cholinergic
transmission under conditions of higher
cognitive load. The capacity to import
choline into the presynaptic terminals via
the high-affinity CHTs dictates the rate
of ACh synthesis and release (Ferguson
and Blakely, 2004; Sarter and Parikh,
2005). The mobilization of the intracellu-
lar pools of CHTs to the surface membrane
(CHT trafficking) increases during atten-
tional performance to maintain choliner-
gic transmission (Apparsundaram et al,
2005). Therefore, aberrations in CHT traf-
ficking may influence phasic ACh release
and attentional functions. In a recent
study, we found that the capacity to gen-
erate cholinergic transients following sus-
tained BF stimulation declined in CHT
heterozygous mice (Parikh et al., 2013b).
Moreover, these mutants displayed atten-
tional impairments and disrupted traffick-
ing of subcellular CHTs. These interesting
results point toward an important role of
CHT function in sustaining phasic cholin-
ergic signaling to maintain cognitive func-
tions. Given the evidence that high-affinity
choline uptake declines in AD (Rodriguez-
Puertas et al., 1994), future research on
developing drugs that activate CHT func-
tion or increase the subcellular trafficking
of CHTs holds promise to be a potential
treatment for restoring cognitive deficits
in AD.

An additional approach to develop-
ing procognitive therapies is targeting
the interaction between BF choliner-
gic neurons, via n/m AChRs, and AD
biomarkers. Among the neuropathological
features of AD, the deposition of fibrillo-
genic B amyloid (AB) plaques and accu-
mulation of intracellular neurofibrillary
tangles containing hyperphosphorylated
microtubule-associated protein tau are the
two major hallmarks. Studies involving
transgenic mice harboring mutations in
AD-associated genes including amyloid
precursor protein (APP), presenilin-1 and
tau, have provided insights into possi-
ble reciprocal interactions between cholin-
ergic markers and amyloidosis/tauopathy
(Christensen et al., 2010; Perez et al,,
2011). While it remains debated whether
the cholinergic pathology is the primary
cause or a consequence of AD, efforts
to understand the relationship between
cholinergic signaling and pathological
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substrates of AD are critical to under-
standing the etiology of AD. The interac-
tions between AP and a7 nAChRs have
remained complex. For example, the loss
of a7 nAChRs produced cognitive decline
and accumulation of soluble oligomeric
forms of AP in 5-month old transgenic
mice harboring the mutation for APP
gene (Hernandez et al., 2010). Conversely,
the activation of a7 nAChR with Af was
shown to produce tau phosphorylation
(Hu et al., 2008), and the deletion of this
receptor gene improved memory impair-
ments, reduced gliosis and preserved long-
term potentiation in aged mice modeling
the key pathological features of AD
(Dziewczapolski et al., 2009). These data
present a scenario where a7 nAChR ago-
nists represent a potential strategy for con-
trolling cognitive deficits in early AD that
mostly result from synaptotoxic effects of
AP oligomers, while blocking a7 nAChR
function could alleviate cognitive symp-
toms during advanced stages of AD mostly
associated with AP plaque and neurofibril-
lary tangles.

There is some evidence that mAChRs
regulate APP processing. Specifically, the
loss of M1mAChRs has been shown
to activate amyloidogenic processing of
APP and greater accumulation of amy-
loid plaques in APP transgenic mice (Davis
et al., 2010). Since M1 mAChRs are pre-
dominantly expressed in the cortex and
hippocampus and play a major role in
attention and memory (Soma et al., 2014),
targeting these receptors as a therapeutic
candidate for AD holds promise in com-
pensating for cholinergic hypofunction
while controlling AB. Currently efforts to
develop positive allosteric modulators for
M1 mAChRs as potential treatment for AD
are ongoing.

Besides the role of AP and tau, oxidative
stress and inflammation have also been
considered to account for neurotoxicity
in AD. It is important to note that some
of the modest cognitive benefits of AChE
inhibitors (above) have been actually
ascribed to their anti-inflammatory prop-
erties, which involve inhibition of cytokine
production and antioxidant effects (Chao,
2003; Tabet, 2006). Although a direct link
between central cholinergic mechanisms
and inflammatory processes is still lacking,
more research in this area may provide
new avenues to design procholinergic

therapies for mitigating inflammation
in AD.

The most significant obstacle in bol-
stering cholinergic and cognitive function
in AD is the progressive loss of cholin-
ergic innervation and neurons (Schliebs
and Arendt, 2011). This has spurred drug
discovery efforts to focus on develop-
ing neuroprotective therapies to preserve
cholinergic function in AD. Nerve growth
factor (NGF) is the primary neurotrophic
factor supporting the growth, mainte-
nance, and survival of BF cholinergic
neurons by binding to the high-affinity
tropomyosin-related kinase A (trkA)
receptor (Fagan et al., 1997). Moreover,
activation of p75 NGF receptors is known
to exert detrimental effects on neurons
by triggering apoptotic pathways (Chao,
2003). Postmortem studies have sup-
ported the notion that the loss of trkA
receptors, and presumably the imbal-
ance between trkA and p75 signaling,
contributes to cholinergic dysfunction in
AD (Mufson et al., 2008). We previously
demonstrated that selective reduction of
trkA receptors on BF cholinergic neurons
produces persistent attentional impair-
ments and decline in phasic cholinergic
signaling in aged but not young rats
(Parikh et al., 2013a). Moreover cholin-
ergic dysfunction in trkA-suppressed
aged rats occurred due to age-related
accumulation of proNGF and overacti-
vation of proNGF-p75 signaling (Yegla
and Parikh, 2014). We also found that Af
oligomers produced robust impairments
in presynaptic cholinergic signaling and
attentional capacities in aged rats (Parikh
et al., 2014). Because AP oligomers are
known to interact with the extracellu-
lar domain of p75 and produce neuritic
degeneration in neuronal culture prepared
from BF cholinergic neurons (Knowles
et al., 2009), oligomeric AB-induced dys-
function of cholinergic synapses may be
linked to p75 activation. Collectively, these
findings support the view that interac-
tions between aging/pathological aging
and neurotrophic signaling escalate the
vulnerability of the BF cholinergic system
and neurotrophin-based therapies may
have potential to rescue the loss of this
neurotransmitter system in AD. Therefore,
neuroprotective strategies that provide
trophic support to cholinergic neurons or
that restore trkA/p75 balance may offer

advantage over the current drugs to halt
cognitive deterioration in AD.

Recent research confirms that the era
of developing a “magic bullet” to fos-
ter cognition enhancement in AD is over.
Therefore, we need to consider devising
strategies that focus on a more integrated
or holistic therapeutic approach to pre-
serve cholinergic function and halt cog-
nitive deterioration in AD. In an ideal
scenario, a combination of drugs that aug-
ment phasic cholinergic signaling, block
the interactions between the pathological
markers of AD and the cholinergic pro-
teome, and activate neurotrophic signaling
will maximize cognitive benefits.
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Autism Spectrum Disorders (ASD) are associated with physiological abnormalities, which
are likely to contribute to the core symptoms of the condition. Wearable technologies
can provide data in a semi-naturalistic setting, overcoming the limitations given by the
constrained situations in which physiological signals are usually acquired. In this study
an integrated system based on wearable technologies for the acquisition and analysis
of neurophysiological and autonomic parameters during treatment is proposed and
an application on five children with ASD is presented. Signals were acquired during a
therapeutic session based on an imitation protocol in ASD children. Data were analyzed
with the aim of extracting quantitative EEG (QEEG) features from EEG signals as well
as heart rate and heart rate variability (HRV) from ECG. The system allowed evidencing
changes in neurophysiological and autonomic response from the state of disengagement
to the state of engagement of the children, evidencing a cognitive involvement in the
children in the tasks proposed. The high grade of acceptability of the monitoring platform
is promising for further development and implementation of the tool. In particular if the
results of this feasibility study would be confirmed in a larger sample of subjects, the
system proposed could be adopted in more naturalistic paradigms that allow real world
stimuli to be incorporated into EEG/psychophysiological studies for the monitoring of
the effect of the treatment and for the implementation of more individualized therapeutic
programs.

Keywords: Autism Spectrum Disorders (ASD), quantitative EEG (QEEG), electrocardiogram (ECG), wearable
sensors, monitoring, naturalistic, personalization, imitation
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Wearable Technologies for Monitoring Autism

INTRODUCTION

Recent advances in neuroimaging and other less-invasive
neurophysiological monitoring systems allow researchers to
explore the relationship between neurophysiological signals,
neurodevelopmental disorders and behavioral changes. In
particular, atypical patterns of brain activity and connectivity
have been documented in children with Autism Spectrum
Disorders (ASD) and are the basis of impaired and atypical
behaviors (Belmonte et al., 2004; Geschwind and Levitt, 2007;
Coben et al., 2008; Cantor and Chabot, 2009).

Electroencephalography (EEG) is a non-invasive technique
able to identify dysfunction in various brain regions in autistic
individuals. EEG measurements can be investigated in the
frequency domain, and it has been convincingly demonstrated
that assessing specific frequencies can yield insights into the
functional correlations between brain regions. The EEG patterns
analysis in the frequency domain is known as Quantitative
EEG (QEEG). Commonly QEEG has been used to capture
electrical patterns at the scalp surface, which primarily reflect
cortical electrical activity or “brainwaves” (Tong and Thakor,
2009). Recently, several studies have used QEEG as a tool for
neurophysiological assessment of children with ASD during
resting state condition or specific tasks (for a review see Billeci
et al, 2013). Interestingly, QEEG measurements can provide
a mean to establish treatment efficacy (Dawson et al., 2012).
According to the above-mentioned evidence, QEEG provides
sufficient sensitivity and specificity to be worthy of consideration
for use in the diagnosis, treatment and outcome evaluation of
neurodevelopmental disorders.

ASD are also characterized by altered autonomic function,
which plays an important role in the regulation of behaviors
during social interaction. Physiological parameters and vital signs
including heart rate, systolic and diastolic pressure, pulse rate,
skin conductance, body temperature, and fingertip temperature
can be used as cues of autonomic functions. In particular, heart
rate variability (HRV) is a well-recognized method to assess the
cardiac autonomic balance of the autonomic nervous system
(Goldberger, 1999; Friedman, 2007). Although a few parameters,
such as the HRYV; are influenced by physical activity, nevertheless
they have been increasingly used to measure the activity of
the autonomic nervous system and to study neurophysiological
responses in naturalistic settings (Goodwin et al., 2006). Other
studies have shown an extremely high autonomic arousal in
individuals with ASD even though they appeared to be outwardly
calm (Hirstein et al., 2001; Hoch et al., 2010; Ming et al., 2011).

One of the limitations of the physiological parameters
assessment protocol is the artificial setting in which signals are
usually acquired, which may or may not be closely related with
naturally occurring stimuli. Therefore, these protocols induce
both systematic and non-systematic biases to the experimental
outcome eluding the actual nature of the data. Furthermore, they
do not allow an ecological assessment and monitoring during
treatment or even at home.

The recording of physiological signals [such as
electroecephalogram (EEG) or electrocardioram (ECG)]
during treatment in a semi-naturalistic setting may reveal
important cues about the engagement, the arousal and emotional

state and can support clinicians during therapeutic sessions
in the implementation of the most appropriate personalized
treatment plan.

The study of engagement is particularly relevant in ASD
as deficits in this field (that is when the child is not able
to share his/her attention to the other) emerge very early, in
the second half of the first year of life, leading to reduced
engagement with social stimuli, and subsequently reduced
opportunities for social learning (Dawson et al., 1998; Mundy
and Neal, 2000; Chevallier et al., 2012). These early deficits
may thus have cascading effects on social communication
development in successive years. In order to contrast these
cascading effects evidence-based models (i.e., Early Start Denver
Model) suggest building therapeutic tasks around specific
engagement skills (i.e., imitation or joint attention) as core
of the intervention (Billeci et al., 2016; Bono et al., 2016).
During these tasks in which there is a social interaction with
a therapist, it is possible to explore the response to social
engagement and emotion regulation in response to social
disengagement (that is when the child is not involved in social
attention). In particular in the last years some studies have been
performed, which provide evidences that physiological signals
could constitute an important marker of social functioning
and well-being that differentiate between engagement and
disengagement during social interactions or treatment sessions
(Patriquin et al., 2013; Di Palma et al., 2016; Shahrestani et al.,
2016).

It is important to underline that monitoring physiological
parameters during therapeutic sessions or during daily basis
routines is definitely more challenging than monitoring the
same parameters under controlled conditions. It is mandatory
for example that the equipment should not interfere with the
activities performed by the children during the treatment session.
Wearable systems and wireless technologies can overcome this
problem allowing monitoring subjects in an unobtrusive way
(Varshney, 2005, 2006; Yilmaz et al., 2010).

The present study aims at describing and discussing the
implementation of a wearable technology system that can be
used during naturalistic interactions between a child and a
clinician during a treatment session for the monitoring of
brain and autonomic response. A preliminary application in
a sample of children with ASD is presented. This work has
been carried out within the framework of MICHELANGELO, a
project funded by the European Commission (FP7- ICT-288241)
(http://www.michelangelo-project.eu/).

The combined analysis of QEEG and ECG signals in
semi-naturalistic settings enables simultaneous examination of
neurophysiological and physiological correlates while the child
is engaged in socio-emotive interactions. This system is able to
provide (i) ecologically synchronized quantitative measurements
of brain signals, and (ii) autonomic responses not measurable
with traditional research methods within a natural environment.
For this purpose, wearable technologies for EEG and ECG
have been used, which are suitable for young children with
ASD. The system proposed will allow a reliable indication of
brain activity and autonomic status in a naturalistic setting
contributing toward the implementation of more individualized
and effective treatment for children with ASD.
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MATERIALS AND METHODS

Participants and Paradigm

The system was tested with five children with ASD (all males,
age range = 6-8 years, mean age = 7.2 £ 0.83 years) (Table 1).
The study was approved by the IRCSS Stella Maris Foundation’s
Ethical Committee and all the parents signed a written consent
form to participate.

The ASD diagnosis was formulated according to the DSM-
5 criteria (APA, 2013) and confirmed by the Autism Diagnostic
Observation Schedule-2 (ADOS-2, Lord et al., 2012) and the
Autism Diagnostic Interview-Revised (ADI-R, Lord et al., 1994).

The ADOS-2 diagnostic algorithm also provides an algorithm
for computing the comparison score (CS), a measure of the
severity of autism-related symptoms. The CS ranges from 1 to
10, where 1 indicates minimal-to-no evidence of autism-related
symptoms and 10 indicates a high level of impairment.

The adaptive behavior was assessed according to the Vineland
Adaptive Behavior Scale-II (VABS-II, Sparrow et al., 2005). A
multidisciplinary team—including a senior child psychiatrist,
and two clinical child psychologists experienced in ASD—
conducted the diagnostic assessment during a 5-day extensive
evaluation. The Wechsler Intelligence Scales for Children-IV
(WISC-1V) were used to assess the Full Scale Intelligence
Quotient (FSIQ).

The children involved in the experiment were monitored
during one therapy session in clinic with the integrated
system. The semi-naturalistic experimental paradigm was based
on imitation (IM) in the context of a play-based setting
(Figure 1). Each session took about 15 min. During all the
session the children remained seated on a chair playing at a
table with the therapist in order to limit artifacts in the data
acquired.

The IM phase is realized according to three different tasks
in which the therapist asks to the child to imitate what she is
doing. In task 1, the therapist uses blocks, play-doh, or sheets
and markets in order to elicit functional imitation in the child;
in task 2 the therapist suggests the child gestural and symbolic
imitation; in task 3 the therapist elicits facial expressions in
the child. Each task was repeated sever times in order to have
several segments of the signals, which could be mediated to have
more consistent results. During the experimental sessions data
brain, autonomic and video data were recorded and analyzed
in post-processing with the integrated platform described in the
following paragraphs.

Design

General Overview

The overall architecture of the integrated system is shown in
Figure 2. It mainly consists of three modules: the biosignal sensor
unit, the video mobile unit, and a Central Unit (CU).

The main function of the biosignal sensor unit is the wearable
and wireless acquisition of EEG and ECG signals while allowing
the child to interact with the therapist. The unit is composed by
the Enobio wireless device (STARLAB, Barcelona, Spain) for EEG
recording (Cester et al., 2008) and by a wireless ECG chest belt
(Solar et al., 2012).

The integrated system is also provided of data analysis
toolboxes for the processing of the recorded video, EEG and
ECG signals. The collected data can be loaded and queried
for data visualization, segmentation, and feature extraction.
The toolboxes are developed as a research tool in order to
investigate physiological and behavioral parameters correlated
with behaviors of the child during treatment sessions. The
main components of the system are described in the following
paragraphs (for details about EEG and ECG feature extraction
see Supplementary Materials).

Biosignal Sensor Unit

Enobio offers a high degree of unobtrusiveness (easy to use,
wearable, only 65 grams weight). Each active digital electrode
with a transduction interface and electrode is able to acquire,
digitize, and transmit the signal on site in order to reduce the
environmental noise while recording data away from the lab or
controlled environments.

The system continuously records EEG signals over 19
channels positioned according to the 10/10 standard scheme
and two references (placed on the mastoid), at 500 Hz with
a 16-bit accuracy. Enobio is equipped both with gel and dry
electrodes. While gel electrodes provide a better contact with the
skin and lower impedance, their positioning can be very long
and uncomfortable for the child. In this setting dry electrodes are
chosen as they offer a shorter and easier set-up time comparable
with gel electrodes, which is particularly important with children
with ASD. Several articles indeed show that dry electrodes can
yield performance comparable to gel electrodes (Zander et al,
2011; Guger et al,, 2012). Data from Enobio are recorded by a
dedicated software (NIC, Neuroelectrics).

The chest belt for ECG acquisition is a wearable device
designed by our group based on the Shimmer® (Burns et al,,
2010) wireless base module, which is CE certified and validated
prior to the present study in a group of healthy subjects (Solar
etal, 2012).

The system is powered by a 3.6 V rechargeable battery, which
allows up to 7 h of continuous monitoring per charge. The system
sample frequency can be set from a minimum of 100 Hz up to a
maximum of 500 Hz. The hardware module was tailored to be
compliant with the common cardio-fitness Polar' " or Adidas
chest straps in order to gain in ergonomics, to be lightweight and
allow long-term monitoring. These straps are fully washable and
integrate dry electrodes applied directly to the patient’s skin for
single-lead acquisitions.

Video Mobile Unit

The video mobile unit is made up by two environmental cameras
with a frame rate of 25 fps and a resolution of 640 x 480 for
video recording. The cameras are wired and synchronized with
the system to contextualize the neurophysiological parameters
with the behavior of the child. With the aim of building an
exploitable research tool to investigate EEG signal, inexpensive
webcam were used as video capture devices (Microsoft LifeCam
HD-5000).
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TABLE 1 | Participants characteristics.

Subjects Age Diagnosis ADOS-2 Module ADOS (CS) WISC-IV-FSIQ VABS-Il Composite
in years

Child 1 7 Autism Spectrum 2 6 117 75

Child 2 8 Autism Spectrum 3 6 98 76

Child 3 6 Autism Spectrum 3 7 97 85

Child 4 7 Autism Spectrum 3 5 84 76

Child 5 6 Autism Spectrum 3 6 123 85

CS, Comparison Score; WISC-FSIQ, Wechsler Intelligence Scale for Children— Full Scale Intelligence Quotient; VABS, Vineland Adaptive Behavior Scale.

Central Unit

The CU (OS: Win8, RAM: 4 GB, CPU: Intel Core i5-3450—
3.1 GHz—4 core) is positioned in the monitoring room and
enables researchers to monitor the child during therapy and the
neurophysiological signals. The monitoring room is located next
to the therapy’s room allowing the Bluetooth data transmission
from the biosignal sensor unit and the video mobile data
recording. Raw data are real-time displayed within four windows
(ECG, EEG, Videos) as shown in Figure 3.

The CU manages the connection between the monitoring
interface and the set of biosignal sensors and video mobile
units, in particular the CU is responsible for notifying the “Start
Session” message to all the recording units (RUs) involved and
initializing each new session. All the communication between
the CU and the RUs is transmitted in a validated XML
format v1.0. The application manages security and privacy,
real-time streaming and data synchronization. In particular the
synchronization among the different devices is guaranteed by the
fact their applications run in the same system and are launched
simultaneously by an application running on the CU.

After data collection, the data analysis toolboxes running in
the CU are able to analyze and process the collected data off-line
by combining different data as a whole data source.

Video Analysis Toolbox

The video analysis toolbox allows the labeling of the children’s
behaviors in the recorded session and is based on the Dante
annotation tool (Cruciani et al., 2011) customized for the labeling
of behaviors of children with ASD.

Some of the behavioral features extracted are considered as
instantaneous features (i.e., gesture), while others represent a
state of the subject that persists in time (i.e., engagement).

The video analysis tool provides a Graphical User Interface
(GUI) (Figure 4) to re-play the video of a recorded session, while
examining annotated data and the integration of EEG/ECG data.

A manual annotation grid, referring to the child and the
therapist, allows behavioral analysis of the therapeutic session, as
defined in the coding scheme.

The grid distinguishes between “States” and “Behaviors.”
States identify behavioral states of a subject that persist for
a given duration in time, for example Engagement and Dis-
Engagement. States are always considered as mutually exclusive.
In contrast, Behaviors are always considered as instantaneous
events, meaning that the corresponding event will have the same
timestamp for Start Time and End Time.

The Video Analysis interface produces an “Event File)” an.
xls file containing the information about the annotated events
(type of state/behavior, Start Time, End Time). Through the
annotation of these events, each therapy session can be analyzed
to provide contextual information on significant behaviors of the
child, useful for exploratory analysis of EEG/ECG signal.

EEG Analysis Toolbox

EEG signals are first-pre-processed using EEGLAB Toolbox
(Delorme and Makeig, 2004) to remove noise and artifacts. The
recorded EEG signals are high passed at 0.5 Hz to get rid of noise
from breathing and low passed at a cut-off frequency of 70 Hz to
get rid of the high frequency noise. A Notch filter (45-55 Hz) is
also applied to remove power line interference.

Ocular and muscular artifacts are first removed by visual
inspection. In particular blink artifacts are identified as segments
of data having deflection >150 wV, while ocular flutters, or
muscle movement artifacts as segments having deflections of 50
WV relative to baseline. Segments containing these artifacts are
excluded from the following analyses. In addition bad channels
are removed using the “channel statistics” tool of EEGLAB. On
the basis of these statistics “bad” channels were considered as the
ones that had distributions of potential values that were further
away from a Gaussian distribution than other scalp channels, and
they were remove from further analysis.

After artifacts removal baseline signal is removed form data
acquired during the task.

After-pre-processing, EEG data are imported in a home-made
Matlab analysis toolbox for QEEG analysis.

First, the Power Spectral Density (PSD) is evaluated by
transforming the signal from the time domain to the frequency
domain using the Welch method (Welch, 1967). Then the
absolute and the relative power of each band (delta: 1-4 Hz,
theta: 4-7 Hz, alpha: 8-13 Hz, beta: 14-29 Hz, and gamma:
30-70 Hz) are computed for each electrode. Relative powers
are usually more reliable than absolute powers because they
show less variability among different subjects and they are less
affected by artifacts (Dufty, 1986). Inter-hemispheric asymmetry
is computed by the Brain Symmetry Index (BSI) (van Putten
et al, 2004). The BSI is calculated within each EEG band
considering the total power in each region (frontal, temporal,
central, parietal, and occipital) of the left and right hemisphere
(sum of the electrodes).

The connectivity between brain regions is estimated with
the calculation of coherence, which gives an estimation of the
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FIGURE 1 | Experimental paradigm.

linear correlation between two signals collected at two different
scalp points as a function of frequency (Otnes and Enochson,
1972). Coherence is calculated for each pair of electrodes in each
frequency band.

ECG Analysis Toolbox

ECG signals are pre-processed through a stepwise filtering
process aimed at removing typical ECG artifacts and
interferences. In particular, the baseline wander due to body
movements and respiration artifacts are removed using a cubic
spline 3rd order interpolation between the fiducial isoelectric
points of the ECG (Jane et al., 1992). The power line interference
and muscular noise are removed using an IIR (infinite impulse
response) notch filter at 50 Hz and an IIR low pass filter at 40 Hz.
In the final step of the pre-processing phase the Pan-Tompkins
method is applied to detect the QRS complexes (Pan and
Tompkins, 1985). The tachogram and the HRV are extracted
according to the International Guidelines of HRV (Task Force of
the European Society of Cardiology the North American Society
of Pacing Electrophysiology, 1996). The tachogram is a vector
whose elements represent the beat-to-beat interval between two
adjacent R peaks in the ECG allowing the definition of useful
features for a further quantitative analysis. At this step the
tachogram signal might not be suitable yet for a proper features
extraction due to the presence of possible residual movement
artifacts and outliers, which can be easily detected by visual
inspection. Artifact are visually identified and removed. In order
to prevent the signal from excessive shortening, the user should
operate a careful artifacts selection choosing the interval to
remove as tight as possible. Outliers are replaced by division or
summation. Division is applied when the outlier is determined
by a failure to detect an R-peak while summation while it is
caused by faulty detections of two or more peaks within a period
representing the R-R interval.

After pre-processing significant features, which could give an
indication of the engagement of the child during the therapy are
extracted from the ECG signal. In particular the Heart Rate (HR),
the Root Mean Square of the Successive Differences (RMSSD),
and the Respiratory Sinus Arrhythmia (RSA) are selected. The
HR measures the number of poundings of the heart occurring
in a specific lapse of time and it is typically expressed as beats
per minute (bpm). The RMSSD, indicator of vagal activity, was
chosen as a time domain measure of the HRV. The RSA refers
to the periodic fluctuations in HR that are linked to breathing.
RSA is largely determined by vagal influences on the heart,
providing a noninvasive index of parasympathetic activity, social
functioning, and cognitive performances (Patriquin et al., 2013,
2014). The RSA component from tachogram signal is extracted
using the Empirical Model Decomposition (EMD) (Balocchi
et al., 2004).

Data Collection and Measurement
Definition

Data were collected using the technological platform described
above during a therapeutic session of each participant included
in this study. The Biosignal Sensor Unit and the Video Mobile
Unit were connected to the CU and a new acquisition session
was recorded for each child. The EEG data were acquired using
Enobio at 500 Hz while for ECG signals a sampling frequency of
200 Hz was chosen to avoid too much noise and to optimize data
transfer.
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Data collected were analyzed in post-processing. Each
recording session was first imported in the “Video analysis
toolbox” and then coded by clinicians who reviewed the videos to
define the events of interest. In particular, in this study we focused
on the alternation of the “States,” i.e., the Engagement and the
Disengagement, during the therapeutic session.

Two coders were trained to use the coding system, by
observing and coding videos of children with ASD, who were
not included in the study. The 1 month training period enabled
the coders to become familiar with the meaning of the features,
to identify them correctly, and to acquire ability in coding
procedures. The coders were required to achieve a satisfactory
level of agreement between them (Cohen’s Kappa >0.70) and
with two expert clinicians (AN and SC) for each Event behavior
(imitation) and for each State behaviors (Engagement and
Disengagement).

The tolerance window regarding time discrepancy between
coding was set at 1s for event behaviors and at 3s for state
behaviors. The coding recorded outside these windows was
reported as a coding error and was considered a disagreement.
Intercoder agreement was calculated for each item, and the values
of k were >0.70.

The mean Intercoder reliability showed satisfactory agreement
(k = 0.81). In order to verify the ongoing agreement, 25% of the
collection of sequences were coded by both coders.

The mean Intercoder agreement calculated on these sequences
was k = 0.84, and the values of k were > 0.70. In all cases of
discordance between coders, the expert coders advice was used.

For a definition of a baseline, both for EEG and ECG, signals
were acquired for about 3 min before the beginning of the task.

The Event File containing the information about coding was
used to extract EEG and ECG segments in order to link different
physiological patterns with different states of the children.

For the EEG analysis, data acquired were divided in
“Engagement” and “Disengagement” states using the information
contained in the Event File. First the segments were imported
in the EEGLAB Toolbox and pre-processed. The baseline signal
was removed from the two state signals. The cleaned segments
were then imported in the QEEG analysis GUI to extract features
of interest. The proportion of data retained after cleaning was
not different between Engagement and Disengagement phases
(Engagement: 7.34%, Disengagement: 7.85%). Finally, features
extracted for each segment type of each type of State were
averaged.

For the purpose of data reduction, four EEG lead-groupings
were considered to compute coherence (Coben et al., 2008;
Machado et al., 2015; see Supplementary Materials).

ECG data were imported in the ECG analysis GUI and
after pre-processing relevant features were extracted. The tool
generates plots, which show the trend of the features over
time, and also stores data for a further numerical analysis.
To evaluate how the therapeutic stimuli influence the cardiac
activity, physiological events were defined for each feature when
the parameter undergoes or exceeds established values. A crucial
step lies in the definition of thresholds, which denote the
occurrence of a physiological event related to the feature of
interest. Reference values were customized for each child at

each acquisition since environmental, subjective, and current
emotional states could heavily affect the HR baseline.

The values for “higher HR” and “lower HR” were respectively
calculated by the 90th and the 5th percentile of the baseline signal.
The event of “lower RMSSD” referred to values undergoing the 20
ms threshold and denoted more effective participation from the
child (Althaus et al., 1999). The threshold for “lower RSA” ranged
in an interval from 6.3 to 6.5 In(ms?) (Porges et al., 2013).

For each State the mean and the standard deviation of the
feature extracted as well as the percentage of physiological
events detected were recorded. The percentage of physiological
events was evaluated as the ratio of occurrences of the events
to the total engagement time The approach described allowed
to evaluate, both with a visual and a quantitative method, the
physiological response of the child to the stimuli received with
distinct reference to the different phases identified during the
treatment.

Data Analysis

A preliminary statistical analysis was performed to evaluate
differences in the features extracted between Engagement and
Disengagement. Statistical analyses were performed in SPSS
(SPSS Inc., Chicago, IL, USA). The Shapiro-Wilk test was
applied to test the normality of the variables. For normal
distributed variables a paired-samples t-test was applied, while
for nonparametric variables a Wilcoxon-test was adopted. Results
were considered significant for p < 0.05.

RESULTS

Feasibility Evaluation

The children did not show sensory-motor and/or behavioral
issues in wearing the devices and completing all the tasks,
administered within a friendly, and supportive environment
without any difficulties or constraints.

We used labeled data generated through Manual Annotation
to validate the system. In particular, the synchronization between
Video and the other signals was crucial, since the video was
the reference for the validation process. However, the required
constraints on synchronization were not particularly strict
considering that:

e the Video footage, which is the reference, has a frame rate
considerably smaller compared to the EEG sample rate (25 vs.
500 Hz);

e even in behavioral annotation performed by a trained
psychologist, a lag of 1 s is acceptable.

Therefore, the residual synchronization error due to the latency
time between the data sampling and the reception by the
synchronized machine is marginal considering that, whatever is
the instant annotated as the start of the State, we considered the
whole duration of the State for the analysis.

The synchronization tests have been performed by inserting a
spike in the signal and comparing the video timestamp with the
sensor data timestamps. The resultant accuracy with this setup
is in the order of tenths of second, which is acceptable for our
purpose.
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EEG Results

Although each child showed his own individual pattern of
brain activity and connectivity, all the children displayed
visible changes of EEG pattern between the Engagement and
Disengagement phases. Some of these changes were common
among all the children and are summarized hereafter.

Figure 5 shows the location of the electrodes with statistically
significant differences in PSD between Engagement and
Disengagement phases.

Almost all the children displayed a significant relative power
increase in most of the brain regions during the Engagement
(Figure 5). At a group level analysis all the children showed
significant power increase in frontal regions in delta band (p =
0.04). All but one child (Subject 3) also exhibited power increase
in parietal regions in beta band (p = 0.04) and in occipital
areas in theta, alpha, beta and gamma bands (p = 0.04). In
Subject 3 there was not a significantly change in the PSD
between Engagement and Disengagement in these frequency
bands.

In the Engagement a transition from leftward to rightward
asymmetry could be observed for almost all the frequency bands
over the parietal areas. In particular this shift was significant in
alpha and beta bands (p = 0.04). There was also a significant
transition from rightward to leftward asymmetry in temporal
areas in gamma band (p = 0.04).

Figure 6 shows statistically significant difference in coherence
(coherence Engagement-coherence Disengagement) at the
different cortical regions, in the different frequency bands.

A widespread increase of coherence was observed in almost
all subjects during the Engagement in particular in theta,
alpha and beta bands (Figure6). The group level analysis
revealed a significant increased in intrahemispheric coherence
in posterior right and left areas in theta, alpha and beta bands
(p = 0.04). Interhemispheric coherence increased at a central
level in alpha and beta bands (p = 0.04) and at posterior
level in beta band (p = 0.04). Although not significant at a
group level analysis, it is possible to observe an increase of
coherence in anterior regions in alpha band in almost all the
subjects.

ECG Results

The system proved that the cardiac activity is strongly influenced
by social engagement states and the ECG patterns turned out to
be subjected to similar changes in the five subjects in response
to changed psychological conditions. Figure 7 shows example
of plots of the HR, RMSSD, and RSA trends over time during
acquisition intervals for Subjects 1 and 3, corresponding to
the Engagement and Disengagement phases. Markers locate
physiological events according to the thresholds previously
described. The ECG analysis showed a clear correlation between
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FIGURE 4 | Graphical User Interface for re-play and annotation of the recorded video session.

the detection of physiological events and the child’s degree of
involvement in the therapy. The plots reveal a greater presence of
physiological events of “higher HR” and “lower HRV” and “lower

RSA” in the Engagement as compared with the Disengagement.  during the Disengagement.
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It was also evident that subjects displayed a remarkable RSA
suppression compared with basal values in the Engagement.
Furthermore, “lower HR” values turned out to be more frequent
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FIGURE 5 | Location of electrodes with significant differences in relative power in Engagement vs. Disengagement phase for each subject in each
frequency band: black dots represent location of increase, gray dots location of decrease. Boxes represent brain regions with significant increase in relative

power at a group level analysis.

Table 2 shows that children displayed an increased mean
HR and a slightly significant greater percent number of “higher
HR” physiological events during the Engagement compared to
the Disengagement, excluding Subject 5 (p = 0.07). The mean
RMSSD and mean RSA generally decreased during Engagement:
therefore, the percent number of “lower HRV” and “lower RSA”
events was significantly increased (p = 0.04 and p = 0.005
respectively).

DISCUSSION

The aim of this study was to develop and test innovative
technologies to overcome some limitations of the present
applications of physiological assessment in ASD (Bélte et al.,
2016), including the artificial and constrained situations in which
data are acquired and the need of a special compliance from the
subjects, which prevented an ecological assessment so far.

This preliminary work represents an initial step to study
the social cognition from an interactor point of view, based
on the assumption that there is something fundamentally
different when we are actively engaged with others in real-
time social interaction as compared to when we merely observe
them (Pfeiffer et al., 2012). The main contribution of this
approach is that, if validated in a larger sample of subjects,
would allow for more naturalistic paradigms that allow real
world stimuli to be incorporated into EEG/psychophysiological
studies.

In this pilot study, we have presented a paradigm for the
acquisition of neurophysiological and physiological signals in a
semi-naturalistic setting where children can interact with the
examiner and play with different objects. Particular efforts have
been provided to customize the ECG hardware, to integrate the
videos, the ECG and the EEG units and to realize a user-friendly
toolbox for data analysis.
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FIGURE 6 | Areas of significant increase in coherence in Engagement vs. Disengagement phase for each subject in each frequency band. Long dashed
lines represent transversal coherence while short dashed lines represent short coherence. Shaded areas represent regions of significant increase at a group level

SUBJECT 4 SUBJECT S

The wireless EEG cap and the chest strap containing the
ECG demonstrated how unobtrusive tools can be suitable
for young children and can be used with semi-naturalistic
paradigms. This study confirmed our previous results about the
feasibility of the application of wearable sensors and wireless
technologies in young subjects with neuropsychiatric disorders
(Billeci et al., 2015). The interaction with the examiner rather
than with a screen like in most EEG paradigms, is another
very important feature of this study, and allows recreating a
more real situation with social interactions and cues. In this
paradigm, we can assume that the signals acquired from the
brain and the autonomic system are much more similar to
what is generated while the child interacts in common life
situations. This setting, relatively simple to be implemented, can
be considered as one step toward a more behaviorally-driven
analysis of neurophysiological activity.

The acquisition of physiological signals during treatment
could provide important cues about the response of the child,
which is commonly just observed from a behavioral point of view
by clinicians. This can be extremely important to objectivize the
effect of the treatment and to implement more effective therapies.

In particular, literature shows the importance of the
QEEG technique for assessing brain connectivity and for the
development of an individualized treatment program (Billeci
etal.,, 2013). Previous QEEG studies showed how autistic children
have differences in power spectra, coherence, and symmetry
measures with respect to controls (Cantor and Chabot, 2009).
This is true both when signals are acquired in a resting condition,
with open or closed eyes, and when specific tasks are performed
(Cantor and Chabot, 2009). Furthermore, it has been observed
that it is possible to link a specific pattern of brain activation,
characterized by specific features, to certain specific behaviors.
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FIGURE 7 | Plot of Heart Rate (HR), Root Mean Square of the Successive Differences (RMSSD), and Respiratory Sinus Arrhythmia (RSA) trends during
Disengagement (A,C) and Engagement (B,D) for Subject 1 and 3 with detection of physiological events: star markers represent HR value exceeding
the high HR threshold while triangular markers represent HR, RMSSD, or RSA values undergoing the low HR, low RMSSD, and low RSA thresholds
respectively.
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TABLE 2 | Mean, Standard Deviation (SD), and percent number of physiological events for HR (bps), RMSSD (ms), and RSA (In(msz)) values during

Engagement and Disengagement.

Subjects Feature Disengagement Engagement
Mean + SD %Physiological events Mean + SD %Physiological events
Subject 1 HR 104.33+£3.21 15.8 104.68 £3.11 16.80
RMSSD 36.22 +£5.65 45.16 28.78 £5.53 47.64
RSA 6.36 £0.05 3.22 6.36+0.03 6.65
Subject 2 HR 97.64 +£9.61 9.09 100.083+9.29 16.63
RMSSD 38.94+14.12 42.13 44.69+8.24 44.24
RSA 6.44+0.10 2.72 6.35+0.25 4.47
Subject 3 HR 82.43+2.93 3.43 85.26+5.45 6.24
RMSSD 48.41+£13.40 9.79 42,24 +8.79 13.4
RSA 6.59 +0.03 7.90 6.57 +0.05 9.50
Subject 4 HR 92.58 +1.20 10.15 80.33+0.41 15.20
RMSSD 46.17 £2.35 10.35 30.60+4.21 13.54
RSA 6.45+0.32 1.05 6.62+0.26 5.04
Subject 5 HR 108.23+£0.23 66.65 95.39+1.31 13.52
RMSSD 17.15+4.58 26.47 44.25+3.53 66.54
RSA 6.32+0.12 1.01 6.47 +0.11 4.70

Physiological events: higher HR, lower RMSSD, and lower RSA.

In this study, we showed that with this approach is possible
to measure changes in the EEG pattern during treatment elicited
by interaction of the child with the therapist. An increase in
relative power in Engagement compared with Disengagement
emerged in the group analysis. The increase in frontal delta
during cognitive tasks has been previously linked to perceptual
switching of objects (Okada et al., 2009), an ability which is
elicited during the imitation tasks with cubes during the imitation
protocol. Occipital activity is mainly due to visual stimuli during
the imitation task linked to tactile components (gamma and beta
activity) (Bauer et al., 2009) and auditory component (alpha and
theta) (Gladwin and de Jong, 2005). The activation of beta band
within parietal regions has been linked to planning and execution
of movement, although its functional role is still matter of debate
(Zaepftel et al., 2013).

Interestingly, we also observed a general increase in coherence
during Engagement. EEG coherence, being the covariance of
spectral activity at two electrode sites, is a measure for the
synchrony of neuronal activity and thus can be used as an
indicator of effective cortical connectivity. Coherence mainly
increased in theta, alpha and beta bands both intra- and inter-
hemispheres. The increased coherence in these bands may reveal
the increase of attention control during the participation in
the cognitive task (Sacchet et al.,, 2015). Interestingly the level
of coherence in frontal-parietal region in alpha band has been
linked to different performances in an imitation task (Van der
Helden et al., 2010). Moreover, several studies have shown a
positive correlation between coherence in theta, alpha and beta
and task associated with motor processing and execution (von
Stein et al., 1999; Sauseng et al., 2005; Wheaton et al., 2005; Rilk
etal., 2011).

A modification in asymmetry during Engagement was also
observed. Previous studies have shown altered asymmetry in
ASD brain both structurally and functionally. In particular, left-
side prevalence in alpha and beta bands was found compared
with controls both in visual and non-visual areas at rest.
Right asymmetry in alpha and beta bands has been previously
associated with discrimination of speech prosody (Kujala et al.,
2005), processing gaze direction in face perception (Senju et al.,
2005), and sustained visual attention (Stroganova et al., 2007).
On the contrary, left temporal asymmetry in gamma band has
been associated with language processing (Kojima et al., 2013)
and an atypical asymmetry (rightward) of gamma band has been
observed in ASD at rest (Maxwell et al., 2015). It seems from this
study that the pattern of asymmetry shifts to the typical pattern
during the Engagement phase.

It is worth noting that only two of the five subjects exhibit
mu desynchronization during the imitation tasks, which could
suggest a deficit in the mirror neuron system at least in some
of the subjects enrolled in the study (MNS, Oberman et al.,
2005). Given that all the children were able to perform the task
is it possible that increase in alpha and beta coherence rather
than mu desynchronization is a more reliable predictor of good
performance in vasomotor tasks as suggested by Rilk et al. (2011).

ECG analysis confirmed previous findings and demonstrated
that the system developed is able to detect ASD children’s level of
engagement (Park et al., 2013).

Some studies have shown that mental effort causes an
increase in physiological arousal as measured for example by HR
(Lundberg and Frankenhaeuser, 1980; Peters et al., 1998). Thus,
subjective perception of mental effort may reflect changes in
arousal during performance of attentive tasks. Precedent studies
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demonstrated how decreased RMSSD (Nagendra et al., 2015) and
RSA (Overbeek et al., 2014) represented meaningful indicators
for a positive response to attention demanding stimuli and is
positively associated with cognitive function, including better
processing speed, working memory, learning, and receptive
language skills.

The ECG features could represent a valid marker to evaluate
the engagement and the social interaction of the child in real time
(Moore et al., 2009).

Importantly, besides showing some common pattern of
modification in physiological parameters in the enrolled subjects,
the implemented protocols allowed to evidence some inter-
individual differences fostering the application of this platform
for a personalization of the therapeutic protocol. In particular, as
regards EEG it is clearly evident that Subject 3 did not showed
significant differences between Engagement and Disengagement
in many cortical areas. The clinical profile of this subject shows
that he has an important concentration deficit and this can
explain why, despite from the behavioral observation he seemed
to be engaged in the tasks proposed by the therapist as the
other subjects, his brain activated differently. In addition the
desynchronization of the MNS is not observed in all the subjects.
If the possibility of using the proposed system for characterizing
the physiological profile of specific endophenotype of ASD would
be confirmed in a larger sample, it would be very useful to guide
the therapist, representing a step forward in the implementation
of individual therapeutic programs in ASD.

Some important issues emerged from this study that suggest
future developments. First of all, the need of a standardized,
objective and clear distinction of the different behaviors of
each task promotes rigorous segmentation of the signals. In the
future annotation of the video could be done not only with
manual markers but also with automatic or semi-automatic
action recognition from the video recording.

Moreover, real-time feature extraction algorithms could be
implemented, which provide the therapist a feedback about the
status of the child. In this way the therapist could decide to
potentiate some tasks of the therapy that cause a particular
engagement of the child or, on the contrary, change the therapy
if the child appears to be disengaged, stressed or not interested by
the task proposed.

Overall, the system presented in this study was proven
to be suitable for a similar clinical scenario. The children
highly accepted the monitoring platform, as demonstrated
by the low dropout rate in the study and by the fact that
the children included in the study did not express any
discomfort/annoyance at the system. Thus, the high grade of
acceptability of the monitoring platform is promising for further
development and implementation of the tool. Furthermore, the
smart sensorized system allowed a reliable psychophysiological
characterization of the children enrolled. Such evidence fosters
the applicability of the system proposed in a clinical setting,
where it could be used as a smart monitoring tool to support
the clinicians during the treatment. In the future the proposed
system could supply useful feedback to the therapist in the
treatment of ASD and even in other neurodevelopmental
disabilities.

Further data collections will be needed to confirm these
preliminary results. At first, larger studies would be useful to
generalize the findings of this feasibility pilot study and to obtain
a clearer picture of the parameters examined in ASD children.
Then, when confirmed on larger cohorts, the psychophysiological
characterization of the children with ASD related to different
behaviors will possibly allow to personalize the treatment and
to longitudinally verify the treatment effect through objective
measures of brain and autonomic function of children with ASD.
In conclusion, this kind of evaluation holds promise for future
developments in instrumental evaluations of ASD.

Limitations

Some limitations need to be considered when interpreting the
results. A first limitation is the small sample size. The study
was designed as a feasibility study, thus only a small number of
patients was recruited to test the applicability of the technology
and the methodology.

The findings of the study need to be replicated with
larger sample to prove the efficacy of the approach and the
transferability in a clinical scenario. Larger sample will also allow
for the evaluation of how different could be the physiological
response of subgroups of children with ASD.

Another limitation is the absence of a control group, which
prevents to discuss the nature of brain and autonomic response
specific to ASD. In the future the comparison with a control
group of age-matched children with typically development will
allow to evaluate not only how different is the pattern between
Engagement and Disengagement phases in ASD but also how this
patterns are different from a typical pattern of response.

Finally another possible limitation is that we did not control
for effects of physical movement. However, in our protocol
the children were seated in a chair throughout the interaction
and thus relatively restrained in their physical activity. As
regards ECG, Porges et al. (2007) found that low intensity
motor movements did not influence RSA or HRV in school-age
children, so that movement were unlikely to have had a major
impact on our results. As regards EEG we have removed muscular
artifacts however visual inspection to is subjected to human error.
In the future surface electromyography sensors could be used to
control for children’ muscular artifacts.
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The brain's life-long capacity for experience-dependent plasticity allows adaptation to
new environments or to changes in the environment, and to changes in internal brain
states such as occurs in brain damage. Since the initial discovery by Hebb (1947)
that environmental enrichment (EE) was able to confer improvements in cognitive
behavior, EE has been investigated as a powerful form of experience-dependent plasticity.
Animal studies have shown that exposure to EE results in a number of molecular and
morphological alterations, which are thought to underpin changes in neuronal function and
ultimately, behavior. These consequences of EE make it ideally suited for investigation
into its use as a potential therapy after neurological disorders, such as traumatic brain
injury (TBI). In this review, we aim to first briefly discuss the effects of EE on behavior
and neuronal function, followed by a review of the underlying molecular and structural
changes that account for EE-dependent plasticity in the normal (uninjured) adult brain.
We then extend this review to specifically address the role of EE in the treatment of
experimental TBI, where we will discuss the demonstrated sensorimotor and cognitive
benefits associated with exposure to EE, and their possible mechanisms. Finally, we
will explore the use of EE-based rehabilitation in the treatment of human TBI patients,
highlighting the remaining questions regarding the effects of EE.

Keywords: EE, sensory cortices, traumatic brain injury, neuronal excitability

Experience-dependent plasticity encompasses a vast number of
paradigms that range from deprivation to alterations and enrich-
ments in the environment, and has been investigated in great
detail across development through to adulthood (see reviews by
Hubel and Wiesel, 1970; Hubel, 1978; Kaas, 1991; Klintsova and
Greenough, 1999; Sur and Leamey, 2001; De Villers-Sidani and
Merzenich, 2011; Bengoetxea et al., 2012). For the purposes of the
present review, we chose to focus on plasticity conferred by global
changes to the environment, termed environmental enrichment
(EE). We will focus only on the changes evoked by this manipula-
tion when applied in adulthood as our final aim is to demonstrate
that it represents an exciting potential therapy in adult traumatic
brain injury (TBI). As we shall review, EE alters neuronal function
through a range of morphological and molecular interactions,
which lead to alterations in sensorimotor and cognitive behav-
ior. These changes make EE an ideal candidate in the treatment of
TBI. To lead to this thesis, we first commence with a review of EE’s
capacity to evoke plasticity in the uninjured brain, to provide the
context in which we will cast the role of EE in TBI. We focus here
on EE-induced changes in sensory cortices due to the demon-
strated effects of TBI on altering neuronal function in sensory
cortices (Hall and Lifshitz, 2010; Ding et al., 2011; Alwis et al,,
2012; Johnstone et al., 2013); it is also our view that changes in
neuronal activity in sensory cortices after injury must underlie
a significant portion of the persistent cognitive deficits found in
TBI (Caeyenberghs et al., 2009; Davis and Dean, 2010; Lew et al.,
2010; Folmer et al., 2011). The review of EE effects in the normal

brain is also necessary to understand the mechanisms whereby
EE produces changes in neuronal function in the normal brain,
before we can begin to hypothesize about how EE exerts its ben-
eficial effects after brain injury. Finally, we discuss the current
literature regarding the use of EE as a potential therapy post-
TBI, in animal studies with induced TBI, and in studies of human
rehabilitation after injury.

WHAT IS EE?

EE refers to an experimental paradigm in which laboratory ani-
mals are housed in an environment allowing cognitive, motor and
sensory stimulation at levels much greater than those which occur
under standard laboratory housing conditions (Hebb, 1947, 1949;
Van Praag et al., 2000). Early studies in animals have shown that
the enhanced stimulation from EE produces many remarkable
benefits at anatomical, molecular and behavioral levels (Hebb,
1947; Bennett et al., 1969; Diamond et al., 1972, 1976; Greenough
and Volkmar, 1973; Torasdotter et al., 1998), with numerous stud-
ies following on from this work to further characterize the effects
of EE (see reviews by Van Praag et al., 2000; Nithianantharajah
and Hannan, 2006). In EE, the housing environment is modified
by providing a larger enclosure, natural bedding and a variety of
novel objects, in the expectation that this will promote greater
physical activity in exploration and interaction with a novel and
complex environment (Benaroya-Milshtein et al., 2004; Zebunke
et al., 2013). Social enrichment in the EE environment, involving
housing animals with multiple cagemates to encourage complex
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social interactions (Rosenzweig et al., 1978; Mesa-Gresa et al.,
2013), is also believed to contribute to an enhanced sensori-
motor and cognitive experience. Enhanced physical activity and
enhanced social interaction each provide benefits to the brain;
physical activity on its own improves cognitive performance in
parallel with a range of neural changes including enhanced neu-
rogenesis and increased levels of neurotrophic growth factors and
increased neurotransmitter subunit expression (Van Praag et al.,
1999; Farmer et al., 2004; Erickson et al., 2011), while social
enrichment on its own has been shown to result in an increase
in brain weight (Rosenzweig et al., 1978). When the two are com-
bined in an appropriately enriched environment, a much more
extensive set of cerebral changes occurs (Rosenzweig et al., 1978;
Johansson and Ohlsson, 1996; Sozda et al., 2010).

The combination of social, physical and cognitive stimulation
is most often used in studies of EE and we term this “generic”
EE, wherein the whole environment is non-selectively enriched.
However, in some instances, in what we term “specific” EE,
enrichment has been targeted to affect a specific system, e.g.,
auditory-specific enrichment (Engineer et al., 2004; Percaccio
et al., 2005, 2007; Jakkamsetti et al., 2012) consisting of com-
ponents of generic EE in combination with systems designed to
produce a variety of salient sounds; or tactile-specific enrichment
(Bourgeon et al., 2004; Xerri et al., 2005) where rats were raised
in an environment consisting of objects with various textures.
Differences in generic and specific EE will be highlighted further,
in the context of EE effects on neuronal function in the cortex.

BENEFICIAL EFFECTS OF EE ON BEHAVIOR

EE exposure results in a range of sensorimotor and cognitive
benefits in laboratory animals, which we only briefly summa-
rize as these have been well reviewed elsewhere (Van Praag
et al., 2000; Nithianantharajah and Hannan, 2006; Simpson and
Kelly, 2011). In normal animals, EE significantly improves spatial
and non-spatial learning and memory, novel object discrimina-
tion, increases the speed of spatial learning and enhances spatial
searching strategies (Van Praag et al., 2000; Schrijver et al., 2002;
Nithianantharajah and Hannan, 2006; Kulesskaya et al., 2011;
Vedovelli et al., 2011; Leger et al., 2012). EE appears to decrease
anxiety, as evidenced in a variety of tests (Fernandez-Teruel et al.,
2002; Larsson et al., 2002; Galani et al., 2007; Harati et al., 2013).
EE also improves task-learning, and recent and remote mem-
ory retrieval (Harati et al., 2013), likely due to a greater ability
to consolidate and retain information because of social enrich-
ment (Gardner et al., 1975). However, effects are not all positive
and studies have shown both increases and decreases in aggres-
sive social behavior after EE (Abou-Ismail, 2011; Workman et al.,
2011; McQuaid et al., 2012; Mesa-Gresa et al., 2013), possibly
due to factors such as differences in EE housing conditions, strain
differences, and experimental design.

In a similar vein, the consensus (Nithianantharajah and
Hannan, 2006; Kazlauckas et al., 2011; Landers et al., 2011) is that
EE encourages activity and exploratory behavior though there
are some inconsistencies: some studies show increased activity in
novel environments (Benaroya-Milshtein et al., 2004), and oth-
ers show faster habituation and less activity (Zimmermann et al.,
2001; Schrijver et al., 2002; Elliott and Grunberg, 2005), when

compared with animals housed in standard or impoverished envi-
ronments (Varty et al., 2000; Zimmermann et al., 2001). Recently,
Zebunke et al. (2013) showed a decrease in general activity during
an open field test, with an increase in duration of exploration of
novel objects by pigs exposed to cognitive enrichment. Similarly,
Mesa-Gresa et al. (2013) also found that EE rats exhibited longer
durations of novel object exploration, while Schrijver et al. (2002)
found an increase in activity in a light/dark box in EE rats. Bruel-
Jungerman et al. (2005) have also reported that EE animals were
capable of retaining memory during a novel object recognition
test for up to 48 h after initial exposure, despite a lower object
exploration time during the learning phase of the test.

Among the most robust of findings is that EE and sen-
sory training/learning improves stimulus discrimination (Gibson,
1953; Kendrick et al., 1992; Recanzone et al., 1993). Mandairon
etal. (2006a,b) have shown that olfactory enrichment results in an
improved ability to discriminate between odor pairs, likely due to
changes in neuronal response properties (Buonviso and Chaput,
2000; Fletcher and Wilson, 2003). Similarly, EE enhances spatial
discrimination of sound source, with faster reaction times and
improved discrimination accuracy (Cai et al., 2009). Bourgeon
et al. (2004) reported that while EE housing did not affect an
animal’s tactile ability to discriminate between textured surfaces,
enriched animals did learn to perform the discrimination task
faster. The changes in behavior reported above must occur as a
consequence of the effects of EE on neuronal function, which in
turn, occur as a result of the various molecular and morphological
changes mediated by EE.

NEURONAL FUNCTIONAL CHANGES ASSOCIATED WITH
EXPOSURE TO EE

The EE-induced changes in behavior can be linked to specific
changes in neuronal functionality. This has been studied in best
detail for behavior associated with hippocampal function (Van
Praag et al., 2000; Eckert and Abraham, 2013) and we briefly
describe these as a prelude to describing the changes seen in adult
sensory cortices, the particular brain regions of interest here in the
context of our over-arching thesis (Alwis et al., 2012) that many
persistent cognitive and motor deficits in TBI have sensory deficits
as an underlying cause. The studies discussed below have used
electrophysiological techniques such as in vivo and in vitro intra
and extracellular recordings to specifically investigate EE-induced
changes in neuronal function.

EE-induced improvements in hippocampal-dependent mem-
ory function have been linked to experience-dependent changes
in hippocampal synaptic strength (Kempermann et al., 1997;
Schrijver et al., 2002; Vedovelli et al., 2011), with reports of
increases in excitatory post-synaptic potential (EPSP) amplitudes
and evoked population spikes in rats exposed to generic EE,
both in in vivo studies (Sharp et al., 1985; Irvine and Abraham,
2005; Irvine et al., 2006) and in in vitro studies of slices from
the dentate gyrus (Green and Greenough, 1986; Foster et al,
1996) or the CA3-CA1 pathway (Foster and Dumas, 2001; Malik
and Chattarji, 2012). The enhanced synaptic efficacy in dentate
gyrus appears likely to act through AMPA and NMDA recep-
tor mediated mechanisms (Foster et al., 1996). Interestingly,
these increases did not outlast the termination of EE housing
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(Green and Greenough, 1986), even though EE-induced changes
in behavior and morphology persist after discontinuation of EE
(Camel et al., 1986; Cheng et al., 2012), suggesting that informa-
tion stored in the dentate gyrus may be related to more transient
behavioral effects of EE. However, there is also contradiction in
studies of EE-induced long-term hippocampal plasticity. Eckert
and Abraham (2010) reported that long-term exposure to EE did
not result in enhanced synaptic transmission in the hippocam-
pus, both in vivo and in vitro, suggesting that the variability in
these studies may have be due to different EE paradigms, or to
homeostatic mechanisms to re-establish normal synaptic trans-
mission (Turrigiano, 1999, 2008). Foster and colleagues (Foster
et al., 1996; Foster and Dumas, 2001) demonstrated that EE
housing inhibits LTP induction in the perforant pathway, sug-
gesting that both experience-dependent synaptic plasticity and
LTP expression share similar yet-unknown underlying mecha-
nisms. Conversely, increased LTP expression has been reported
after EE exposure (Duffy et al., 2001; Artola et al., 2006; Eckert
and Abraham, 2010; Malik and Chattarji, 2012). One resolution
for these effects, other than differences in the EE conditions, is
that LTP induction after EE may be differentially regulated in
different regions of the hippocampus.

It is worth noting here that short-term plasticity in the hip-
pocampus has not been shown to be affected by EE (Foster et al.,
1996; Foster and Dumas, 2001; Eckert and Abraham, 2010; Malik
and Chattarji, 2012).

In contrast to the hippocampus, little is known about EE-
induced changes in neuronal functionality in cortex. What
changes there are in cortical neuronal function have mainly been
examined at the level of the sensory cortices and we discuss these
studies in detail below. EE-induced changes in neuronal function
in the normal (uninjured) sensory cortices are particularly salient
to our thesis and may provide us with insights into the role of
EE on neuronal function after brain injury, of which nothing is
known as yet.

EE AND SENSORY CORTICES

The effects of EE have been studied most extensively in audi-
tory cortex, in some detail in somatosensory cortex, and only to a
limited degree in visual cortex.

In auditory cortex, the effect of EE has been studied at lev-
els ranging from brain slices through to extracellular recordings
from neurons in anaesthetized animals. In the investigation of the
effects of EE on the auditory cortex, studies have used enriched
environments that include specific auditory enrichment in the
form of playback of various sounds within the housing environ-
ment (Engineer et al., 2004; Percaccio et al., 2005, 2007; Nichols
etal., 2007). Many studies report effects that mirror those seen in
the hippocampus, of increased synaptic efficiency. Thus, auditory
cortex slices show that specific EE induces an increase in exci-
tatory post-synaptic current (EPSC) amplitudes, coupled with a
decrease in current rise-times in supragranular cortical layers and
no changes in infragranular layer V (Nichols et al., 2007). In vivo
recordings from the anaesthetized rat, primarily from Layers 4/5
of adult primary auditory cortex after specific auditory EE, have
demonstrated an increase in cortical responsiveness (both sponta-
neous and stimulus-evoked), decreased response latencies, and an

increase in frequency selectivity (Engineer et al., 2004; Percaccio
et al., 2005; Cai et al., 2009). Percaccio et al. (2005, 2007) also
found that EE increased paired pulse depression (PPD) in the
rat auditory cortex, indicating an increased probability of synap-
tic transmitter release and thus, enhanced synaptic transmission.
Other studies in auditory cortex found EE could cause reor-
ganization of the cortical tonotopic map (Norena et al., 2006;
Pienkowski and Eggermont, 2009; Zhou et al., 2011; Kim and Bao,
2013), and alterations in stimulus frequency selectivity over either
a range of frequencies (Zhou et al., 2011) or for frequencies spe-
cific to those used as a part of the enrichment condition (Norena
et al., 2006; Pienkowski and Eggermont, 2009).

The effects of auditory enrichment are not restricted to pri-
mary auditory cortex, and Jakkamsetti et al. (2012) have reported
that responses in posterior auditory field (PAF) are also increased
when compared with animals housed in standard environments.
These increased firing rates were accompanied by decreases in
response latency and duration, and a reduction in receptive field
size, as seen in primary auditory cortex (Engineer et al., 2004;
Zhou et al., 2011; Jakkamsetti et al., 2012).

Unlike the above-noted reports, some studies do not report
increased neuronal responsiveness and sharper frequency tuning
after exposure to auditory enrichment (Condon and Weinberger,
1991; Bao et al., 2003). Instead, these studies found that a repeated
auditory stimulus decreased responsiveness to frequencies used in
the stimulus (Condon and Weinberger, 1991), and exposure to
noise burst trains produced broadly tuned receptive fields (Bao
et al., 2003). Percaccio et al. (2007) have suggested that a criti-
cal variable in eliciting EE effects in auditory cortex is the nature
of the enrichment, i.e., how engaging or complex the stimuli
are. This would explain the increased neuronal responsiveness
reported by Percaccio et al. (2007) in rats receiving even pas-
sive exposure to specific auditory EE, which included situation-
dependent stimuli from the environment and from cagemates, as
opposed to simple, less behaviorally relevant stimuli.

Similar to studies in auditory cortex, generic EE (i.e., non-
specific enrichment) results in reorganized cortical topographic
maps, decreased receptive field sizes, increased response selectiv-
ity and increased sensory evoked potentials in the somatosensory
cortex (Xerri et al., 1996; Coq and Xerri, 1998; Polley et al., 2004;
Devonshire et al., 2010). One interesting effect demonstrated here
is that EE effects on receptive field sizes and responses to stim-
ulation of the main topographic input to the neurons may be
laminar selective (an effect that does not appear to have been
explored in auditory cortex). Thus, in the rodent barrel cor-
tex that receives tactile input from the mystacial whiskers, EE
caused a decrease in receptive field size and in neuronal responses
evoked by stimulation of the “Principal Whisker” (the topograph-
ically matched whisker providing the main input to a group of
neurons in the barrel cortex) in supragranular cortical Layers
2/3, but there were no changes in response strength or receptive
field size in input Layer 4 (Polley et al., 2004). It is worth not-
ing that Guic et al. (2008) found that EE caused an increase in
cortical representational area in Layer 4. However, these effects
were seen after stimulation of only a few selective whiskers, while
other whiskers were trimmed whereas Polley et al. (2004) used a
non-deprived paradigm where all whiskers remained untrimmed.
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These different effects are likely a reflection of variations in
experimental design of the EE conditions, consistent with the
conclusions drawn from studies in auditory cortex that the nature
of EE conditions influences neuronal outcomes.

These studies, where the emphasis was on measuring recep-
tive field sizes and responses only to simple input from the main
topographically-matched region of the body, indicated laminar
specificity of effects. However, when neuronal encoding of sophis-
ticated sensory input is the metric, the effects of generic EE occur
globally across all cortical layers. Thus, in our own studies, 8—
10 weeks of EE exposure increased neuronal firing rates globally
across all layers 2—5 of the rat barrel cortex, and did so in response
to both simple stimuli and a variety of complex, naturalistic stim-
uli (Alwis and Rajan, 2013). It is interesting to note that these
effects occur even to the complex stimuli as our previous work on
TBI (Alwis et al., 2012) had suggested that the complex stimuli
may engage a diversity of intra-cortical processing mechanisms
not seen with the simple stimuli. These effects occurred without
any change in response latency, suggesting that the effects were
specific to cortex and not due to changes at lower levels of the
somatic pathways to cortex.

Although not often studied on its own in somatosensory cor-
tex, recently EE has been combined with another manipulation
that induces experience-dependent plasticity in barrel cortex, viz.
whisker trimming and/or stimulation (Armstrong-James et al.,
1992; Diamond et al., 1993, 1994; Rema et al., 2006; Guic et al.,
2008; Megevand et al., 2009). Here the picture is rather murky,
with one study suggesting that EE operates through different
mechanisms than other plasticity mechanisms in barrel cor-
tex, but another suggesting that it operates through the same
mechanisms. The first seems to apply in the case of whisker trim-
ming: when whisker pairing (all whiskers on one side of the
face trimmed except for a pair of adjacent whiskers) is coupled
with short (15h) generic EE exposure, there is an accentuation
of the effects induced by whisker trimming alone: a faster shift
of receptive field bias toward the untrimmed whiskers, stronger
evoked responses to the intact paired whisker than to deprived
whiskers, and increased spontaneous activity in supra-granular
and granular layers (Rema et al., 2006). In contrast EE may oper-
ate through the same mechanisms as some other plasticity cases.
Thus, a short duration of whisker stimulation at a frequency
often used during exploratory whisking behavior increases stim-
ulus evoked potentials in both supra-granular and granular barrel
cortex layers (Megevand et al., 2009)—but, addition of EE to
the whisker stimulation paradigm does not further potentiate
responses (Megevand et al., 2009).

Finally, only a limited number of studies have examined the
effects of EE in the normal visual cortex. In area 17 of the adult
visual cortex, similar to effects seen in the auditory cortex, generic
EE results in sharper bandwidths in orientation tuned cells,
increased neuronal responses to light stimuli, increased visual
acuity, as well as increased stimulus contrast and temporal selec-
tivity (Beaulieu and Cynader, 1990a,b; Mainardi et al., 2010). In
addition to these effects in normal adult visual cortex, studies of
EE-induced plasticity in the adult visual cortex have also exam-
ined effects in the context of monocular deprivation (MD) and
amblyopia. MD during developmentally critical periods induces

a shift in ocular dominance (OD) so that more neurons respond
to stimulation of the open eye (Frenkel and Bear, 2004; Mrsic-
Flogel et al., 2007). Such plasticity is normally not seen when
MD is started in adulthood, but EE housing for 3 weeks re-
activates cortical plasticity in supragranular layers of adult visual
cortex such that OD changes are possible again and visual evoked
potentials (VEPs) elicited by stimulation of the deprived eye are
greatly depressed (Baroncelli et al., 2010b). In amblyopia, indi-
vidual components of EE such as motor and visual stimulation, as
well as the combination of these components, also recover visual
acuity and restore OD plasticity and binocularity in supragranu-
lar layers of adult visual cortex (Sale et al., 2007; Baroncelli et al.,
2012; Tognini et al., 2012).

Taken together, these studies of EE effects in sensory cor-
tices show that generic EE is potent at producing many changes
in neuronal responses, such as stronger responses and greater
stimulus selectivity; that the receptive field effects may be
laminar-selective and depend on the type of enrichment but
that effects on more sophisticated neuronal processing, par-
ticularly of naturalistic stimuli that mimic everyday events,
occur across all cortical laminae; and finally, that EE may
operate independent of some other mechanisms of cortical
plasticity.

MECHANISMS UNDERLYING EE-INDUCED CHANGES IN
NEURONAL FUNCTION

There are numerous well-documented structural and biochem-
ical consequences of EE which may underlie the effects of EE
on neuronal function. We broadly review these changes with EE
(summarized in Figure 1). It must be noted that in most cases,
we do not know how these structural and molecular changes
contribute to EE-induced changes in neuronal function: to date,
there has been very limited attempt only to directly manipulate
these fine-scale changes to determine to what extent they cause
EE-related changes in neuronal functionality.

MORPHOLOGICAL CHANGES
It was very early recognized that exposure to complex, enriched
environments causes gross morphological changes in an overall
increase in brain weight, particularly in cortical and hippocam-
pal weight and thickness (Bennett et al., 1969; Walsh et al., 1969;
Diamond et al., 1972, 1976). The factors contributing to these
gross morphological changes include increased neuronal density
and size, increased dendritic branching and length, increased den-
dritic spine density, and increased turnover in pyramidal and
stellate cells (Holloway, 1966; Diamond et al., 1967; Volkmar and
Greenough, 1972; Globus et al., 1973; Greenough and Volkmar,
1973; Greenough et al., 1973; Uylings et al., 1978; Connor et al.,
1982; Turner and Greenough, 1985; Kempermann et al., 1997;
Leggio et al., 2005; Jung and Herms, 2012). Unsurprisingly, the
changes in dendritic morphology are accompanied by synaptic
alterations, with EE resulting in increased numbers of synapses
and synaptic contacts (Jones et al., 1997; Briones et al., 2004;
Landers et al., 2011), which could enhance cortical synaptic trans-
mission and hence, alter cortical excitation/inhibition balances.
One particularly notable EE-induced change is neurogene-
sis, which may contribute to enhanced cognitive performance
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FIGURE 1 | Environmental enrichment induces morphological and
molecular changes in the brain. An overview of the number of
structural and molecular mechanisms that contribute to the changes in
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neuronal function, and ultimately, changes in behavior, seen after EE
exposure. These mechanisms are thought to underlie EE-induced neural
plasticity.

(Kempermann et al., 1997, 1998; Nilsson et al., 1999; Bruel-
Jungerman et al., 2005). Cell proliferation, improved neuronal
survival and functional integration of new neurons have all
been demonstrated to occur in the adult dentate gyrus after EE
(Kempermann et al., 1997, 1998; Van Praag et al., 2000; Lu et al.,
2003; Bruel-Jungerman et al., 2005) and pharmacological inhibi-
tion of cell proliferation during EE prevented hippocampal neu-
rogenesis and any improvement in a hippocampal-based memory
task (Bruel-Jungerman et al., 2005). Decreased neurogenesis has
been linked to cognitive decline (Drapeau et al., 2003, 2007),
and restoration of neuronal proliferation and survival leads to an
improvement in cognitive behavior (Kempermann, 2002).

The enhanced hippocampal neurogenesis, improved neuronal
cell survival, increased synaptic density and dendritic branch-
ing (Kempermann et al., 1997, 1998; Bruel-Jungerman et al.,
2005), and the growth factor up-regulation that is discussed
below, have all been suggested to be responsible for EE-induced
improvements in spatial and non-spatial learning and mem-
ory and enhanced spatial searching strategies (Van Praag et al,,
2000; Schrijver et al., 2002; Nithianantharajah and Hannan, 2006;
Kulesskaya et al., 2011; Vedovelli et al., 2011; Leger et al., 2012).
Increased habituation to novel objects has also been attributed
to a decrease in activation of hippocampal neurons during novel
object exposure in enriched animals, in contrast to the increased
activation seen in animals housed in standard conditions when
exposed to objects in novel environments (Zhu et al., 1997; Leger
etal., 2012). These results support the idea that EE-induced mor-
phological changes contribute to alterations in behavior, through
changes in overall neuronal function.

It must be noted here that similar neurogenesis has not been
demonstrated to occur in cortex after EE, but this may be for a
want of study not for an absence of the effect. In the absence
of this effect, it is difficult to speculate to what extent neuro-
genesis contributes to EE-induced changes in cortical neuronal

functionality or cortex-based processes. We will argue below that,
in any case, neurogenesis is not required to occur in cortex to
produce the EE-induced changes in responses and in function-
ality and that those changes can be produced by alterations in
the balance between excitation/inhibition interplay that shapes
neuronal responses and function.

MOLECULAR CHANGES

The EE-induced structural and functional changes described
above occur through molecular cascades that involve increases
in neurotrophic factor and neurotransmitter levels (Van Praag
et al., 2000; Mohammed et al., 2002; Will et al., 2004;
Nithianantharajah and Hannan, 2006), and increased expression
of regulatory proteins that enhance the number and stability of
synapses, increase cell proliferation, and promote neurotrans-
mitter release (Rampon et al., 2000; Frick and Fernandez, 2003;
Nithianantharajah et al., 2004).

Neurotrophic factors of particular importance to EE include
brain derived neurotrophic factor (BDNF) and nerve growth
factor (NGF), with levels of both increasing following expo-
sure to exercise and EE (Pham et al., 1999; Birch et al., 2013)
in brain regions including cortex, hippocampus and cerebellum
(Torasdotter et al., 1998; Angelucci et al., 2009). In the adult
brain, BDNF and NGF promote experience-dependent plasticity
by enhancing synaptic plasticity, signaling, learning and mem-
ory (Kang and Schuman, 1995; Torasdotter et al., 1998; Pham
et al., 1999; Bekinschtein et al., 2011). Increases in neurotrophins
appear to underlie improved motor and cognitive function after
EE (Falkenberg et al., 1992; Henriksson et al., 1992; Linnarsson
et al., 1997; Bekinschtein et al., 2011; Gelfo et al., 2011; Bechara
and Kelly, 2013; Birch et al., 2013) since suppression of BDNF lev-
els causes deficits in neurogenesis, learning behavior and memory
(Linnarsson et al., 1997; Minichiello et al., 1999; Rossi et al., 2006;
Heldt et al., 2007; Furini et al., 2010).
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Similarly, neurotransmitter levels are also affected by exposure
to EE, suggesting a role in the mediation of brain plasticity.
Serotonin is important in promoting neuroplasticity (Maya
Vetencourt et al., 2008; Baroncelli et al., 2010a), and EE induces
an increase in serotonin receptor expression and in serotonin lev-
els (Rasmuson et al., 1998; Koh et al., 2007; Baroncelli et al.,
2010a). Levels of other neurotransmitters associated with synaptic
plasticity, such as acetylcholine and noradrenaline, also increase
following EE (Por et al., 1982; Galani et al., 2007; Brenes et al.,
2009). Increased cortical responsiveness may then be attributed to
increases in synaptic transmission efficacy and synaptic strength
(Mainardi et al., 2010) brought about by EE-induced molecular
changes.

In conjunction with these changes in neurotransmitter levels,
excitatory activity also shifts following EE housing, with increases
in hippocampal extracellular glutamate levels coupled with an
enhanced expression of AMPA and NMDA receptors (Tang et al.,
2001; Naka et al., 2005; Segovia et al., 2006). Changes in hip-
pocampal field potentials have been attributed to factors that
include increased AMPA receptor-mediated transmitter binding,
increased expression of AMPA and NMDA receptor subunits,
increased dendritic spine density and upregulation of growth fac-
tors (Sharp et al., 1985; Green and Greenough, 1986; Foster and
Dumas, 2001; Eckert and Abraham, 2010). There is also evidence
of synaptic plasticity, in the form of increased dentate gyrus LTP,
in the hippocampus after physical activity, which is an impor-
tant component of the EE experience (Van Praag et al., 1999).
The role of these changes in excitation will be discussed in greater
detail below where we argue that a principal mechanism through
which EE alters brain function and behavior is by promoting a
shift toward excitation in neuronal responses.

ROLE OF CHANGES IN CORTICAL EXCITATION/INHIBITION BALANCE IN
EE-INDUCED CHANGES IN NEURONAL FUNCTIONALITY

As shown above, EE-induced brain plasticity is likely to occur
through the combination of structural and biochemical changes
that can impact on neuronal functionality. We believe that there
is substantive evidence that one particularly important end-effect
through which EE alters neuronal function is alterations in the
balance between excitation and inhibition in cortex (Engineer
et al., 2004; Percaccio et al., 2005, 2007). This E/I balance is a criti-
cal factor in regulating cortical neuronal functionality and critical
periods of cortical plasticity which occur throughout develop-
ment are governed by this E/I balance (Hensch and Fagiolini,
2005; Levelt and Hubener, 2012) whereby immaturity of corti-
cal inhibition promotes plasticity while maturation of inhibitory
circuits results in the decrease in plasticity associated with corti-
cal maturation (Huang et al., 1999; Fagiolini and Hensch, 2000).
Shifts in this E/I balance may also play a major role in the
experience-dependent cortical plasticity, which includes plasticity
induced by EE or deprivation, that occurs outside developmen-
tal critical periods (Hensch and Fagiolini, 2005; Sale et al., 2007;
Benali et al., 2008; Maya Vetencourt et al., 2008; Megevand et al.,
2009; Baroncelli et al., 2010b, 2011; Luz and Shamir, 2012; Maya-
Vetencourt et al., 2012). Changes in neuronal function in the
adult brain suggest that EE exposure causes a reactivation of
forms of neuronal plasticity generally seen only in the developing,

immature brain (Chang and Merzenich, 2003; Chang et al., 2005)
in which inhibitory mechanisms are immature.

Experience-dependent changes in response strength and sen-
sitivity in adult sensory cortices have been attributed to decreased
levels of cortical inhibition (Buonomano and Merzenich, 1998;
Baroncelli et al., 2011), which shift cortical E/I ratios to favor
excitation. Studies have demonstrated the importance of GABA
synthesis in promoting plasticity (Hensch et al., 1998; Harauzov
et al., 2010) after MD, and disruption of GABA-ergic inhibition
through pharmacological treatments or EE reinstates plasticity
to restore OD plasticity in adult visual cortex (Sale et al., 2007;
Maya Vetencourt et al., 2008; Harauzov et al., 2010; Zhou et al,,
2011; Maya-Vetencourt et al., 2012). Similarly, Zhou et al. (2011)
found that EE-induced plasticity in auditory cortex was accom-
panied by a decrease in GABA receptor subunit expression. Sale
et al. (2007) have also shown that EE exposure results in a
decrease in basal extracellular GABA levels in the visual cortex,
and that EE-induced plasticity can be countered by pharmaco-
logically increasing inhibitory activity. EE-induced decreases in
cortical inhibition have been demonstrated in studies of auditory
and visual cortex, through decreases in GABA receptor subunit
expression, inhibitory synapse density and basal levels of GABA
(Beaulieu and Colonnier, 1987; Zhou et al., 2011; Jakkamsetti
et al., 2012), while GAD67 expression has also been shown to
decrease following exposure to EE (Scali et al., 2012; Tognini et al.,
2012).

However, decreased inhibition may just be one mecha-
nism underlying EE-induced plasticity via shifts in the excita-
tion/inhibition balance, with studies also suggesting an increase in
cortical excitation with EE. Nichols et al. (2007) have shown that
exposure to EE induces an AMPA-receptor mediated increase in
EPSC amplitudes in supragranular layers of the auditory cortex,
with no changes in GABA-ergic transmission, while the increase
in PPD after EE demonstrated by Percaccio et al. (2005) suggests
an increase in the transmitter release probability of excitatory
synapses.

Taken together, the results presented in this section suggest that
EE exerts its effects through molecular changes, which in turn
support changes in morphology and neuronal function. These
results also suggest that in conditions such as brain injury, which
result in abnormal neuronal activity, EE-induced plasticity may
have the potential as a therapy to steer neuronal activity toward a
more functionally relevant state. This is particularly the case when
it is considered that excitation/inhibition shifts may also occur in
brain injury (Ding et al., 2008; Alwis et al., 2012; Johnstone et al.,
2013).

EE AND THE DAMAGED BRAIN

Considering that the brain plasticity evoked by EE results in vari-
ous behavioral benefits, it is hardly surprising that EE (and specif-
ically the form we have termed “generic” EE) has been proposed
as a putative therapy for neurological conditions ranging from
Alzheimer’s disease through to ischemia/stroke (Faherty et al.,
2005; Jadavji et al., 2006; Buchhold et al., 2007; Nithianantharajah
et al., 2008; Wang et al., 2008; Hu et al., 2010; Valero et al.,
2011; Du et al.,, 2012). Indeed, EE ameliorates the behavioral and
pathological deficits associated with many of these conditions:
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for example, in models of Alzheimer’s disease, EE enhances neu-
ronal proliferation, survival and maturation, leading to improved
cognition (Hu et al., 2010; Valero et al., 2011), while in studies
of stroke/ischemia, EE improves sensorimotor function, such as
impaired gait and limb placement (Buchhold et al., 2007; Wang
et al., 2008).

Our focus in this review is on the potential role of EE as a
therapy for TBI, based on its known effects on brain changes
induced by TBI, especially in the sensory cortices. For this con-
sideration, it is necessary to first define some of the basic features
of TBI and its effects on brain and behavior. There are two major
forms of TBI—focal and diffuse. Focal brain injury is caused
by direct, localized damage to the brain, while diffuse injury is
most commonly caused by indirect forces, such as during rapid
acceleration/deceleration of the head (Andriessen et al., 2010;
Alwis et al., 2013). TBI affects approximately 2 million indi-
viduals every year in the US alone (Faul et al., 2010) and has
been shown to result in a number of persistent sensory deficits,
which are thought to underlie TBI-associated cognitive disabili-
ties (Caeyenberghs et al., 2009; Davis and Dean, 2010; Lew et al.,
2010; Folmer et al., 2011). People with mild to moderate diffuse
TBI usually recover motor skills fully, but have other prolonged
deficits, including cognitive deficits and memory loss, likely from
axonal injury (Strich, 1956; Adams et al., 1999; Graham et al,,
2000; Little et al., 2010).

In TBI there are often substantial and prolonged functional
deficits in cognition, memory and movement (Gagnon et al.,
1998; Draper and Ponsford, 2008; Park et al., 2008; Faul et al.,
2010; Risdall and Menon, 2011) and these are invariably viewed as
resulting from damage to brain areas specific to those functions.
What has been consistently overlooked is that most TBI suffer-
ers show deficits in how they process sensory information. What
we see, hear, touch is used to understand the world and guide
complex behaviors like thinking, movement, or memory; sensory
processing deficits easily affect these behaviors. It has been recog-
nized that at least some impairments may involve disruption of
the integration of sensory input (Brosseau-Lachaine et al., 2008;
Patel et al., 2011). In humans, speeded motor tasks and response
time tasks are also affected in mild/moderate TBI (Bawden et al.,
1985; Haaland et al., 1994), and animal studies have shown per-
sistent abnormal sensory behavior (McNamara et al., 2010), again
suggesting disturbances in sensorimotor processing, and there are
many long-lasting sensory and cognitive impairments even after
motor function has recovered (Narayan et al., 2002; Draper and
Ponsford, 2009; Faul et al., 2010; Risdall and Menon, 2011).

Consistent with this hypothesis of a sensory cortices basis for
persistent cognitive, memory and motor deficits in TBI, exper-
imental TBI causes significant time-dependent changes in neu-
ronal excitability in sensory cortices (Hall and Lifshitz, 2010; Ding
etal, 2011; Alwis et al., 2012). In the immediate post-TBI period,
changes in neuronal activity occur across all cortical layers, and
consist in a depth-dependent (from the cortical surface) suppres-
sion of responses to all types of simple and complex naturalistic
stimuli (Johnstone et al., 2013; Yan et al., 2013). However, by the
long-term (8-10 weeks post-TBI), effects are found only in the
upper cortical layers, layers 2 and upper layer 3, and decrease
with cortical depth such that there are no long-term changes

in input layer 4 (Alwis et al., 2012); further the changes in the
upper layers are no longer a suppression of responses but, rather,
a hyper-excitation (Alwis et al., 2012). These persistent effects
are consistent with an imbalance in cortical excitation/inhibition
(Ding et al., 2011; Alwis et al., 2012).

Given the known effects of EE on the E/I balance in cortex, we
believe that there is potential for EE to remediate TBI-induced
changes in neuronal function by restoring the cortical excita-
tion/inhibition balance, to improve sensorimotor and cognitive
behavior. However, there is no current literature probing the
effects of EE specifically on neuronal function post-TBI, high-
lighting the need for studies examining the mechanisms under-
lying the EE-induced functional improvements that have been
reported in the literature. Hence, in the following section of the
review, we will first consolidate and discuss studies that have
examined the effects of EE after experimental brain injury, which
have focussed on mainly behavioral effects. We will then discuss
possible mechanisms through which EE acts to improve func-
tional outcomes post-injury, based on the known mechanisms
underlying the effects of EE (as discussed above). Finally, we will
review the implementation and efficacy of EE as a therapeutic
option to remediate brain injury in a clinical setting.

THE BENEFICIAL EFFECTS OF EE POST-TBI

Only a few studies have investigated the effects of EE on func-
tional recovery post-experimental TBI and shown that exposure
to EE ameliorates motor and cognitive deficits and TBI-induced
histopathologies (Hamm et al., 1996; Passineau et al., 2001; Hicks
et al., 2002; Sozda et al., 2010; De Witt et al., 2011; Matter et al.,
2011; Monaco et al,, 2013; Bondi et al., 2014), with some very
limited work on the effect of EE on TBI-induced sensory mor-
bidities. These studies have predominantly studied the use of
generic EE in the treatment of TBI, except for some work that has
included the use of multi-modal sensory stimulation with generic
EE (discussed further below).

EE improves TBI-induced cellular histopathologies: EE-
treated animals show decreases in lesion volume, increased neu-
ronal survival, and reduced neuronal degeneration in cortex
(Passineau et al., 2001; Lippert-Gruner et al., 2007; Monaco et al.,
2013). Muthuraju et al. (2012) recently reported an EE-mediated
decrease in cell death, in conjunction with an increase in neuroge-
nesis in the striatum, post-TBI. Additionally, in correlation with
the positive effects on motor and cognitive function, decreased
apoptosis and lesion volume have also been shown using a com-
bination of multi-modal sensory stimulation and EE (Maegele
et al., 2005a; Lippert-Gruner et al., 2007). These effects suggest
that EE may be able to ameliorate or attenuate damage caused by
secondary injury processes, which are often complex and dynamic
in nature.

The effects of EE on motor and cognitive function after TBI
have only been investigated in TBI models that cause a mixture of
focal and diffuse TBI (Hamm et al., 1996; Passineau et al., 2001;
Hicks et al., 2002; Hoffman et al., 2008; Sozda et al., 2010; De Witt
et al., 2011; Matter et al., 2011; Monaco et al., 2013), and to date,
no studies have examined the effect of EE after a purely diffuse
model of TBI. The studies of EE effects in mixed model TBI have
demonstrated positive effects of EE on neuromotor and cognitive
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function, especially for spatial navigation and memory. Hamm
et al. (1996) found that at 11-15 days after mixed-model TBI,
animals exposed to generic EE displayed elevated spatial memory
function in the Morris Water Maze (MWM) test, when compared
with TBI animals housed in standard conditions. EE housing also
improved cognitive functioning to levels comparable to those of
sham controls (Hamm et al., 1996). These findings are similar
to reports demonstrating EE-induced recovery of spatial naviga-
tion and spatial memory after hippocampal/cortical lesions (Will
et al., 1977; Einon et al., 1980; Whishaw et al., 1984). EE-induced
improvements in spatial navigation, increases in spatial acquisi-
tion task rate, as well as improved spatial memory, have been
demonstrated in other experimental models of mixed-model TBI
(Passineau et al., 2001; Hicks et al., 2002; Wagner et al., 2002; De
Witt et al., 2011; Matter et al., 2011; Monaco et al., 2013). EE-
mediated recovery of locomotor activity and motor function in
beam-walking and rotatod tasks has also been documented post-
TBI (Wagner et al., 2002; De Witt et al., 2011; Matter et al., 2011;
Monaco et al., 2013), while EE exposure also improved recovery
time of forelimb function after CCI (controlled cortical impact)
injury (Smith et al., 2007).

While EE on its own has all of these benefits for motor and
cognitive function, there is also evidence that the use of addi-
tional multi-modal sensorimotor stimulation together with EE
can improve cognitive and motor function (Maegele et al., 2005b;
Lippert-Gruener et al., 2007; Lippert-Gruner et al., 2007, 2011) at
both acute (7 and 15d; Maegele et al., 2005a,b; Lippert-Gruner
et al., 2007), and chronic (30d; Lippert-Gruener et al., 2007)
time-points post-injury. Such enhanced stimulation is thought to
better mimic rehabilitation paradigms used in clinical settings in
the treatment of brain injury. Maegele et al. (2005a) have demon-
strated that enhanced sensory stimulation in combination with
EE improves behavioral outcomes more than the use of EE on
its own (Maegele et al., 2005a), suggesting that any neuroplas-
ticity conferred by increased stimulation may be therapeutically
relevant.

Only a very few studies have examined the efficacy of EE
in ameliorating sensory deficits after TBI, with only one study
(Johnson et al., 2013) reporting that EE exposure completely
recovers TBI-induced sensory neglect, a condition where there is
a reduction in responsiveness to sensorimotor stimuli (Kim et al.,
1999). Conversely, in a unilateral cortical lesion model of brain
injury, Rose et al. (1987) found that EE did not facilitate recov-
ery from sensory neglect post-lesion. These contradictory results
may be explained by differences in the nature of injury, or even
the timing of EE exposure: in the Johnson et al. (2013) study, 15
days of EE exposure occurred immediately prior to TBI, whilst
Rose et al. (1987) examined the effects of 6 weeks of EE exposure
commencing 10-12 days post-lesion. We will demonstrate below
that the timing of the application of EE is absolutely critical for
ameliorating TBI-induced behavior deficits.

In most of these studies, the type of EE applied has been what
we have termed “generic” EE. Whether fortuitous or planned, this
form of EE, which must engage a range of sensory, motor, cog-
nitive and social behaviors, appears to greatly improve recovery
post-TBIL. Thus, Hoffman et al. (2008) indicate that EE-induced
functional recovery may depend on task-specific experience:

post-TBI, animals show enhanced recovery of motor function
(e.g., beam traversing and balancing) and spatial learning and
memory (decreased latency to locate a platform in the MWM),
when exposed to both EE and task-specific training for the motor
and cognitive tests. They also suggest that the enhanced motor,
social and cognitive stimulation provided by housing in EE con-
ditions could, in themselves, contribute to the improved motor
and cognitive they observed. It is possible that exposure to gen-
eral EE vs. specific EE dictates the level of functionality that is
conferred; although it is true that often studies using specific
EE focus on tasks related to the aspect of EE that they enhance.
Considering the ambiguity that remains concerning this issue,
further investigations are required to determine whether expo-
sure to task-specific experience or specific EE can improve overall
functionality in a range of tasks.

It has been suggested that improved sensorimotor function
after brain injury may actually be attributed to behavioral com-
pensation rather than functional recovery; improvements on
multi-sensory tasks, such as a MWM test, could be due to the
use of cues from alternate (presumably undamaged) modalities
(Finger, 1978; Rose et al., 1987, 1993; Kolb et al., 1996). This
view receives support from studies that show that EE has much
more limited or negligible benefit in tasks involving a single sen-
sory modality (Rose et al., 1987, 1988). However, there is also no
reason why the two effects could not o-exist and in keeping with
this possibility, studies have shown a degree of EE-induced func-
tional recovery after cortical injury, accompanied by an observed
difference in the movements of the animals during task perfor-
mance such as skilled reaching post-injury (Whishaw et al., 1991;
Rowntree and Kolb, 1997; Kolb, 1999), suggesting that perhaps
both recovery and compensation may account for improved func-
tional outcomes after injury, possibly through the recruitment of
uninjured cortical circuits (Kolb, 1999). We therefore turn now
to a consideration of the potential mechanisms whereby EE could
improve outcomes after TBI.

MECHANISMS PROMOTING IMPROVED BEHAVIORAL AND
PATHOLOGICAL RECOVERY

To understand how EE could promote recovery after TBI, it is nec-
essary to understand some of the mechanisms underlying TBI.
This is not a simple endeavor since neurodegeneration caused
by TBI occurs as a result of a number of complex and dynamic
inter-related mechanisms (Smith et al., 1991; Hicks et al., 1993;
Pierce et al., 1998; Hall and Lifshitz, 2010; McNamara et al., 2010).
Only a few studies have examined how EE impacts on these com-
plex molecular and anatomical factors affected in TBI or any
other form of brain injury. Thus, ideas of how EE might pro-
duce improvements in sensorimotor and cognitive behavior after
TBI or any brain injury are often based on extrapolations of the
known actions of EE in the normal brain.

In uninjured animals, EE enhances neurogenesis, improves
neuronal survival, and decreases apoptotic cell death
(Kempermann et al., 1997; Van Praag et al., 2000; Lu et al.,
2003; Bruel-Jungerman et al., 2005), all of which have been
linked to improved behavioral recovery after TBI (Passineau
et al.,, 2001; Gaulke et al., 2005; Sozda et al., 2010; Monaco
et al.,, 2013). Additionally, Miller et al. (2013) have also recently
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demonstrated a decrease in hippocampal volume loss in TBI
patients, with increased engagement with cognitively, physically
and socially demanding activities, supporting the role of EE in
directly preventing neuronal death.

Post-injury EE housing has been shown to decrease injury-
induced lesion volume, increase synaptic density, increase post-
synaptic density (PSD) thickness, increase dendritic spine density
and dendritic branching in supragranular and infragranular lay-
ers of injured cortex (Biernaskie and Corbett, 2001; Ip et al., 2002;
Johansson and Belichenko, 2002; Xu et al., 2009a,b). Such struc-
tural changes may lead to EE-enabled compensation and recovery
of function after injury (Rose et al., 1987; Kolb and Gibb, 1991;
Whishaw et al., 1991; Passineau et al., 2001; Will et al., 2004).
Under uninjured conditions, EE-induced structural changes are
thought to occur due to upregulation of trophic factors such as
VEGF and BDNF which promote cell survival and plasticity, and
an increase in activation of transcription factors of proteins medi-
ating plasticity (Young et al., 1999; Rampon et al., 2000; Keyvani
et al., 2004; Will et al., 2004; Gaulke et al., 2005; Hoffman et al.,
2008; Sozda et al., 2010; Monaco et al., 2013; Ortuzar et al., 2013).
Interestingly, studies have reported an increase in BDNF expres-
sion after TBI (Hicks et al., 1997; Chen et al., 2005), with no
further increase following exposure to EE (Chen et al., 2005) sug-
gesting that EE-induced benefits for recovery after TBI may not
depend on increasing the levels of trophic factors.

The effects of TBI may also be exerted through inflammatory
processes: as we have noted previously (Alwis et al., 2013), acti-
vation of inflammatory cascades as part of the normal cellular
response to injury can cause further injury to the already dam-
aged brain (Menge et al., 2001; Morganti-Kossmann et al., 2002).
The inflammatory response in TBI involves production of pro-
inflammatory cytokines like interleukin-1 (IL-1), IL-6 and tumor
necrosis factor (TNF-a), and anti-inflammatory cytokines such
as IL-10 and IL-12, all of which are seen in the cerebrospinal
fluid of TBI patients within a few hours of the primary injury.
Inflammatory cytokines IL-1a, IL-1b, and IL-18 are also increased
after TBI (Menge et al., 2001; Morganti-Kossmann et al., 2002).
Interestingly, EE is able to decrease levels of pro-inflammatory
molecules such as tumor necrosis factor alpha (TNF-a) and
interleukin 1b (IL-1b; Briones et al., 2013) in the cortex and
hippocampus post-injury. Given the up-regulation of these fac-
tors by TBI, the EE effect may attenuate secondary-injury related
damage.

EE also induces an increase in neurotransmitter levels such as
noradrenaline and dopamine, NMDA receptor expression, and
brain metabolic activity, all of which are altered in TBI and have
been implicated in impairment of motor and cognitive function;
thus, exposure to EE could possibly regulate TBI-induced changes
in these factors (Brenner et al., 1983; Boyeson and Feeney, 1990;
Liljequist et al., 1993; Dietrich et al., 1994; Hamm et al., 1996).

We noted above that some work indicates that EE in animal
models of epilepsy attenuates onset of seizures, a functional con-
sequence of aberrant neuronal excitability after TBI (Pitkanen
and Mclntosh, 2006; Hunt et al., 2013; Shultz et al., 2013).
While the exact mechanisms underlying this protective effect are
unknown, it is thought to occur through an EE-induced enhance-
ment of trophic support, changes in receptor expression and

enhanced neurogenesis (as previously described; Liu et al., 1993;
Cheng et al., 1995; Young et al., 1999; Reibel et al., 2000; Korbey
et al., 2008).

This review shows that overall, there are insufficient data avail-
able to decide if EE effects on all of the TBI-induced molecular
events noted above are all (or any of them) involved in the benefi-
cial effects of EE in TBI. Given the limited amount of knowledge
of the effects of EE specifically in TBI, it is worth also consider-
ing how EE acts therapeutically in other neurological disorders.
The general trend of how EE has benefits in other brain disor-
ders is summarized in Table 1, where it can be seen that EE acts
to increase neurogenesis, dendritic branching and spine density,
and increase the expression of growth factors (Johansson and
Ohlsson, 1996; Young et al., 1999; Jadavji et al., 2006; Pereira
etal., 2007; Gelfo et al., 2011; Valero et al., 2011). Similarly, recent
work by Koopmans et al. (2012) has also demonstrated increased
spinal cord progenitor cell differentiation and increased seroton-
ergic innervation after experimental SCI, while others have shown
increased dendritic spine density in the motor cortex (Kim et al.,
2008) and increased BDNF levels (Berrocal et al., 2007). These
studies, as well as those focussing on TBI, show that EE appears
to be a promising post-injury treatment to improve sensorimotor
and cognitive function in brain injury, most likely due to simi-
lar underlying structural and molecular mechanisms. Due to the
wide and inter-connected nature of the effects of EE, it is likely
that a combination of both molecular and morphological changes
needs to occur in order to see improvements in neuronal function
and behavior.

TIMING OF THE USE OF EE AS A THERAPY AFTER TBI

Some clues as to the potential mechanism by which EE could res-
cue brain function in TBI comes from the finding that the timing
and duration of EE are important factors governing motor and
cognitive recovery post-TBI (Figure 2; Hoffman et al., 2008; De
Witt et al., 2011; Matter et al., 2011; Cheng et al., 2012). Thus,
Hoffman et al. (2008) reported that recovery of motor and cog-
nitive function, such as beam-walking and spatial learning and
memory, depended on an optimal time and length of EE exposure
relative to time after injury. After mixed focal-diffuse TBI, even a
short period of EE exposure (6 h) was sufficient to improve motor
and cognitive behavior to a level comparable to the enhanced per-
formance seen after much longer (3 weeks), continuous exposure
to EE (Hoffman et al., 2008; De Witt et al., 2011; Matter et al.,
2011). The benefits of EE were not dose-dependent, however, as
task performance in animals exposed to shorter periods of EE (2
and 4 h) did not differ significantly from those of injured animals
housed in standard conditions, suggesting a minimal threshold of
EE exposure is needed for beneficial effects (De Witt et al., 2011).
EE-induced plasticity has persisting effects such that even lim-
ited exposure (3 weeks) to EE post-TBI can result in long-term
protection from memory deficits, as assessed by the MWM task,
for up to 6 months after animals are withdrawn from EE condi-
tions (Cheng et al., 2012), making it an ideal candidate for therapy
post-TBI.

Recent studies have also demonstrated that even pre-injury
exposure to EE is neuroprotective (Kozlowski et al., 2004; Johnson
et al., 2013). Kozlowski et al. (2004) showed that brief (15d) EE
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Table 1 | Behavioral, morphological, and molecular effects of EE in various neurological disease conditions.

Neurological Behavioral effects

disorder

Morphological effects

Molecular effects References

Stroke/hypoxia- Improved motor function

Increased dendritic length and

Increased growth factor Ohlsson and Johansson, 1995;

ischemia (reaching, beam-walk, rotating branching in cortex expression Johansson and Ohlsson, 1996;
pole) Preserved dendritic spine density Biernaskie and Corbett, 2001;
Improved declarative memory loss/increased spine density in Johansson and Belichenko, 2002;
(Novel object recognition test) hippocampus, cortex Risedal et al., 2002; Dahlqvist et al.,
Improved spatial learning and Decreased cortical infarct volume 2004; Gobbo and O'Mara, 2004;
memory (Morris water maze, Enhances cell proliferation Komitova et al., 2006; Buchhold
Radial arm maze) et al.,, 2007; Pereira et al., 2007;

Rojas et al., 2013

Lesions Improved motor function Increased dendritic length in Increased growth factor Kelche and Will, 1982; Held et al.,
(posture, ladder climb) cerebellum expression 1985; Kolb and Gibb, 1991; Bindu
Improved spatial learning and Increased dendritic branching and et al., 2007; Frechette et al., 2009;
memory (Morris water maze) spine density in hippocampus, De Bartolo et al., 2011; Gelfo et al.,

cortex 201

Epilepsy Increased seizure resistance Decreased hippocampal cell death Increased growth factor Young et al., 1999; Auvergne et al.,
Increased exploratory activity Increased neurogenesis expression 2002; Faverjon et al., 2002; Rutten
(Open field) Enhanced expression of et al., 2002; Koh et al., 2007; Korbey
Improved spatial learning (Morris neuronal and synaptic et al., 2008
water maze) plasticity mediators

Huntington's  Delayed onset of motor deficits

Delays degenerative loss of

Increased growth factor Van Dellen et al., 2000; Hockly et al.,

disease Improved spatial memory cerebral volume expression 2002; Spires et al., 2004; Lazic et al.,
(Barnes maze, Morris water Attenuates deficits in hippocampal Increased synaptic protein  2006; Nithianantharajah et al., 2008;
maze) neurogenesis expression Wood et al., 2010
Reduced aggregation of huntingtin
protein fragments
Alzheimer's Improved spatial learning and Increased/decreased AB and Increased growth factor Jankowsky et al., 2003, 2005; Levi
disease memory (Morris water maze, amyloid deposition expression et al., 2003; Arendash et al., 2004;
Barnes maze) Increased neuronal progenitor cell  Increased synaptophysin ~ Wen et al., 2004, Lazarov et al.,
Improved working memory proliferation expression 2005; Berardi et al., 2007;
(Radial arm water maze) Increased/decreased neurogenesis Cracchiolo et al., 2007; Levi and
Decreased progenitor cell survival Michaelson, 2007; Valero et al., 2011
Parkinson's Improved motor function (skilled Decreased dopaminergic neuron Increased growth factor Bezard et al., 2003; Faherty et al.,
disease reaching task) and transporter loss expression 2005; Jadaviji et al., 2006

Decreased cell death

Summary of findings from studies that have investigated the effects of EE after various neurological conditions.

exposure in immature rats at p21, prior to TBI in adulthood
(approximately 3 months old), results in a paradoxical increase
in cortical lesion volume, but coupled with faster recovery of
forelimb function, assessed by foot fault and asymmetry tests.
Similarly, exposure to 15 days of EE immediately pre-TBI atten-
uates spatial and long-term memory deficits in the MWM task,
in a manner similar to that seen after post-injury EE exposure
(Johnson et al., 2013). However, the relevance of such a model
in a clinical setting is limited. It is however, likely that, in accord
with the Hebbian theory of plasticity, pre-injury exposure to EE
acts mainly to strengthen existing connections in the uninjured
brain, which may carry forward post-injury. This is likely to occur
through the upregulation of trophic factors such as BDNFE, which
are shown to increase after exposure to motor enrichment before
and after injury (Kleim et al., 2003). In contrast, post-injury EE

exposure acts mainly to develop and strengthen new/previously
silent/remaining connections to compensate for the damage in
existing pathways (Taub et al., 2002), while elevated growth fac-
tor expression acts to limit the spread of damage (Kleim et al.,
2003). This would suggest that although pre- and post-injury EE-
exposure is beneficial for protection and/or recovery from injury,
the underlying mechanisms may be different.

The fact that even pre-injury exposure to EE can ameliorate
the effects of TBI may be taken to indicate that the benefits of
EE are independent of the TBI-induced molecular and struc-
tural changes that cause deficits to brain and behavior. However,
this is, as yet, an unsafe assumption for the reasons that brain
processes are so highly inter-linked and often use common path-
ways. For example, as noted above, TBI increases inflammatory
cascades while EE reduces many of the same cascades; thus
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TIMING OF EE RELATIVE TO CREATION OF TBI

Injury

15-16d

Pre-TBI

>

(Johnsonetal., 2013;

Kozlowskietal., 2004)

Continuous for 3 weeks \

)

FIGURE 2 | Behavioral benefits conferred by the timing/duration of EE
relative to creation of TBIl. The efficacy of EE treatment when
administered pre/post-injury is represented by green full-line arrows which

(de Witt et al, 2010; Matter et al., 2011; Cheng et al., 2012;

L4
Post-TBI

Hoffman etal., 2008)
indicate EE timing conditions that ameliorated behaviors, while white

dashed arrows indicate EE timing conditions that failed to ameliorate
behaviors.

down-regulation of these cascades by pre-exposure to EE may
reduce subsequent TBI-induced activation of the inflamma-
tory mechanisms and thereby reduce secondary injury processes,
producing neuroprotection.

BEYOND THE BENCH

The current body of literature on the effects of EE in neurolog-
ical disease indicates that EE represents significant therapeutic
potential, on its own and in combination with pharmacolog-
ical treatments (Kline et al., 2007, 2010, 2012), by inducing
neuroprotective mechanisms involving molecular, structural, and
functional processes to improve histopathologies and behavioral
outcomes. Considering the many positive effects of EE demon-
strated after experimental brain injury, it would be logical to try
to aid recovery by applying EE in a clinical setting. Certainly, intel-
lectually, physically and socially active lifestyles (that are akin to
EE) have been linked to improved cognitive function and lower
incidences of cognitive impairment, particularly in older, unin-
jured adults (Seeman et al., 2001; Scarmeas and Stern, 2003;
Wilson et al., 2003; Newson and Kemps, 2005; Fujiwara et al.,
2009; Voss et al., 2011). Similarly, cognitive enrichment early in
life has also been linked to improved cognitive abilities in later
life (Milgram et al., 2006), while Kramer et al. (2004) have sug-
gested that enhanced cognitive enrichment results in improved
crystallized intelligence.

Indeed, the use of EE as a rehabilitative treatment for humans
post-TBI has been suggested to be effective in positively influenc-
ing long-term outcomes. However, the concept of EE for humans
is more complex to define than what constitutes as EE for animals,
as factors such as engagement and motivation play a role in clas-
sifying the level of enrichment an individual receives. In a clinical
setting, EE can be broadly classified as a paradigm that specifi-
cally enhances and promotes engagement with cognitive, social
and physical stimulation. An important caveat to the discussion
about the role of EE in the treatment of TBI is that post-TBI
rehabilitation programs are widely considered to be comparable

to enriched environments, in that these programs often com-
prise of multiple components that are considered hallmarks of EE,
which include physical and cognitive therapy, multi-modal stimu-
lation, novelty, duration, functional relevance, and social integra-
tion. It has to be noted, however, that specific skill rehabilitation
paradigms often do not result in improved general performance
in the post-discharge environment, and instead act to improve
task-specific performance (Sohlberg et al., 2000; Park and Ingles,
2001). It has instead been suggested that a more generalized treat-
ment would be beneficial in improving overall function (Toglia,
1991; Toglia et al., 2010). Rehabilitation paradigms treating brain
injury are often implemented in the acute stages post-injury, in
an in-patient hospital setting. Rehabilitation based on EE princi-
ples in TBI patients results in better general functional outcomes,
such as improved cognitive and motor skills (Willer et al., 1999;
Powell et al., 2002; Cifu et al., 2003; Boman et al., 2004; Hayden
et al,, 2013), and better community integration (Zhu et al., 2001;
Cicerone et al., 2004). A number of studies have also shown that
increasing the duration and intensity of exposure to rehabilita-
tive therapy results in improved recovery times (Blackerby, 1990;
Spivack et al., 1992; Shiel et al., 2001; Zhu et al., 2001, 2007; Slade
et al., 2002; Cifu et al., 2003; Cicerone et al., 2004).

It has also been suggested that a lack or an absence of EE is
linked to cognitive decline post-injury (Till et al., 2008; Frasca
et al., 2013), demonstrating the importance of continued expo-
sure to EE in the post-discharge stages after brain injury. In
that sense, a number of factors could contribute to the pro-
vision of an appropriate level of enrichment once a patient
has left an intensive rehabilitative environment. These factors
include ease of access to activities and resources that are cog-
nitively, physically and socially stimulating, as well as support
that encourages participation and integration with these environ-
ments (Frasca etal., 2013). Frasca et al. (2013) have also suggested
that although patients eventually return to an environment that
could be considered enriched post-TBI, interactions with these
environments may be restricted due to limitations in cognitive
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and/or physical deficits. This is especially relevant during the
transition from the in-patient rehabilitation environment, to
post-discharge home environments, where complexity of, and
engagement with environments may reduce. A reduction in
enrichment in the post-acute period could be detrimental to
recovery as studies have shown that functions gained during
stimulation of neural pathways (such as during rehabilitation)
can be lost through under-use (Rubinov et al., 2009; Warraich
and Kleim, 2010; Frasca et al., 2013). Post-discharge, the major
forms of therapy mapped onto EE principles include community-
based and home-based rehabilitation, with the aim that these
programs would aid in improving behaviors and skills required
for everyday functioning, improving community integration, and
preventing cognitive decline (Fryer and Haffey, 1987; Frasca et al.,
2013). Studies have shown that continued enrichment in the
form of cognitive rehabilitation in the post-discharge setting (i.e.,
domestic or vocational environments) increases neuropsycholog-
ical function, learning and memory (Willer et al., 1999; Boman
et al., 2004).

Given the complexity and ethics of manipulations of the envi-
ronment in humans recovering from TBI, in addition to the
difficulties in accurately comparing the effectiveness of various
rehabilitation paradigms, questions of the correlation between
these effects and EE-induced functional changes remain. Injury
heterogeneity also raises challenges in defining exactly what level
of enrichment is optimal and beneficial. However, the findings
presented in this section strongly suggest that EE or EE-based
therapy tailored to the patient’s needs could significantly improve
outcomes when applied in both the in-patient, acute and post-
discharge, chronic settings.

CONCLUSION

The studies described here well support the use of EE as a ther-
apeutic paradigm in the treatment of TBI. However, while the
results of these studies all show promise in improving TBI-
induced histopathologies and sensorimotor and cognitive deficits,
there is still much work to be done to clarify our understanding
of how EE exerts its effects in disease conditions. Paramount to
the understanding of how EE improves behavioral outcomes after
injury is the investigation of how EE changes neuronal function
post-TBI, of which we know nothing. Only once these effects are
unveiled will we be able to implement EE as a treatment option
post-injury at its maximum potential.

It is also worth adding the caution that while EE holds promise
in its application as a therapeutic tool after brain injury in
humans, the complex nature of utilizing EE in a clinical setting
makes it difficult to standardize treatment and compare out-
comes. It is also true that EE as an experimental paradigm in
animal studies has yet to be standardized, with housing condi-
tions, environmental stimuli, number of animals per cage, age of
animals at onset of enrichment, as well as the duration of enrich-
ment, varying markedly between studies. The extent of contri-
bution of these factors is particularly relevant when considering
the demonstrated neuroprotective effects of EE in neurological
disease states, where little is known about how improved func-
tional outcomes relate to changes in neuronal function. Using
experimental models that are easily controlled and manipulated,

however, would provide us with valuable insight into the thera-
peutic potential of EE, both in laboratory and clinical settings.
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Modified mesenchymal stromal cells (MSCs) display a unigue mechanism of action
during the repair phase of traumatic brain injury by exhibiting the ability to build a
biobridge between the neurogenic niche and the site of injury. Immunohistochemistry
and laser capture assay have visualized this biobridge in the area between the neurogenic
subventricular zone and the injured cortex. This biobridge expresses high levels of
extracellular matrix metalloproteinases (MMPs), which are initially co-localized with a
stream of transplanted MSCs, but later this region contains only few to non-detectable
grafts and becomes overgrown by newly recruited host cells. We have reported that
long-distance migration of host cells from the neurogenic niche to the injured brain
site can be attained via these transplanted stem cell-paved biobridges, which serve as
a key regenerative process for the initiation of endogenous repair mechanisms. Thus,
far the two major schools of discipline in stem cell repair mechanisms support the
idea of “cell replacement” and the bystander effects of “trophic factor secretion.” Our
novel observation of stem cell-paved biobridges as pathways for directed migration of
host cells from neurogenic niche toward the injured brain site adds another mode of
action underlying stem cell therapy. More in-depth investigations on graft-host interaction
will likely aid translational research focused on advancing this stem cell-paved biobridge
from its current place, as an equally potent repair mechanism as cell replacement and
trophic factor secretion, into a new treatment strategy for traumatic brain injury and other

neurological disorders.

Keywords: trauma, cell transplantation, regenerative medicine, neurogenesis, extracellular matrix

A NOVEL BRAIN REPAIR MECHANISM OF TRANSPLANTED
STEM CELLS

Stem cell research offers an avenue for an in-depth study of
cell biology, as well as in the development of new strategies to
treat diseases (Yasuhara et al., 2006, 2008; Tajiri et al., 2012).
Nevertheless, much remains to be understood about the mech-
anisms underlying the beneficial effects of stem cell therapy. To
date, there are two major schools of discipline in stem cell-
mediated repair mechanism in brain damage caused by injury
or neurodegenerative disorders (Borlongan et al., 2004; Pastori
et al., 2008). The first concept supports the idea of “cell replace-
ment,” i.e., stem cells implanted into the brain directly replace
dead or dying cells (Figure 1A), whereas the other argues that
transplanted stem cells secrete growth factors that indirectly res-
cue the injured tissue (i.e., bystander effects of stem cells) (Lee
etal., 2007; Redmond et al., 2007) (Figure 1B).

Stem cells exist through adulthood (Ma et al., 2010), and pos-
sess the capacity for self-renewal and differentiation into multiple
lineages. They have also been shown to contribute to the mainte-
nance of homeostasis (Kim et al., 2011), exert therapeutic benefits

both endogenously (Barha et al., 2011; Borlongan, 2011; Jaskelioff
et al., 2011; Wang et al., 2011) and following transplantation
into injured organs, e.g., the brain (Mazzocchi-Jones et al., 2009;
Hargus et al., 2010; Lee et al., 2010; Andres et al., 2011; Liu et al,,
2011; Mezey, 2011; Yasuda et al., 2011). There are two major stem
cell niches in the brain namely, the subventricular zone (SVZ)
of the lateral ventricles and the subgranular zone of the hip-
pocampus dentate gyrus (DG) (Carlén et al., 2009; Sanai et al.,
2011), although quiescent neural stem cells (NSCs) have been
found in other brain regions (Robel et al., 2011). The discov-
ery that stem cells are activated following injury opened up new
research frontiers in regenerative medicine (Yasuhara et al., 2006;
Mazzocchi-Jones et al., 2009; Hargus et al., 2010; Lee et al., 2010;
Andres et al., 2011; Barha et al., 2011; Borlongan, 2011; Jaskelioff
etal.,, 2011; Liuetal., 2011; Mezey, 2011; Wang et al., 2011; Yasuda
et al., 2011; Tajiri et al., 2012). Consequently, this research paved
the way for translation of laboratory studies on stem cells into
limited clinical trials for brain disorders (Pollock et al., 2006;
Yasuhara et al., 2009; Seol et al., 2011). Despite these scientific
advances and clinical applications, the mechanisms underlying
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Bridging the gap in TBI

@ Transplanted stem cells
® Dying host cells

@ Deadhost cells

FIGURE 1 | Multiple mechanisms underlying stem cell therapy. (A) Cell
replacement entails that transplanted cells replace dead or dying host cells,
which would require neuronal differentiation of stem cells and reconstruction
of the damaged synaptic circuitry. (B) By-stander effects involve secretion of
neurotrophic factors, anti-inflammatory substances, and anti-oxidative stress

@ Transplanted stem cells

@ Neurotrophic factors
@ Anti-inflammatory substances

@ Anti-oxidative stress molecules

@ Transplanted stem cells
@ Host stem cells

molecules by the transplanted cells, which subsequently rescue spared host
cells or stimulate neurogenesis. (C) Stem cell-paved biobridges show that
transplanted cells form a biological pathway, enriched in MMPs, and ferries
newly born host stem cells from the neurogenic niche SVZ to the injured host
tissue.

stem cell-mediated repair in brain injury are not yet completely
understood.

In a recent study, we demonstrated motor and neurologi-
cal improvements in rats subjected to traumatic brain injury
(TBI) and transplanted intracerebrally with cultured Notch-
induced human bone marrow-derived mesenchymal stromal cells
(referred to as SB623, supplied by SanBio Inc.) While we obtained
important results that corroborate the putative therapeutic ben-
efits of stem cell transplantation for TBI, our research on the
mechanism of action of SB623 revealed breakthrough findings
which support the discovery of a novel stem-cell mediated repair
mechanism in brain injury. Accordingly, we observed the capac-
ity of transplanted stem cells to harness a “biobridge” between
the neurogenic niche and the site of brain injury, enabling long-
distance migration of host neurogenic cells and consequently,
initiating endogenous repair mechanisms. In this paper, we dis-
cuss the properties and characteristics of these stem cell paved-
biobridges, elaborate on the unique mechanism by which these
biobridges facilitate repair in a rat model of TBI, and importantly,
suggest the clinical significance of exploiting this novel stem cell-
mediated concept of brain repair for the treatment of brain injury
and other neurological disorders.

BREAKTHROUGH DISCOVERY: STEM CELL-PAVED
FORMATION OF “BIOBRIDGES” IN EXPERIMENTAL MODELS
OF TBI

Rats subjected to TBI were intracerebrally transplanted with
SB623 (gene-modified human mesenchymal stromal cells) (Zhao
et al., 2007; Yasuhara et al., 2009). Thereafter, the motor and
neurological functions of these rats were evaluated at 1, 2, and
3 months post-TBI, and hist