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Editorial on the Research Topic

The Role of the Basal Ganglia in Somatosensory-Motor Interactions: Evidence From
Neurophysiology and Behavior

Sensory-motor interactions offer critical mechanisms for how we move. Somatosensory
information, from cutaneous, muscle, joint, and tendon receptors, are known to provide the central
nervous system (CNS) with information about the body and the environment (e.g., objects). In
turn, somatosensory input provided to the CNS can be relayed to motor areas to assist in the
preparation, execution, and correction of movements.

The basal ganglia are known to receive input from both cortical somatosensory and motor
areas, but the significance and the contribution of these interactions for various aspects of human
movement remains enigmatic. A variety of different neurophysiological techniques have been
used to investigate the role of the basal ganglia in somatosensory-motor interactions including
electroencephalography (EEG), magnetoencephalography (MEG), magnetic resonance imaging
(MRI), recordings from deep brain stimulation (DBS) electrodes, and combining DBS with
transcranial magnetic stimulation (TMS) over the cortex.

Much of what is currently known about somatosensory-motor interactions has been derived
from research combining neurophysiological techniques with behavioral measures of movement.
In addition, behavioral and neurophysiology measurements in clinical populations affecting
the basal ganglia, such as Parkinson’s disease (PD), Huntington’s disease (HD), and dystonia
have been critical in advancing our understanding. Determining how somatosensory-motor
interactions contribute to specific aspects of movements (e.g., initiation, inhibition, force
production, timing) will help in understanding the role that these mechanisms contribute to
sensorimotor pathophysiology of neurological disorders affecting the basal ganglia. Both animal
and human research is critical to developing a thorough understanding of this topic. Furthermore,
computational methods that consider the sensory-motor and connected biological system as a
whole, including peripheral sensory receptor physiology, are integral to advancing knowledge on
this topic.

In the Frontiers Research Topic, 12 papers (Table 1) have been published. Both from a
methodological as well as from a theoretical view, many exciting contributions were published.
The heterogeneity of the applied methods, e.g., movement analysis, diffusion tensor imaging (DTI),
MEG, and non-invasive brain stimulation (NIBS), show how sophisticated the toolbox of the
current neuroscience community is. In order to see how the frontier of the field has moved forward,
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TABLE 1 | Summary of the published papers.

References Type (Brief) Title (Unique) Technique Disease
Beudel et al. Perspective Linking pathological oscillations to altered temporal processing in PD PD

Cao et al. Original Dystonia cortico-subcortico coherence LFP/MEG Dystonia
Dubbioso et al. Perspective Fast intracortical sensorimotor integration NIBS PD
Feller et al. Original Sensory re-weighting for postural control in PD Movement analysis PD

Filip et al. Original Disruption of distinctive neural networks associated with ICD in PD MRI PD
Filyushkina et al. Original Hyperactivity BGGL in PD during internally guided voluntary movements MRI PD
Hirschmann et al. Original Longitudinal recordings reveal transient increase of alpha low beta in the STN LFP/EEG PD

Lee et al. Original Abnormal phase coupling in PD EEG, NIBS PD
Macerollo et al. Original Da modulation of sensory attenuation in PD SSEP PD
Martino et al. Original Motor timing in Tourette DTI Tourette
Milardi et al. Review CTX—BGGL—cerebellar circuitry

Saxena et al. Original Modulation of GPi activity during hand movement MER non-human primate

PD, Parkinson’s Disease; ICD, impulse control disorder; BGGL, basal ganglia; STN, subthalamic nucleus; CTX, cortex; GPi, internal part of the globus pallidus; LFR, local field
potentials; MEG, magnetoencephalography; fMRI, functional MRI; NIBS, non-invasive brain stimulation; SSEF, somatosensory evoked potentials; DTl, diffusion tensor imaging;, MER,

microelectrode recordings.

one could ask oneself to which extent a contribution could have
been realized 10 years ago. To answer this question, it is not
only of relevance whether the method (hardware/software) was
available 10 years ago but also whether the work builds on new
ideas about the understanding of the role of the basal ganglia in
health and disease.

One clear novelty in the field, that was not available 10 years
ago, is the use of fully implantable DBS devices that not only
can stimulate but can also record local field potentials (LFP’s).
The use of these devices as described by Hirschmann et al.
gives an outstanding example of how these new technological
advances can make invasive recordings from deep brain nuclei
endlessly more easy, comfortable, and more comprehensive.
The most important reason for this is that it is no longer
necessary to perform LFP recordings in the intra- or immediate
post-operative phase but that it is possible to conduct these
recordings at any moment. Given the frailty of patients in
the intra- or immediate post-operative after DBS implantation,
conducting LFP research will be far less demanding from
a patient perspective. One other crucial difference is that
longitudinal recordings can be performed where changes in
somatosensory-motor interactions can be studied over longer
periods which might become a powerful tool to assess the efficacy
of DBS or to develop biomakers, i.e., “physiomarkers” (Kiithn
and Volkmann, 2017) for adjusting DBS. The latter is called
adaptive DBS (aDBS) and is currently a subject of intense inquiry
(Habets et al., 2018).

Another development is the perception of the relevance
of basal ganglia pathways beyond the direct, indirect and
hyperdirect pathways as described by Milardi et al. Next to these
“traditional” pathways, the traditional view that cerebellum and
basal ganglia communicate via the cerebral cortex no longer
holds and more relevant pathways exist between cerebellum and
basal ganglia. These bilateral connections, i.e., cerebellum to basal
ganglia and vice versa, have been revealed by state of art imaging
methods like optogenetics showing short-latency activation

(10ms) of the basal ganglia after optogenetic stimulation of the
cerebellum (Chen et al, 2014). These novel findings can be
attributed to the sophistication of these new techniques over
the last decade and would not have been possible 10 years
ago. For this example, it is clear that new technologies clearly
add to our understanding of the basal ganglia and restore
concepts that have previously been discarded (Caligiore et al.,
2017). Furthermore, the evidence for functional significance
of the basal ganglia-cerebellar connections, and how these
connections facilitate co-operation is growing and opens an
entirely new perspective on the pathophysiology of movement
disorders, like dystonia (Darby et al, 2019; Fung and Peall,
2019). Finally, these basal-ganglia cerebellar connections can
now be functionally restored using DBS of the subthalamic
nucleus (STN), leading to improved (sensori) motor learning
(de Almeida Marcelino et al., 2019).

Next to the technological developments and new neuro-
anatomical insights, a third recent and important development is
the further understanding of the neural computations performed
in the basal ganglia. In the contribution of Saxena et al.
new physiological insights of the role of the basal ganglia in
action selection have been provided. Traditionally, the way in
which basal ganglia exerted their influence on each other or
adjacent structures was thought to be based on the firing rate
of individual neurons. This firing rate model was, however,
challenged by the evidence that making a lesion can yield
the same effect as stimulating the same structure using DBS
and DBS of the same structure with the same stimulation
characteristics can improve both hypokinetic (e.g., Parkinson’s
disease) and hyperkinetic (e.g., dystonia) movement disorders.
In their paper, Saxena et al. showed that during movement
planning and execution information encoding in the basal
ganglia occurs in a highly localized manner via sudden emergence
and suppression of oscillatory activities. More specifically, during
movement oscillations in the gamma band (35-90 Hz) emerge
and beta (13-30Hz) oscillations decrease. This experimental
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evidence is in line with recent conceptions that neural activity
in the basal ganglia is not strictly inhibitory or excitatory based
on the firing rate but more on the firing pattern. In PD,
strong evidence is available that shows abnormal oscillatory
activity in this beta band that is correlated with the severity
of motor symptoms (Ray et al, 2008). As such, the role
of DBS might be more one of disruption of pathological
oscillatory activity instead of simple inhibition or excitation
(Chiken and Nambu, 2016).
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This evident progress in both technology, basal ganglia
connectivity and computational processing will find its way
to clinical practice and will open up a plethora of research
possibilities in the coming decade.
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The phenomenon of impulsivity in Parkinson’s disease appears as an arduous side effect
of dopaminergic therapy with potentially detrimental consequences for the life of the
patients. Although conceptualized as a result of non-physiologic chronic dopaminergic
stimulation, recent advances speculate on combined disruption of other networks as
well. In the search for neuroanatomical correlates of this multifaceted disturbance, this
study employs two distinct, well-defined tasks of close association to motor inhibition and
decision-making impulsivity, Go/No Go and Delay discounting. The fMRI and functional
connectivity analysis in 21 Parkinson’s disease patients, including 8 patients suffering
from severe impulse control disorder, and 28 healthy controls, revealed in impulsive
Parkinson’s disease patients not only decreased fMRI activation in the dorsolateral
prefrontal cortex and bilateral striatum, but also vast functional connectivity changes
of both caudate nuclei as decreased connectivity to the superior parietal cortex and
increased connectivity to the insular area, clearly beyond the commonly stated areas,
which indicates that orbitofronto-striatal and mesolimbic functional disruptions are not
the sole mechanisms underlying impulse control disorder in Parkinson’s disease. Ergo,
our results present a refinement and synthesis of gradually developing ideas about
the nature of impulsive control disorder in Parkinson’s disease—an umbrella term
encompassing various behavioral deviations related to distinct neuronal networks and
presumably neurotransmitter systems, which greatly exceed the previously envisioned
dopaminergic pathways as the only culprit.

Keywords: impulse control disorder, Parkinson’s disease, fMRI, functional connectivity, Go/No Go task, delay
discounting task

INTRODUCTION

While considered a mere movement disorder in the times past, Parkinson’s disease (PD) is now
generally seen as a complex dimension of multiple motor, cognitive, and behavioral components,
with neuropsychiatric affections as depression, apathy, and impulse control disorders (ICDs) being
the most salient of the non-motor symptoms (Cooney and Stacy, 2016). Impulsivity, commonly
defined as the lack of behavioral inhibition and/or premature decision making, entails compulsive
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or repetitive engagement in certain activities, closely associated
with the inability to foresee or learn from negative outcomes.
Specifically in PD, a diverse spectrum of maladaptive behaviors
is included in ICDs such as pathological gambling, paraphilias,
excessive shopping, or binge eating, with the list sometimes
extended by closely related phenomena and purposeless,
repetitive behaviors as punding, hoarding, and hobbyism
(Weintraub et al., 2015). Given the paucity of therapeutic options
and potentially devastating consequences, inter alia, financial
ruin, divorce, or loss of employment, the recognition of these
aberrant behaviors in routine clinical practice and the delineation
of precise neurobiological correlates and causes are of paramount
importance.

ICDs are thought to be triggered by the interaction of
chronic dopaminergic medication, especially dopamine agonist
therapy (Garcia-Ruiz et al, 2014), and pathophysiological
vulnerabilities, either pre-existing before the onset of the disease,
or associated directly with neurodegeneration in progressing PD
(Vriend, 2018), as occurrence of ICDs in treatment-naive PD
patients is very similar to the general population (Weintraub
et al,, 2013). The underlying neuropathology of ICD probably
involves not only the overstimulation of dopaminergic reward-
related pathways, hence assigning excessive salience to incentives
(Robinson and Berridge, 1993), but also the interference in
D2-signaling pauses in the ventral striatum (Frank et al,
2004; Vriend, 2018), which impairs the encoding of harmful
behavior, i.e., prevents negative-feedback learning, and leaves
D1-receptor-facilitated positive reinforcement intact. Moreover,
dopamine receptor abnormities (Steeves et al., 2009; Vriend et al.,
2014) support the hypothesis of PD pathology being a direct
predisposition to ICD.

The previous body of MRI research in ICD has firmly
established disturbances not only in the striatal regions
(Gescheidt et al., 2012), but also in the limbic cortex during
tasks associated with visual sexual cues (Politis et al., 2013),
probabilistic learning (Voon et al., 2010), and risk taking (Voon
et al,, 2011a), also suggesting the dysregulation of mesolimbic
dopaminergic pathways. Nonetheless, this hypothesis was
partially countered by structural MRI (Biundo et al, 2015),
perfusion SPECT imaging (Cilia et al., 2011), tracers with high
affinity for extrastriatal D2/D3 receptors (Buckholtz et al., 2010;
Ray et al, 2012) uncovering dysfunctions beyond the sole
disturbance of the mesolimbic system and striatum.

With this discrepancy in mind, the presented cross-sectional
study used a multimodal approach encompassing behavioral,
fMRI activation and functional connectivity analysis in two
distinctive tasks reflecting various aspects of impulsivity to
elucidate the neurobiology underlying ICD in PD further—
specifically motor response inhibition in a Go/No Go (GNG) task
and decision-making impulsivity in a Delay Discounting (DD)
task. Moreover, only PD patients with truly detrimental effects
of ICD were selected to avoid borderline effects for activities,

Abbreviations: MRI, magnetic resonance imaging; fMRI, functional magnetic
resonance imaging; BOLD, blood-oxygen-level dependent; SPECT, Single-photon
emission computed tomography; PD, Parkinson’s disease; ICD, impulse control
disorder; GNG, Go/No Go task; DD, Delay Discounting task.

which may be considered not genuinely abnormal or deviant
from premorbid behavior. Our premise anticipated not only
affections in the striatum and mesolimbic system, but also the
recruitment and connectivity changes from the striatum to other
cortical areas beyond the dopamine regulated network in both
tasks. Furthermore, we intended to evaluate eventual overlap
of neuroanatomical signatures of impulsivity-eliciting stimuli in
ICD-PD patients in both tasks to delineate the truly common
nodes for distinctive, albeit impulse-control-oriented activity

types.

METHODS

Subjects

A total of twenty-eight PD patients were recruited at the 1st
Department of Neurology, University Hospital of St. Anne, Brno,
Czech Republic, based on the UK Brain Bank Criteria (Hughes
et al.,, 1992). This cohort included specifically selected ten PD
patients with significant signs of ICD affecting their day-to-day
lives. Demographic (gender, age) and neurologic data [Hoehn
& Yahr stage (Hoehn and Yahr, 1967), age at the onset of the
disease, disease duration, L-dopa equivalent dose (Tomlinson
et al., 2010)] were recorded, complemented with depression and
impulsivity evaluation [Montgomery-Asberg Depression Scale
(MADRS) (Montgomery and Asberg, 1979) and Barratt scale
(Patton et al, 1995), respectively; see the Table1]. All the
assessments of PD patients, including the fMRI acquisition, were
performed on medication. Additionally, we recruited twenty-
nine healthy controls, who underwent the same MRI, and
neuropsychological protocols as PD patients.

We did not include individuals with conspicuous cognitive
impairment [defined as Mini-mental state examination score
of <27 (Folstein et al., 1975)], comorbid psychotic, affective
or autistic spectrum disorder, and MRI contraindications.
Furthermore, subjects with evidence of significant vascular or
space occupying lesions in MRI scans and head motion beyond
3.0 mm during fMRI acquisition were excluded as well, leaving 13
non-impulsive PD patients, 8 ICD-PD patients, and 28 healthy
controls.

The study was approved by the Institutional Review Board
of the University Hospital of St. Anne, Brno, Czech Republic.
A written informed consent was provided by each subject in
accordance with the Declaration of Helsinki.

Tasks

Before entering the MRI system, the subjects underwent a
training session in both tasks to avoid misunderstanding of the
instructions and the interference of eventual learning effects in
the fMRI results. The subjects responded to stimuli by pressing a
button with the dominant hand.

Go/No Go

The task began with either a red or a green fixation cross
displayed for the period of 2-6s. The subjects were notified in
advance that the green fixation cross (1/3 of runs) would always
be followed by the Go stimulus, thus removing the need for
alertness in this case. The runs with the red fixation cross (2/3
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TABLE 1 | Demographics, neurologic, neuropsychologic and behavioral data of PD subgroups and healthy controls.

Non-impulsive PD (n = 13) ICD-PD (n = 8) Healthy controls (n = 28)
Gender (M/F) 5/8 6/2 14/14
Age (years) 71.0[4.0] 65.0 [56.7] 66.4 [6.9]
NEUROLOGIC DATA
H&Y stage 2.23[0.60] 2.25[0.53] -
Age at the onset 65.39 [5.44] 55.25 [6.20] -
Disease duration 5.62 [3.64] 9.75 [3.99] -
L-dopa equivalent dose 926.67 [209.38] 1061.88 [270.70] -
NEUROPSYCHOLOGIC DATA
MADRS 3.31 [4.09] 1.63 [3.11] 0.28 [0.76]
Barratt score 53.54 [4.98] 60.88 [8.89] 55.00 [6.10]
GNG TASK-SUCCESS RATES
Green cross-Go 0.89[0.27] 0.96 [0.02] 0.93 [0.11]
Red cross-Go 0.99[0.03] 0.89[0.24] 0.95[0.10]
Red cross-No Go 0.94 [0.04] 0.89[0.11] 0.95 [0.08]
GNG TASK - REACTION TIMES]|s]
Green cross - Go 0.39[0.15] 0.41 [0.09] 0.42 [0.11]
Red cross - Go 0.50 [0.07] 0.45[0.16] 0.48 [0.09]
DD TASK
Control success rate 0.95 [0.08] 0.85[0.17] 0.97 [0.02]
Easy - immediate vs. delayed response ratio 0.44 [0.22] 0.43 [0.26] 0.47 [0.25]
Hard - immediate vs. delayed response ratio 0.41[0.37] 0.37 [0.35] 0.48 [0.36]

The values are stated in the format average [standard deviation]. DD, Delay Discounting task; F, female; GNG, Go/No Go task; H&Y, Hoehn & Yahr; ICD, impulse control disorder; M,

male; PD, Parkinson'’s disease.

of cases) could be followed by either the Go stimulus (letter “A”
displayed in the middle of the screen, presented in 1/3 of all
the cases) or the No Go stimulus (letter “B” displayed in the
middle of the screen, presented also in 1/3 of all the cases). The
stimulus duration was 0.2 s, succeeded by a 2 s empty screen. The
subject was supposed to press or avoid pressing a key based on
the stimulus type. The whole task consisted of 4 blocks, each with
54 stimuli [18 Green cross-Go (GcG), 18 Red cross-Go (RcG),
18 Red cross-No Go (RcNG) runs]. The blocks were divided by
short breaks.

Delay discounting

During this task, the subject was shown two options—an
immediate and a delayed reward, with random arrangement
at the left or the right side. The task included 3 types
of questions: (I) difficult questions, with rewards of similar
subjective value as determined in the pre-acquisition training
part utilizing a well-documented and widely accepted approach
(Mazur, 1987); (II) easy questions with options of distinctive
subjective value, and (III) control questions, where one of the
responses was associated with significant objective advantage
over the other (4 types: naught now vs. some reward later;
some reward now vs. naught later; the same reward now
and later; higher reward now than later). The options were
shown for 7s, followed by a I1-second-long blank screen.
The subject was required to press a key corresponding to
the chosen option, highlighting the desired response. The
whole task consisted of three blocks, each with 48 stimuli (16
questions of each type). The blocks were divided by short
breaks.

MRI Data Acquisition

MRI scanning was performed using a 3 Tesla whole body
MRI scanner SIEMENS MAGNETOM Prisma syngo (Siemens
Medical Systems, Erlangen, Germany) at the Central European
Institute of Technology, Brno, Czech Republic. At the beginning,
a high-resolution anatomical T1-weighted scan was acquired
with the following parameters: magnetization-prepared rapid
gradient-echo (MPRAGE) sequence [repetition time (TR) =
2,300ms, echo time (TE) = 2.34ms, flip angle (FA) = 8°,
voxel size 1.00 x 1.00 x 1.00 mm, slice thickness 1.00 mm,
matrix 240 x 224 x 224]. Subsequently, whole brain fMRI
was performed with the parameters: TR = 2280ms, TE =
35.0ms, FA = 75°, voxel size 3 x 3 x 3mm, 39 sagittal slices,
field of view 192 x 192mm, total number of volumes 153
per one block of the GNG task (i.e., 612 volumes in total)
and 175 per one block of the DD task (i.e., 525 volumes in
total).

Analysis of Demographic and Behavioral
Data

Firstly, equivalence analysis [two-one-sided test (Schuirmann,
1987)] was used to confirm the absence of significant
differences in basic demographic parameters between
PD patients and healthy controls (gender, age).
Furthermore, where we expected the subgroups to differ,
analysis of variance (ANOVA) was used to evaluate the
parameters the individual groups (MADRS, Barratt
score).

In the behavioral analysis of the performance in the two tasks,
the primary parameters of interest in the GNG task included the
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success rate and reaction times in individual stimuli variants and
in the DD task, the percentage of correct responses in the control
trials, and immediate vs. delayed responses for easy and hard
trials. The average success rates and reaction/response times were
determined for each subject in order to use parametric statistical
analyses. ANOVA was used to compare the individual subject
groups—non-impulsive PD, ICD-PD and healthy controls. All
the analyses were performed using Statistica 13 (Statsoft Inc.,
Oklahoma, USA).

Analysis of fMRI Data

MRI data were processed and analyzed using SPM12 (Wellcome
Department of Cognitive Neurology, London, UK) implemented
in Matlab R2017b (Mathworks Inc., Natick, MA, USA). The
preprocessing of fMRI images included the realignment to
correct for the movements of the subject’s head. As stated in
the section Subjects, the threshold of 3 mm shift and 3° rotation
in any direction was implemented, excluding 8 subjects in
total. Subsequently, co-registration of functional and anatomical
images and interpolation in time were performed, followed by the
spatial normalization into the stereotactic Montreal Neurological
Institute (MNI) space and spatial smoothing (isotropic Gaussian
kernel of 8 mm full-width at half-maximum). The data were
high-pass filtered with a Gaussian kernel filter of 128 s.

The first level general linear model of BOLD activations in
the GNG task included the time windows between the stimulus
presentation (letter “A” or “B” distinguishing the Go and No
Go runs) and key press by the subject. The individual design
matrix for each subject distinguished the G¢G runs, RcG runs,
and RcNG runs, including the accuracy of the response (key
pressed correctly in the Go task and key not pressed in the No Go
task) and the head movements in all the directions as nuisance
covariates, thus providing three contrast maps. These were then
submitted to the second level full factorial design (3 x 3) with the
following factors: subject subgroups (non-impulsive PD, ICD-
PD, healthy controls) and 3 run types (GcG, RcG, ReNG), and
the age and gender as covariates of non-interest.

In the DD task, the first level general linear model consisted of
the time windows between the stimulus presentation (2 windows
with 2 options to choose from) and the subject’s key press.
The design matrix of individual subjects included the control,
easy and hard task types, with the head movements as nuisance
covariates. Once again, the three generated contrast maps were
submitted to the second level full factorial design (3 x 3) analysis
with the following factors: subject subgroups (non-impulsive PD,
ICD-PD, healthy controls) and 3 run types (control, easy and
hard), and the age and gender as covariates of non-interest.

Furthermore, we analyzed the differences in the individual
sub-groups in the task-related connectivity. The analysis of
psychophysiological interactions [PPI (Friston et al, 1997)]
focused on the connectivity of striatum bilaterally, specifically
the caput of the caudate nuclei, as defined by the Automated
Anatomical Labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002;
Maldjian et al., 2003), repeatedly emerging in the previous
activation analysis. The time course of these two individual
seeds (the caput of the left and the right caudate nucleus) was
extracted as the average over the atlas-defined volume of interest

in both tasks. The two created first level models consisted of the
extracted series, the run type regressor (GcG, RcG, and ReNG in
the GNG task and control, easy and hard in the DD task), the
PPI regressor, and the head movements in all the directions as
nuisance covariates, thus providing three individual t-contrasts.
These were then submitted to the two subsequent second level
analyses with the full factorial designs corresponding to the
constructs in the activation analysis, i.e., subject groups (non-
impulsive PD, ICD-PD, healthy controls) and 3 run types (GcG,
RcG, ReNG, and control, easy and hard in the GNG and DD
tasks, respectively). Furthermore, age and gender were included
as nuisance variables.

Statistical Thresholds

Due to the relative paucity of data points, the behavioral
and demographic results are presented at the significance level
of p < 0.05. Secondly, the activation analysis results were
considered significant at p < 0.05, family-wise error (FWE)-
corrected for multiple comparisons at the voxel level (with the
cluster threshold of 40 contiguous voxels). And because of the
nature and utilized contrasts, the PPI analysis adopted a less
stringent threshold of p < 0.05, FWE-corrected for multiple
comparisons at the cluster level (voxel-wise threshold of p <
0.001, uncorrected, small volume correction, cluster threshold of
40 contiguous voxels).

RESULTS

Characteristics of the Subjects and

Behavioral Performance

The two-one-sided test showed no difference in age (p = 0.045)
and gender (p = 0.035) between the PD patients and controls
(with 5-year and 25% mean difference considered clinically
relevant for the age and the gender, respectively). However,
implementing the same hypothesized mean differences, the
subgroups of ICD-PD patients and non-impulsive PD patients
cannot be considered equivalent (p > 0.2 for both age and
gender). As for the clinical data, the ICD-PD and non-impulsive
PD groups had similar modified Hoehn & Yahr stage (p < 0.001)
and L-dopa equivalent dose (p = 0.37; with 1 stage and 300 mg
L-dopa equivalent dose mean difference considered clinically
relevant). Nonetheless, there was a significant difference in both
the age at the PD onset and disease duration (p > 0.20 for
both comparisons, with 5-year and 2-year difference considered
clinically relevant, respectively).

Moreover, ANOVA revealed significant differences among the
subgroups in both MADRS [F(,, 47) = 6.64, p = 0.003] and Barratt
scale [F( 47y = 3.57, p = 0.036], with the highest depression
scores found in the non-impulsive PD group, and, the highest
impulsivity scores, as expected, in the ICD-PD group.

ANOVA in the GNG task found no significant between-group
differences in the success rates [F(3 47) = 0.46, 1.42 and 2.06 in the
GcG, RcG, and ReNG tasks, respectively, with p >0.10 for all the
comparisons) and reaction times [F(,, 47) =0.24 and 0.62 for GcG
and RcG tasks, respectively, with p >0.50 for both comparisons].
No group differences were revealed also in the analysis of the
immediate vs. delayed response ratios in the easy and hard stimuli
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types in the DD task [F(; 47y =0.12 and 0.39 for easy and hard, fusiform gyrus (GNG task), and vast cortical areas around the
respectively, with p >0.50 for both comparisons]. Nonetheless, a left central sulcus, in both thalami and both lobuli VI of the
significant distinction was found in the ratio of correct responses cerebellum (DD task).
to the control task [F(; 47) = 8.10, p = 0.001], with lower success ~ B. Healthy controls > All PD patients—PD patients showed
rate in the ICD-PD patients. For more information, see the lower activity in both caudate nuclei and angular gyri (GNG
Table 1. task) and left middle temporal gyrus and anterior cingulate
. . L. . (DD task; see Figure 1B, Table 1).
Activation and Connectivity Analysis C. Non-impulsive PD patients > ICD-PD patients—Right
Due to the sheer extent of acquired results, only data relevant Brodmann area 8 (GNG task) and right caudate (DD task)
for ICD-PD patients are reported to avoid the dilution of were less active in ICD-PD patients (see Figure 1C, Table 1).
consequential outcomes. The effects of the reverse contrast failed to reach the
Between-group contrasts revealed the following differences in predetermined significance thresholds.
the combined outcome of all stimuli types (not distinguishing D, Healthy controls > ICD-PD patients—The hypoactivity of
between the Go and No Go runs in the GNG task, and control, caudate nuclei was also implicated in this contrast in PD-ICD
easy and hard stimuli in the DD task): patients (left-side in the GNG task, right side in the DD task).
A. All PD patients > Healthy controls—As illustrated in the Moreover, right dorsolateral prefrontal cortex (DLPFC) and
Figure 1A and detailed in the Table1, PD patients had left middle temporal lobe were less active in PD-ICD patients

(see Figure 1D, Table 1). Again, effects of the reverse contrast

significantly higher activation in various cortical areas in both ¢
were not significant.

tasks, including the left supplementary motor cortex, bilateral

Go / No Go task Delay Discounting Task

A
All PD patients >
Healthy controls

Healthy controls >
All PD patients

C

Non-impulsive PD
patients > ICD-PD
patients

D

Healthy controls >
ICD-PD patients

FIGURE 1 | Results of the 3 x 3 full factorial design (3 subgroups vs. 3 stimuli types) in 2 tasks — Go/No Go (GNG) and Delay Discounting (DD; p < 0.05,
FWE-corrected at the voxel level; T-contrasts, threshold T = 4.73 for both GNG and DD tasks). (A) Increased activation in the right precentral, both fusiform gyri,
cerebellum, and vast precentral and postcentral areas, including the dorsolateral prefrontal cortex in the whole cohort of Parkinson’s disease (PD) patients when
compared to healthy controls. (B) Decreased activation in bilateral caudate, angular gyri, left middle temporal and right cingulate gyrus. (C) Decreased activation in the
superior frontal gyrus and right striatum in ICD-PD patients when compared to non-impulsive PD patients. (D) Decreased activation in both left and right caudate and
the right dorsolateral prefrontal cortex in PD patients with impulsivity when compared to healthy controls. Laterality conventions with the right side in the figure
corresponding to the right side of the scanned area were implemented. See Table 2 for detailed statistical results and anatomical localization of clusters.
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TABLE 2 | Anatomical localization of clusters in the activation analysis in the Go/No Go and Delay Discounting tasks.

Anatomical regions Brodmann Side Volume p-value T-score of MNI coordinates of local maxima
area (in voxels) (sve) local max

ALL PD PATIENTS > HEALTHY CONTROLS

Fusiform gyrus BA 37 R 434 <0.001 9.42 34 —48 —14
SMA BA 6 L 927 <0.001 7.16 -8 —14 48
Precentral gyrus BA 6 L 117 <0.001 6.44 —54 0 42
Fusiform gyrus BA 37 L 108 <0.001 6.40 —38 -50 —16
SMA, middle cingulate BA 32,6 L 141 <0.001 6.36 —-12 10 42
SMA BA 6 R 86 <0.001 6.18 12 16 44
Postcentral gyrus L 143 <0.001 6.10 —-34 —-20 40
o Calcarine sulcus L 52 0.002 5.62 -10 —68 10
E Supramarginal gyrus BA 40 L 58 0.002 5.57 —48 —40 32
S Calcarine sulcus R 75 0.002 5.56 14 —72 12
2 Cuneus R 73 0.002 5.51 -10 -88 28
g Precentral gyrus BA 6 R 55 0.003 5.47 36 4 46
HEALTHY CONTROLS > ALL PD PATIENTS
Inferior occipital lobe BA 18 L 76 <0.001 7.45 —-28 —-90 —6
Inferior occipital lobe BA 18 R 82 <0.001 7.03 34 -84 —6
Caudate L 97 <0.001 6.82 —12 20 14
Caudate R 43 <0.001 6.18 18 24 14
Angular gyrus BA 39 R 50 0.002 5.60 48 —60 24
Angular gyrus BA 39 L 46 0.002 5.43 —-50 —70 26
NON-IMPULSIVE PD PATIENTS > ICD-PD PATIENTS
Frontal superior gyrus BA 8 R 60 <0.001 6.16 22 28 56
HEALTHY CONTROLS > ICD-PD PATIENTS
Superior frontal gyrus BA 8 R 70 <0.001 6.68 22 28 54
Caudate L 62 <0.001 6.38 —-14 20 14
DLPFC BA 10 R 48 0.001 5.67 40 46 4
ALL PD PATIENTS > HEALTHY CONTROLS
Precentral gyrus, SMA BA 6 L 17,823 <0.001 9.72 —-26 8 50
Thalamus L 1,756 <0.001 9.08 -10 -18 4
Thalamus R 14 —16 2
Cerebellum, lobule VI R 2,361 <0.001 8.85 24 -92 -4
Cerebellum, lobule VI L —36 —68 —24
Cingulate gyrus BA 31 R 162 <0.001 6.64 10 —40 46
E Supramarginal gyrus BA 40 L 52 0.001 5.76 —54 —44 24
E; Cerebellum, vermis [ll R 65 0.001 5.75 2 —44 -18
€ Dorsolateral prefrontal BA 46 R 54 0.002 5.60 50 46 6
§ cortex
g HEALTHY CONTROLS > ALL PD PATIENTS
E‘ Middle temporal gyrus BA 21 L 145 <0.001 6.48 -50 —14 -20
a Dorsal anterior BA 32 R 40 <0.001 6.10 6 34 -10
cingulate area
NON-IMPULSIVE PD PATIENTS > ICD-PD PATIENTS
Caudate R 45 0.003 5.51 12 18 12
ICD-PD PATIENTS > HEALTHY CONTROLS
Middle frontal lobe BA 6 L 217 <0.001 7.25 —26 8 50
Thalamus L 640 <0.001 6.75 -8 -16 2
Thalamus R 10 —26 —4
Lingual gyrus BA 30 L 789 <0.001 6.73 —22 —70 6
Precentral gyrus BA 6 R 81 <0.001 6.37 50 0 34
Precentral gyrus BA 6 R 216 <0.001 6.36 22 -2 48
(Continued)
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TABLE 2 | Continued

Anatomical regions Brodmann Side Volume p-value T-score of MNI coordinates of local maxima
area (in voxels) (SVC) local max
Fusiform gyrus R 85 <0.001 6.33 36 —64 -10
Precentral gyrus BA 6 L 262 <0.001 6.16 -36 —12 34
Inferior parietal lobe BA 40 L 154 0.001 5.69 -28 —48 32
Lingual gyrus BA 30 L 63 0.008 5.22 -16 —52 2
HEALTHY CONTROLS > ICD-PD PATIENTS

Caudate R 59 0.002 5.63 14 14 20
Middle temporal lobe BA 21 L 50 0.002 5.60 —-50 —-14 -18

Clusters significant at p < 0.05, FWE-corrected for multiple comparisons at the voxel level (with the cluster threshold of 40 contiguous voxels). Abbreviations: BA, Brodmann area; DD,
Delay Discounting task; DLPFC, dorsolateral prefrontal cortex; few, family-wise error; GNG, Go/No Go task; ICD, Impulse control disorder; L, left; MINI, Montreal Neurological Institute;

PD, Parkinson’s disease; R, right; SMA, supplementary motor area.

Further contrasts of PD-ICD patients, including interaction
analyses with the task types, failed to reveal any significant
clusters at the predetermined threshold.

The seeds for the PPI analysis were localized in the striatum,
with more precise focus on both the heads of nuclei caudate based
on the activation analysis results above. As the more relevant
contrasts using stimuli supposedly associated with higher
impulse control requirements provided far more significant and
pertinent results, only these outcomes (i.e., R(NG stimulus and
the difference of ReNG > RcG in the GNG task, and Easy choice
(EC) and the difference of Easy choice > Control stimuli (EC >
CS) in the DD task) are reported.

A. GNG task-Healthy controls > All PD patients: This
comparison revealed decreased connectivity in PD patients
dominantly to the right-side postcentral cortical areas from
both the right and the left seed in both the contrasts (simple
RcNG, and ReNG > RceG), furthermore to the left precentral
gyrus (from the left caudate in the ReNG > RcG contrast)
and the left cerebellar lobule VI (from the right caudate in
the ReNG contrast), when compared with healthy controls (see
Figure 2A, Table 3).

B. GNG task-Non-impulsive PD patients > ICD-PD patients:
This analysis yielded decreased connectivity in ICD-PD
patients to the left DLPFC (from the contralateral caudate)
and decreased connectivity from the left caudate to the right
superior parietal cortex in both the used contrasts and to
the right cingulate gyrus in the ReNG >RcG contrast (see
Figure 2B, Table 3).

C. GNG task-Healthy controls > ICD-PD patients: ICD-PD
patients showed decreased connectivity of the right caudate
to the right superior parietal cortex in both contrasts and
decreased connectivity of the left caudate to the ipsilateral
DLPEFC (see Figure 2C, Table 3).

D. DD task-Healthy controls > All PD patients: Decreased
connectivity of both caudate nuclei to the contralateral
putamina was found in the pooled PD patient group in the
simple EC contrast. Furthermore, PD patients had decreased
connectivity of caudate nuclei to ipsilateral superior temporal
gyri and both the left (simple EC contrast) and the right (EC
> CS contrast) medial frontal cortex from the left caudate (see
Figure 2D, Table 3).

E. DD task-ICD-PD patients > Non-impulsive PD patients:
The simple EC contrast revealed increased connectivity of
the right caudate to bilateral calcarine cortices and increased
connectivity of the left caudate to the ipsilateral insula in
ICD-PD patients (see Figure 2E, Table 3).

No clusters survived the reverse contrasts to the above stated
outcomes at the same threshold.

DISCUSSION

This study is the first to investigate the neural substrates of
ICD in PD using two distinct, impulse-control-related fMRI
tasks in the same patient population, with a specific focus
on cases of severe ICD significantly impacting the quality of
life. Neuroimaging analyses revealed not only decreased fMRI
activation in the striatum in ICD-PD patients in keeping with
the previous research reports (Napier et al., 2015; Vriend, 2018),
but also vast connectivity changes beyond the commonly stated
areas, indicating that fronto-striatal and mesolimbic functional
disruptions are not the sole mechanisms underlying ICD in PD
patients.

While ICD-PD patients did not perform differently from
healthy controls and non-impulsive PD patients in the behavioral
aspect of GNG and DD tasks, the inclusion of both decision-
making impulsivity as a measure of mapping future actions
into rewards in PD (Averbeck et al., 2013), and motor response
inhibition tests (Nombela et al,, 2014) proved of paramount
importance in the fMRI analysis, with distinct patterns of
concurrence in the cortical areas around the central sulcus
recruited in both tasks generally less in the PD population.
Moreover, the emergence of bilateral supplementary motor
area hypoactivity in PD patients during the GNG task,
previously proven of critical importance for the selection of
appropriate responses and the inhibition of the inappropriate
ones, and fronto-parietal cortices is in accord with processes
implicated in motor response inhibition (Simmonds et al.,
2008) and clearly shows the encroachment of neurodegeneration
processes to a wide-spread network of distinctive neural nodes.
Frontal and parietal areas partly share one inhibitory-attentional
network associated with action withholding and interference
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A
Go / No Go task
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All PD patients
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Non-impulsive PD
patients >
ICD-PD patients

(o
Go / No Go task

Healthy controls >
ICD-PD patients

D
Delay
Discounting
Healthy controls >
All PD patients

E
Delay
Discounting

ICD-PD patients >
Non-impulsive PD
patients

FIGURE 2 | Results of the connectivity analysis (o < 0.05) FWE-corrected at the cluster level (p <0.001 uncorrected at the voxel level; threshold T = 3.16 for all the
reported results). The results of the functional connectivity of the seed in the left caudate head and in the right caudate head are denoted by red-to-yellow and
blue-to-green spectrum, respectively. Results of the connectivity analysis in the Go/No Go task: (A) Decreased connectivity in the whole cohort of Parkinson’s disease
(PD) patients to the right-side postcentral cortical areas, left precentral gyrus and left cerebellar lobule VI, when compared with healthy controls. (B) Decreased
connectivity in PD patients with impulse control disorder (ICD) vs. non-impulsive PD patients to the left dorsolateral prefrontal cortex, cingulate gyrus and right-side
postcentral cortical areas. (C) Decreased connectivity in ICD-PD patients vs. healthy controls to the right-side postcentral cortical areas and left dorsolateral prefrontal
cortex. Results of the connectivity analysis in the Delay Discounting task. (D) Decreased connectivity in the whole cohort of PD patients to both putamina (each
contralateral to the respective seed), both superior temporal gyri (each ipsilateral to the respective seed) and left medial frontal cortex, when compared with healthy
controls. (E) Increased connectivity in ICD-PD patients vs. non-impulsive PD patients to the left insula and bilateral calcarine cortices. Laterality conventions with the
right side in the figure corresponding to the right side of the scanned area were implemented. See Table 3 for detailed statistical results and anatomical localization of
clusters.

inhibition (Levy and Wagner, 2011; Sebastian et al., 2013),  memory network (Miedl et al., 2010), may mirror processes
with substantial involvement of the fronto-striatal pathways  comparable to the dysfunctions presented in this study.

mainly in the inhibition of already initiated actions (Jahfari Nonetheless, the abundance of relevant research findings
et al., 2011). The fronto-parietal recruitment changes in non-  seems clearly to show dominant association of ICD in PD with
PD gamblers, supposedly reflecting the cue-induced addiction  hyperdopaminergic state and relevant structures. However, the
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TABLE 3 | Anatomical localization of clusters in the connectivity analysis in the Go/No Go and Delay Discounting tasks.

Anatomical regions Brodmann Side Volume p-value T-score of MNI coordinates of local maxima
area (in voxels) (svec) local max

RED CROSS NO GO IN HEALTHY CONTROLS > ALL PD PATIENTS
Seed in the left caudate head

Precentral gyrus BA 4 R 154 0.002 4.02 26 —28 64
Precuneus BA 5 R 106 0.003 3.84 8 —46 62
Precuneus L 44 0.003 3.70 -8 —36 62
Seed in the right caudate head
Postcentral gyrus BA 6, 40, R 2,055 0.001 5.76 22 —-28 66
Precentral gyrus 4
E Paracentral lobule BA 6 L 77 0.002 4.38 -8 —18 64
8
g Cerebellum, lobule VI L 55 0.007 4.06 —34 —46 —34
§ Postcentral gyrus BA3, 4 L 57 0.003 3.94 -20 -32 68
g RED CROSS NO GO IN NON-IMPULSIVE PD PATIENTS > ICD-PD PATIENTS
Seed in the left caudate head
Postcentral gyrus BA3 R 55 0.003 3.66 20 —40 60
Seed in the right caudate head
DLPFC BA 10 L 62 0.004 3.94 -38 50 4

RED CROSS NO GO IN HEALTHY CONTROLS > ICD-PD PATIENTS
Seed in the right caudate head

Postcentral gyrus BA 40, 7 R 1,223 0.001 4.66 22 —28 66
Precuneus BA5 R 254 0.001 4.44 10 —46 62
Precuneus BA7 R 61 0.003 3.95 8 —60 52
Postcentral gyrus BA 4 L 45 0.004 3.66 —22 -30 66

RED CROSS NO GO > RED CROSS GO IN HEALTHY CONTROLS > ALL PD PATIENTS
Seed in the left caudate head

Postcentral, precuneus BAS5, 7 R 1,266 <0.001 4.53 28 —26 62
Superior parietal lobe BA7 L 67 0.003 4.41 —-20 —80 46
Precentral gyrus BA 6 L 82 0.002 3.90 -10 —36 64
Middle temporal lobe BA 22 L 70 0.003 3.79 -50 -4 30
Seed in the right caudate head
Postcentral gyrus BA 40, 7 R 246 0.001 4.1 32 —40 60
Postcentral gyrus BA 4 R 129 0.002 4.04 26 —28 62
Postcentral gyrus BA 5 R 60 0.002 3.89 14 —42 60

RED CROSS NO GO > RED CROSS GO IN NON-IMPULSIVE PD PATIENTS > ICD-PD PATIENTS
Seed in the left caudate head

Caudate R 47 0.003 4.18 16 —20 26
Postcentral gyrus BA5 R 441 0.001 3.97 28 —40 64
Cingulate gyrus BA 24 R 61 0.004 3.73 12 10 36
Precentral gyrus BA6 R 58 0.003 3.69 44 —14 34

RED CROSS NO GO > RED CROSS GO IN HEALTHY CONTROLS > ICD-PD PATIENTS
Seed in the left caudate head

Precuneus BA7 C 106 0.001 4.60 2 —64 56
Superior parietal lobe BA7 L 73 0.004 4.50 -20 —78 48
Angular gyrus BA 40 L 55 0.004 4.44 —46 —66 46
DLPFC BA9 L 285 0.002 4.23 —54 20 26
Middle frontal gyrus BAG L 74 0.004 4.22 —40 16 54
Seed in the right caudate head
Superior parietal gyrus BA 40 R 129 0.002 3.89 30 —54 58
Precuneus BA7 R 47 0.003 3.84 4 —64 56
(Continued)
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TABLE 3 | Continued

Anatomical regions Brodmann Side Volume p-value T-score of MNI coordinates of local maxima
area (in voxels) (svec) local max
EASY STIMULUS IN HEALTHY CONTROLS > ALL PD PATIENTS
Seed in the left caudate head
Thalamus 395 0.001 4.57 20 —28 14
Superior temporal BA 41 L 117 0.002 4.48 —44 —24 12
gyrus
Superior temporal BA 41 R 162 0.001 4.19 44 —-30 14
gyrus
§ Medial frontal cortex BA 10 L 42 0.004 412 —-12 58 10
E’ Putamen 43 0.004 3.92 32 —4 10
T Medial frontal gyrus BA9, 10 C 97 0.003 3.89 0 56 28
§ Seed in the right caudate head
% Putamen 137 0.003 4.06 —-28 —24
%' Superior temporal BA 41 R 90 0.002 3.93 42 —-32 10
=] gyrus
EASY STIMULUS IN ICD-PD PATIENTS > NON-IMPULSIVE PD PATIENTS
Seed in the left caudate head
Insula BA 13 L 47 0.003 3.74 —42 —18
Calcarine L 44 0.004 3.61 —-12 —60 16
Seed in the right caudate head
Calcarine BA 30 L 91 0.002 4.20 —16 —66
Calcarine BA 30 R 95 0.002 3.85 20 —66
EASY STIMULUS > CONTROL STIMULUS IN HEALTHY CONTROLS > ALL PD PATIENTS
Seed in the left caudate head
Medial frontal cortex BA 10 R 59 0.003 4.07 12 56
Insula BA 13 L 41 0.004 3.41 —40 8 2
Seed in the right caudate head
Middle temporal gyrus 128 0.001 4.01 38 —68 14
Insula BA 13 L 70 0.002 3.83 —42 6

Clusters significant at p < 0.05, FWE-corrected for multiple comparisons at the cluster level (voxel-wise threshold of p <0.001, uncorrected, small volume correction). BA, Brodmann
area; C, central; DD, Delay Discounting task; DLPFC, dorsolateral prefrontal cortex; few, family-wise error; GNG, Go/No Go task; ICD, Impulse control disorder; L, left; MINI, Montreal

Neurological Institute; PD, Parkinson’s disease; R, right; SVC, small volume correction.

extent, to which the function of ventral striatum, one of the core
nodes implicated in ICD in PD patients, is disrupted remains
equivocal, despite the mounting evidence in various studies—
both increased striatal fMRI activation, in pathological gambling
(Frosini et al, 2010) and hyperlibidinous deviations (Politis
et al.,, 2013), and decreased neural activity in this area in risk
taking activities (Rao et al., 2010; Voon et al., 2011a) in ICD-
PD patients. Connectivity studies provide further prima facie
evidence, with the reports of absence of connectivity differences
in ICD-PD of the ventral striatum, but of decreased connectivity
of the associative striatum to various frontal cortical areas
(Carriere et al., 2015), even underlined by structural analyses
in general PD population (Rae et al., 2012). Moreover, despite
the surmised relevance of the associative striatum to cognition,
primarily executive functions (Monchi et al., 2006; O’Callaghan
et al,, 2014), the studies concentrating on this realm in PD-ICD
provided largely negative outcomes (Djamshidian et al., 2011;
Antonini et al., 2017). The decreased GNG task connectivity of
both caudate nuclei to the left DLPFC and of the left caudate to
the cingulate gyrus in ICD-PD patients presented in our study
seems to resonate well with these findings, but the suggested

overall striatal connectivity decline in ICD-PD is countered by
the elevation of DD-task connectivity to the salience-associated
left insular regions implicated also in addiction and several
neuropsychiatric disorders (Uddin, 2015). Hence, these results
support the recent gradual opinion shift from simplistic views
of striatal hypoactivity and hypoconnectivity to more open,
structural and functional changes in the dopaminergic system
in ICD-PD, where different aspects of inhibition control stem
from distinct networks (Antonelli et al., 2014; Napier et al., 2015)
and impulsivity is truly taken as an umbrella term encompassing
multiple different behaviors and neuronal nodes (Vriend, 2018).

Indeed, the progressing PD pathology eventually affects
also other neurotransmitter systems beyond the dopaminergic
network—particularly noradrenaline and serotonin producing
neurons (Braak et al., 2003), with suggested distinct effects
also on impulsive behaviors (Vriend, 2018). This hypothesis
is supported by neuroimaging of selective serotonin reuptake
inhibitor (SSRI) induced modulation of response inhibition in
PD patients (Ye et al, 2014) and the behavioral effects of
SSRI, albeit ranging from the reduction of impulsive actions
(Homberg et al., 2007; Baarendse and Vanderschuren, 2012)
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to the absence of effect in other impulsivity subdomains (Bari
et al,, 2009; Baarendse and Vanderschuren, 2012). Moreovetr,
the atomoxetine-induced facilitation of noradrenergic signaling
has been reported to reduce decision-making impulsivity and
risk taking in PD patients (Kehagia et al., 2014), similarly with
hypothesized dependence on impulsive behavior subtypes (Bari
et al., 2009), and opioid receptor antagonists, despite the lack of
clinically relevant effect in ICD-PD patients (Papay et al., 2014),
are able to reduce pathological gambling (Grant et al., 2008)
and improve symptoms in the impulsive-compulsive spectrum
disorders (Piquet-Pessoa and Fontenelle, 2016) in PD-unrelated
impulsivity.

And likewise, different aspects of impulse control may be
differentially sensitive to dopamine concentration decline and
pharmacologic supplementation (Voon et al, 2011a). There
is an ample and growing body of research on the escalated
reward-related striatal dopaminergic activity as the primary
pathophysiological basis of ICD in PD, be it dominantly
due to the “overdose” theory postulating excessive dopamine
stimulation of the relatively preserved ventral striatum (Voon
et al., 2011b), denervation-induced D3 receptor hypersensitivity
in the same area (Prieto et al., 2011) or the interference
in D2-signaling pauses in the ventral striatum impairing the
encoding of harmful behaviors (Frank et al., 2004; Vriend,
2018). However, as a large proportion of PD patients do not
develop impulsivity problems, it is less evident whether or
not this specific hypodopaminergic condition and hence the
increased vulnerability to ICD is wrought by antecedent neural
or genetic traits, plastic structural changes in the reward system
(Biundo et al., 2015) or merely a maladaptive response to non-
physiological chronic dopaminergic stimulation, thus adding to
the high heterogeneity of PD (Lewis et al., 2005; Farrer, 2006; van
Balkom et al., 2016).

These multifaceted aspects of impulsivity and PD in general
partly hamper clear-cut interpretation of the outcomes of this
study, as the high diversity of impulsivity profiles and, indeed,
probable subtypes of PD itself, undoubtedly interfered with the
results, but the small number of ICD-PD subjects in our sample
prevented any meaningful separate analyses. The low numbers
of subjects presumably also contributed to the absence of
significant between-group differences in the behavioral analysis,
even though the simple numerical comparison seems to show
at least a trend toward lower performance and the correlates
of higher impulsivity in the ICD-PD group. This was primarily
incurred by our deliberate decision to include only PD patients
with ICD severity of detrimental extent for their day-to-day life
(e.g., substantial financial losses due to gambling). Even though
the prevalence of ICD in PD patients is usually reported at
the level of ~15%, with non-negligible dependence on cultural
factors and gender (Perez-Lloret et al., 2012; Santangelo et al.,
2013; Maloney et al., 2017), ICD of the level deliberately chosen
for this study is rather rare, making the recruitment of larger
cohorts of severe ICD PD patients virtually impossible. As the
symptoms widely range in severity, subclinical ICD symptom
screenings yield significantly higher rates (Joutsa et al., 2012;
Vriend et al, 2014), but these behaviors should generally be
considered a disorder only when becoming harmful to the patient

or interfering with the daily functioning as a significant deviation
from premorbid behavior. Interestingly, most patients and
caregivers do not consider their ICD a severe problem (Garcia-
Ruiz et al., 2014). Ergo, the recruitment of these “borderline”
patients could induce unwelcome interference in the outcomes.
Secondly, the difference in age and gender between the ICD-
PD and non-impulsive PD group, even though in accord with
the previous body of research on risk factors of ICD (Ceravolo
et al., 2009), calls also for caution in the further interpretation
of differences between these two subgroups due to possible
confounding. Furthermore, physiological noise, not accounted
for in our study, might have led to potential distortion of the
connectivity analysis outcomes, even though the analysis itself
was purely task based. And lastly, our study shares the problem
of all the cross-sectional research projects comparing ICD-PD
and non-impulsive PD patients, as it is virtually impossible
to delineate the true cause of neurobiological differences, i.e.,
antecedent characteristics or true alterations associated with ICD.
Nonetheless, prospective fMRI study capable of recruiting a
satisfactory number of high-severity ICD-PD patients is highly
impractical, if feasible at all, and the general character of our
hypotheses allows reasonable confidence in the outcomes.

In conclusion, our results present a refinement and
synthesis of gradually developing ideas about the nature
of ICD in PD—an umbrella term encompassing various
behavioral deviations related to distinct neuronal networks,
which greatly exceed the previously envisioned fronto-
striatal and mesolimbic pathways. The significance of these
differences in the context of disruptions to neurotransmitter
systems beyond the dopaminergic component is far from
elucidated, and although speculative, the neuroanatomical
correlation and relevance of these signaling alterations are
an important topic for further investigation, with possible
highly-sought-after therapeutic implications for the clinical
practice.
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Alpha/Low-Beta Power in the
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Functional magnetic resonance imaging studies suggest that different subcortico-cortical
circuits control different aspects of Parkinsonian rest tremor. The basal ganglia were
proposed to drive tremor onset, and the cerebellum was suggested to be responsible for
tremor maintenance (“dimmer-switch” hypothesis). Although several electrophysiological
correlates of tremor have been described, it is currently unclear whether any of these
is specific to tremor onset or maintenance. In this study, we present data from a
single patient measured repeatedly within 2 years after implantation of a deep brain
stimulation (DBS) system capable of recording brain activity from the target. Local field
potentials (LFPs) from the subthalamic nucleus and the scalp electroencephalogram were
recorded 1 week, 3 months, 6 months, 1 year, and 2 years after surgery. Importantly, the
patient suffered from severe rest tremor of the lower limbs, which could be interrupted
voluntarily by repositioning the feet. This provided the unique opportunity to record
many tremor onsets in succession. We found that tremor onset and tremor maintenance
were characterized by distinct modulations of subthalamic oscillations. Alpha/low-beta
power increased transiently immediately after tremor onset. In contrast, beta power
was continuously suppressed during tremor maintenance. Tremor maintenance was
additionally associated with subthalamic and cortical power increases around individual
tremor frequency. To our knowledge, this is the first evidence of distinct subthalamic
LFP modulations in tremor onset and tremor maintenance. Our observations suggest
the existence of an acceleration signal for Parkinsonian rest tremor in the basal ganglia,
in line with the “dimmer-switch” hypothesis.
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Electrophysiological Markers of Parkinsonian Tremor

INTRODUCTION

Tremor is one of the cardinal symptoms of Parkinson’s disease
(PD). Parkinsonian tremor occurs primarily at rest, although
a combination with postural and/or kinetic tremor is common
(1). It affects about 75% of the PD patient population (2) and
can range from mild to disabling. In case tremor cannot be
sufficiently suppressed by pharmacological treatment, deep brain
stimulation (DBS) of the subthalamic nucleus (STN) (3) or the
ventral intermediate nucleus of the thalamus (4) is a commonly
chosen treatment option.

Recently, it has been argued that continuous DBS, which is
the standard today, may not be optimal for tremor control, since
tremor is a dynamic symptom waxing and waning spontaneously.
Adaptive systems capable of detecting tremor and stimulating
on demand might be a more suitable alternative (5). Adaptive
systems can use peripheral recordings for tremor detection (6, 7)
or electrophysiological signals recorded by the DBS electrode.
In fact, several studies have revealed patterns in brain activity
associated with tremor, which might serve as a control signal
in adaptive DBS systems. These include features of local field
potential (LFP) oscillations in the STN, such as power and
coherence at individual tremor frequency (8-10), beta power
(13-30Hz) (11, 12), low gamma power (31-45 Hz) (13, 14), and
high frequency oscillations (>200 Hz) (15, 16).

While these signals are known to be associated with
tremor, it is unclear whether they relate to tremor onset
or to tremor maintenance specifically. These two processes
are believed to be controlled by different subcortico-cortical
circuits, according to a recently proposed model of tremor,
called the “dimmer-switch” hypothesis (17). This hypothesis
is based on a functional magnetic resonance imaging study
showing that tremor amplitude is correlated with thalamic
and cerebellar activity, whereas changes in tremor amplitude
are correlated with pallidal activity (18). Thus, the authors
proposed that the basal ganglia drive changes in the tremor
state (the “switch”) whereas the cerebello-thalamo-cortical
circuit maintains tremor and modulates its amplitude (the
“dimmer”). According to this model, tremor onset should
be associated with basal ganglia activity. This prediction
can be validated by electrophysiology, which offers the
appropriate temporal resolution to investigate tremor
onset specifically.

The search for a specific marker of tremor onset is
complicated by the fact that tremor appears and disappears
on a very slow timescale. Intra- and perioperative, invasive
recordings in patients, however, are usually time-constrained,
such that most patients either exhibit continuous tremor during
the measurement or no tremor at all. Here, we sought to
overcome this problem by measuring many tremor onsets in
a patient with the ability to interrupt tremor voluntarily. The
measurements were obtained in several sessions within a period
of 2 years using an implanted DBS system capable of LFP
recording (Activa PC+S™, Medtronic, USA). The longitudinal
design allowed us to (i) collect a larger number of tremor
onsets and (ii) to monitor movement-related brain signals
over a long period of time. For the latter part, we aimed

at investigating the robustness of subcortico-cortical activity
associated with a set of standard motor tasks and to relate
the temporal development of this activity to the development
of symptoms.

MATERIALS AND METHODS

Patient

We report results from a single patient diagnosed with idiopathic
Parkinson’s disease of the tremor-dominant sub-type. The patient
gave written informed consent and the study was approved by the
local ethics committee (study no. 4326).

The patient (age range: 42-48 y) first noticed rest and
action tremor in 2000, starting in the right leg and spreading
to the other extremities, later accompanied by hypokinesia.
Reduced dopamine transporter density was confirmed by single
photon emission computed tomography. The patient showed
a clear response to levodopa (MDS-UDPRS III Medication
OFF/Medication ON: 43/28; highest score possible: 132) and
no cognitive deficit (Mattis Dementia Rating Scale: 142/144,
Montreal Cognitive Assessment: 30/30). Tremor, however, was
only slightly improved by levodopa (pre-surgical daily dose:
600mg) and did not respond to beta-blockers, primidone,
clozapine, or topiramate. The patient was implanted with an
Activa PC+S™ DBS system (Medtronic, USA) in 2015. DBS led
to marked symptom suppression (MS-UDPRS III Medication
OFF- DBS OFF/ Medication OFF—DBS ON: 50/25), including
tremor, and initially allowed for a complete discontinuation of
medication. Two years later, at the time of the last measurement,
reemerging lower limb tremor required treatment with 50 mg of
levodopa and 2 mg of rotiogotin in addition to DBS.

In Medication OFF/DBS OFF, the patient suffered from severe
bilateral leg tremor when resting. Importantly for this study, the
patient was able to interrupt leg tremor for several seconds by
repositioning the feet.

Experimental Paradigm

LFP and EEG signals were measured 1 week, 3 months, 6 months,
1 year, and 2 years after surgery. In order to limit battery
usage, each LFP recording was constrained to 15min. Anti-
parkinsonian medication, if any, was withdrawn >12h before
the recordings started and DBS was turned oft between 30 and
60 min before the recording started. Each session consisted of
four motor tasks, referred to as REST, HOLD, MOVE, and
TREMOR in the following. In the REST condition, the patient
sat relaxed and quietly with eyes open for 2 min. In the HOLD
condition, the patient elevated both forearms to 45° angle
relative to the body’s frontal plane and spread the fingers for
3 min. In the MOVE condition, the patient opened and closed
the right fist (contralateral to LFP recording) in a self-paced
fashion with a frequency of ~1Hz for 3 min. In the TREMOR
condition (7 min), the patient repeatedly interrupted bilateral rest
tremor of the legs by repositioning the feet. Tremor reemerged
spontaneously and was interrupted again after 20 s, upon verbal
instruction of the experimenter. All sessions were recorded
on video.
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Data Acquisition

The Activa PC+S™ system allows for chronic recordings from
the DBS target site in addition to therapeutic stimulation (19).
We used this system for longitudinal, bipolar LFP recordings
from the left STN (contact 0 vs. contact 3). We used the first
and the last electrode contact to record the largest area possible,
thus reducing the risk of missing relevant subthalamic activity.
The sampling rate was 794 Hz. In addition to the subthalamic
LFPs, we recorded from eight scalp EEG electrodes (Cz, Fz, Pz,
C3, Oz, FC2, P3, and P4) using a portable amplifier (Porti, TMSi,
The Netherlands), and measured the vertical and the horizontal
electrooculogram (EOG), the electrocardiogram (ECG), and the
electromyogram (EMG) of the lower arms and of the lower legs
on both body sides. These signals were sampled at 2,048 Hz.
Before each recording, a transcutaneous, biphasic electric pulse
with 5 mA amplitude and 2 ms duration was applied by an Osiris
stimulator (Inomed, Germany). The pulse served as a common
temporal marker visible in both the LFP and the EEG trace,
and was used to align the signals in time during offline analysis
(see below). It was delivered via two surface EMG electrodes,
one attached to the neck and one above the subcutaneous cable
connecting the DBS electrodes to the implanted pulse generator.

Data Preprocessing

All analyses were carried out with Matlab (The Mathworks, USA)
and the Matlab-based toolbox FieldTrip (20). The EEG was re-
referenced to the average of all scalp EEG channels and band-stop
filters were applied to remove 50 Hz line noise and its harmonics.
EMG data were high-pass filtered at 10 Hz and rectified. EOG and
ECG signals were demeaned. Subsequently, these signals were
temporally aligned with the LFP signal, using the transcutaneous
pulse as a common temporal marker. Next, bad channels and
epochs with strong artifacts were removed. The EEG signal was
decomposed using FASTICA (21), components reflecting heart
beat and eye movements were deselected manually and the signal
was back-transformed.

Spectral Analysis

For the computation of epoch-average spectra, data were cut
into segments of 1s duration and 50% overlap. Segments were
convolved with a Hanning taper and subjected to Fourier
transformation. The Fourier coeflicients were used to compute
power and coherence spectra. For the computation of time-
frequency representations (TFRs), Fourier coefficients were
computed for each time-frequency bin using Morlet wavelets
with a width of 7. TFRs were baseline-corrected (—0.5 to —0.15s
relative to tremor onset).

Although we analyzed the data up to the highest frequency
possible (397 Hz), we only show spectra up to 45Hz in this
report because tremor-specific effects occurred in this range.
Furthermore, we opted to represent the cortical signal by the Cz-
electrode, which showed the strongest coherence with the LFP.

Epoch Selection

Tremor Onset

Although we recorded about 100 attempted tremor arrests in
total, we included only those 38 trials in the analyses with a clearly
identifiable onset. The latter was not always observable because

800
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FIGURE 1 | Waxing and waning of leg tremor. (Top) Rectified EMG trace from
right lower leg. Note the presence of transient tremor arrests/reductions.
These were induced by the patient by repositioning the feet. (Bottom)
Example of a tremor onset episode. Time 0 marks the time of tremor onset, as
estimated by inspection of the right leg EMG trace (blue) and EMG power
between 3 and 8 Hz (red).

voluntary tremor arrest was not always successful. Tremor onsets
were identified by first screening leg EMG traces and right
leg EMG power between 3 and 8 Hz, as obtained by Hilbert
transformation, and by marking all potential leg tremor onsets.
The band limits for EMG power were chosen to accommodate
both the individual tremor frequency (3.5Hz) and its first
harmonic (7 Hz). Following the labeling of candidate onsets, we
checked whether leg tremor was suppressed and the muscle was
relaxed for at least 500 ms. If this was the case, we searched the
right leg EMG power trace for the last local minimum before
tremor reemergence and defined this sample as tremor onset
(Figure 1). Onset times were confirmed by visual inspection
of the time-domain EMG signal. For spectral and statistical
analysis, tremor onsets from all sessions were pooled to maximize
statistical power.

Information on onset detection for voluntary movements
(feet repositioning and fist-clenching) is provided in the
Supplementary Material.

Tremor Episodes and Tremor-Free Episodes

To investigate subthalamic and cortical signals during tremor
maintenance, we inspected the EMG recording of the right lower
leg and marked tremor episodes and tremor-free episodes. The
other EMG signals were disregarded, but the left and the right
leg were equally affected by tremor. Hence, the terms “tremor
episode” and “tremor-free episode” relate to leg tremor, but
not to tremor in other body parts. Again, episodes from all
sessions were pooled to maximize statistical power. Note that the
lower leg musculature was relaxed during tremor-free episodes,
ie., these episodes do not reflect tremor suppression through
muscle contraction.

Statistics

Spectra were compared using FieldTrip’s cluster-based
permutation approach (22), which corrects for testing at multiple
frequencies or time-frequency bins. In each comparison,
the number of epochs/trials was equalized across experimental
conditions by deleting the last samples from the longer condition.
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REST vs. HOLD vs. MOVE

For each session, logarithmic power and coherence in the
conditions REST, HOLD, and MOVE were compared pairwise
using a f- (power) and a z-statistic (coherence) (23) for
independent samples, respectively. The resulting p-values,
already corrected for testing at multiple frequencies, were
further corrected for comparing at multiple dates using False
Discovery Rate.

Pre-onset vs. Post-onset

TFRs of logarithmic LFP and EEG power were compared
between the pre-onset baseline (—0.65 to —0.15 relative to tremor
onset) and the post-onset phase using the “activation vs. baseline
t-statistic” (22). For this method to work, the baseline and the
post-onset epoch need to have equal length. The length of the
baseline epoch was dictated by the shortest tremor-free episode
(500ms). Hence, we set the post-onset epoch to 500 ms and
shifted this window by 500 ms four times, thus probing a 2s
period following tremor onset in four separate tests. We did
not test coherence this way because a corresponding statistic
for coherence is not available. We do, however, provide time-
resolved plots of coherence to give an impression of phase
difference consistency across tremor onsets for each time-
frequency bin.

Tremor vs. Rest
Tremor and tremor-free episodes were compared in the same way
as REST, HOLD, and MOVE. We did not apply False Discovery

Rate, however, since data were pooled over sessions, i.e., we did
not perform separate comparisons at each date.

RESULTS

Longitudinal Measurements of
Subcortico-Cortical Activity in Different
Motor Tasks

Clinically, DBS surgery resulted in a marked, transient symptom
reduction (stun effect), particularly of tremor (Figure 2). Three
months before surgery, the UPDRS III sum-score for Medication
OFF/DBS OFF was 43. It decreased to 29 one week after surgery,
and increased again to 57 three months after surgery. Thereafter,
it remained on a comparable level (six months: 52, one year:
50, two years: 50). Interestingly, STN beta power underwent a
different temporal development. It was strongest 1 week after
surgery, when tremor was suppressed due to the stun-effect, but
diminished over time.

With respect to electrophysiology, the HOLD condition was
repeatedly associated with more power than REST and MOVE in
a variable frequency range. This difference was most prominent
for the alpha peaks observed in the first-week and sixth-month
recordings. The most robust electrophysiological feature was a
peak in STN-cortex coherence around 10 Hz, which was visible
in all sessions.

Note that differences between motor tasks were only
observable up to 6 months after surgery in the LFP signal,
indicating a possible decrease of the signal-to-noise-ratio over
time. We evaluated the available data on contact impedance
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FIGURE 2 | Temporal stability of subthalamic and cortical oscillations. Motor tasks are color-coded. Horizontal lines mark significant differences and comparisons are
coded by another color scheme (see legends on the right). Values underneath the row titles indicate body side-specific scores for akinesia/rigidity (ARr; UPDRS III
items 3.3-3.8) and for tremor (Tr: UPDRS Ill items 3.17) for the right body side, i.e., contralateral to local field potential recordings, and for the constancy of rest tremor
(CR: UPDRS Il item 3.18). Clinical scores obtained 3 months before surgery: ARr: 10, Tr: 8, CR: 3.
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and observed an increase occurring earlier than 6 months. The
impedance of contact L03 was 1726 Q2 at the day of stimulator
implantation, 4,261 @ 3 months after surgery, and 3,153 Q 2
years after surgery. In other words, the loss of LFP beta peaks
after 1 year was not accompanied by a corresponding increase
in impedance.

Tremor Onset

Following tremor onset, we observed a significant increase of
STN power between 8 and 15 Hz compared to pre-onset baseline
(Figure 3; p = 0.009). This increase occurred between 150 to
520 ms after tremor onset. At this stage, tremor had not evolved
to full amplitude in most of the epochs yet, as indicated by the
dynamics of leg EMG power (Figure 3, lowermost plot). Cortical
beta power between 16 and 20 Hz decreased compared to pre-
onset baseline at 1.15-1.4 s relative to tremor onset (p = 0.019).
Furthermore, we observed an increase of STN-cortex coherence
at 5 Hz, following the occurrence of the transient alpha/low-beta
power increase in the STN.

We tested the tremor-specificity of the STN power increase
between 8 and 15 Hz by examining STN power changes around
two types of voluntary movement: feet repositioning and
repetitive fist-clenching. Feet repositioning was associated with
a post-movement increase of beta-band power around 20 Hz,
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FIGURE 3 | Tremor onset is associated with a transient increase of
subthalamic power at alpha/low beta frequencies. From top to bottom: cortical
power, STN power, STN-cortex coherence and leg EMG power between 3
and 8 Hz. Time 0 marks tremor onset. Colors indicate the difference to
baseline (—0.65 to —0.15 s relative to tremor onset). The black outline marks
significant differences. The gray shading in the lowermost plot illustrates the
standard deviation across tremor epochs.

possibly related to tremor arrest (Figure S1 of the Supplementary
Material). A power increase between 8 and 15Hz was not
observed. Repetitive fist-clenching showed a pattern of power
changes that was in part reminiscent of tremor onset, including
signs of an alpha/low-beta power increase around 300 ms after
movement onset (Figure S3). This change, however, was not
significant (p = 0.33) and much weaker than for tremor onset.

Tremor Maintenance

In contrast to tremor onset, tremor maintenance was associated
with a decrease, not an increase, in subthalamic beta oscillations.
This decrease was observed for beta peaks in the low (20-25 Hz;
p < 0.001) and the high beta/low gamma band (32-36 Hz; p
< 0.001), as illustrated in Figure 4. In addition, we detected an
increase of STN power between 4 and 7Hz (p = 0.003), and
increases of cortical power between 7 and 10Hz (p < 0.001)
and 16 and 18 Hz (p = 0.004). STN-cortex coherence did not
change significantly, but exhibited several peaks below 20 Hz in
the tremor condition only.

DISCUSSION

A New Maker of Tremor Onset

We have revealed an electrophysiological, subthalamic marker
of tremor onset, suggesting that the basal ganglia mediate
the emergence of tremulous movements, as proposed by the
“dimmer-switch” hypothesis (17). Interestingly, the “dimmer-
switch” hypothesis does not specify whether the STN is part of
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FIGURE 4 | Changes of subthalamic and cortical signals during tremor
maintenance. Cortical (Top) and subthalamic (Middle) power averaged over
all tremor (red) and no-tremor segments (blue). (Bottom) STN-cortex
coherence. Vertical bars mark significant differences.
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the “dimmer” (cerebello-thalamo-cortical loop) or the “switch”
(striato-pallidal loop). This is because the STN is part of the basal
ganglia but also receives projections from and sends projections
to the cerebellum (24). Indeed, the current results implicate a
dual role for the STN. Subthalamic beta power was found to be
modulated both at tremor onset and during tremor maintenance,
albeit in opposite directions. These observations suggest that
distinct processes are at work during tremor onset and tremor
maintenance, and the STN is involved in both of them.

In addition to revealing a new marker of tremor onset, the
current results confirm beta power suppression and increases
at individual tremor frequency and/or its harmonics as basic
markers of tremor maintenance (10-12, 25). Note that the
current results differ partly from our own previous work on
Parkinsonian rest tremor (10), which investigated consistent
patterns of power and coherence in 11 PD patients. This work
had revealed an increase of STN power at individual tremor
frequency occurring about 1s after tremor onset and lasting
for the entire epoch under investigation (9s), but it had not
detected the 8-15Hz increase reported here. In light of the
current findings, we interpret the late and sustained increase of
subthalamic power at individual tremor frequency as a correlate
of tremor maintenance, which is reflected in the 4-7 Hz increase
in the STN power spectrum in this study (Figure4, upper
row). The transient 8-15Hz increase might have been missed
in our previous study due the higher variability introduced by
sampling from different patients. The current study, in turn, did
not find a significant increase of STN-cortex coherence during
tremor, but the pattern observed here matches our previous
results on a qualitative level. Finally, we observed a tremor-
associated increase in cortical oscillations in the beta band and
below, although previous studies reported a beta power decrease
(12). This discrepancy might be due to tremor-related EEG
artifacts in the data at hand, which can arise during severe
tremor (several seconds after tremor onset) and are difficult to
remove completely.

In addition to beta oscillations and oscillations at individual
tremor frequency, high-frequency oscillations (HFOs; >200 Hz)
were found to reliably reflect the tremor state of PD patients
(15, 16, 25). Unfortunately, we did not find any HFO peaks in
the data at hand, most likely because the amplitude of HFOs is
too low for detection by the PC+S™ system.

Insights From Longitudinal Recordings

To our knowledge, this is the first longitudinal, invasive
recording of tremor-related patterns in power and coherence
in the STN of PD patients. Previous studies on PD have
utilized the Activa PC+S™ system for recording changes of
STN power associated with voluntary or passive movements
in patients (26-28) and in non-human primates (29, 30), and
for investigating the effects of DBS on STN power (31, 32).
In addition, Swann and colleagues have revealed a relationship
between dyskinesia and gamma oscillations in the STN and
motor cortex (33). Finally, a recent report made use of
PC+S™ data to fit a computational model of LFP rhythm
generation (34).

The longest time range investigated in any of the
previous patient studies was 12 months. Here, we performed
measurements up to 24 months after surgery and found a 10 Hz
peak in STN-coherence in all sessions, indicating that relevant,
physiological signals remain measurable within this time frame.
The fact that differences in STN power between motor tasks
were only observed up to 6 months, however, suggests that the
signal-to-noise ratio may have decreased over time. A similar
decrease has been described in a previous study on cortical
LFPs in non-human primates, using sub-dural electrodes (30).
In this case, the deterioration of signal quality was associated
with a dramatic increase of contact impedance and was found
to be caused by regrowth of the dura. In our case, the loss of
STN beta peaks observed at 1 year after surgery and thereafter
was not accompanied by a corresponding increase in contact
impedance, suggesting a minor role of tissue reorganization at
the electrode-tissue interface.

A noteworthy finding of the longitudinal analysis is that a
prominent beta power peak was visible in the first week after
surgery but vanished over time. During the first week, the patient
experienced a strong, transient reduction of motor symptoms
caused by electrode insertion (stun effect). The stun effect has
previously been used to explain the lack of beta peaks in some
PD patients (31, 35). This study suggests that the stun effect
can also lead to an increase rather than a disappearance of beta
peaks, associated with tremor suppression. In agreement with
this idea, the constancy of rest item of the UPDRS and STN
beta power underwent antagonistic developments (Figure 2).
Alternatively, the decline of power at beta frequencies might be
a general marker of disease progression (36) or might be caused
by a decrease in the signal-to-noise ratio not accompanied by
increased impedance (see above). It could also be an after-effect
of chronic DBS (32).

Clinical Relevance

Electrophysiological markers of PD symptoms are clinically
relevant because they might be used to control adaptive DBS
systems applying stimulation based on the current clinical
state rather than continuously. The Activa PC+S™ system,
for example, can be incorporated into such systems (37).
Adaptive stimulation can either be controlled by brain signals
measured by the DBS electrodes or by external signals, such
as accelerometers (6, 7). Studies using prototypes of adaptive,
systems conditioned on brain activity suggest increased clinical
benefit (38-40) and reduced occurrence of side-effects (5, 41) as
compared to conventional DBS. The robustness of the relevant
electrophysiological symptom markers is a prerequisite for the
application of adaptive DBS systems (42), and longitudinal
measurements, as performed in the current study, can provide
information about their long-term stability.

This study adds a short, transient increase of subthalamic
alpha/low-beta power to the list of potential markers of tremor.
The short latency (~150ms) of this signal relative to the
first noticeable sign of tremor in the EMG might enable
adaptive systems to prevent tremor manifestation at an early
stage, possibly before the patient is aware of tremor and
certainly before tremor is noticed by others or interferes with
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voluntary movements. Of course, noticing the brief alpha/low-
beta power increase would require a very sensitive detector.
Detector specificity, on the other hand, would depend on whether
STN alpha/low-beta power undergoes comparable changes
in situations other than tremor onset. Although the current study
cannot provide a final answer to this question, we have not
seen increases of alpha/low-beta power at comparable strength
in voluntary foot or hand movements, suggesting that tremor-
specificity is achievable.

Limitations

With only a single patient, the current study is not representative
of the PD patient population. In particular, the patient under
study suffered from severe leg tremor in addition to upper
limb tremor, which is not the most common symptomatology.
Future experiments need to investigate to what degree the results
generalize to other muscles, to other patients, and to other
types of tremor.

Furthermore, although we have been very careful in the
definition of tremor onset, inspection of EMG traces cannot
provide unequivocal onset times. Hence, the onset times and the
latencies reported here need to be understood as estimates rather
than precise measurements.
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The human brain is a highly dynamic structure requiring dynamic coordination between
different neural systems to perform numerous cognitive and behavioral tasks. Emerging
perspectives on basal ganglia (BG) and thalamic functions have highlighted their role
in facilitating and mediating information transmission among cortical regions. Thus,
changes in BG and thalamic structures can induce aberrant modulation of cortico-
cortical interactions. Recent work in deep brain stimulation (DBS) has demonstrated
that externally applied electrical current to BG structures can have multiple downstream
effects in large-scale brain networks. In this work, we identified EEG-based altered
resting-state cortical functional connectivity in Parkinson’s disease (PD) and examined
effects of dopaminergic medication and electrical vestibular stimulation (EVS), a non-
invasive brain stimulation (NIBS) technique capable of stimulating the BG and thalamus
through vestibular pathways. Resting EEG was collected from 16 PD subjects and 18
age-matched, healthy controls (HC) in four conditions: sham (no stimulation), EVS1 (4—
8 Hz multisine), EVS2 (50-100 Hz multisine) and EVS3 (100-150 Hz multisine). The
mean, variability, and entropy were extracted from time-varying phase locking value
(PLV), a non-linear measure of pairwise functional connectivity, to probe abnormal
cortical couplings in the PD subjects. We found the mean PLV of Cz and C3 electrodes
were important for discrimination between PD and HC subjects. In addition, the PD
subjects exhibited lower variability and entropy of PLV (mostly in theta and alpha bands)
compared to the controls, which were correlated with their clinical characteristics.
While levodopa medication was effective in normalizing the mean PLV only, all EVS
stimuli normalized the mean, variability and entropy of PLV in the PD subject, with
the exact extent and duration of improvement a function of stimulus type. These
findings provide evidence demonstrating both low- and high-frequency EVS exert
widespread influences on cortico-cortical connectivity, likely via subcortical activation.
The improvement observed in PD in a stimulus-dependent manner suggests that EVS
with optimized parameters may provide a new non-invasive means for neuromodulation
of functional brain networks.

Keywords: Parkinson’s disease, electrical vestibular stimulation, EEG, phase locking value, cortical oscillations,
sample entropy, sparse discriminant analysis
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EVS Effects on Cortical Coupling

Leeetal.

INTRODUCTION

Parkinsons disease (PD), the second most common
neurodegenerative disease (Scandalis et al, 2001), is

characterized by motor symptoms such as bradykinesia,
tremor, rigidity and impaired balance and gait as well as non-
motor complications, resulting primarily from degeneration of
dopaminergic neurons in the substantia nigra pars compacta
(SNc) (Davie, 2008). Several electrophysiology studies using
local field potential (LFP) recordings demonstrated that, in
the dopamine-deficient state, the neuronal synchronization
in the basal ganglia (BG) is exaggerated at frequencies in the
beta range (13-30 Hz) (Brown and Williams, 2005; Eusebio
et al., 2009; Litvak et al., 2012; Oswal et al., 2013). These beta
oscillations are also highly synchronized with sensorimotor areas
(Brown et al., 2001; Marsden et al., 2001; Cassidy et al., 2002;
Williams et al., 2002) as well as muscle activity of upper limbs
during movement (Marsden et al., 2001). This excessive beta
synchronization is considered to be, in part, responsible for
the Parkinsonian symptoms and thus reducing the abnormal
synchronization with deep brain stimulation (DBS) has shown to
be an effective therapy.

Recent fMRI findings have highlighted that large-scale cortical
resting-state functional connectivity (rsFC) is altered in PD,
possibly as a result of BG impairment effects on cortical-BG
networks (Helmich et al., 2010). The striatum, a subcortical
region significantly affected with dopamine depletion in PD,
has altered FC with inferior parietal, temporal, and motor
cortices (Helmich et al., 2010), which supports that PD-induced
connectivity changes can be seen beyond local subcortical
regions. In addition to effects on BG-cortical FC, impairment in
the BG can also alter cortico-cortical connectivity. Diminished
interhemispheric connectivity in sensorimotor cortical regions
(Seibert et al., 2012) and reduced rsFC in widespread regions
including inferior frontal, superior parietal, and occipital regions
(Dubbelink et al., 2014) have been shown to be implicated with
disease duration and cognitive dysfunctions in PD.

Inferring pathological cortico-cortical connectivity in PD
solely based on evidence from fMRI alone may not provide
a complete picture, as fMRI has limited temporal resolution.
Electrophysiology can provide complementary information as it
measures spontaneous synchronous activity of a large population
of neurons occurring on a millisecond time scale. A simultaneous
LFP-electroencephalography (EEG) study reported that the
dynamics of LFP synchrony in STN is related to the dynamics
of cortical synchrony (Ahn et al., 2015), and BG DBS modulates
cortical phase coupling measured with EEG (Silberstein et al.,
2005; Smolders et al., 2013).

One of the most widely-used method to quantify the couplings
between oscillatory signals recorded at pairs of electrodes placed
on the scalp in EEG is to look at their phase relationships
(Klimesch et al., 2008; Fell and Axmacher, 2011). If cortical
activities at two different regions are coupled, their phase angle
differences tend to be consistent across time. Phase locking
value (PLV) quantifies the strength of the phase coupling
between two oscillatory signals, bounded between zero and
one indicating a completely random and perfectly coupled

relationship, respectively. Interregional phase synchronization
has been shown to reflect specific neural activity coding different
cognitive functions (Klimesch et al., 2001; Hanslmayr et al,
2005), motor behaviors (Andres and Gerloff, 1999; for a review,
see Sauseng and Klimesch, 2008) and pathological brain states
(Spencer et al., 2004; Sakkalis et al., 2007; Vakorin et al., 2016).
However, to date, only a few studies have examined phase-based
rsFC across broad cortical regions and different frequency bands
in PD (Silberstein et al., 2005; Moazami-Goudarzi et al., 2008;
George et al., 2013; He et al., 2017).

Most of the EEG connectivity studies to date have employed
magnitude squared coherence. PD subjects exhibit excessive
EEG coherence (Silberstein et al., 2005; George et al., 2013),
especially in the beta band, in the off-medication condition that
is decreased by medication (George et al., 2013). For PD subjects
on-medication, enhanced coherence in the frontal regions in
the theta (4-6 Hz), beta (12-18 Hz), and gamma (30-45 Hz)
(Moazami-Goudarzi et al., 2008) and altered interhemispheric
beta coherences in the midtemporal and frontal areas (He
et al., 2017) can be observed, indicating the multifarious role of
dopamine in the control of oscillatory activity, in and beyond the
BG. However, coherence is different from PLV in that it relies on
the assumption of linearity and stationarity in the signals and is
calculated independently for each frequency, which is then scaled
by the amplitudes of the signals. PLV-based connectivity, which
do not rely on the strict assumptions underlying coherence, might
be more suitable for non-linear and non-stationary dynamics of
neural oscillations, and sheds a new light on pathophysiological
brain networks as it has not been explored yet in PD.

Recent progress in non-invasive brain stimulation (NIBS)
has demonstrated its capability to modulate cortical oscillations
(Helfrich et al., 2014; Vossen et al., 2015; Amengual et al., 2017)
and interregional couplings, indicating its potential applications
as an effective therapeutic technique for PD. Electrical vestibular
stimulation (EVS) is a NIBS technique that delivers weak current
to the mastoid processes and modulates firing rates of vestibular
afferents, which then activates various cortical and subcortical
regions including the BG and thalamus (Bense et al., 2001; Utz
et al., 2010; Lopez et al., 2012). Similar to transcranial electrical
stimulation (tES), EVS stimuli can take the form of direct current
(DC), alternating current (AC), or random noise (RN) and
stimulation effects vary according to stimulus types. While DC-
EVS perturbs perception of orientation and locomotion and has
been widely utilized in postural balance control research (St
George and Fitzpatrick, 2011), RN-EVS has demonstrated its
efficacy in motor functions (Yamamoto et al.,, 2005; Pan et al,,
2008; Lee et al., 2015) and modulation of EEG oscillatory rhythms
across broad cortical regions in PD (Kim et al, 2013). It is
conceivable, therefore, that EVS may be able to modulate cortical
couplings, which has not been explored yet.

To establish the potential of EVS as a therapeutic intervention
to modulate abnormal cortical couplings in PD, we investigated
whether resting-state cortical couplings, as measured as PLV,
were altered in unmedicated PD subjects, and determined if EVS
had any normalizing effects. Specifically, we applied three novel
EVS stimuli, each restricted to a specific frequency band, to PD
and healthy subjects and examined how the different stimuli
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affected both the strength and temporal variation of aberrant
couplings in PD.

MATERIALS AND METHODS

Participants

Twenty PD patients and 22 age- and gender-matched healthy
controls (HC) participated in this study. Patients with atypical
parkinsonism or other neurological disorders were excluded from
the study, and all included PD patients were classified as having
mild to moderate stage PD (Hoehn and Yahr Stage 1-2). Four
PD and four HC subjects were excluded in the data analysis due
to severe muscle artifacts in their EEG recordings. Therefore,
16 PD (7 males; age: 67.3 & 6.5 years) and 18 HC (9 males;
age: 67.6 £ 8.9 years) subjects were included in the analysis
(Table 1). All subjects did not have any reported vestibular or
auditory disorders and were right-handed. The study protocol
was approved by the Clinical Research Ethics Board at the
University of British Columbia (UBC) and the recruitment was
conducted at the Pacific Parkinson’s Research Centre (PPRC)
in UBC. All subjects gave a written informed consent prior
to participation.

Study Protocol
As individuals have inherently subjective perception of EVS, we
utilized systematic procedures that have been previously used
in determining subliminal current level (Lee et al., 2015). The
measured individual threshold level was in the range of 0.23-
1.1 mA. After the threshold was determined, the subjects were
comfortably seated in front of a computer screen and were
instructed to focus their gaze on a continuously displayed fixed
target while EEG was being recorded. EEG was first recorded
without stimulation for 20 s and EVS were then delivered for
a fixed duration of 60 s, followed by an EVS-off period for
20 s (post-stimulation). During the stimulation period, EVS was
applied at 90% of the individual threshold level.

EEG was recorded from the subjects in 4 different conditions:
Sham (no stimulation), EVS1, EVS2 and EVS3 (for details, see

TABLE 1 | Demographic and clinical characteristics of the patients with
Parkinson’s disease (PD) and healthy controls (HC).

PD HC
Age (years), mean (SD) 67.3 (6.5) 67.6 (8.9)
Gender, n (male/female) 7/9 9/9
Disease duration (years), mean 7.4 (4.9) -
(SD)
2UPDRS Il, mean (SD) 14.8 (8.1) -
PUPDRS IIl, mean (SD) 22.1(8.9) -
Hoehn and Yahr scale, mean 1.3(1-2) -
(range)
Levodopa equivalent daily dose 635.9 (356.4) -

(mg), mean (SD) (Tomlinson
etal., 2010)

a\fotor aspects of experiences of daily living. ®Motor symptoms.

section EVS). EEG recording was first performed in the sham
condition and the EVS conditions were randomly ordered. We
allowed a 2 min break between each condition to prevent
any potential post-stimulation effects carried over from the
previous EVS conditions.

The HC subjects performed the protocol once, whereas PD
subjects performed it twice in off-medication (PDMOFF) and
on-medication (PDMON) conditions on the same day. The PD
subjects stopped taking their normal L-dopa medication at least
12 h, and any dopamine agonists 18 h prior to the EEG recording.
United Parkinson’s Disease Rating Scale (UPDRS) Parts II and
III were assessed in the oft-medication condition. Immediately
after finishing the EEG acquisition, they took their regular dose
of L-dopa medication and rested for 1 h. After the break, EEG
was recorded in the on-medication condition.

EVS

EVS was delivered through pre-gelled Ag/AgCl electrodes
(BIOPAC Systems Inc., CA, United States) placed in bilateral,
bipolar fashion over the mastoid process behind each ear.
Nuprep™ skin prep gel was used to clean skin for better
electrode contact and to reduce resistance during stimulation.
Stimulation waveforms were generated on a computer using
MATLAB (R2018a, MathWorks, MA, United States) and
converted to an analog signal using a NI USB-6221 BNC digital
acquisition module (National Instruments, TX, United States).
The analog voltage signals were then passed to a constant
current stimulator (DS5, Digitimer, United Kingdom), which was
connected to the stimulating electrodes.

Three multisine signals in different frequency bands (EVS1:
4-8 Hz; EVS2: 50-100 Hz; EVS3: 100-150 Hz) were used
(Figure 1A). Multisine signals are designed to concentrate power
at a precise number of frequencies within the bandwidth of
interest, which is advantageous compared to other excitation
signals (e.g., a white noise or swept sine) as there is no spectral
leakage. Each multisine signals were designed to have the
frequencies of sinusoids (f;) uniformly distributed every 0.2 Hz
and the phases (¢;) chosen to minimize the crest factor using
a clipping algorithm (Van der Ouderaa et al, 1988) in order
to generate a flat amplitude of the signal and thus improve
subject’s comfort:

x(t,d)=a- Z cos (2ch,'t + <|>i)

i=1

where x(t,$) is the multisine, a is the amplitude, f; and ¢; are
the frequency and phase, and i is the index of each sinusoidal
component (e.g., f1, f2, . . . fu = 4.0,4.2, ..., 8.0 Hz for EVS1).

EEG Recording

Data were recorded from 27 scalp electrodes using a 64-channel
EEG cap (Neuroscan, VA, United States) and a Neuroscan
SynAmps2 acquisition system (Neuroscan, VA, United States) at
a sampling rate of 1 kHz. Recording electrodes were positioned
according to the International 10-20 placement standard with
one ground and one reference electrode located between Cz and
CPz (Figure 1B). Impedances were kept below 15 kQ using
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FIGURE 1 | (A) Time and frequency plots of the three types of multisine stimulus given at 90% individual threshold level (EVS1: 4-8 Hz; EVS2: 50-100 Hz; EVS3:
100-150 Hz). (B) Placement of 27 EEG electrodes and PLV calculation. Hilbert transform is applied to the two signals to extract the instantaneous phases. The
phase differences calculated at each time point are represented into unit vectors in the complex plane and PLV is computed to evaluate the spread of the distribution
(Lachaux et al., 1999; Mormann et al., 2000). (C) The procedure to extract phase locking value (PLV) time series. For each subject, preprocessing steps were first
applied to the raw EEG data in order to remove high-voltage stimulation artifacts as well as cardinal artifacts caused by eye movements [electrooculography (EOG)]
or muscle movement. The cleaned data were bandpass filtered into four different frequency bands (theta: 4-8 Hz; alpha: 8-13 Hz; beta: 13-30 Hz; gamma:

30-45 Hz) and segmented into epochs. PLV between a pair of electrodes in each epoch was computed to generate the time series, and its mean, variability, and
sample entropy were calculated. Each subject has a 1 x p vector for the mean, variability and sample entropy (o = 1,404 = 351 pairs x 4 frequency bands).
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Electro-Gel (Electrode-Cap International, OH, United States).
No clipping of EEG was observed during stimulation.

EEG Preprocessing

The EEG data were bandpass filtered between 3 and 45 Hz using a
two-way finite impulse response (FIR) filter (the “eegfilt” function
in EEGLAB). High-voltage stimulation artifacts during EVS2 and
EVS3 were removed using the digital filters. The artifacts during
EVS1 were removed using a quadrature-IVA method (Lee et al.,
2019). Data were then re-referenced to the average reference
(linked earlobe) and ocular artifacts (EOG) were corrected based
on cross-correlation with the reference EOG channels using the
AAR toolbox included in EEGLAB. The cleaned EEG data were
bandpass filtered into four conventional EEG frequency bands
(Groppe et al.,, 2013): theta (4-8 Hz), alpha (8-13 Hz), beta
(13-30 Hz), and gamma (30-45 Hz). The bandpass-filtered data
were then segmented into non-overlapping epochs. Epoch sizes
were determined such that the epochs include around four cycles
at a center frequency of the selected bandwidth (Martin and
Schrdder, 2016), resulting in epoch sizes of 600, 400, 200, and
100 ms for the theta, alpha, beta, and gamma bands.

Phase Locking Value (PLV)
PLV evaluates the spread of the distribution of phase
angle differences between pairs of electrodes over time

(Lachaux et al.,, 1999; Mormann et al., 2000; Figure 1B).
The connectivity is measured from this spread such that strongly
clustered phase differences between two electrodes result in
the PLV value close to one, indicating a strong connectivity
between the signals. If there is no phase dependence, PLV
value becomes zero.

To calculate the PLV, instantaneous phase angles were
obtained by applying the Hilbert transformation to the bandpass-
filtered data. Then, the PLV between two signals A and B was
computed as Bruiia et al. (2018):

T
1 ‘
PLVAp = T E e~ i(ea(®)— op(1)
t=1

where T is the number of time points and ¢(t) is the
instantaneous phase angles of each EEG signal. The PLV was
computed for each epoch, resulting in times series of the PLV
computed from all pairs of 27 electrodes and the four frequency
bands (1,404 time series in total). Three temporal features
were extracted from each PLV time series for further analysis:
the mean, variability (standard deviation), and sample entropy.
Sample entropy is a non-linear measure to quantify the degree
of complexity in a time series (Richman and Moorman, 2000),
and has been applied to EEG data for clinical application such as
classification (Bruce et al., 2009; Kumar et al., 2012) and epilepsy
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FIGURE 2 | Non-zero features selected by sparse discriminant analysis (SDA). SDA was applied to the mean, variability and entropy data sets, respectively, to
discriminate the PDMOFF and HC groups. The non-zero weights in the sparse discriminant vectors are presented in the scalp maps. (A) Weights for the 17 selected
features from the mean PLV data set. (B) Weights for the 12 selected features from the PLV variability data set. (C) Weights for the 17 selected features from the PLV
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detection (Song et al., 2012). Tolerance (r) and window length
(m) were specified to be 0.3 and 2, respectively, to compute the
sample entropy based on Lake et al. (2002) and characteristics
of our data sets.

Sparse Discriminant Analysis

Linear discriminant analysis (LDA) is a classical supervised
classification technique that finds the most discriminative
projections of a N x p data in a p-dimensional space such that
the data projected into the low-dimensional subspace can be well
partitioned into k classes (Mai, 2013). In biomedical research,
it has become an increasingly important topic to perform a
classification with a high-dimensional data where the number
of variables far exceeds the number of samples. In such high-
dimensional settings, LDA cannot be applied directly because
of singularity of the sample covariance matrix. To overcome
this limitation, various regularized versions of LDA have been

proposed (Safo and Long, 2018). Sparse discriminant analysis
(SDA) was proposed by Clemmensen et al. (2011) where an elastic
net penalty and optimal scoring framework are applied to a high-
dimensional data to generate a sparse discriminant vector. The
authors demonstrated that SDA outperforms other regularized
methods such as shrunken centroids regularized discriminant
analysis and sparse partial least squares regression. The details of
the algorithm can be found in Clemmensen et al. (2011).

Here, we aim to classify the PDMOFF and HC groups in the
baseline resting state (i.e., the sham condition) using the PLV
features obtained above. The three data sets (mean, variability
and sample entropy) have the same high-dimensional settings
as each data set has the number of variables (p = 1,404) much
greater than the number of samples (i.e., subjects). Therefore, we
applied SDA to each data set to infer from the sparse discriminant
vectors which combination of the electrode pairs and frequency
bands are the most important features for the classification of
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the two groups. As in Clemmensen et al. (2011), we created
the training set consisted of 26 subjects (12 PDMOFF and 14
HC) and the test set of eight subjects (4 PDMOFF and 4 HC
subjects) and the tuning parameters for SDA (i.e., h and y for
regularization penalties) were chosen using leave-one-out cross-
validation (LOOCV) on the training data. The models with the
selected parameters were evaluated on the test data.

In the subsequent analyses, we investigated effects of L-dopa
medication on the PLV features by applying the sparse
discriminant vectors obtained from the above SDA to the data
sets of the PDMON group in the sham condition. In the same
manner, effects of EVS on the PLV features were evaluated by
applying the same sparse discriminant vectors to the data sets in
the EVS conditions.

Statistical Analysis

A one-way ANOVA was performed to compare the PLV features
between groups followed by post hoc Tukey’s honestly significant
difference (HSD) test for multiple comparison correction. To
evaluate effects of EVS on the PLV features within a group,
a repeated measures (rm) ANOVA, with stimulation condition
(sham, EVS1, EVS2, and EVS3) as the within-subject factor, was
performed followed by post hoc Tukey’s HSD test for multiple
comparison correction. The rm ANOVA analysis was performed
for online and after-effect conditions, respectively.

RESULTS

SDA Classification Results and

Selected Features

SDA was performed for the mean, variability, and entropy
PLV data sets independently to discriminate the PDMOFF and
HC groups. Since there are two classes in the data, only one
discriminant vector was obtained from each SDA. For the mean
PLV data set, LOOCV on the training data resulted in the
selection of 17 non-zero features (1.2%) out of total 1,404 features
(Figure 2A). There were both negative and positive weights
for the selected features in each frequency band. Since the
transformed PLV mean was greater for the PDMOFF (Figure 3A)
than the HC group, the positive weights were interpreted as
cortical couplings exaggerated in the PDMOFF group. 35% of the
selected features were associated with Cz over a broad frequency
bandwidth, and the PDMOFF group had a stronger coupling
strength for the features. In contrast, the features related to
C4 had negative weights, indicating that these couplings are
attenuated in the PDMOFF group. In the gamma band, decreased
long-distance connectivity in the left temporal region (T7-O1 and
T7-P8) and increased short-distance connectivity in the parietal
region (P3-PO5, P8-P4, and P8-PO6) were found to be related to
the PDMOFF group. The training and test classification accuracy
(fraction of correctly classified) were both 100%.

For the PLV variability data set, 12 non-zero features (0.85%)
were selected and the largest number of the selected features
was found in the theta band (Figure 2B), followed by the alpha
and gamma bands. Note that positive weights are associated
with the lower connectivity variability of the PDMOFF group

because the transformed variability is lower for the PDMOFF
group (Figure 3A). Decreased variability in the PDMOFF group
was mostly associated with the frontal electrodes in the theta
band and with F3-Cz, C3-Pz, and P7-PO6 in the alpha band. The
classification accuracy for the training and test data sets were 100
and 87.5%, respectively.

The SDA on the PLV entropy data set selected 17 non-
zero features (1.2%) and most of them were long-distance
connectivity. Note that positive weights are associated with the
connectivity with lower entropy for the PDMOFF group. In the
theta and alpha bands, the entropy of the selected features was
lower whereas in the gamma band the entropy was higher for the
PDMOFF group compared to the HC group. In the beta band,
the PDMOFF group had a lower entropy for Fz-O2 and higher
entropy for Pz-PO6 than the HC group. The training and test
classification accuracy were 96 and 87.5%, respectively.

Group Comparison of Baseline
PLV Features

The SDA discriminant vectors were applied to the data sets
obtained from the PDMON group, and the group means of
the transformed data are compared in Figure 3A. Significant
group differences were found for the PLV features [PLV mean:
F(2, 47) = 41.68, P < 0.001; PLV variability: F(2, 47) = 23.46,
P < 0.001; PLV entropy: F(2, 47) = 60.59, P < 0.001]. The
PLV mean for the PDMOFF group was significantly higher than
the HC group (P < 0.001), which was decreased by L-dopa
medication (P < 0.01). The PLV variability was significantly
lower in the PDMOFF compared to the HC group (P < 0.001),
and the lower variability was associated with higher UPDRS2
scores (i.e., more severe difficulties of daily motor activities)
(r = —0.56, P = 0.025; Figure 3B). The medication slightly
improved the variability in the PD subjects but the changes did
not reach statistical significance (P = 0.096). The entropy of
the PDMOFF group was lower than the HC group (P < 0.001)
and the lower entropy was related to a longer disease duration
(r=—0.51, P = 0.038; Figure 3B). The medication did not
improve the PLV entropy (P = 0.41).

Online- and After-Effects of EVS

Next, EVS effects on the PLV features were investigated.
Specifically, we examined whether the effects are dependent on
the stimulus types and sustained even after the stimulation ceases.
Figures 4A-C show changes in the PLV mean for each group
induced by EVS1, EVS2, and EVS3, respectively. The PLV mean
was significantly modulated during stimulation in PDMOFF
[F(3,45) =11.16, P < 0.001] and HC [F(3, 51) = 3.81, P < 0.05]
groups. All stimuli decreased the PLV mean in the PDMOFF
group compared to the sham condition (EVSI: P < 0.001; EVS2:
P < 0.01; EVS3: P < 0.01), making it closer to the HC group, and
the effects lasted in the post-stimulation period. EVS1 decreased
the mean PLV greater than the other two stimuli and there was no
continuing decrease in the post-stimulation period whereas EVS3
decreased the mean PLV less than EVS1 during stimulation and
the effect continued in the post-stimulation period. In contrast,
we found the opposite EVS effects for the HC group where EVS
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FIGURE 3 | (A) Group comparison of the discriminant component obtained from the SDA. The discriminant components were obtained by multiplying the
discriminant vectors to the data sets from the sham condition. Bars and error bars indicate group means and s.e. Significant P-values from one-way ANOVA with
post hoc Tukey’s HSD test are indicated (**P < 0.01; ***P < 0.001). (B) Pearson correlations with clinical scores. The PLV variability and entropy of the PDMOFF
subjects are significantly correlated with UPDRS2 and disease duration, respectively.

increased the PLV mean (EVS2: P < 0.05; EVS3: P < 0.01). No
significant effects of EVS were found in the PDMON group.

EVS effects on the PLV variability are presented in
Figures 5A-C. There were significant online effects of
stimulation on the PLV variability in PDMOFF [F(3, 45) = 4.43,
P < 0.01] and HC [F(3, 51) = 4.62, P < 0.01] groups. EVS1
and EVS2 were found to have positive effects on the PDMOFF
group, increasing the variability during stimulation (EVSI:
P < 0.01; EVS2: P < 0.05). Similar to the effects on the PLV
mean, EVS1 induced the greatest increase in the variability
during stimulation and the increased value tends to return to
the baseline after the stimulation ceased whereas the effects of
EVS2 and 3 were less during stimulation but lasted longer than
that of EVSI. In the HC group, we found decreases in the PLV
variability induced by EVS (EVS1: P < 0.01; EVS2: P < 0.05;
EVS3: P < 0.05). EVSI decreased the variability during the
stimulation and the effect lasted in the post-stimulation period.
EVS2 and EVS3 appeared to further decrease the variability in
the post-stimulation period. For the PDMON group, all stimuli
increased the PLV variability but the effects did not reach the
statistical significance.

Figures 6A-C show EVS effects on the PLV entropy. The
PLV entropy was significantly modulated during stimulation in
PDMOFF [E(3, 45) = 4.65, P < 0.01], PDMON [E(3, 45) = 3.12,
P < 0.05], and HC [F(3, 51) = 4.25, P < 0.01] groups.
We found that all stimuli increased the entropy significantly
in the PDMOFF group (EVS1: P < 0.01; EVS2: P < 0.05;
EVS3: P < 0.05), bring it closer to the HC group. The effects
were greatest during stimulation and diminished in the post-
stimulation period, and EVSI increased the largest amount of
the entropy. For the PDMON group, EVS1 (P < 0.05) and

EVS2 (P < 0.05) increased the entropy significantly. While not
statistically significant, increases in the entropy were also found
during and post-EVS3 compared to the sham condition. The PLV
entropy of the HC group changed in the opposite direction by
EVS compared to the PD groups. Significant decreases in the
entropy was observed with all stimuli [EVS] (P < 0.01), EVS2
(P < 0.05) and EVS3 (P < 0.01)].

DISCUSSION

We investigated phase-based cortical connectivity in resting EEG
in PD. To our knowledge, this is the first study that examined
connectivity dynamics in PD by characterizing temporally
fluctuating cortico-cortical couplings over broad frequency
bands. The results from the current study on the time-varying
connectivity provide novel insights into altered cortical dynamics
derived from pathological BG changes in PD.

Disrupted Cortical Coupling Strength in
the Motor Regions

We found most changes in cortical coupling strength associated
with PD (Figure 2A; 11 out of 17) were in key motor and
parietal regions, including over the primary motor cortex (M1),
supplementary motor area (SMA), premotor area (PMA), and
superior parietal regions, which was in line with previous findings
(Otten et al,, 2012). Typically, a common finding of pathological
synchronization in PD is hypersynchronization of the cortical
regions in the beta range (Silberstein et al., 2005; George et al.,
2013; Pollok et al., 2013). This appears to be related to exaggerated
beta synchronization within the BG and between the BG and
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FIGURE 4 | Effects of EVS on the PLV mean. The PLV mean values in the sham condition are identical to those in Figure 3A. The PLV mean values in the stimulation
(60 s) and post-stimulation period (20 s) were obtained in the same manner by multiplying the discriminant vector to the corresponding data sets. In each row, from
the left, the results for the PDMOFF (blue), PDMON (green), and HC (gray) groups are presented in each panel. Significant P-values from repeated measures ANOVA
with post hoc Tukey’s HSD test are indicated (*P < 0.05; **P < 0.01; ***P < 0.001). (A) EVS1 effects. (B) EVS2 effects. (C) EVS3 effects.
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motor cortical regions (Brown, 2007; Jenkinson and Brown, 2011;
Brittain and Brown, 2014). However, growing evidence indicates
that PD has more complex influences on motor networks beyond
excessive beta synchronization (Wu et al., 2009, 2011). There
is altered cortical oscillatory activity in other bands beside beta
(Bosboom et al., 2006; Stoffers et al., 2007). On the other hand,
there is substantial agreement that therapeutic DBS (Pollok et al.,
2013) and dopaminergic medication (Wu et al., 2009; Heinrichs-
Graham et al., 2014; Tahmasian et al., 2015) have normalizing
effects on rsFC of motor networks in PD. Consistent with these

findings, our results demonstrated that the altered connectivity
found in the PDMOFF group was normalized by both medication
and EVS to a similar extent.

Variability and Entropy of PLV in the

Theta Band

The altered variability and entropy of PLV in the PD group
were mostly found in the theta band (Figures 2B,C), which
may reflect abnormalities in thalamocortical dynamics. The
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FIGURE 5 | Effects of EVS on the PLV variability. The PLV variability values in the sham condition are identical to those in Figure 3A. Descriptions for the
arrangement of the plots and statistical significance are same as in the Figure 4. (A) EVS1 effects. (B) EVS2 effects. (C) EVS3 effects.

ventral anterior (VA) and anterior part of ventral lateral (VLa)
thalamic nuclei are the major recipients from the globus pallidus
internus (GPi) via pallidothalamic tracts that are crucially
involved in motor disorders such as PD (Gallay et al., 2008).
Simultaneously-recorded LFP in the VA and VLa nuclei and
EEG on the scalp from PD subjects demonstrated the highest
coherence in the theta band (4-9 Hz), in particular in the
frontal region of both hemispheres (Sarnthein and Jeanmonod,
2007). Thalamocortical interaction may thus be a major influence
in generation of frontal theta activity in PD, and possibly

also healthy controls, but we typically do not have LFP
recordings from healthy subjects. Multimodal functional imaging
studies in healthy human and animal models suggest that the
thalamus is critically involved in generating and modulating
activities in the cortex (Klimesch, 1999; Schreckenberger et al.,
2004; Hughes and Crunelli, 2005; Klimesch et al., 2007). The
enhanced synchronization in the theta band of the thalamus
and frontal cortical region may be reflective of pathological
changes in PD. Together, we conjecture that the increased
mean and reduced variability in theta that we observed in PD
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FIGURE 6 | Effects of EVS on the PLV entropy. The PLV entropy values in the sham condition are identical to those in Figure 3A. Descriptions for the arrangement of
the plots and statistical significance are same as in the Figure 4. (A) EVS1 effects. (B) EVS2 effects. (C) EVS3 effects.

subjects was a consequence of excessive synchronization between
thalamocortical structures.

Variability and Entropy of PLV in the

Alpha Band

The dominant frequency in the human EEG under rest is in the
alpha frequency band (8-13 Hz). Alpha oscillations are known
to be affected by visual and auditory stimuli (Hari et al., 1997)

and change during voluntary movement (Pfurtscheller et al.,
2006). A large body of evidence has also demonstrated the
critical role of alpha rhythms in attention as well as various
cognitive functions (Klimesch, 1999). The dynamic change of
alpha activity reflects a variability of states with enhanced and
reduced cortical excitability, facilitating the brain’s responses to
surrounding stimuli (Garrett et al., 2013). Several studies have
shown that brain signal variability/complexity can serve as an
important discriminator for clinical comparisons. For example,
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EEG entropy is related to brain maturity, as adults have higher
entropy compared to children and adolescents (Lippe et al.,
2009). Higher entropy is also correlated with better performance
on a working memory task (McIntosh et al., 2008). Schlee et al.
(2014) found reduced variability of alpha activity during rest
over the temporal cortex for subjects with tinnitus compared
to controls. Similarly, the reduced variability and complexity
of the cortical couplings of the PD groups we observed may
be related to diminished motor and cognitive adaptability, as
executive cognitive functions such as set shifting, divided or
alternating attention and dual tasking (e.g., combining walking
with another task) are impaired in PD (Muslimovic et al., 2007;
Aarsland et al., 2010; Watson and Leverenz, 2010). Although the
mechanisms responsible for these symptoms have not been fully
accounted for, dopaminergic depletion in the striatum disrupts
the parallel organization of cortico-striatal circuits, resulting
in more widespread instead of domain-specific involvement of
striatal activity and loss of the normally segregated circuits
(Bergman et al.,, 1998; Calabresi et al.,, 2015; Nieuwhof et al,
2017). Our results together with the close relationships between
cortico-striatal circuits and cortical alpha oscillations (Laufs et al.,
2003; Slagter et al., 2017) warrant future studies to further
elucidate the functional implications of the impaired alpha
dynamic couplings we have demonstrated here.

PLV Sample Entropy Is Higher in the
Long-Range Gamma Activity in PD

We found that the connectivity in the gamma band was more
irregular in the PD group than the HC group (Figure 2C).
The binding of cortical regions together via synchronization of
gamma oscillations between neuronal populations, is implicated
in numerous cognitive processes (Fries, 2009; Sohal, 2012). In
voluntary movement, for example, synchronization of cortical
gamma oscillations prior to movement onset has been described
as representing active information processing (Pfurtscheller et al.,
1993; Salenius et al, 1996) and considered to serve as a
prokinetic signal (Brittain and Brown, 2014). Abnormal gamma
oscillations in the motor cortex in PD have been reported
(Litvak et al, 2012; Nowak et al., 2018). However, resting-
state gamma oscillations and connectivity in PD remain largely
unknown. The mechanism underlying generation of the gamma
oscillations are known to be critically involved with excitatory
post-synaptic potentials (EPSPs) of gamma-aminobutyric acid
(GABA)ergic interneurons and their intact function of fast-
spiking (Fuchs et al., 2001; Vreugdenhil et al, 2003; Hajos
et al, 2004). Thus, alterations in function of GABAergic
interneurons could be inferenced from gamma-band oscillations
at the macroscopic level. The fast-spiking interneurons are
modulated by neurotransmitters including acetylcholine (Fries,
2009; Teles-Grilo Ruivo and Mellor, 2013; Tremblay et al., 2016)
and serotonin (Fries, 2009; Puig et al, 2010), and there is
robust evidence demonstrating deficits in the cholinergic and
serotoninergic systems in PD contributing to various aspects
of parkinsonian pathophysiology including motor symptoms,
gait dysfunction, cognitive decline, autonomic dysfunction (for
review, see Perez-Lloret and Barrantes, 2016). Therefore, it

is likely that the disrupted neurotransmitter systems in PD
cause alterations in the activities of fast-spiking interneurons,
subsequently resulting in pathological cortical couplings in the
gamma band in PD.

Normalizing Effects of EVS and Potential
Mechanisms

In this study, we demonstrated that EVS normalizes the mean,
variability and entropy of PLV in PD subjects during stimulation
and the extent and duration of the effects were dependent on the
stimulation frequencies (Figures 4-6). Modulatory effects of EVS
on the cortical oscillatory activity were reported in prior EEG
studies that noisy stimulus (pink noise in 0.1-10 Hz) decreased
gamma oscillatory activity in the lateral regions and increased the
beta and gamma activity in the frontal region (Kim et al., 2013),
and altered interhemispheric coherence (Lee et al., 2017). To our
knowledge, effects of high-frequency multisine EVS (>50 Hz)
on cortical activity have not been explored yet in humans and
the results presented in this study provide valuable information
on how the effects would differ from low-frequency EVS that
has been used in prior behavior and neuroimaging studies. We
found two characteristics of effects induced by EVS2 and EVS3
on PLV. First, their effects were similar to EVSI in the sense
that the direction of changes (i.e., increase or decrease in the
PLV features) was the same. We did not find a frequency specific
increase or decrease in the PLV value in both the PD and HC
groups. Second, the extent of changes was less compared to
EVS1 during the high-frequency stimulation but lasted longer in
the post-stimulation period. This was observed in the PDMOFF
group for all the PLV measures and in the HC group for
the variability and entropy. For the PDMON group, the EVS
effects were less significant, indicating the processing of vestibular
inputs in the thalamus and BG (Lopez and Blanke, 2011; Stiles
and Smith, 2015; Wijesinghe et al., 2015) is dependent on the
dopaminergic level of the BG.

Modulation of firing rates of vestibular afferents by externally
applied electrical current will alter directly the vestibular
nuclei activities in the brain stem, and eventually multiple
cortical areas through the thalamocortical vestibular system.
Thus, understanding vestibular information processing regarding
varying frequency contents at the vestibular nuclei and thalamus
is critical to comprehend above findings. A prior study that
examined spiking rates of the guinea pig medial vestibular nuclei
(MVN) reported that two types of neurons having different
characteristics of afterpotentials responded to current inputs
differentially according to the frequency content (1-30 Hz) (Ris
et al,, 2001). It was shown that spontaneous firing rates of type
A neurons was well modulated by only low-frequency (<10 Hz)
current inputs and the spiking rates become irrelevant to the
current input at high frequencies whereas type B neurons tended
to fire in synchrony better when the stimulation frequency was
higher, which demonstrates existence of signal transformation
at the vestibular nuclei level to a certain extent in that type A
neurons act like a low-pass filter (du Lac and Lisberger, 1995; Ris
et al,, 2001) whereas type B neurons act as signal detectors with
greater sensitivity to external stimuli at high frequencies.
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Considering functional roles of the thalamic nuclei playing
integrative and modulatory roles in sensorimotor processing
(Tyll et al., 2011), it is likely that further transformation of the
modified signal transmitted from the vestibular nuclei occurs in
the thalamus. The VA, VL, ventral posterior lateral (VPL), ventral
posterior medial (VPM), intraminar nuclei and geniculate bodies
of the thalamus receive primary afferents from the vestibular
nuclei and play a critical role in processing vestibular information
(Bucher et al.,, 1998; Bense et al., 2001; Stephan et al., 2005; Meng
et al., 2007; Wijesinghe et al., 2015). These thalamic nuclei also
receive a range of different afferents from peripheral sensory,
subcortical, and cortical regions, and process the different
types of information before sending the refined signals to the
cortex. This may also explain the interaction between EVS and
L-dopa medication as observed in the PDMOFF and PDMON
groups as the thalamic nuclei processing vestibular information
would be receiving differential inputs from the BG according
to dopamine levels. Together, unlike the transcranial electrical
or magnetic stimulation that directly target cortical regions
of interest, influences of EVS on cortical activities are much
more indirect. Our results suggest that although the frequency
contents of current input to the peripheral vestibular nerve vary
considerably, alterations of the refined higher-level multisensory
information transmitted from the thalamic nuclei to the broad
cortical regions may be relatively consistent.

Limitations

In the current work, the post-stimulation effects were only
evaluated for the first 20 s after stimulation ceased and there may
be potential confounding effects if the after effects persist much
longer. Aftereffects of EVS on cortical activation have not been
fully investigated yet. Delayed responses in the beta and gamma
power in frontal regions was reported to appear 20-25 s after
72-s EVS, but lasted only for several seconds. Based on prior
studies reporting aftereffects of invasive (Wingeier et al., 2006)
and non-invasive stimulation (Striiber et al., 2015) and the short
duration of weak current EVS used here, we concluded that the
break time and randomly-ordered trials were sufficient to avoid
confounding effects.

CONCLUSION

In conclusion, in this resting-state EEG study, we demonstrated
that connectivity strengths in the sensorimotor region,
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Parkinson’s Disease (PD) is a prototypical basal ganglia disorder. Nigrostriatal
dopaminergic denervation leads to progressive dysfunction of the cortico-basal ganglia-
thalamo-cortical sensorimotor loops, causing the classical motor symptoms. Although
the basal ganglia do not receive direct sensory input, they are important for sensorimotor
integration. Therefore, the basal ganglia dysfunction in PD may profoundly affect
sensory-motor interaction in the cortex. Cortical sensorimotor integration can be probed
with transcranial magnetic stimulation (TMS) using a well-established conditioning-test
paradigm, called short-latency afferent inhibition (SAI). SAl probes the fast-inhibitory
effect of a conditioning peripheral electrical stimulus on the motor response evoked by
a TMS test pulse given to the contralateral primary motor cortex (M1). Since SAl occurs
at latencies that match the peaks of early cortical somatosensory potentials, the cortical
circuitry generating SAl may play an important role in rapid online adjustments of cortical
motor output to changes in somatosensory inputs. Here we review the existing studies
that have used SAl to examine how PD affects fast cortical sensory-motor integration.
Studies of SAl in PD have yielded variable results, showing reduced, normal or even
enhanced levels of SAl. This variability may be attributed to the fact that the strength of
SAlis influenced by several factors, such as differences in dopaminergic treatment or the
clinical phenotype of PD. Inter-individual differences in the expression of SAI has been
shown to scale with individual motor impairment as revealed by UPDRS motor score and
thus, may reflect the magnitude of dopaminergic neurodegeneration. The magnitude of
SAl has also been linked to cognitive dysfunction, and it has been suggested that SAl
also reflects cholinergic denervation at the cortical level. Together, the results indicate
that SAIl is a useful marker of disease-related alterations in fast cortical sensory-motor
integration driven by subcortical changes in the dopaminergic and cholinergic system.
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Dubbioso et al.

Fast Sensory-Motor Integration in PD

Since a multitude of neurobiological factors contribute to the magnitude of inhibition,
any mechanistic interpretation of SAl changes in PD needs to consider the group
characteristics in terms of phenotypical spectrum, disease stage, and medication.

Keywords: short-latency afferent inhibition, cholinergic neuromodulation, cortical oscillations, dopaminergic
dysfunction, Parkinson’s disease, movement disorder, neurophysiological biomarker

INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative disorder
affecting multiple neuromodulatory transmitter systems
(Barone, 2010). The cardinal motor symptoms of PD are due to
the progressive loss of nigrostriatal dopaminergic neurons in the
midbrain. Progressive nigrostriatal dopaminergic denervation
causes a dysfunction in the cortex-basal ganglia sensorimotor
loops, producing slowness of movements, rigidity, tremor, and
difficulties with gait and balance (Dickson, 2012). Although the
basal ganglia do not receive direct somatosensory input from
the periphery, several lines of evidence support the idea that
the basal ganglia are important for gating sensory input for
motor control through cortico-basal ganglia-thalamo-cortical
re-entry loops (Haber and Calzavara, 2009). Specifically, primary
and secondary somatosensory cortices in the parietal lobe
send inputs to the striatum of the basal ganglia, where sensory
cortical projections are topographically mapped (Kiinzle,
1977; Di Martino et al, 2008). The notion that the basal
ganglia are relevant to sensorimotor integration is rather
old. Back in 1985, Lidsky introduced the notion that the basal
ganglia serve as “sensory analyzer for motor systems” which
“ultimately affect movement by gating sensory inputs into
other motor areas” (Lidsky et al., 1985). Lesions of the basal
ganglia mostly affect automatic movements that need sensory
guidance, pointing towards a role of the basal ganglia in sensory-
motor control of automatic or highly trained movements
(Boecker et al., 1999).

KEY CONCEPT 1 | Sensorimotor integration

Sensorimotor integration is the process whereby somatosensory input is
integrated by the central nervous system to shape motor program execution.
Parkinson’s disease (PD) is considered a pathological model of aberrant
sensory-motor integration, where movement accuracy and speed are severely
affected by the altered sensory feedback.

In addition, PD patients also exhibit impairment of selecting
the appropriate response while simultaneously suppressing
inappropriate response tendencies (Praamstra and Plat, 2001).
Interestingly, patients with PD display difficulties in suppressing
automatic response activation while proactive inhibitory control
appears to be intact (Praamstra and Plat, 2001; Seiss and
Praamstra, 2004; Wylie et al., 2009). Using transcranial magnetic
stimulation (TMS), it was also shown that impaired inhibition
also manifests itself within the corticomotor output system in
PD (Kleine et al., 2001). The TMS-evoked excitation of the
corticomotor projections produced an increased, prolonged and
less synchronized excitation of the target muscle (Kleine et al.,
2001). This converging evidence shows that anatomical and
functional impairment of the cortico-basal ganglia-thalamo-

cortical loop in PD profoundly affects sensory-motor integration
in the cortex.

Sensorimotor integration at the cortical level can be
probed non-invasively by pairing electrical stimulation of
peripheral somatosensory afferents with focal TMS targeting
the contralateral primary motor cortex (M1). In their seminal
study, Tokimura et al. (2000) demonstrated that peripheral
nerve stimulation at the contralateral wrist reduced the
amplitude of motor evoked potentials (MEPs) when the TMS
pulse was given to the primary motor hand area (M1-
HAND) 2-8 ms after the arrival of the afferent volley in
cortex. The term “short-latency afferent inhibition” (SAI)
was coined for this conditioning-test paradigm, and SAI
soon became a well-established neurophysiological technique
to probe rapid intracortical sensorimotor integration in health
and disease (Turco et al, 2018b). The inhibitory effect
of the sensory input on the motor output provides a
neurophysiological signature of fast sensory-motor integration.
Three components constitute the SAI circuit that enables
fast-integrative processing: the fast afferent-sensory pathway,
the motor-efferent pathway and the integrative component in
the sensorimotor cortex. The neuropharmacological profile of
SAI is complex. The sensory input exerts its inhibitory effects
on the corticospinal neurons through y-Aminobutyric acid
(GABA)-ergic intracortical circuits (Di Lazzaro et al.,, 2005¢;
Di Lazzaro and Ziemann, 2013), but its magnitude is also
modulated by dopaminergic (Sailer et al., 2003) and cholinergic
neuromodulatory circuits (Di Lazzaro et al., 2000). The fact that
the magnitude of SAI is modulated by cholinergic drugs has
provoked considerable interest in the use of SAI in patients with
dementia. In patients with Alzheimer Disease (AD), a loss of
SAI has been interpreted as an indicator of cortical cholinergic
denervation and a normal SAI as a predictor of a positive effect
of cholinergic medication on cognitive deficits (Di Lazzaro et al,,
2000; Cantone et al., 2014).

KEY CONCEPT 2 | Short-latency afferent inhibition (SAI)

Fast component of sensorimotor integration can be studied in vivo by
examining the effects of sensory input on the motor output at the cortical
level. The amplitude of a motor evoked potential (MEP) induced by transcranial
magnetic simulation (TMS) over the motor cortex is reduced by a peripheral
nerve stimulation few milliseconds before the TMS pulse. The magnitude
of this inhibition represents the neurophysiological correlate of sensorimotor
integration efficiency.

The neurophysiological and neuropharmacological properties
of SAI have motivated researchers to use SAI as a tool to
examine whether and how PD is associated with an impairment
of fast sensory-motor integration in the pericentral sensorimotor
cortex. In the same vein, researchers have examined whether
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the attenuation of SAI in individual patients scales with
dopaminergic and cholinergic cortical neurodegeneration and is
associated with particular clinical symptoms (Martin-Rodriguez
and Mir, 2018). In this review, we first summarize some key
features of SAI in the healthy human brain. We will then review
the evidence for an alteration of SAI in PD and discuss, based
on the published data, whether the individual reduction in SAI
can be used as an electrophysiological biomarker of cholinergic
or dopaminergic denervation of the sensorimotor cortex in PD.
Finally, we will ask the question whether a reduction in SAI is
associated with specific clinical manifestations of PD.

SHORT-LATENCY AFFERENT INHIBITION
IN THE HEALTHY HUMAN BRAIN

Cortical Origin of SAI
Converging evidence supports the hypothesis that SAI is

generated in the sensorimotor cortex, although the exact
anatomic circuits generating SAI are still unknown. The most
direct evidence that peripheral somatosensory input modulates
the TMS-induced motor output at the cortical level comes from
invasive recordings of corticospinal volleys in patients with
implanted electrodes in the cervical epidural space (Tokimura
et al,, 2000). These studies showed that later I-waves (I2 and
I3 waves) were reduced at an interval appropriate for SAI,
whereas the early I-wave (I1 wave) remained unchanged. Based
on these findings, it has been proposed that peripheral nerve
stimulation activates glutamatergic thalamocortical projections
onto intracortical GABA,-ergic interneurons which in turn,
suppress the intracortical inhibitory GABAj-ergic circuits
generating the late descending volleys (late I-waves) in the
corticospinal tract (Di Lazzaro and Ziemann, 2013). A critical
role of thalamocortical projections is substantiated by lesion
studies, showing a marked reduction or loss of SAI in patients
with unilateral (Oliviero et al., 2005) or bilateral (Nardone et al.,
2010) paramedian thalamic stroke.

Which Factors Modulate the Expression of
SAI?

The relative strength of SAI depends on the magnitude of the
sensory afferent input evoked by peripheral stimulation. The
greater the afferent volley evoked by peripheral stimulation,
the stronger is the magnitude of SAI (Bailey et al, 2016).
The expression of SAI also depends on the somatotopic
relation between the sensory input and motor output.
Electrical stimulation of digits close to the TMS-target muscle
(i.e., homotopic stimulation) induces stronger inhibition
than stimulation of digits distant to the TMS-target muscle
(i.e., heterotopic stimulation; Classen et al., 2000). The
somatotopic organization of SAI was studied in detail using
a neuronavigated TMS mapping technique which adjusts the coil
position and orientation to the individual shape of the central
sulcus (Dubbioso et al., 2017c). Mapping the input-output
relationship of SAI revealed a center-surround organization
in the human MI1-HAND. SAI was evoked by homotopic
stimulation only, whereas the conditioning effect produced the

opposite effect, namely short-latency afferent facilitation (SAF),
in the case of heterotopic stimulation (Dubbioso et al., 2017c).

The expression of homotopic is highly state dependent. In
healthy individuals, SAI is consistently expressed at rest, but
attenuated during finger movements (Dubbioso et al., 2017c).
In the active target muscle, SAI was reduced at movement
initiation during both mixed and homotopic cutaneous nerve
stimulation (Asmussen et al., 2013; Cho et al., 2016), whereas
SAI was reduced during the maintenance phase of the
movement (Asmussen et al., 2013) or found to be normal
(Cho et al, 2016). Accordingly, SAI and SAF by homotopic
or heterotopic stimulation were abolished during the tonic
contraction of the target muscle (Dubbioso et al., 2017c). This
state-dependent pattern of SAI modulation can be attributed
to a sensorimotor gating mechanism, which attenuates the
perceived intensity of stimuli generated by movements. Although
SAI is closely modulated by movement, no relationship
between SAI magnitude and manual dexterity has been found
(Turco et al., 2018c).

The expression of SAI is not only modulated by the
intrinsic sensorimotor state but also shaped by transcranial
brain stimulation. Transcranial alternating current stimulation
(TACS) at 20 Hz completely abolished SATI in the relaxed muscle
(Guerra et al., 2016). The suppressive effect of 20 Hz TACS on
SAI did not depend on the phase relationship between TACS
and the timing of the TMS pulse probing SAI (Guerra et al,
2016). This finding suggests a link between SAI expression and
the oscillatory state of the sensorimotor cortex, yet it remains to
be shown that SAI is also suppressed by physiologically generated
beta oscillations in sensorimotor cortex.

The magnitude of SAI can also be modulated by TMS
interventions, for instance when electrical stimulation of the
median nerve is consistently paired with TMS of the contralateral
MI1-HAND at an inter-stimulus interval (ISI) of 25 ms
(Quartarone et al., 2006) or with TMS over the contralateral
S1 at an ISI of N20-2.5 ms (Tsang et al., 2015). Sub-motor
threshold 5 Hz repetitive paired associative stimulation produced
a long-lasting increase in corticospinal excitability along with
an attenuation of SAI (Quartarone et al., 2006; Tsang et al.,
2015). Interventional TMS protocols which are thought to induce
homosynaptic plasticity, such as continuous theta burst (cTBS)
have also been sued to modify SAI. While cTBS over M1-HAND
failed to modulate SAL, cTBS delivered over S1 reduced SAI along
with an increase in cortico-spinal excitability (Tsang et al., 2014).

Cognitive processes, for instance attention and working
memory, shape afferent sensory-motor integration involving
distinct intracortical circuits as demonstrated by single
monophasic TMS pulses that evoke different current directions
in the brain (Mirdamadi et al., 2017; Suzuki and Meehan, 2018).
Specifically, it has been demonstrated that SAI evoked using
antero-posterior (AP), but not posterior-anterior (PA), current
is reduced by a concurrent visual detection task with high
attention demands. These results suggested that only AP-elicited
intracortical circuits are sensitive to cross-modal attention task
by altering sensory processing in premotor areas (Mirdamadi
et al., 2017). Instead, a verbal working memory task modulated
SAI regardless of the TMS-induced current direction in the
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brain (AP or PA), reflecting a generalized effect of this cognitive
task across anatomically distinct circuits upon cortico-spinal
neurons in the M1-HAND (Suzuki and Meehan, 2018).

The fact that intrinsically and extrinsically induced state
changes in the sensorimotor system can dynamically tune the
expression of SAI needs to be born in mind when SAI is
considered as “biomarker” in PD.

Influence of Neurotransmitter Systems on
SAIl Magnitude

Pharmacological and clinical studies provided converging
evidence that the expression of SAI is modulated by several
neurotransmitters such as acetylcholine, dopamine, GABA and
noradrenaline (Turco et al., 2018b). SAI is significantly reduced
by scopolamine, a muscarinic cholinergic antagonist, in young
healthy adults (Di Lazzaro et al, 2000) and can be improved
with rivastigmine, an acetylcholinesterase inhibitor, in patients
with abnormal reduction of SAI, such as AD (Di Lazzaro
et al., 2002). Cholinergic inhibition of pyramidal neurons has
been demonstrated directly in experimental studies (Gulledge
and Stuart, 2005). Interestingly, this rivastigmine effect on SAI
predicted the long term response to cholinesterase inhibitor
in patients with AD (Di Lazzaro et al., 2005a). The effects of
scopolamine and rivastigmine suggest that SAI may be useful
to probe in vivo the functional integrity of central cholinergic
circuits of the human brain. These studies indicate that SAI
can trace the functional impairment of central cholinergic
circuits, allowing to discriminate for example cholinergic from
non-cholinergic form of dementia (Di Lazzaro et al., 2006;
Manganelli et al., 2014; Dubbioso et al., 2017b).

Beyond cholinergic transmission, the dopaminergic system
plays a relevant role in the modulation of SAL in accordance with
a strong synaptic interaction between dopamine an acetylcholine
signaling in different brain areas (Di Cara et al., 2007; Millan
etal., 2007). L-dopa treatment has been shown to normalize SAI
in patients with restless legs syndrome (Rizzo et al., 2010) and
AD (Martorana et al., 2009; Nardone et al., 2014). Dopaminergic
medication also influences SAI in patients with PD (for more
details see section on PD).

KEY CONCEPT 3 | Dopaminergic medication and sensory processing
Studies on PD patients consistently found reduced levels of SAl in the
ON-medication state suggesting a role of dopamine replacement in driving
this abnormality. Indeed, dopaminergic medication could lead to decreases
in central processing or integration of sensory signals in PD patients. For
instance, it has been shown that dopaminergic medication could worsen
SAl and proprioception. The positive relationship between motor symptoms
and SAl suppression in the ON-medication state suggests that the effect of
medication may be more detrimental to SAl in patients that are less responsive
to dopaminergic pharmacotherapy, for instance, patients with more prominent
cholinergic involvement.

Regarding GABAergic system, in human cortical slices,
it was observed that acetylcholine activated GABA neurons
and triggered GABAergic postsynaptic currents (Alkondon
et al, 2000). Thus, SAI may also be mediated through
the interactions between cholinergic projections and specific
GABAergic interneurons. This also explains the findings that

the administration of positive GABA but not GABAg receptor
modulators influences SAI (Turco et al., 2018a). Zolpidem, a
selective agonist of alphal subunit of GABA, receptor, and
lorazepam, a positive allosteric modulator of GABA, receptor,
significantly reduced SAI (Di Lazzaro et al., 2005b,c, 2007; Turco
etal,, 2018a), whereas diazepam, a non-selective agonist, induced
a slight increase or no effect on SAI (Di Lazzaro et al., 2005c,
2007). This observation is presumably explained by a differential
role of the different alpha subunits of GABA, receptor in
the modulation of afferent inhibition with a suppression of
cholinergic inhibition by alphal subunit activation.

Lastly, a recent study has also demonstrated that acute
and chronic intake of reboxetine, a noradrenaline reuptake
inhibitor, reduces SAI likely through suppression of GABAergic
neurotransmission (Kuo et al., 2017).

FAST SENSORY INPUT AND MOTOR
OUTPUT PATHWAYS IN PD

As stated above the basal ganglia do not receive direct sensory
input, yet patients with PD often report sensory symptoms
(Pallis, 1971; Snider et al., 1976; Hillen and Sage, 1996). Objective
somatosensory deficits are well documented in PD and have been
mainly found in tasks that require the use of kinaesthetic sense
such as conscious perception of limb position and motion in
space proprioception and kinaesthesia (Schneider et al., 1987;
Klockgether et al, 1995; Demirci et al., 1997; Jobst et al,
1997; Zia et al, 2000) or temporal or spatial discrimination
(Conte et al., 2013).

The fast-afferent sensory volley eliciting SAI can be studied by
recording the somatosensory evoked potentials (SSEPs) evoked
by stimulation of the peripheral nerve. Most SSEP studies in
PD have employed electrical stimulation of a mixed nerve
that reflects activation of proprioceptive as well as cutaneous
inputs. SSEP studies in patients with PD found a reduced
amplitude of the late N30 component of the SSEP, while the
early N20-P25 components were found to be normal (Rossini
et al., 1989; Cheron et al., 1994; Ulivelli et al., 1999). SSEP studies
following proprioceptive stimulation during passive flexion
(Mima et al., 1996) or electric stimulation (Restuccia et al., 1999)
of the proximal interphalangeal joint of the finger demonstrated
that the origin of the N30 waveform is more complex than
the early components, containing information from cutaneous
afferents as well as from joint and tendinous inputs. Therefore,
it has been hypothesized that the defective proprioception
described in PD might be related to the depression of the
N30 component.

The early cortical components of the SSEP, namely the dipole
N20/P20 and P25 component, reflect early sensory processing
in the pericentral cortex and are thought to give rise to fast
sensory afferent inhibition. Since these early components are
intact in PD patients, alterations of SAI in PD patients cannot
be attributed to a dysfunction of the afferent sensory pathway.
The same consideration applies to the fast cortico-motor output
pathway which is unaffected in PD. Indeed, a TMS study, which
recorded MEPs at increasing stimulus intensities, demonstrated
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anormal gain function of corticospinal excitability in PD patients
(Kojovic et al., 2012).

However, context-dependent modulation of early cortical
sensory processing is impaired in PD. Normal movement-related
attenuation of perceived stimuli, referred to as sensorimotor
gating, is deficient in patients with PD while they are off
dopaminergic treatment and can be restored by dopamine
replacement therapy (Macerollo et al, 2016). In contrast to
healthy controls, the early N20-P25 SSEP components were
not modulated at all by movement in patients with PD. The
authors speculated that abnormalities in sensory gating may
contribute to the difficulties in movement initiation observed
in PD (Macerollo et al., 2016). Another study on PD patients
treated with deep brain stimulation (DBS) of the subthalamic
nucleus or globus pallidum found that movement of the hand
ipsilateral to median nerve stimulation gated the subcortical
triphasic negative-positive-negative potentials—at latencies of
14-18-22.5 ms, similar to cortical gating observed with SSEP at
N20, P20, and N30 (Insola et al., 2004). Converging evidence
suggests that sensory gating preceding the onset of movement
seems to be mediated by motor cortical areas that contribute to
preparation and execution of movement (Cohen and Starr, 1987;
Seki and Fetz, 2012; Macerollo et al., 2018).

CORTICAL SENSORIMOTOR
INTEGRATION IN PD

Based on the work summarized in the previous sections, it can
be concluded that SAT is a cortical process, albeit the exact circuit
underlying this fast sensory-motor integration is still unknown.
In addition, the lack of major impairment in the fast afferent
sensory-to-cortical and efferent cortical-to-motor pathways in
PD suggest that abnormalities of SAI in PD are caused by a
dysfunction in fast intracortical sensorimotor integration.

Patients with electrodes implanted for DBS provide a unique
opportunity to study the interplay between the subcortical target
site and the cortex. Two electrophysiological studies showed
that continuous high-frequency DBS of the STN modifies SAI
in PD, confirming a close relationship between fast sensory-
motor cortical integration and the basal ganglia. A first study
examined medicated patients with the STN-DBS switched on or
off (Sailer et al., 2007). SAI was reduced in the off-stimulation
and was acutely restored after STN stimulation was resumed,
suggesting that STN stimulation might normalize pathways
that are adversely affected by dopaminergic medications
(Sailer et al., 2007).

A second study focused on the long-term effect of STN-DBS
on SAI and spatial proprioception (Wagle Shukla et al., 2013).
SAT and proprioception were first normalized after 6 months, but
not after 1 month of DBS. This study underscores the importance
of chronic stimulation in the modulation of sensorimotor
integration and proprioception.

The authors considered two possible mechanisms underlying
SAI modulation by STN DBS. High-frequency DBS of the
STN might normalize synchronization between basal ganglia
structures, which might restore the ability of thalamocortical
relay cells to respond to depolarizing inputs involved in

sensorimotor integration (Brown et al., 2001; Rubin and Terman,
2004). Alternatively, STN DBS might have a direct effect
on cortical structures through antidromic stimulation of the
cortico-subthalamic pathway. In addition, the delayed effect
of STN DBS on SAI may reflect long-term plastic changes
in the sensorimotor cortex (Udupa et al., 2016). Whatever
the underlying mechanisms may be, the modulatory effects
of STN-DBS on SAI corroborate a sensorimotor integrative
function of the STN as suggested by animal studies. Many
STN neurons in the monkey (Wichmann et al, 1994) and
patients with PD (Hutchison et al, 1998; Rodriguez-Oroz
et al., 2001; Theodosopoulos et al., 2003) respond to cutaneous
stimuli and passive movements. Alteration of sensory properties
of the STN has been observed in animal models of PD.
Peripheral sensory stimulation by hind paw pinch led to a greater
increase in STN activity in dopamine-depleted rats than controls,
suggesting altered STN sensitivity to afferent sensory inputs in
the parkinsonian state (Magill et al., 2001).

IS SAl ABNORMAL IN PD?

To answer this question, we conducted a literature search on
Pubmed! using the following search strings: “Short afferent
inhibition” OR “SAI” AND “PD.”

Exclusion criteria were as follows:

i. review articles or letter to the editors reporting no original
data.

studies about atypical parkinsonism [i.e., Progressive
Supranuclear Palsy (PSP), Multisystemic Atrophy or Cortical
Basal Syndrome], or dystonia not including PD population as
control group.

ii.

This search resulted in 22 studies on the final search on
November 2, 2018 (Tables 1, 2). Fourteen studies reported
a reduction of SAI in patients with PD. The average disease
duration was 6.14 £ 4.39 years, mean ON UPDRS-III score
was 24.03 £ 13.11, and the mean L-dopa equivalent dose
667.02 & 314.51 mg across all positive studies (Table 1). In the
remaining eight studies, six reported normal (Degardin et al,
2012; Zamir et al., 2012; Picillo et al., 2015; Dubbioso et al,,
2017a; Ponzo et al., 2017; Nelson et al., 2018) and two found an
enhanced SAI in PD patients (Di Lazzaro et al., 2004; Nardone
et al., 2005). Mean disease duration was 5.63 = 2.69 years, mean
ON UPDRS-III score was 18.32 £ 8.52 and L-dopa equivalent
dose was 633.94 £ 206.30 mg across all negative studies (Table 2).

Importantly, these studies found consistent reduction of SAI
mainly in medicated PD patients, whereas the off state was
not associated with SAI alterations. The idea that nigrostriatal
dopaminergic denervation does not reduce SAI or might even
enhance cortical inhibition is supported by two studies. The
first one, a small study on three drug-free patients with pure
hemiparkinsonism (Di Lazzaro et al., 2004) showed enhanced
SAI on the affected side. The second one, performed on 10 PD
patients in off-state confirmed the increased cortical inhibition
respect to patients with PSP and healthy controls (Nardone et al.,
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2005). The enhancement of SAI in the affected side might be
related to an increase of cholinergic muscarinic activity in the
contralateral cerebral cortex. Altered muscarinic cortical activity
in PD is also supported by several post-mortem studies that have
shown an increase in the total number of muscarinic cholinergic
receptors in the cerebral cortex (Ruberg et al., 1982; Sirvio et al.,
1989; Lange et al., 1993).

An intriguing and alternative hypothesis might be that
a reduced thalamo-cortical drive caused by nigrostriatal
dopaminergic denervation may increase SAI, an effect which
might be obscured by chronic dopamine replacing therapy.

In 2003, Sailer et al. (2003) systematically examined the
effect of dopaminergic therapy in 10 PD patients on and off
medication. Patients only showed a reduction in SAI when they
were on medication, and the medication-induced reduction in
SAI only emerged on the more affected side. The medication-
related SAI reduction can be restored acutely with STN-DBS
(Sailer et al., 2007). This finding was largely confirmed by a
recent meta-analysis which only found a consistent reduction
in SAI across studies for PD patients on medication, but the
attenuating effect of medication on SAI in PD was retrieved
in the meta-analysis regardless of the affected side (Martin-
Rodriguez and Mir, 2018). Moreover, the meta-analysis revealed
an association between SAI changes and disease severity as
well as cognitive deficits. Specifically, SAI impairment scaled
with cognitive deficits in the four major cognitive domains,

although the strongest association was found for visuospatial and
executive deficits.

Prompted by these findings, we pooled SAI data from our
database and three previous studies (Manganelli et al., 2009;
Picillo et al., 2015; Dubbioso et al., 2017a). The pooled data
set included measurements from 81 PD patients (57 men)
with a mean age of 64.37 £ 7.57 years, average disease
duration of 8.41 =+ 4.61 years, mean ON UPDRS-III score
of 1548 £ 10.89, and a daily L-dopa equivalent dose of
833.55 £ 470.70 mg. SAI was tested in all patient on the more
affected side while they were taking their normal medication.
SAI measurements covered five interstimulus intervals adjusted
to the individual N20 wave latency (N20+0 ms, N20+2 ms,
N20+4 ms, N20+6 ms, N20+8 ms). Patient’s UPDRS III motor
score in the ON medication state was the only variable that
showed a positive linear correlation with SAI at an ISI of
N20+4 ms (p = 0.405 p < 0.01) and with the mean SAI
across all five interstimulus intervals (p = 0.401; p < 0.01,
Figures 1A,B). Indeed, neither disease duration nor daily
dopaminergic medication showed a significant relationship with
SAI (all p > 0.105). Overall, the results suggest that the
attenuating effect of medication state on SAI is more pronounced
in patients in whom dopamine replacement therapy shows
limited efficacy to normalize parkinsonian motor symptoms
as indicated by high UPDRS scores in the on-medication
state. It is conceivable that patients who show a less favorable
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FIGURE 1 | Analysis of short-latency afferent inhibition (SAl) in our Parkinson’s Disease (PD) cohort and schematic representation of cholinergic sources in the
human brain with their clinical correlates in PD. (A) Temporal evolution of SAl in our cohort of PD patients. The horizontal axis shows inter-stimulus interval (ISl) values
(the time between the peripheral stimulation and cortical stimulation). ISIs were determined by adding 0, 2, 4, 6, and 8 ms to the latency of the N20 component. The
vertical axis shows the percentage of test motor evoked potential (MEP) at each ISI. (B) Linear positive correlation between SAl at ISI N20+4 ms, Grand-Mean SAI
and UPDRS |Il motor score in medicated patients. (C) Schematic representation of the three major sources of cholinergic projections in the brain and main clinical
correlates in PD (red boxes). Basal forebrain neurons, including the nucleus basalis of Meynert (nbM), medial septal nucleus (MS) and diagonal band of Broca (DB)
provide the cholinergic projections to the cerebral cortex and are responsible for cognitive impairment, gait impairment and psychosis. The pedunculopontine
nucleus-laterodorsal tegmental complex [referred to as the pedunculopontine tegmental nucleus (PPN) and LDT], a brainstem center, provides cholinergic inputs
primarily to the thalamus, but also has connections to the cerebellum, several brainstem nuclei, some striatal fibers, and the spinal cord. This system is mainly
involved in walking disturbances, rem-sleep behavior disorders (RBDs) and psychosis. In addition, small populations of intrinsic cholinergic neurons are present in the
hippocampus, striatum (cholinergic interneurons), parts of the reticular formation, and cerebellum. The cholinergic interneurons might be the main cause of motor
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response to dopamine replacement therapy may also have more
cholinergic deficits and hence the reduction in SAI may, at least
in part, resulting from a co-existing cholinergic deficit at the
cortical level. Interestingly, patients with atypical parkinsonism
(i.e., Progressive Supranuclear Palsy or Multisystemic Atrophy)
that usually respond insufficiently to dopaminergic medication,
might exhibit reduced levels of SAI (Brusa et al, 2014;
Celebi et al., 2014).

DOES SAI IN PD SCALE WITH GAIT
PROBLEMS AND NON-MOTOR
SYMPTOMS?

PD causes a wide range of non-motor symptoms which may
even precede the manifestation of the classic motor symptoms
(Riedel et al., 2010). Non-motor symptoms include cognitive
dysfunctions and decline, apathy, psychiatric disturbances
(depression, psychosis, impulse control), autonomic failure
(gastrointestinal, cardiovascular, urinary, sexual ability,
thermoregulation), sleep disorders, and pain syndrome
(Chaudhuri and Schapira, 2009). In recent years, SAI has
been increasingly used in PD to identify whether specific
motor and non-motor symptoms scale with abnormalities
in SAI, presumably due to cholinergic and dopaminergic
cortical dysfunction.

KEY CONCEPT 4 | Motor and non-motor symptoms

Sources of considerable burden in people with PD are the typical
motor symptoms, such as resting tremor, rigidity, bradykinesia, postural
instability and non-motor symptoms, namely cognitive declines, psychiatric
disturbances, autonomic failures, sleep difficulties, and pain syndrome.
These symptoms are variously associated with dopaminergic/cholinergic
neurodegeneration and SAl alteration at the cortical level.

Among motor disturbances, gait abnormalities and falls have
attracted attention for their association with cognitive decline
and cholinergic dysfunction in PD (Newman et al., 2012; Perez-
Lloret and Barrantes, 2016). Indeed, reduced SAI has been
proven to be an independent predictor of slower gait speed
(Rochester et al., 2012) and associated with a higher falls risk in
PD (Pelosin et al., 2016). However, in a recent study performed
on PD with freezing of gait (FOG; Picillo et al., 2015) the authors
failed to prove alteration of SAI in this subtype of patients.
Since gait disturbances in PD are heterogeneous and may be
underpinned by different neurotransmitters and circuits, it is to
be expected that the relation between SAI and gait deficits may be
complex and the modulatory role of medication state also needs
to be factored in when addressing this issue.

Regarding non-motor symptoms, SAI abnormalities have
been found associated with dementia and Mild Cognitive
Impairment (MCI; Celebi et al, 2012; Yarnall et al, 2013),
confirming the role of cholinergic dysfunction in the
development of cognitive impairment in PD. Indeed, SAI
has been found to be reduced in PD patients with those
symptoms associated with a higher risk of cognitive decline, such
as visual hallucinations (VH; Manganelli et al., 2009), dysphagia
(Lee et al., 2015), olfactory dysfunction (Oh et al., 2017; Versace

etal.,, 2017) and REM-sleep Behavior Disorders (RBDs; Nardone
et al., 2013). These studies are in agreement with the idea that
the cholinergic dysfunction makes a major contribution to
non-motor symptoms and associated cognitive deficits in PD
(Marra et al., 2012; Newman et al., 2012).

A recent review summarized central cholinergic sources
of the healthy human brain in two main tracks (Newman
et al, 2012). On the one hand, brainstem nuclei, including
the pedunculopontine tegmental nucleus (PPN) and the
laterodorsal pontine tegmentum, send cholinergic projections
to the thalamus, basal ganglia, basal forebrain and to a much
lesser extent, the cerebral cortex. On the other hand, the
magnocellular basal forebrain-cholinergic systems, including
the nucleus basalis magnocellularis and nucleus basalis
of Meinert (NBM) send major projections to neocortex,
entorhinal cortex, limbic cortices, cingulate cortex, and
hippocampus. In addition, small populations of intrinsic
cholinergic neurons are present in the hippocampus, striatum
(cholinergic interneurons), parts of the reticular formation,
and cerebellum (Bohnen and Albin, 2011; Manganelli et al.,
2013; Dubbioso et al., 2015). These cholinergic nuclei and
their projections have selectively degenerated in PD (Bohnen
and Albin, 2011; Perez-Lloret and Barrantes, 2016). Thus,
we speculate that SAI in PD may mainly reflect a cortical
cholinergic deficit due to cholinergic neurodegeneration. The
cortical cholinergic imbalance may derive from many sources
that are variably impaired according to disease severity and
symptoms. For example, degeneration of cholinergic striatal
tone is responsible for motor symptoms, alteration of the NBM
and/or PPN nuclei for gait impairment and falls, cognitive
decline, RBD, psychosis (Perez-Lloret and Barrantes, 2016),
see Figure 1C.

CONCLUSION AND OUTLOOK

In this review, we have discussed the possible contributions of the
fast-afferent somatosensory pathway, the intracortical integrative
component and the fast-efferent corticomotor pathway to
alterations of SAI in PD. We concluded that PD-related changes
in SAI are most likely caused at the cortical level, where sensory
input is rapidly integrated into a motor output. This makes SAI
a useful tool to probe how PD impacts on the sensorimotor
integration processing at the cortical level.

Studies performed on PD patients have shown variable results,
ranging from reduced to normal or even enhanced SAI findings.
Several factors may be responsible for these heterogenous results
such as between-group differences in disease severity, disease
duration, dopamine replacement therapy and cognitive status.
While patients with PD show normal levels of SAI in the
off-medication state, SAI is reduced in the on-medication state,
suggesting a role of dopamine replacement in driving this
abnormality. Interestingly, previous research has suggested that
dopaminergic medication could lead to decreases in central
processing or integration of sensory signals in PD patients.
For instance, it has been shown that dopaminergic medication
could worsen SAI and proprioception (distal and spatial errors)
and were normalized by chronic STN-DBS, likely through
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long-term plastic changes in the basal ganglia thalamocortical
circuit (Wagle Shukla et al., 2013). Yet, pharmacological studies
which systematically study dose-dependent effects of dopamine
replacement therapy on SAI magnitude in PD are still lacking.
The positive relationship between residual parkinsonian motor
symptoms and SAI suppression in the on-medication state
suggests that the effect of dopamine replacement may be more
detrimental to SAI in patients that are less responsive to
dopaminergic pharmacotherapy, for instance, patients with more
prominent cholinergic involvement. This would also explain why
non-motor symptoms have been associated with a reduction of
SAlin PD.

Some important aspects of SAI still remain to be explored
in PD. For instance, by systematically varying the intensity
of peripheral stimulation one may derive a stimulus-response
curve of SAI that may be more sensitive to intrinsic disease-
related but also therapy-related changes in SAI. Furthermore,
the application of homotopic or heterotopic somatosensory
stimulation may reveal interesting insights into the altered
center-surround organization of fast sensorimotor integration at
the cortical level (Dubbioso et al., 2017c¢).

Future research on SAI in PD should focus on validating
SAI as a biomarker of central cholinergic activity through a
multimodal approach by combining neurophysiological results
with neuroimaging. For example, correlation analysis with
structural data (i.e., analysis of gray matter volume, diffusion
tensor imaging) of the main cholinergic system nuclei, would
reveal a structure-function relationship between SAI changes
and structural cholinergic denervation. The introduction of new
PET radioligands, such as (18 F) fluoroethoxybenzoyesamicol
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Postural instability in Parkinson’s disease (PD) is characterized by impaired postural
responses to transient perturbations, increased postural sway in stance and difficulty
transitioning between tasks. In addition, some studies suggest that loss of dopamine
in the basal ganglia due to PD results in difficulty in using proprioceptive information
for motor control. Here, we quantify the ability of subjects with PD and age-matched
control subjects to use and re-weight sensory information for postural control during
steady-state conditions of continuous rotations of the stance surface or visual surround.
We measure the postural sway of subjects in response to a pseudorandom, surface-tilt
stimulus with eyes closed, and in response to a pseudorandom, visual-tilt stimulus. We
use a feedback control model of the postural control system to interpret our results,
focusing on sensory weighting as a function of stimulus amplitude. We find that subjects
with PD can re-weight their dependence upon sensory information in response to
changes in surface- or visual-stimulus amplitude. Specifically, subjects with PD behaved
like age-matched control subjects by decreasing proprioceptive contribution to stance
control with increasing surface-tilt amplitude and decreasing visual contribution with
increasing visual-tilt amplitude. However, subjects with PD do not decrease their reliance
on proprioception as much as age-matched controls for small increases in surface-
stimulus amplitudes. Levodopa medication did not affect sensory re-weighting behaviors
for postural control. The impairment in PD subject’s ability to respond differently to small
changes in surface rotation amplitudes is consistent with an increased threshold for
perceiving proprioceptive signals, which may result from decreased signal-to-noise in the
dopaminergic pathways associated with sensory processing and/or sensory integration.

Keywords: basal ganglia, sensory integration, feedback, computational model, balance, Parkinson’s disease

Abbreviations: CoM, center of mass; CoP, center of pressure; FRF, frequency response function; J, body moment of
inertia about ankle joints; K4, neural control damping constant; Kp, neural control stiffness constant; K, torque feedback
gain; mgh, body mass times gravity constant times height of CoM above ankle joint; PD, Parkinson’s disease; PDoyf,
Parkinson’s disease subjects off medication; PDoy, Parkinson’s disease subjects on medication; PIGD, postural instability
and gait disorders; RMS, root-mean-square; t4, neural control time delay; tr, torque feedback time-constant; UPDRS,
Unified Parkinson’s Disease Rating Scale; Wypyop, proprioceptive weight; Wyest, vestibular weight; Wy, visual weight.
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INTRODUCTION

Evidence suggests that the basal ganglia are involved in
processing and integrating sensory information (Abbruzzese and
Berardelli, 2003; Nagy et al., 2006). There is increasing evidence
that basal ganglia-related diseases, such as Parkinson’s disease
(PD), are associated with kinesthetic deficits, including reduced
tactile discrimination, poor joint kinesthesia, asymmetrical
spatial pointing, and over-estimating of reaching and stepping
when vision is not available (Maschke et al., 2003; Jacobs and
Horak, 2006; Tagliabue et al., 2009; Wright et al., 2010). PD
also results in motor signs of postural instability, rigidity, tremor
and bradykinesia (Horak et al.,, 1992; Bloem et al., 2001), due
to loss of dopaminergic and other neurons throughout the
central nervous system, with the severity of motor symptoms
related to the amount of nigral-striatal dopamine (Agid, 1991).
Although rigidity, tremor and bradykinesia are improved with
dopamine replacement therapy, postural control and risk of
falls does not improve and may even worsen with levodopa
(Horak et al., 1992, 1996).

People with PD fall five times more than age-matched
controls (Fasano et al., 2017). Evidence for abnormal postural
control in patients with PD comes from studies of unperturbed,
quiet stance and studies where balance was perturbed by
various sensory stimuli. For quiet stance studies, the effect
of PD on postural sway, as quantified by center of pressure
(CoP) or center of mass (CoM) displacement, is controversial
and may depend upon the sensory conditions and on how
CoP or CoM displacement is quantified (Mancini et al,
2011; Curtze et al., 2015; Ozinga et al, 2017; Cruz et al,
2018). Sway area in subjects with PD, when standing with
eyes open or closed, can be similar to sway in age-matched
controls (Bronstein et al., 1990; Chong et al,, 1999a; Bronte-
Stewart et al., 2002), especially during early stages of PD
(Frenklach et al, 2009). However, sway velocity and jerk
have been shown to be increased, even in early PD without
medication (Mancini and Horak, 2010; Mancini et al., 2011).
In addition, CoP displacement is increased in patients with
PD off medication as compared to controls, especially in the
mediolateral direction, and levodopa replacement increases CoP
displacement (Rocchi et al., 2002). As PD progresses, postural
sway area tends to be correlated with the severity of PD
(Frenklach et al., 2009).

Studies using perturbed stance have also shown conflicting
results. Subjects with PD can generate appropriate sway, even
while experiencing a sinusoidal surface displacement (De Nunzio
et al., 2007). However, approximately 50% of subjects with
PD sway more than age-matched controls with eyes closed
on a sway-referenced surface (Bronte-Stewart et al, 2002).
Increased sway in subjects with PD under this condition could
indicate vestibular dysfunction, because stance with eyes closed
on a sway-referenced surface requires increased reliance upon
vestibular information. However, peripheral vestibular function
is thought to be normal in subjects with PD (Pastor et al., 1993;
Bronstein et al., 1996), and a recent study suggests that subjects
with PD rely more on vestibular information than control
subjects to control postural sway during stance, irrespective of

treatment with medication or stimulation of the subthalamic
nucleus (Maurer, 2009).

Alternatively, increased sway during sway-referenced
conditions with eyes closed could be related to an impaired
ability to quickly reorganize the sensory contributions to
balance control. To maintain postural stability under suddenly
changing sensory conditions, individuals must quickly alter how
much they depend upon vision, proprioception, and vestibular
information (Peterka and Loughlin, 2004; Jeka et al., 2008;
Asslander and Peterka, 2016). It is well known that subjects
with PD have a reduced ability to quickly change postural set
when sensory or cognitive conditions suddenly change (Chong
et al., 2000). For example, subjects with PD take longer than
controls to achieve steady-state postural responses following
eyes closed to eyes open transitions during sinusoidal surface
displacements (Brown et al., 2006; De Nunzio et al., 2007).
Furthermore, subjects with PD do not decrease sway with
repeated exposure to lateral displacement of visual stimuli
(Bronstein et al., 1990). However, many of the studies that
manipulate the availability of orientation cues from different
sensory systems use short-duration tests. As a result, the
observed behavioral differences between subjects with PD
and controls may be due to the reduced ability of subjects
with PD to quickly adjust when sensory conditions are altered
rather than a fundamental inability of subjects with PD to
appropriately use sensory information if they are given enough
time to adjust.

Our primary goal was to test the fundamental abilities
of subjects with PD to adjust to sensory conditions and to
regulate sensory integration for postural control in steady-
state conditions. We quantified subjects’ relative reliance on
visual, vestibular, and proprioceptive information for postural
orientation in response to sensory stimuli. Young, healthy
subjects typically rely primarily on proprioceptive cues during
eyes closed stance but shift toward decreased reliance on
proprioception and increased reliance on vestibular cues when
the stance is perturbed by support surface rotations of increasing
amplitude (Peterka, 2002). Similarly, when visual cues are
perturbed by visual surround rotations of increasing amplitude,
subjects decrease their reliance on visual orientation cues
(Peterka, 2002).

The quantitative assessment of reliance on a particular
sensory modality is made by estimating sensory weighting
parameters (Peterka, 2002). The sensory weights are parameters
in a linear feedback control system model of the postural
control system. Specifically, in our postural control model
(Figure 1), the relative reliance on each sensory modality
(i.e, vision, proprioceptive, vestibular) is represented as a
weighting parameter. Sensory weighting is constrained by
Wais + Wyest + Wprop = 1, where Wy is the visual weight,
Wyest is the vestibular weight, and Wy, is the proprioceptive
weight. Therefore, the sensory weight for each of the three
weighting parameters can range from 0 to 1. When a subject’s
eyes are closed, Wy;s = 0 and the sensory weighting constraint
is reduced to Wyest + Wprop = 1. Additional parameters of the
model include a position- and a velocity-dependent neural
control parameter, a neural time delay, and torque feedback
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FIGURE 1 | A simplified feedback control model of postural control, including sensory weighting and torque feedback. For the data and analysis we present here,
we considered (A) a visual-stimulus with a stationary surface and (B) a surface-stimulus with eyes closed. The model for the surface-stimulus condition (Wyjs = 0) is
indicated by the solid lines in the schematic. For the visual-stimulus condition, the dashed lines are added to the model and there is no surface stimulus. For the
sensory integration component of the model, we constrained Wyop + Wiest + Wyis = 1. The body biomechanics are modeled as an inverted pendulum. The
biomechanics, neural controller, torque feedback, and time delay blocks include Laplace transform representations of the differential equations of these model

implemented as a low-pass filter with a gain and time constant
(Figure 1). Previous results showed that young adult subjects
with normal sensory function very precisely regulate sensory
weights with little variation across subjects and systematically
alter these weights as the amplitude of the perturbations change
(Peterka, 2002).

Our secondary goal was to determine whether levodopa
influences sensory integration. Although dopamine replacement
with levodopa medication improves many motor symptoms
of PD, its effects on postural control are complex. For
example, levodopa improves rigidity, bradykinesia, and tremor,
but automatic postural responses (Horak et al, 1996) and
postural sway during stance (Nardone and Schieppati, 2006;
Rocchi et al, 2006a) worsen with levodopa. Previously, we
reported that levodopa does not reduce excessive axial postural
tone during stance, despite the reduction of limb rigidity
(Wright et al., 2007). However, some components of postural
control may improve with levodopa, such as the magnitude of
anticipatory postural adjustments prior to movement (Burleigh-
Jacobs et al., 1997). There is also evidence that dopaminergic
medication further impairs kinesthesia (O’Suilleabhain et al.,
2001; Mongeon et al., 2009), although studies have not reported
how dopamine replacement affects sensory re-weighting for
postural control.

Given that subjects with PD are reported to have various
limitations and deficits regarding sensory processing, we
hypothesized that sensory re-weighting for postural control
would be impaired in subjects with PD. To test this hypothesis,
we measured the postural sway of PD and age-matched control
subjects while standing in response to pseudorandom surface-
and visual-rotations and then used our postural control model
to estimate postural control parameters. In this study, we
focused primarily on the change of sensory weighting parameters
when sensory conditions change. We also tested the additional

hypothesis that levodopa medication would improve sensory
weighting for postural control.

MATERIALS AND METHODS
Subjects

The Institutional Review Board at Oregon Health and Science
University (OHSU) approved the protocol for this experiment,
and all subjects gave informed consent prior to participating.
Eight subjects with PD (three female) and eight healthy,
age-matched controls (two female) were recruited from the
Balance Disorders Laboratory database and the Parkinson’s
Center of Oregon Clinic at OHSU.

Subjects with PD were selected based on the following
inclusion criteria: (1) a diagnosis of idiopathic PD; (2) levodopa
responsive, as demonstrated by a lower score on the Unified
PD Rating Scale (UPDRS) motor examination when on
anti-Parkinsonian medication compared to off medication; and
(3) the ability to stand unsupported for 5 min both on and
off medication. Subjects with PD were excluded if they had
other neurological, sensory, or muscular disorders (e.g., diabetes,
peripheral neuropathies, uncorrected visual problems, arthritis,
stroke, or seizure).

Control subjects were selected so that no significant
differences existed between subjects with PD and controls in
age (p = 0.79), height (p = 0.96), or weight (p = 0.71).
Additional selection criteria for control subjects were: (1) no
known neurological, sensory, or muscular problems; and (2) the
ability to stand unsupported for 5 min. Table 1 describes the
anthropometric and clinical characteristics of the subjects with
PD and the mean anthropometric characteristics of the control
subjects. All subjects with PD in the off medication state (PDoy),
except Subject 1, either had a Hoehn and Yahr score of three
or greater or showed impaired balance control in response to a
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TABLE 1 | Characteristics of Parkinson’s disease (PD) and control subjects.
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aSubjects with PD and controls were matched for age, height, and weight. Biomechanical parameters used in the modeling included J: moment of inertia about the ankle joints and mgh: the product of body mass (not including

the feet), the gravity constant, and height of the center of mass (CoM). The mean values for controls and subjects with PD, respectively were J: 76.6 and 79.7 kg m? and mgh: 692 and 717 kg m? s2. Subjects with PD are listed

in the order of increasing disease severity, based on the total Unified Parkinson’s Disease Rating Scale (UPDRS) motor score when off medication. ® Dopaminergic medications were converted to levodopa equivalents using: DOPA

levodopa + 0.75*controlled-release levodopa + 100*pramipexole + 16.67*ropinirole + 1.5*amantadine + E;pg, where Erpe = 0.25%[levodopa + 0.75*(controlled-release levodopa)] is included if carbidopa/levodopa was

coadministered with entacapone and each medication is given in mg of drug administered daily (Nutt et al., 2003). ©The UPDRS was not performed for PD1 in the off condition. “A medications list for PD2 was not collected.

Equiv. (in mg)

backwards pull on the shoulders [part of the postural instability
and gait (PIGD) sub-score of the UPDRS].

We also included data from four younger controls (mean
age = 37 years.) that were part of a previously published study
(Peterka, 2002).

Experimental Apparatus

We used a custom-built, balance-testing device for the
experiments (Peterka, 2002). The device is comprised of
a motor-driven support surface and a motor-driven visual
surround. The subject stood on the support surface and faced
the visual surround. The support surface can rotate in a toe-
up/toe-down direction about the subject’s ankle joints and
uses force sensors (Transducer Techniques, Temecula, CA,
USA) to measure the subject’s CoP. The visual surround is a
half-cylinder, imprinted with a random, complex checkerboard
pattern, which can rotate in the anteroposterior direction about
the subject’s ankle joint. The balance-testing device measures
anterior-posterior body sway by recording the displacement of
two sway rods; each sway rod is comprised of a potentiometer
(Midori Precisions Co, LTD—Tokyo, Japan) connected to a
light metal rod. One sway rod rests in a hook at the subject’s hip
height, and the second sway rod rests in a hook at the subject’s
shoulder height (see Peterka et al., 2018 for details).

Experimental Design

Each experiment consisted of six blocks of trials: (1) a calibration
trial, (2) surface-stimulus trials, (3) a sway-referenced trial,
(4) visual-stimulus trials, (5) a quiet-stance trial, and (6) surface-
stimulus trials (repeat). Table 2 lists the blocks of trials and the
number of trials comprising each block. The surface-stimulus
trials (blocks 2 and 6) and the visual-stimulus trials (block 4)
were the focus of the experiment; these blocks tested whether
subjects could re-weight sensory information in response to
changing sensory stimuli. The sway-referenced trial (block 3)
and quiet-stance trial (block 5) tested whether the behavioral
characteristics of our subjects with PD were comparable to
previously published results.

Control subjects performed the experiment once, and subjects
with PD performed the experiment twice: once on and once off
medication. For off-medication testing, subjects were tested at
least 12 h after their last dose of anti-Parkinsonian medication.
Five subjects (PD1, PD2, PD3, PD7, and PD8) were tested off
medication the first day and on medication the second day.
Two subjects were tested on medication the first day and off
medication the second day (PD4 and PD6). One subject (PD5)
was tested off and then on medication on the same day.

During all testing, except during calibration, subjects wore
headphones and listened to an audio book to minimize conscious
control of their posture. To prevent injury in the event of losing
balance, subjects wore a harness attached to the ceiling of the
room, and a researcher spotted them at all times. Subjects rested
between trials to minimize fatigue. If a subject fell on a trial, the
trial was repeated. If the second attempt also resulted in a fall, a
third trial was attempted. All subjects successfully completed all
trial types in three attempts, except for the sway-referenced trial.
If a subject did not successfully complete a full sway-referenced
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TABLE 2 | Description of trial blocks, conditions, and data analyses.

Blocks of trials Trial # Description of trial conditions Data analyses
Subject’s vision Support surface Visual surround
Block 1: Calibration 1 Eyes Open Stationary Stationary Linear Model
Block 2: Surface-stimulus trials 2 Eyes Closed 2° PRTS Stationary RMS, FRF, Feedback Model
3 Eyes Closed 1° PRTS Stationary
4 Eyes Closed 4° PRTS Stationary
Block 3: Sway-referenced trial 5 Eyes Closed Sway-Referenced Stationary Peak-to-Peak CoM Sway
Block 4: Visual-stimulus trials 6 Eyes Open Stationary 2° PRTS RMS, FRF, Feedback Model
7 Eyes Open Stationary 1° PRTS
8 Eyes Open Stationary 4° PRTS
Block 5: Quiet-standing trial 9 Eyes Closed Stationary Stationary RMS
Block 6: Surface-stimulus trials 10 Eyes Closed 2° PRTS Stationary RMS, FRF, Feedback Model
(Reprise of Block 2) 1 Eyes Closed 1° PRTS Stationary
12 Eyes Closed 4° PRTS Stationary

trial within three attempts, we proceeded to the next block
of trials.

Calibration Trial

The calibration trial (block 1) defined the relationship between
the displacement of the sway rods and the displacement of
a subject’s CoM (Peterka, 2002; Peterka et al., 2018). During
the 120 s trial, subjects were vocally cued to lean slowly
forward and backward through a range of hip and/or ankle
angles while they stood with eyes opened on a stationary
support surface.

Surface-Stimulus Trials

The purpose of the surface-stimulus trials (blocks 2 and 6)
was to determine the dynamic characteristics of responses
to surface perturbations and to identify how subjects alter
their use of proprioceptive orientation cues as a function of
stimulus amplitude.

Each surface-stimulus trial was performed with eyes closed.
Following 10 s of standing on a stationary surface, the surface
rotated according to a stimulus derived from a pseudorandom
ternary sequence (PRTS; Davies, 1970). The PRTS was chosen
because it has properties similar to white noise (i.e., flat
velocity power spectrum over a wide bandwidth), and it appears
unpredictable to subjects (see Peterka, 2002 for details). Each trial
consisted of four sequential cycles of the PRTS, with each cycle
lasting 43.72 s.

In each surface-stimulus block (blocks 2 and 6), subjects
performed three surface-stimulus trials with peak-to-peak
amplitudes of 2°, 1°, and 4° for the first, second, and third trials,
respectively. Subjects rested between trials to prevent fatigue. The
surface-stimulus trials of block 6 were a repetition of the surface-
stimulus trials of block 2, to determine any learning effect on the
subject’s ability to maintain balance.

Visual-Stimulus Trials
The purpose of the visual-stimulus trials (block 4) was to
determine the dynamic characteristics of responses to visual
perturbations and to identify how subjects alter their use of visual
cues for spatial orientation as a function of stimulus amplitude.
On each visual-stimulus trial, subjects stood with eyes
opened on a stationary support surface looking forward
into the visual surround, but not staring at a single point

in the pattern. After 10 s, the visual surround rotated
according to a PRTS stimulus while the support surface
remained stationary. Each trial consisted of four sequential
cycles of the PRTS, with each cycle lasting 60.5 s. Subjects
performed three visual-stimulus trials with peak-to-peak
amplitudes of 2°, 1°, and 4° on the first, second, and third
trials, respectively. The subjects rested between trials to
prevent fatigue.

A lower bandwidth PRTS was used for the visual stimulus
trials than the surface-stimulus trials, because the motor
controlling the visual surround had a lower bandwidth than the
motor controlling the support surface. Therefore, the PRTS for
the visual-stimulus trials contained lower frequencies than the
PRTS for the surface-stimulus trials. Consequently, the length of
a single cycle of the PRTS was longer for the visual-stimulus trials
(60.5 s) than the surface-stimulus trials (43.72 s).

Quiet-Standing Trial

The purpose of the quiet-standing trial (block 5) was to quantify
the magnitude of the subject’s unperturbed body sway. For the
quiet-standing trial, the subject stood upright with eyes closed on
the stationary support surface for 120 s.

Sway-Referenced Trial With Eyes Closed
The sway-referenced trial (block 3) determined whether
subjects could change their reliance on sensory information to
maintain their balance when vision was absent and relevant
proprioceptive cues were suddenly eliminated. In this trial,
subjects were required to rely on vestibular information to
maintain balance. During the sway-referenced trial, the subjects
stood upright on a stationary support surface with their eyes
closed. After 60 s, the angular displacement of the lower
body, measured using the hip sway rod, was used to control
the angular position of the support surface for 60 s; the
surface rotated in direct proportion to the subject’s lower
body angle with a proportionality constant of 1 (Peterka and
Loughlin, 2004). The trial ended with the subject standing
quietly on the stationary support surface for another 60 s.
These sway-referenced trials are comparable to condition
five of the clinical Sensory Organization Test (Horak, 1987;
Black et al., 1988).
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Data Analysis

Linear Model for Calibration Trial

Using sway data from each subject’s calibration trial, a
linear model was used to relate sway rod displacement to
CoM displacement, CoM = A;Ss + A,Sy + OFF, where
Ss and Sy are body displacements measured using the
sway rods at shoulder level and hip level, respectively. The
coefficients A; and A, are multipliers for the shoulder and
hip displacement, respectively, and OFF is an offset. Based on
the assumption that, for slow movements, CoP displacement
approximates CoM displacement (Breniére, 1996; Winter et al.,
1998), the Aj, A,, and OFF coefficients were determined
by minimizing the mean squared error of measured CoP
minus the estimated CoM using the fmincon function in
MATLAB R2008b (The MathWorks, Inc., Natick, MA, USA).
For subsequent trials, the calculated A;, A,, and OFF coefficients
from each subject were used in the linear model, described
above, to calculate the CoM displacement from the sway
rod measured displacements. A recent publication provides a
detailed explanation of this method and includes a Matlab
program for the calibration analysis (Supplementary Materials in
Peterka et al., 2018).

CoM measurement using this method accounted for the
combined motions of the upper and lower body segments and
thus provided valid CoM measures whether subjects use ankle
or hip strategies. Previous studies have shown that subjects with
PD tend to use an inverted pendulum ankle strategy to control
standing posture while a mixed hip-ankle strategy is used in
control subjects (Baston et al., 2016; Matsuda et al., 2016).

Root Mean Square (RMS)
We calculated the root mean square (RMS) for: (1) the CoM
displacement for surface- and visual-stimulus trials; (2) the PRTS
stimulus displacement for the surface- and visual-stimulus trials;
(3) the CoM displacement for successful sway-referenced trials;
and (4) the CoP displacement for quiet-standing trials. The
signals were zero-meaned prior to calculating their RMS values.
For surface- and visual-stimulus trials, CoM sway data for
each subject were first averaged across all available cycles and
then an RMS value of the average waveform was calculated. A
comparison of the RMS of CoM sway between blocks 2 and
6 indicated that there was no significant learning between blocks
in response to surface-stimuli. Therefore, all six cycles from these
two blocks were averaged before calculating the RMS, which
increased the signal-to-noise ratio of our data. Three cycles of
CoM sway data were used for the RMS calculation of responses
to visual stimuli for each subject.

Analysis for PRTS Trials

Analysis of the surface- and visual-stimulus trials in the time
and frequency domains has been previously described (Peterka,
2002). In brief, we considered the subject’s response to the first
cycle of the PRTS stimulus to be a transitional cycle during
which the subject’s response did not yet reach a steady-state.
Therefore, only the second, third, and fourth cycles of a given
trial were included in the analysis. For all time domain analyses,
we calculated a subject’s average response to each stimulus by

averaging the response (CoM displacement) across the three
steady-state cycles (cycles 2, 3 and 4). For the frequency domain
analysis, we used spectral analyses of each cycle of the stimulus
and response in a given trial. The various spectra were averaged
across cycles, and further averaged across adjacent frequencies, to
yield frequency response function (FRF) and coherence function
values at frequency points that were approximately linearly
spaced on a logarithmic frequency scale for each stimulus type
and for each subject (see Peterka, 2002 for details). FRFs are
expressed as gain and phase values that represent the amplitude
and timing, respectively, of CoM sway relative to the stimulus
across frequency. We computed the mean FRF across subjects
and calculated the mean gain and phase curves from the
mean FRF.

Feedback Control Model

Model Choice and Optimization

We implemented a model-based interpretation of responses to
surface- and visual-stimuli by applying a feedback model of the
postural control system, which has been described previously
(Peterka, 2003; Cenciarini and Peterka, 2006). Briefly, our model
included components for sensory weighting (Wprop, Wiis, and
West), neural stiffness (Kp), neural damping (Ky), neural time
delay (tq), and torque feedback (Kt) with a low-pass filter
time-constant (tr).

Model parameters were estimated using optimized fits to the
FRF data. For both the surface- and visual-stimulus trials, fits
were made to the three FRFs from each block simultaneously.
For the surface-stimulus trials, optimal fits were performed for
each subject individually allowing Wp.op and 14 to vary across
the three stimulus amplitudes, but allowing only single values of
Kp, K¢, 1, and Kr. These constraints on the optimization fits
provided parsimonious descriptions of the experimental FRFs
while limiting the total number of free parameters. We also
calculated the mean FRF across all subjects and the optimal
parameters that fit the mean data.

For the visual-stimulus trials, optimal fits were made only
to the mean FRFs for each stimulus amplitude, because the
responses to visual-stimulus trials were noisier, and the FRFs fits
to individual subjects were not insightful. The visual-stimulus
trials were optimized allowing W,;s to vary across the three
stimulus amplitudes, but allowing only single values of 14, K,
Kd, L% and KT.

Statistical Analyses

For all statistical analyses, we considered: (1) the effect of
PD; and/or (2) the effect of anti-Parkinsonian medication
on postural control mechanisms. To determine the effect
of PD, we quantified the effect of PD on postural control
mechanisms by comparing the behavior of control subjects (C)
to PDogr. To determine the effect of medication, we quantified
the effect of medication on steady-state postural control
mechanisms by comparing the behavior of PDog to subjects
with PD on medication (PDgy). The threshold for significance
was p < 0.05 for all statistical tests. All statistical analyses
were computed in R (The R Project for Statistical Computing;
WWW.r-project.org).
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Individual Comparisons

Due to the size of our groups, we could not reasonably
test whether our data were normally distributed. Therefore,
we used the more conservative non-parametric tests to
determine significance of individual comparisons. For individual
comparisons, the effect of disease (i.e., C compared to PDgg) was
assessed with the two-sample Wilcoxon rank-sum test, and the
effect of medication (i.e., PDog compared to PDg,,) was assessed
with the paired Wilcoxon signed-rank test. For statistical testing
of the clinical measures of the UPDRS, and sub-scores of the
UPDRS, we used a single-sided distribution, because we were
testing whether there was an improvement in the UPDRS score
on vs. off medication. All other individual comparison tests were
calculated with a two-sided distribution.

Repeated-Measures ANOVAs
We used repeated-measures ANOVAs (i.e., using aov in R) to
test the hypotheses that PD influences: (1) CoM displacement
in response to surface-stimuli, (2) Wop in response to surface-
stimuli, and (3) the time-delay parameter in our feedback control
model. In the above three ANOV As, RMS of CoM displacement,
Wprop> and T4 were the dependent variables, respectively. We
included factors for group (i.e., Controls vs. PDog), stimulus
amplitude (i.e., 1°, 2°, and 4°), and an interaction effect
(i.e., group x stimulus amplitude). We also included a random
factor for subject, accounting for the fact that each subject
performed the experiment for all three stimulus amplitudes.
Similarly, we used a repeated-measures ANOVA to test
the hypothesis that levodopa influenced Wyqp in response to
surface-stimuli. This ANOVA included factors for medication
conditions (i.e., ON vs. OFF), stimulus amplitude, and an

interaction effect. This ANOVA also included a random factor
for subject, accounting for the fact that each subject performed
the experiment for all three stimulus amplitudes and two
medication conditions.

RESULTS

Clinical Balance and Quiet Stance

Measures

Quiet stance measures of sway and clinical signs on and off
levodopa were similar to those reported in previous studies.
During quiet stance with eyes open, RMS of CoP displacement
was not significantly different between PDgg and control
subjects in the anteroposterior direction (Figure 2A; p = 0.38)
or in the mediolateral direction (p = 0.083). Levodopa increased
the RMS of CoP displacement from PDog to PDg, in the
mediolateral (p = 0.023), but not in the anteroposterior direction
(p =0.20), as shown previously (Mitchell et al., 1995; Rocchi et al.,
2002; Curtze et al., 2015).

The peak-to-peak CoM sway of the PDo,, and elderly control
subjects, who did not fall on the sway-referenced trial, were
consistent with previously published results (Chong et al., 1999a).
Two of the eight controls, three of the eight PDg, subjects,
and four of the eight PDgg subjects fell on all three attempts
of standing on a sway-referenced surface with eyes closed. This
result is consistent with previous results (Bronte-Stewart et al.,
2002; Frenklach et al., 2009) showing that a subset of patients
with PD fall on all sway-referenced attempts, regardless of
disease severity.

As expected, levodopa improved the UPDRS III Motor score
(p = 0.011). Levodopa also improved the PIGD sub-score of the
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FIGURE 2 | Clinical measures of balance and center of pressure (CoP) measurements. (A) Box and whisker plots of the CoP during quiet stance for the
anteroposterior and mediolateral directions. (B) Box and whisker plots of the postural instability and gait disorders components (PIGD) of the Unified Parkinson’s
Disease Rating Scale (UPDRS; N = 7; PD1 is not included due to incomplete data for the UPDRS off medication). For each subject group, the center line is the
median, the bottom of the box is the 25th percentile (Q1), and the top of the box is the 75th percentile (Q3). The whiskers extend to include all data points that are
within the range defined by Q1—1.5(Q3 - Q1) and Q3 + 1.5(Q3 - Q1). Data points that extend beyond the whiskers are defined as outliers and denoted with a “*.”
Brackets with “*” indicate significant differences between mean values.
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UPDRS (Items 26-30; Figure 2B; p = 0.018) as well as rigidity
(Item 22; Table 1; p = 0.021), and bradykinesia (Item 31; Table 1;
p=0.027).

Stimulus-Evoked Sway

For all stimulus amplitudes, control subjects and subjects
with PD on and off medication tended to orient the angular
displacement of their body CoM to either the moving support
surface (Figure 3A) or visual surround (Figure 3B). At the lowest
stimulus amplitudes, CoM sway was larger than the surface-
stimulus amplitude (Figure 3A, row 1). CoM sway increased
with increasing surface-stimulus amplitude. However, control

subjects did not sway as much as subjects with PD at the
largest surface-stimulus amplitude (Figure 3A, row 3). Control
subjects swayed less than the surface-stimulus amplitude, and
PDs swayed approximately the same as the surface-stimulus
amplitude in response to the 4° surface-stimulus. CoM sway
was similar between PDgg and PDg, for all surface-stimulus
amplitudes (Figure 3A, two rightmost columns). The variability
across subjects of the CoM sway was larger in PDog and PDop
than control subjects (Figure 3A, gray shaded regions).

As with surface stimuli, all subjects tended to orient their
CoM sway to the visual stimulus (Figure 3B). Overall, responses
to visual stimuli were smaller in magnitude than responses
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to surface stimuli (Figures 3A,B). There were no obvious
differences in the average sway of PDqg, PDoy, and control
subjects in response to visual-stimuli. However, the variability
across subjects was greater for subjects with PD than controls in
response to visual stimuli (Figure 3B, gray shaded regions).

To quantify the degree by which subjects increased body
sway in response to increased surface-stimulus amplitudes, we
calculated the RMS of the CoM sway and stimulus (Figure 3C).
There was an increase in the RMS of CoM sway with
increasing surface-stimulus amplitude for PDgg, PDg,, and
control subjects. This increase in the RMS of CoM sway was
smaller than the increase in the RMS of the stimulus. PDog, PDoy
and control subjects had similar sway in response to 1° surface
stimuli, and all subject groups swayed more than the stimulus
amplitude in response to the 1° surface stimulus (Figure 3C, 1°
data in white region).

For larger surface-stimulus amplitudes, subjects with PD
showed greater RMS sway than controls (Figure 3C, solid
lines). Statistical analysis based on a repeated-measures ANOVA
showed a significant main effect of stimulus amplitude
(p < 0.001) on the RMS of CoM sway. The main effect of
disease on the RMS of CoM sway was not significant (p = 0.059),
nor was the interaction between disease and stimulus amplitude
(p=0.11).

For visual stimuli, the RMS sway was similar for PDog and
PDo, with controls having lower RMS sway than subjects with
PD at all stimulus amplitudes (Figure 3C, dashed lines). For
subjects with PD and controls, RMS sway levels showed moderate
increases with increasing visual stimulus amplitude and these
sway levels were smaller than for surface stimuli.

Postural Dynamics

Individual Responses to Surface-Stimuli

We used a frequency domain analysis to characterize each
subjects’ postural sway over a range of perturbation frequencies.
Figure 4 shows examples of experimental FRFs and model fits for
an individual PDog subject’s response to three surface-stimulus
amplitudes. The main feature of the FRF is a decreasing gain
with increasing stimulus amplitude (Figure 4, top). The phase is
similar across stimulus amplitude for most frequencies, except
at higher frequencies where there is a slightly larger phase lag
for the 1° than for 2° and 4° stimulus amplitudes (Figure 4,
middle). The coherence of the experimental data decreases with
increasing frequency (Figure 4, bottom). Figure 4 also shows the
model fits to the experimental data (see Figure 1 for model). The
model fits replicate the main features of the experimental data,
with decreasing dependence on proprioception (smaller Wpyop)
accounting for the gain decrease as stimulus amplitude increases
and decreasing time delay (tq) accounting for phase changes at
higher frequencies.

Group Responses to Surface-Stimuli

The results observed for the individual PDog subject (Figure 4)
were representative not only of the mean behavior across
all PDog subjects but also of the mean behavior for the
control and PDg, subjects. The mean behavior of each
subject group included a decrease in the gain with increasing
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FIGURE 4 | Example of experimental frequency response functions and
model fits for PD subject PD6 off medication. The experimental data are
shown for the gain (top figure) and phase (middle figure), and the 95%
confidence intervals of the mean are indicated by the vertical lines through
each data point of the gain and phase curves. The bottom figure shows the
coherence of the experimental data. Note that the lines in the coherence plot
(bottom figure) are for visualization of the experimental data; these lines are
not related to the model fits.

stimulus amplitude, and small phase changes at higher stimulus
frequencies (Figure 5). There were no qualitative differences
between PDoygf, PDoy, and control subjects in the gain, phase or
coherence curves for any stimulus amplitude. Consequently, the
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FIGURE 5 | Mean behavior across subjects in response to surface stimuli with eyes closed. Gain, phase and coherence curves for (A) control subjects, (B) subjects
with PD off medication, and (C) subjects with PD on medication. The data points denote experimental data for the mean behavior across subjects and the curves on
the gain and phase plots are the model fits to this mean behavior. The parameters of the model fits are listed in the gain plots. Data for all three stimulus amplitudes
were fit simultaneously, with a Wyp and 14 for each stimulus amplitude, and a single Ky, K, Kr, and tr across all stimulus amplitudes. The lines connecting data
points in the coherence plots (bottom row) are for visualization and are not related to model fits.

parameters of the model fits to the mean group data were similar
for PDogs, PDop, and control subjects.

Model-Based Interpretation for Surface Stimuli

There were no significant effects of disease (controls vs. PDog)
on sensory-to-motor characteristics of posture control: K,
(p = 0.88), Kg (p = 0.80), tq (p = 0.74), Ky (p = 0.64), or
tr (p = 0.083). Medication (PDgg vs. PDpy) also did not
significantly affect K, (p > 0.99), Kq (p = 0.38), tq (p = 0.82),
Kt (p = 0.20), or tr (p = 0.25). All subject groups showed a
significant decrease in proprioceptive weighting (Wprop) with
increasing surface-stimulus amplitude (Figure 6A; p < 0.001).
Although the mean Wy, was larger for controls than for
subjects with PD at 1° and smaller for controls than for subjects

with PD at 2° and 4°, there was no significant main effect of
disease (controls vs. PDogr) on Wy, (Figure 6A; p = 0.84),
and there was no interaction effect between group and stimulus
amplitude (p = 0.28). In addition, there was no main effect of
medication on Wy (p = 0.92) and no interaction between
medication and stimulus amplitude (p = 0.82).

Viewing the changing W, values of individual subjects
across stimulus amplitude revealed some qualitative differences
between subjects with PD and age-matched control subjects
(Figure 6C). There was more inter-subject variability in Wy
in subjects with PD than in control subjects in response to the
4° surface-stimulus amplitude (Figure 6C). This inter-subject
variability in the PD groups was due, in part, to the large
proprioceptive weights for a single PDog subject (PD8) and
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FIGURE 6 | Proprioceptive weighting in response to surface-stimuli with eyes closed. (A) Sensory weighting across subject groups and stimulus amplitudes. Data
are shown for young controls (Y: N = 4; age range 28-47 years), older controls (C: N = 8; age range 5777 years), and subjects with PD off (PDog: N = 8) and on
(PDon: N = 8) medication. A proprioceptive weight of 1 indicates 100% reliance on proprioceptive information, while a weight of O indicates 100% reliance on
vestibular information. The symbols represent mean behavior for each group, and the error bars denote the 95% confidence interval of the mean. (B) Slope factor
representing the normalized change in proprioceptive weights between 1° and 2° surface-stimuli and between 2° and 4° surface-stimuli for each subject group. All
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Sensory weighting in individual subjects in response to surface stimuli for controls, and subjects with PD off medication and on medication. Each data point
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the numbers 1-8 correspond to the subject identifiers in Table 1 (e.g., PD1 denoted as 1). All subject groups showed significant decreases in Wy With increasing

stimulus amplitude.

two PDg, subjects (PD4, PD8) across all stimulus amplitudes.
In fact, when off medication, PD8 weighted proprioception
more than any control subject for the 2° and 4° surface-
stimulus amplitudes. In the on medication condition, PD4 and
PD8 had a larger Wyyop than any controls for the 2° and 4°
surface-stimuli. Medication noticeably changed Wop in two
of the eight subjects with PD (Figure 6C); Wp,op increased in
PD4 and decreased in PD7 across all stimulus amplitudes when
on vs. off medication. Thus, large changes in W, occurred
with medication in some individual subjects, but the direction
of change was not systematic. In addition, three (PD1, PD4,
PD8) of the four PDog subjects who fell on all attempts at
sway-referenced trials had larger Wop in the 2° and 4° surface-
stimulus trials than the PDog subjects that did not fall. One
of the three PDg, subjects (PD8) who fell on all attempts at

sway-referenced trials also had larger proprioceptive weights
for all surface-stimulus trials than PDg, subjects who did
not fall.

Additional differences between control and individual
subjects with PD were related to how well they changed
proprioceptive weighting between surface-stimulus amplitudes
(Figure 6C). To quantify this difference in Wpop between
control and subjects with PD, we computed the slope of
the proprioceptive weights between successive surface-stimulus
amplitudes. PDog subjects’ slope of proprioceptive weighting
was less than controls between 1° and 2° surface-stimulus
amplitudes (Figure 6B; p = 0.038). However, there was no
difference between PDqg and control subjects in the slope of
proprioceptive weighting between 2° and 4° surface-stimulus
amplitudes (p = 0.51).
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FIGURE 7 | Mean behavior across subjects in response to visual stimuli. Gain, phase and coherence plots for (A) control subjects, (B) subjects with PD off
medication, and (C) subjects with PD on medication. The data points denote experimental data for the mean behavior across subject and the curves on the gain and
phase plots are the model fits to this mean behavior. The parameters of the model fits are listed on the gain plots. Data for all three stimulus amplitudes were fit
simultaneously, with a W;s for each stimulus amplitude and a single 14, Kq, Kp, K, and tr across all stimulus amplitudes. The lines connecting data points on the
coherence plots (bottom row) are for visualization and are not related to the model fits.

Group Response to Visual-Stimuli

In response to visual-stimuli, both PD and age-matched control
subjects had decreasing FRF gains with increasing stimulus
amplitude (Figure 7, top row). For a given stimulus amplitude,
the gain in response to a visual stimulus was lower than the
gain in response to a surface stimulus (compare Figures 5, 7).
In contrast to responses to surface stimuli, the phase curves in
response to visual stimuli were similar across stimulus amplitude
for all frequencies (Figure 7, middle row). Individual subject’s
responses to visual stimuli were small and variable. Consistent
with this low gain and high variability, the coherence of the
experimental data was consistently low for individual subjects
(not shown) and the mean coherence across subjects (Figure 7,
bottom row). Therefore, we did not consider statistics for

individual subject responses to visual stimuli, and conclusions
were based on a qualitative assessment of the average response
across subjects.

All groups showed a mean tendency to decrease reliance on
visual information with increasing visual-stimulus amplitude,
as indicated by a monotonic decrease in Wy, with increasing
visual-stimulus amplitude (Figure 8). Neither PD nor levodopa
influenced visual weighting in response to visual stimuli
(Figure 8).

Effect of Aging on Sensory Weighting

There was a tendency for our age-matched control subjects
to have larger mean proprioceptive weights than younger
controls (data from Peterka, 2002) in response to each surface
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stimulus (Figure 6A). On average across surface-stimulus
amplitudes, Wpop for older controls was 1.1 times the Wpop
for younger controls. The difference in the mean W, between
older and younger control subjects was greatest for the 4°
surface-stimulus amplitude. In addition, subjects with PD had
larger proprioceptive weights than younger subjects for the 2°
and 4° stimulus amplitudes (Figure 6A). The difference in
proprioceptive weighting between 1° and 2° surface stimuli were
similar for age-matched and younger control subjects, and both
control groups had noticeably larger slopes than subjects with PD
(Figure 6B).

The mean visual weight, Wy, at each individual amplitude
was smaller for young control subjects than either PD or
age-matched control subjects (Figure 8). Wy for older controls
was on average 2.2 times larger than the Wy;, for the younger
controls. In addition, Wy;s for PDp, and PDgg subjects was
on average 2.0 and 2.3 times, respectively, larger than Wy for
younger controls.

DISCUSSION

Despite profound balance and motor control deficits, our results
demonstrate that subjects with PD can re-weight proprioceptive,
visual, and vestibular information for postural control when
sensory conditions change. Each PD and age-matched control
subject decreased reliance on proprioceptive information as the
surface-stimulus amplitude increased (Figures 6A,C). However,
subjects with PD did not change proprioceptive weights as
much as control subjects between the smallest surface-stimulus
amplitudes (Figure 6B).

To appreciate the functional significance of the relatively
small differences in sensory weighting between subjects with

PD and controls, comparisons can be made to sensory weight
changes associated with other neurological deficits. Specifically,
sensory weights have been measured in subjects with bilateral
(Figure 10 in Peterka, 2002) and unilateral vestibular loss
(Figure 4 in Peterka et al., 2011) using similar methods. Bilateral
vestibular loss subjects are 100% reliant on proprioception
(Wprop = 1) and are unable to change weight when amplitudes
of surface stimuli change on tests performed with eyes closed.
Bilateral vestibular loss subjects were also unable to change visual
weights with changing visual stimulus amplitude. Unilateral
vestibular loss subjects were able to decrease Wy, with
increasing surface amplitude, but their Wy, values were
larger than age-matched controls by an average value of 0.28.
Additionally, there was very little overlap in the distributons of
Wprop Values from unilateral loss and control subjects. These
results in vestibular deficient subjects are in contrast to the
substantial overlap of Wpop values in subjects with PD and
controls at all stimulus amplitudes (Figure 6C) and emphasize
the minimal effect of PD on sensory weighting and re-weighting.

The subjects in our study would be considered at increased
risk for falls compared to age-matched controls given that
they had moderate to severe PD (UPDRS Motor score 20-63),
were diagnosed from 3 to 36 years ago, were dependent
upon levodopa, and seven out of eight showed clinically
apparent balance and gait problems. The moderately-to-severely
affected patients in our study showed larger spontaneous sway
in the mediolateral (ML) direction, especially when taking
their levodopa medication, consistent with previous studies
(Rocchi et al., 2002) and possibly related to dyskinesia (Chung
et al, 2010; Curtze et al., 2015). In addition, fewer of our
subjects with PD than age-matched controls were able to stand
unsupported on a sway-referenced surface with eyes closed,
especially when off levodopa, which is similar to other studies
(Bronte-Stewart et al., 2002).

Other studies have shown that subjects with PD as severe as
those in our study, have significant impairments in automatic
postural responses, postural instability during gait, and in
anticipatory postural adjustments (Horak et al., 1996; Rocchi
et al., 2006b; Tagliabue et al., 2009). Despite including subjects
with PD with a range of disease severity, we did not
see any significant correlations between disease severity and
impairments in sensory weighting. However, there was some
indication that disease severity may be related to sensory
weighting in that the two subjects with PD (PD4 and PD8)
who had the disease the longest and had among the worst
clinical PIGD scores in the UPDRS (Table 1) also relied more
on proprioception than the other subjects with PD when on or
off medication (Figure 6C). Future studies with larger sample
sizes would be necessary to investigate this possible relatationship
of severity and sensory weighting with other relevant outcome
measures such as incidence of falls.

Sensory Integration and Sensory
Transitions

Our results demonstrate that subjects with PD are capable of
re-weighting sensory information for postural control. This is
consistent with a previous study concluding that subjects with
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PD can integrate sensory information to successfully perform
a turning task before and after walking on a circular treadmill
(Earhart et al, 2007). However, previous findings from our
laboratory show that subjects with PD take more trials than
control subjects to switch postural synergies when sensory
conditions change (Horak et al.,, 1992; Chong et al., 1999b,c,
2000). For example, subjects with PD do not immediately inhibit
ankle muscles when holding a handle or sitting on a stool
during surface perturbations (Schieppati and Nardone, 1991;
Horak et al., 1992, 1996). In addition, on the first trial of each
of the sensory organization tests, subjects with PD fall more
often than controls (Chong et al., 1999a). However, subjects with
PD improve with repeated exposure to each sensory condition,
such that by the third trial of a particular sensory condition,
subjects with PD reach near control levels (Chong et al., 1999a).
The third trial of each sensory condition is most similar to
the steady-state conditions of our experiment. Therefore, this
previous result is consistent with the mostly appropriate steady-
state performance of our subjects with PD when compared to
age-matched controls.

In response to changing surface-stimulus amplitudes in the
absence of vision, our subjects with PD demonstrated an ability
to re-weight proprioceptive information in a similar manner as
age-matched controls. This result indicates that vision is not
required for subjects with PD to generate appropriate steady-
state postural responses. On the contrary, previous studies
suggest that subjects with PD are more visually-dependent
than age-matched controls, especially when visual information
is misleading (Bronstein et al., 1990). For example, subjects
with PD consistently undershoot voluntary arm movements and
involuntary postural stepping responses when they cannot see
their limbs (Jacobs and Horak, 2006; Tagliabue et al., 2009). It has
also been shown that body sway is more driven by sinusoidally
moving visual surrounds in subjects with PD than age-matched
controls (Maurer et al., 2003). Although our subjects with PD
showed slightly greater sway than our age-matched controls
(Figure 3C), both groups showed sway increases with increasing
visual-stimulus amplitude. These results differ qualitatively from
the Maurer study in that their control subjects showed essentially
no increase in sway with increasing visual-stimulus amplitude
and showed significantly less sway than their subjects with PD.
The difference between our results and the Maurer study may
be due to the unusually young ages of their subjects with PD
and hence the ages of their age-matched controls (48 years
mean age of both groups). Consistent with age accounting
for increased sensitivity to visual stimuli are the results in
Figure 8 showing that W,;; measures for young controls are
about half the value of Wy for our age-matched controls. That
is, normal aging may result in a shift toward increased reliance
on vision for balance; early onset PD may accelerate the shift, but
older subjects show a similar reliance on vision independent of
disease state.

Furthermore, some of our subjects with PD performed poorly
on sway-referenced surface trials with eyes closed. In these trials,
subjects must rely on vestibular information, as vision is absent
and the sway-referenced surface minimizes proprioceptive cues.
However, vestibular function has been shown to be normal in

PD (Pastor et al., 1993). In fact, it has been shown that subjects
with PD with deep brain stimulation weight proprioceptive
information less and over-weight vestibular sense for postural
control compared to age-matched controls (Maurer, 2009).
Thus, it is unlikely that either vestibular dysfunction or an
inability to use vestibular information for postural control
account for the poor performance in subjects with PD on
eyes closed sway-referenced trials. Consistent with our sensory
re-weighting results, we suggest that most subjects with PD have
normal vestibular function and are able to utilize it if given
enough time to adjust to altered sensory conditions. The cause
of poor performance on surface sway-referencing is likely a
reduced ability of subjects with PD to quickly re-weight toward
increased reliance on vestibular cues at the start of each test.
Poor performance on eyes-closed sway-referenced trials is also
observed in older subjects without PD and with normal vestibular
function (Peterka and Black, 1990).

Re-weighting Sensitivity

Although subjects with PD were able to re-weight away
from proprioception as surface-stimulus amplitude increased
(Figures 6A,C), the difference in proprioceptive weights between
the two smallest amplitudes of surface-stimuli was smaller
in subjects with PD than age-matched controls but was the
same for the two largest amplitudes (Figure 6B). This result
is consistent with previous studies showing that subjects with
PD have a higher threshold for perceiving the amplitude
of proprioceptive stimuli (i.e., kinesthesia) than age-matched
controls (Konczak et al., 2009), including an impaired ability
to consciously perceive limb position (Maschke et al., 2003) or
axial position (Wright et al., 2010). In addition, previous studies
have demonstrated an increased neural synchrony in the basal
ganglia circuitry with PD (Levy et al,, 2000; Raz et al., 2001;
Goldberg et al., 2004), suggesting a decrease in the signal-to-
noise ratio of neural activity in the basal ganglia as dopamine
levels decrease (Bergman et al., 1998; Bevan et al., 2002; Bar-
Gad et al.,, 2003; Hammond et al., 2007). The higher threshold
for detecting changes between the smallest proprioceptive stimuli
that we observed in our study could be related to a decreased
signal-to-noise ratio in the processing of sensory signals by
dopaminergic circuitry.

Stiffness in PD

The parameter K, identified in model curve fits to FRF data
(Figures 5, 7), characterizes the amount of corrective torque
generated per unit of body sway and, thus, can be considered
to quantify the stiffness of the postural control system (Latash
and Zatsiorsky, 1993). That is, if one were to apply a perturbing
torque of a given amplitude to subjects of equal body dimensions,
a subject with a larger K, would have a smaller sway amplitude
than a subject with a smaller Kj,. Because rigidity is considered
to be a hallmark of PD it may appear unexpected that K, did
not differ between subjects with PD and controls, and medication
had no effect on K, in subjects with PD.

However, in interpreting the meaning of stiffness and rigidity
it is important to consider the context of the task that the subject
is asked to perform, because the motor actions required for
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some tasks are highly constrained while motor actions for other
tasks are not constrained. For example, when arm rigidity is
tested, as in a UPDRS measurement of rigidity, control subjects
allow free movement of their arms and low rigidity is observed,
while subjects with PD resist movement of their arm, and high
rigidity is observed. Similarly, tests show that subjects with
PD off levodopa medication have increased axial rigidity when
compared to controls, and levodopa does not significantly reduce
axial rigidity (Wright et al,, 2007). In both arm movement
and trunk twisting tasks there are no functionally detrimental
consequences if subjects allow arm or axial trunk movements
in response to a perturbing force. That is, these tasks are not
fundamentally constrained. Control subjects are apparently able
to recognize the context of these situations and naturally allow
free movement whereas subjects with PD are unable to adjust to
the context.

In contrast, the task of maintaining upright stance places
constraints on motor control. Both subjects with PD and controls
must maintain a minimal K, in order to resist the destabilizing
torque due to gravity. Therefore, control subjects do not have an
option of choosing a postural stiffness that is much less than that
of subjects with PD. The upper limit of K}, is also constrained
because large K, values also produce instability (Masani et al.,
2008). Therefore, only limited differences in K, between subjects
with PD and controls are possible. Furthermore, the very close
correspondence between K, values in subjects with PD and
controls suggests that subjects with PD were able to regulate
stiffness under steady-state conditions as well as control subjects
to achieve dynamic control of upright stance (Peterka and
Loughlin, 2004).

Aging and Sensory Weighting

In response to a surface and visual stimuli, subjects with PD
and age-matched controls show greater use of proprioceptive
(Figure 6A) and visual (Figure 8) information (corresponding
to larger Wpop and Wy; measures, respectively) compared to
younger control subjects from a previous study (Peterka, 2002).
For surface stimuli, greater sensitivity has been confirmed in
more recent studies comparing younger and older adults with
normal balance function (Cenciarini et al., 2010; Wiesmeier et al.,
2015). These results indicate that subject age, not PD, determined
the extent to which subjects utilized visual and proprioceptive
information for postural control.

Effects of Dopamine Replacement

Levodopa improved clinical indicators of balance and gait,
as well as rigidity, bradykinesia and tremor, as measured
by the UPDRS. However, consistent with the literature, we
demonstrated that levodopa increases CoP displacement in
the mediolateral direction during quiet stance, consistent with
increased risk for falling (Mitchell et al., 1995; Rocchi et al.,
2002). Previously, we showed that automatic postural responses
to transient perturbations were further reduced by levodopa
medication (Horak et al., 1996). Our current results indicate that
levodopa neither improves nor impairs sensory weighting in PD
patients in conditions where sufficient time is allotted to achieve
steady-state behavior.

Clinical Implications

Despite larger than normal postural sway during quiet stance and
during larger sensory stimuli, our results show that subjects with
PD do have the ability to change reliance on sensory information
for postural control, given enough time to switch between tasks.
This result does not conflict with our previous results showing
that subjects with PD have difficulty switching quickly between
different task demands (Horak et al., 1992; Chong et al., 1999b,c,
2000). Rather, it may be necessary for subjects with PD to
transition slowly between tasks to avoid falls in the transition
periods. In other words, postural instability in subjects with
PD may be specific to the transition period. Consistent with
this notion, we recently demonstrated that postural instability
during walking in subjects with PD was specific to the transition
period during heel-strike (Fino et al, 2018). If subjects with
PD can ease through transition periods, they may be able to
participate in activities that appear to challenge their postural
stability (e.g., walking on a sandy beach). Conversely, if subjects
with PD are required to produce a postural response during
their transition period, they will likely demonstrate impaired
postural responses that potentially increase the risk of falling.
In addition, tasks requiring central processing of relatively small
changes in sensory signals, such as walking from a firm to a
more compliant surface, may be more affected by the loss of
dopamine neurons, due to a decreased signal-to-noise ratio in
the neural processing of sensory information and/or sensory
integration signals. Consequently, patients may have trouble
with tasks involving smaller changes in sensory conditions, but
be successful at tasks in which there are larger changes in
sensory conditions.
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The study of motor timing informs on how temporal information integrates with
motor acts. Cortico-basal ganglia and cortico-cerebellar circuits control this integration,
whereas transcallosal interhemispheric connectivity modulates finely timed lateralized or
bimanual actions. Motor timing abilities are under-explored in Tourette syndrome (TS).
We adopted a synchronization-continuation task to investigate motor timing in sequential
movements in TS patients. We studied 14 adult TS patients and 19 age-matched healthy
volunteers. They were asked to tap in synchrony with a metronome cue (SYNC) and
then, when the tone stopped, to keep tapping, maintaining the same rhythm (CONT).
We tested both a sub-second and a supra-second inter-stimulus interval between
the cues. Subjects randomly performed a single-hand task with the right hand and
a bimanual task using both hands simultaneously wearing sensor-engineered gloves.
We measured the temporal error and the interval reproduction accuracy index. We
also performed MRI-based diffusion tensor imaging and probabilistic tractography of
inter-hemispheric corpus callosum (CC) connections between supplementary motor
areas (SMA) and the left SMA-putamen fiber tract. TS patients were less accurate than
healthy individuals only on the single-hand version of the CONT task when asked to
reproduce supra-second time interval. Supra-second time processing improved in TS
patients in the bimanual task, with the performance of the right hand on the bimanual
version of the CONT task being more accurate than that of the right hand on the single-
hand version of the task. We detected a significantly higher fractional anisotropy (FA) in
both SMA-SMA callosal and left-sided SMA-putamen fiber tracts in TS patients. In TS
patients only, the structural organization of transcallosal connections between the SMAs
and of the left SMA-putamen tract was higher when the motor timing accuracy of the right
hand on the bimanual version of the task was lower. Abnormal timing performance for
supra-second time processing is suggestive of a defective network inter-connecting the
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striatum, the dorsolateral prefrontal cortex and the SMA. An increase in accuracy on
the bimanual version of the CONT task may be the result of compensatory processes
linked to self-regulation of motor control, as withessed by plastic rearrangement of
inter-hemispheric and cortical-subcortical fiber tracts.

Keywords: Tourette syndrome, timing, supplementary motor area, motor control, MRI, bimanual

INTRODUCTION

The study of motor timing explores the processing of information
on temporal durations during the preparation and execution
of motor actions (1-4). Motor timing is a key functional
domain influencing the efficiency and the appropriateness
to the context of any motor output. Both cortico-basal
ganglia and cerebellar networks are involved in this neural
computation (5-9), and represent also the pivotal circuitries
in the generation of abnormal movements. Furthermore, inter-
hemispheric connectivity, primarily supported by callosal fibers,
integrates temporal information for finely timed lateralized or
bimanual acts (10, 11). Despite the relevance of time processing
to the organization of motor control and the overlap between
neural networks of motor timing and the neural substrate
of tic generation, data on motor timing abilities in patients
with Tourette syndrome (TS) are scarce (12). Similar to other
uncontrollable, abnormal movements like chorea and dystonia,
the temporal pattern of tic expression appears to have a random,
albeit repetitive, character, which is clearly different from the
appropriately contextualized timing of voluntary, goal-directed
movements. Unlike other abnormal movements, on the other
hand, tics are characterized by the subject’s ability to inhibit
them on demand, albeit with variable efficiency. This ability
implies a time-sensitive motor control that aims to interrupt
the chronological succession of premonitory urge and tic; the
timing aspect of this inhibitory effort is relevant to the proficient
application of strategies to diminish tics used in behavioral
treatment approaches, e.g., habit reversal therapy or exposure
response prevention. Moreover, anecdotal and science literature
(13) reports an association of TS patients with altered sense and
perception of time, including speed of motor actions. Therefore,
motor timing performance in patients with tics represents a topic
deserving greater attention and investigation.

Motor timing can be directly evaluated by performing explicit
timing tasks, in which subjects make explicit use of temporal
information (e.g., estimates of the duration of stimuli or intervals
between stimuli) to represent precise temporal durations through
a motor action (4). One of the most commonly adopted explicit
timing tasks is the synchronization-continuation paradigm,
which involves the time-controlled execution of sequential
movements. This paradigm consists in: (i) a synchronization —
or externally triggered- phase, in which subjects are asked to
tap in synchrony with a train of tones separated by a constant
inter-stimulus interval (ISI), and (ii) a continuation —or internally
triggered- phase, in which subjects are requested to continue
tapping at the previous rate in the absence of the auditory
cue. The difference in external/internal drive between these two
phases is consistent with differences in their neural substrate,

with the continuation phase being selectively associated with
the activation of a network connecting the supplementary
motor area, the left caudal putamen and the left ventrolateral
thalamus (14).

In this study, we apply the synchronization-continuation
paradigm to adults with TS and age-matched healthy volunteers,
and explore the relationship between performance on this
task and structural connectivity of putatively relevant
neural networks. Furthermore, since performance on the
synchronization-continuation test is largely dependent on the
duration of the inter-stimulus interval (ISI), we tested both a
sub-second (metronome rate: 2 Hz, ISI: 500 ms) and a supra-
second (metronome rate: 0.5 Hz, ISI: 2,000 ms) inter-stimulus
interval between the cues. Importantly, processing of different
interval durations in explicit timing tasks may also have a neural
correlate, as cerebellar networks appear to be specifically involved
in the processing of sub-second intervals when synchronization
to an external rhythm is required. Finally, in the version of
the synchronization-continuation paradigm adopted herein,
subjects performed both a single-hand task with the right hand
and a bimanual task using both hands simultaneously. This
distinction is also relevant to TS, as we have previously shown
in the same sample, that adult TS patients exhibit an abnormal
ability to lateralize finger movements in sequential tasks, with
increased accuracy when the task is performed bimanually
(15). In this previous study, we also documented the loss of
a physiological association between lateralization ability and
transcallosal connectivity of motor cortical regions. However,
the timing aspect of this motor lateralization pattern has never
been investigated.

The first aim of our study was to explore the presence of
differences in performance on this explicit timing paradigm
between TS patients and healthy subjects, and whether these
differences are specific for sub-second or supra-second time
processing, as well as for the externally triggered (SYNC)
mode or the internally triggered (CONT) mode on the single
hand task. Given the established relationship between tic
generation and the sensorimotor loop of the cortico-basal
ganglia circuitry, we anticipate that TS patients with tics
persisting in adulthood will manifest decreased accuracy on the
explicit timing task explored herein. In particular, given the
hypothesized specific role of the sensorimotor loop of the cortico-
basal ganglia in sustaining explicit timing activities related to
previously learned time durations (16), we anticipate: (i) a
greater loss of accuracy in TS patients on the continuation
phase for longer duration intervals; (ii) a negative correlation
between timing accuracy and tic severity; (iii) a positive
correlation between the structural organization of the fiber
tracts connecting supplementary motor area and putamen of
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the left hemisphere and timing accuracy of the right hand in
TS patients.

The second aim of our study was to evaluate whether single
hand vs. bimanual mode of execution of the task influences
explicit motor timing accuracy. In line with our previous findings
showing abnormal ability to lateralize finger movements (15), we
anticipate decreased accuracy on the explicit timing task when
this is performed with a single hand compared to bimanual
mode. Moreover, based on our previous work, we hypothesize
a lack of association between the ability to lateralize motor
performance and the structural organization of the callosal
tracts interconnecting the supplementary motor area of the
two hemispheres.

MATERIALS AND METHODS

Participants

Patients were recruited from the National Reference Center for
Gilles de la Tourette syndrome at the Pitié-Salpétriere Hospital
in Paris, France. Fourteen patients with TS (8 males; mean age
32.9 £ 9.9 SD years) participated in the study. The sample of TS
patients recruited in the present study is the same explored in
our previous work (15). Inclusion criteria for patients were: (i)
age >18 years; (ii) having a confirmed diagnosis of TS according
to the Diagnostic and Statistical Manual of Mental Disorders-
5 (DSM-5) criteria (17). We applied the following exclusion
criteria: (i) co-occurrence of Axis I psychiatric disorders,
established by the Mini International Neuropsychiatry Inventory
(18), with the exception of obsessive-compulsive disorder; co-
occurrence of autistic spectrum disorder, substance abuse aside
from nicotine, current major depressive episode, current or
past diagnosis of psychotic disorder; patients with a current
or past diagnosis of ADHD, as per DSM-5 criteria, were also
excluded; (ii) any neurologic disorder other than tics; (iii)
visual or hearing impairment; (iv) severe orthopedic problems
of the upper limb. We recruited 19 age- and sex-matched
healthy subjects (HC, 10 males; mean age 31.8 £ 5.1 years)
as control subjects from hospital staff or patients’ spouses or
friends. Exclusion criteria were the same as for TS patients,
plus (i) a personal history of tics, and (ii) any concomitant
treatment except for oral contraceptives. All participants were
right-handed; we confirmed right hand dominance using the
Edinburgh Handedness Inventory (19).

Table 1 reports demographic and clinical information for TS
patients. Three TS patients were on treatment with antipsychotic
drugs (aripiprazole, risperidone, pimozide), one with citalopram,
and one with clonazepam; in each of these patients, the
medication dose had been stable for at least 4 weeks. Tic severity
was assessed using the Yale Global Tic Severity Scale (YGTSS), 0-
50 total tic severity score (20). The local ethics committee (Pitie
-Salpétriere Hospital) approved the study and every participant
gave informed written consent for participation. The Ethics
committee project number is INSERM C11-34, CPP 97/12.

Motor Studies
All subjects performed the motor task. Subjects sat in a
comfortable chair in a quiet and darkened room. They wore

a sensor-engineered glove (eTT, Genova, Italy) on both their
hands. We acquired data at 1 KHz. We chose an eyes closed
paradigm to avoid possible confounding effects due to the
integration of acoustic and visual information. Subjects were
demonstrated the finger sequence task (opposition of thumb to
index, medium, ring, and little fingers) only once; subsequently,
they were asked to perform the task keeping their eyes closed. The
task consisted of performing the finger tapping sequential task
in synchrony with a metronome cue (SYNC), and subsequently,
when the tone stopped, to continue the same task trying to
maintain the same rhythm as accurately as possible (CONT).
Each phase (SYNC and CONT) lasted 45s. Subjects performed
two blocks in random order with a different metronome pace
(2 Hz, i.e., time interval between two successive metronome cues:
500 ms; 0.5 Hz, i.e., time interval: 2,000 ms). The metronome pace
values were chosen in order to have one sub-second time interval
(500 ms) and one supra-second time interval (2,000 ms) between
two successive auditory stimuli to be reproduced in the CONT
task. Subjects randomly performed a single-hand task with the
right hand and a bimanual task using both hands simultaneously.
Figure 1 summarizes the experimental protocol.

We processed data using a customized software (GAS, eTT,
Genoa, Italy) that extracts the duration of the time interval
between two successive finger contacts (in ms). In the CONT
task, this interval corresponded to the time interval reproduced
by the subjects. Performance on the tasks was analyzed by
measuring the temporal error and the interval reproduction
accuracy index (1). The temporal error corresponds to the
duration of the time interval reproduced by the subject minus
the duration of the time interval set by the metronome and
provides a direct measure of the magnitude of the error in
reproducing the corresponding time interval (in ms). The
interval reproduction accuracy index is the ratio between the time
interval reproduced by the subject and the time interval set by
the metronome, and allows a comparison of performance at each
time interval, independent of duration. This index provides also
the directionality of the tapping performance, being >1 if the
participant is behind the beat and <1 if the participant is ahead
of the beat. The temporal error and the interval reproduction
accuracy index were analyzed to explore: (1) performance on the
single-hand task with the right hand, (2) movement lateralization
(comparison of right hand performance on single-hand and
bimanual tasks), (3) bimanual coordination (comparison of
right- and left-hand performance during the bimanual task).

Statistical Analysis of Motor Performance
Single-Hand Task With the Right Hand

Temporal error and interval reproduction accuracy index were
analyzed by means of a repeated measures analysis of variance
(RM-ANOVA) with GROUP (TS patients, healthy subjects) as
between-subjects factor and MODE (SYNC and CONT) and
TIME INTERVAL (500 and 2,000 ms) as within-subjects factors.

Movement Lateralization

Temporal error and interval reproduction accuracy index were
analyzed by means of a repeated measures analysis of variance
(RM-ANOVA) with GROUP (TS patients, healthy subjects)
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TABLE 1 | Main demographic and clinical data of patients with Tourette syndrome.

Patient Age Sex Age at onset Yale global tic Yale global tic Presence of Current pharmacological

(years) (years) severity scale severity scale obsessive-compulsive treatment
(severity subscore/50) (total score/100) symptoms

1 42 F 6 10 20 OCBs Clonazepam

2 29 F 6 12 12 No Aripiprazole

3 38 M 7 18 38 OCD Citalopram

4 24 M 6 14 14 No None

5 30 M 8 12 32 OCBs None

6 33 M 6 8 8 No None

7 22 M 10 14 24 No Risperidone

8 24 F 6 22 32 No None

9 30 F 7 19 29 No None

10 33 M 6 27 a7 No Pimozide

11 40 F 8 22 32 No None

12 60 F 5 15 35 No None

13 24 M 6 14 24 No None

14 32 M 9 29 37 No None

OCBs, obsessive-compulsive behavior; OCD, obsessive-compulsive disorder.

EXPERIMENTAL PARADIGM
SYNCRONIZATION PHASE | CONTINUATION PHASE

Acoustic cue NO Acoustic

. - /] pacedat &/

n 0.5HzOR2Hz | ||~ =D ()
MOTOR PERFORMANCE: TASK:
to tap in synchrony with to keep tapping

a metronome

i |

FIGURE 1 | Experimental paradigm. Subject performed with eyes closed a
finger opposition movement sequence (opposition of thumb to index, medium,
ring, and little fingers) in a synchronization-continuation task. Subjects were
requested to tap in synchrony with a metronome cue (SYNC) and then, when
the tone stopped, to tap the fingers in a sequential order, trying to maintain the
same rhythm as accurately as possible (CONT-EXE). The acoustic cue was set
at 0.5 and 2 Hz, to explore timing performance within a supra-second (0.5 Hz,
2,000 ms) and sub-second (2 Hz, 500 ms) time interval. The task was
executed with right hand only (single hand task; RH-S) or both the right (RH-B)
and left (LH-B) hands simultaneously (bimanual task). The analysis was
planned to study for movement lateralization and bimanual coordination.

as between-subjects factor and MODE (SYNC and CONT),
TASK (single-hand, bimanual), and TIME INTERVAL (500 and
2,000 ms) as within-subjects factors.

Bimanual Coordination

Temporal error and interval reproduction accuracy index were
analyzed by means of a repeated measures analysis of variance
(RM-ANOVA) with GROUP (TS patients, healthy subjects)
as between-subjects factor and MODE (SYNC and CONT),

SIDE (right, left), and TIME INTERVAL (500 and 2,000 ms) as
within-subjects factors.

We performed post hoc analyses of significant interactions
using t-tests applying the Bonferroni correction for multiple
comparisons where necessary. We considered p values lower
than 0.05 as threshold for statistical significance. We performed
statistical analysis with SPSS 13.0.

Magnetic Resonance Imaging (MRI)

Tractography Studies

Image Acquisition

Thirteen TS patients and 13 of the 19 healthy subjects underwent
MRI-based diffusion tensor imaging and probabilistic
tractography of inter-hemispheric corpus callosum (CC)
connections between supplementary motor areas (SMA) and
probabilistic tractography of the SMA-putamen connection of
the left hemisphere.

Images were acquired on a 3T Siemens Trio MRI scanner
(body coil excitation, 12-channel receive phased-array head coil).
Anatomical scans were acquired using sagittal 3D T1-weighted
magnetization prepared rapid acquisition gradient echo. The
characteristics of diffusion weighted scans were as follow: echo
time (TE): 87 ms; repetition time (TR): 12s; 65 slices; matrix:
128 x 128; voxel size: 2 x 2 x 2 mm?; partial Fourier factor:
6/8; grappa factor: 2; read bandwidth: 1,502 Hz/pixel; flip angle:
9°. Diftusion weighting was performed along 50 directions
with a b-value of 1,000 s-mm~2. We also obtained a reference
image with no diffusion weighting. We asked TS patients to
suppress their tics during the acquisition in order to avoid
movement artifacts.

Image Processing
We performed image pre-processing using the FSL toolbox
from the FMRIB Software Library. We corrected diffusion
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images for eddy current artifacts, and generated fractional
anisotropy (FA) maps using FDT (FMRIB’s Diffusion Toolbox).
We applied the analytical Q-ball model to estimate the local
underlying orientation distribution function (ODF) using a
spherical harmonics order 6 and a regularization factor equal to
0.006 (21). We realigned the high-resolution 3D T1 volume to
the diffusion data. We calculated the probabilistic distributions
of the fiber orientations at each voxel using a constrained
spherical deconvolution (CSD) model with the MRtrix
software (22).

Probabilistic tractography was performed by the probtrackx
toolbox of FSL software, using the left SMA a seed region
of interest (ROI), and the left posterior putamen as waypoint
and termination ROIL An exclusion mask was added on the
midsagittal plane in order to avoid erratic fibers from the corpus
callosum. ROI masks were created in each participant’s diffusion
space. The supplementary motor area (SMA) was anatomically
defined as the medial cortex caudal to the VCA line of Talairach
(line drawn through the anterior commissure perpendicular to
the anterior commissure-posterior commissure line) (23). The
posterior putamen was defined as the segment of the putamen
caudal to the VCA line (24). The following parameters were
used: 5,000 samples, curvature threshold 0.2. The tract mask
from the probabilistic tractography map of each subject was
used to compute the mean of FA weighted by track probability.
We reconstructed tracts between the two SMA (SMA-SMA
tract) regions and between the SMA and putamen for the left
hemisphere. FA was extracted from each tract of interest in
every subject.

Statistical Analysis: Neuroimaging Data

Mean FA measures from SMA-SMA and from left-sided SMA-
putamen fiber tracts were compared between the two groups
using univariate ANOVA (separately for each tract) with age as
a covariate of non-interest.

We also performed correlation analyses between FA values of
SMA-SMA and left-sided SMA-putamen fiber tracts and severity
of tics measured by YGTSS severity sub-score and relevant
outcome measures of the motor task using Pearson’s correlation
test. These correlation analyses were performed separately for
the TS patients and HC groups. All statistical analyses were
performed with SPSS 22.0.

RESULTS

Single-Hand Task

Temporal Error

RM-ANOVA showed a significant effect of the TIME
INTERVAL*GROUP*MODE interaction term (Fj 3y
4.20; p = 0.049). Post hoc analyses revealed that the temporal
error for the supra-second time interval (2,000ms, 0.5Hz)
was significantly larger in TS patients than in HC only in the
CONT mode (p = 0.045), but not in the SYNC mode (
0.47 (Figure 2). Moreover, for the supra-second time interval,
the temporal error was significantly larger in the CONT mode
compared to the SYNC mode (p = 0.008) only in TS patients, but
not in HC (p = 0.77). Finally, in TS patients only, temporal error

SINGLE HAND TASK

500 ms ISI 2000 ms ISI

A'E 300 aTs B 'E 300 . ‘ aTs
T 200 OHC T 200 OHC
3 2 | *

5 100 5 100
T o T o
é -100 . & é -100 . "
2 & & ° & &
s o s <
o o & S
S N o D
& & &

C s mrs D s aTs
¥ 1 OHC 3 14 — ‘ OHC
° ° I ],
£ 105 £ 105

<
é 1 Q é [ 1 ¢ ?
0.95 0.95
4 & < &
& S & S
S S S S
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FIGURE 2 | Timing performance on the single-hand task (UNI) performed with
the right hand (RH). Data of both patients with Tourette syndrome (TS) and
healthy control subjects (HC) are shown. The results of the synchronization
(SYNC) and continuation (CONT) tasks with a supra-second (0.5 Hz, 2,000 ms
ISl) and sub-second (2 Hz, 500 ms ISI) time interval are shown. On the x-axis,
we show the type of task. On the y-axis, we show the duration of the temporal
error in ms (A,B) and the IRA expressed as a ratio between the time interval
reproduced by the subject and the time interval set by the metronome (C,D).
Asterisks indicate when statistical analysis showed a significant difference

(*p < 0.05, **p < 0.01). Mean data + standard error mean (SEM) are shown.

in the CONT mode was significantly larger for the supra-second
time interval compared to the sub-second time interval (TS, p
= 0.005; HC, p = 0.98). Post hoc analyses revealed no difference
in temporal error between TS patients and HC subjects for the
sub-second time interval, either in the CONT or in the SYNC
modes (all p > 0.05).

Interval Reproduction Accuracy Index

Like for temporal error, RM-ANOVA showed a significant effect
of the TIME INTERVAL*GROUP*MODE interaction (F; 31) =
4.42; p = 0.044) also for the interval reproduction accuracy index.
Post hoc analyses revealed that the accuracy in reproducing the
supra-second time interval (2,000 ms, 0.5Hz) was reduced in
patients with TS compared to HC only in the CONT mode (p
= 0.045), but not in the SYNC mode (p = 0.48) (Figure 2).
Whereas the interval reproduction accuracy for the supra-
second time interval was similar between CONT and SYNC
in HC (p = 0.77), this parameter was significantly larger (i.e.,
performance was less accurate) in CONT with respect to SYNC
(p = 0.008) in TS patients, but not in HC (p = 0.78). This
indicates that TS patients manifest a significant tendency to
remain “behind the beat” when asked to reproduce the supra-
second time interval without the metronome cueing. Finally, only
in the CONT mode and only in TS patients, the reproduction
accuracy for the supra-second time interval was lower than for
the sub-second time interval (TS, p = 0.007; HC, p = 0.71).
We did not find any difference in the reproduction accuracy
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for the sub-second time interval between TS patients and HC
(all p > 0.05).

Movement Lateralization

Temporal Error

When we compared the timing ability of the right hand between
the single-hand and the bimanual versions of the task, we
observed that TS patients had greater timing ability on bimanual
compared to single-hand (Figure3). RM-ANOVA showed
a significant effect of the TASK*MODE*TIME INTERVAL*
GROUP interaction term (F(;3;) = 7.97; p = 0.008). Post
hoc analyses revealed that the temporal error was significantly
larger in TS patients than in HC only for the supra-second
time interval (2,000 ms, 0.5Hz), on the single-hand version of
the task and in the CONT mode (p = 0.048), but not on
the bimanual version of the task or in the SYNC mode (all
p > 0.05). Moreover, the temporal error of the right hand
was significantly larger when reproducing a supra-second time
interval compared to a sub-second time interval only in the
single-hand version of the task, only in the CONT mode, and
only in TS patients (p = 0.005). There was no statistically
significant difference when comparing temporal error for supra-
second and sub-second intervals in HC (all p > 0.05). Finally,
for the supra-second time interval measured in the CONT mode,
the temporal error of the right hand was significantly larger
on the single-hand version of the task than on the bimanual
version of the task in TS subjects (p = 0.03), but not in HC
subjects (p = 0.34).

Interval Reproduction Accuracy Index

RM-ANOVA showed a significant interaction TASK*MODE*
TIME INTERVAL* GROUP (F(1,31) 10.34; p 0.002)
(Figure 3). Post hoc analyses revealed that reproduction accuracy
for the supra-second time interval (2,000 ms, 0.5 Hz) was smaller
in TS patients than in HC only on the single-hand version of
the task and in the CONT mode (p = 0.045), but not on the
bimanual version of the task and in the SYNC mode (all p >
0.05). Moreover, TS patients were less accurate when reproducing
a supra-second time interval compared to a sub-second time
interval with the right hand only in the single-hand version of the
task and in the CONT mode (p = 0.007), whereas no difference
emerged when comparing supra-second and sub-second timing
performance in HC (all p > 0.05). Finally, reproduction accuracy
for the supra-second time interval was smaller on the single-hand
version of the task than on the bimanual version of the task only
in TS subjects and in the CONT mode (p = 0.03), but not in the
SYNC mode and in HC subjects (p = 0.34).

Bimanual Coordination

Temporal Error

When we compared the timing ability of the right and left hand
on the bimanual version of the task, we did not observe any
difference either in the TS group or in the HC group (Figure 4).
Accordingly, RM-ANOVA showed a significant effect only of
MODE (F(;31) = 4.42; p = 0.044); post hoc analysis showed a
larger temporal error in the CONT compared to the SYNC mode
(p = 0.044). We did not detect any other significant effect for any
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FIGURE 3 | Movement lateralization: timing performance of the right hand
(RH) on the single-hand task (UNI) and on the bimanual task (Bl). Data of both
patients with Tourette syndrome (TS) and healthy control subjects (HC) are
shown. The results of the synchronization (SYNC) and continuation (CONT)
tasks with a supra-second (0.5 Hz, 2,000 ms ISI) and sub-second (2 Hz,

500 ms ISI) time interval are shown. On the x-axis, we show the type of task.
On the y-axis, we show the duration of the temporal error in ms (A,B) and the
IRA expressed as a ratio between the time interval reproduced by the subject
and the time interval set by the metronome (C,D). Asterisks indicate when
statistical analysis showed a significant difference (*p < 0.05). Mean data +
standard error mean (SEM) are shown.

of the other factors, or interaction terms between GROUP and
any of the within-subjects factors.

Interval Reproduction Accuracy Index

Similar to the temporal error, RM-ANOVA for interval
reproduction accuracy showed a significant effect of MODE
(F(1,31) = 5.36; p = 0.027), whereby performance in the CONT
mode was less accurate than that recorded in the SYNC mode (p
=0.027). Again, we did neither observe a significant effect for any
other main factor, nor a significant interaction between GROUP
and any of the within-subjects factors, indicating that there was
no difference between TS and HC (Figure 4).

Tractographic Analysis

Compared to HC, TS patients yielded a significantly higher FA in
both the SMA-SMA transcallosal tract (F(; 56) = 6.375, p = 0.018;
mean =+ SD FA: 0.551 £ 0.109 in TS patients and 0.499 & 0.018
in HC) and the left SMA-putamen tracts (F; 2¢) = 4.47, p = 0.04;
mean =+ SD FA: 0.478 & 0.11 in TS patients and 0.415 £ 0.01 in
HC). Importantly, there was no difference in the ROI mask size
between groups in either hemisphere (all p > 0.5).

Correlation Analysis
We did not observe any significant correlation between FA
values and severity of tics measured by YGTSS total severity
score (p > 0.5).

We conducted correlation analyses in HC and TS patients
separately between FA values and two selected motor outcome
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FIGURE 4 | Bimanual coordination: timing performance of the right hand (RH)
and the left hand (LH) on the bimanual task (Bl). Data of both patients with
Tourette syndrome (TS) and healthy control subjects (HC) are shown. The
results of the synchronization (SYNC) and continuation (CONT) tasks with a
supra-second (0.5 Hz, 2,000 ms ISI) and sub-second (2 Hz, 500 ms ISI) time
interval are shown. On the x-axis, we show the type of task. On the y-axis, we
show the duration of the temporal error in ms (A,B) and the IRA expressed as
a ratio between the time interval reproduced by the subject and the time
interval set by the metronome (C,D). Mean data + standard error mean (SEM)
are shown.

measures: (i) right hand temporal error for supra-second
intervals in the CONT mode on the single-hand version of the
task, selected because significantly different between TS patients
and HG; (ii) right hand temporal error for supra-second intervals
in the CONT mode on the bimanual version of the task, selected
as a measure of movement lateralization. We chose not to
conduct correlation analyses on interval reproduction accuracy
because it yielded very similar between-group differences to
temporal error and due to our limited sample size. There
was no significant correlation in either the TS group or the
HC group between FA values of the left SMA-putamen or
of the SMA-SMA transcallosal tracts and right hand timing
performance on the single-hand version of the motor timing task
(all p > 0.5). Conversely, in TS patients we detected a positive
correlation between the temporal error of the right hand on
the bimanual version of the task in the CONT mode and for
the supra-second time interval (2,000 ms, 0.5Hz), and the FA
value of the SMA-SMA tract (r = 0.60), which was just above the
Bonferroni-corrected 0.025 (=0.05/2) threshold of significance
(p = 0.027 (Figure 5). The same motor outcome measure yielded
a significant positive correlation with the FA value of the left
SMA-putamen tract (r = 0.62, p = 0.024) of TS patients. The
same correlation analysis was not significant for HC (all p >
0.05 (Figure 5). Hence, in our TS patients we observed that
the worse the timing performance of the right hand for the
supra-second time interval on the bimanual version of the task
(CONT mode only), the higher the FA value in the SMA-SMA
and left SMA-putamen tracts.
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FIGURE 5 | Correlation between the temporal error of the right hand (RH) on
the bimanual task (Bl), continuation task (CONT) in the supra-second time
interval task (2,000 ms, 0.5 Hz) (X-axis) and the FA of the left SMA-putamen
(Y-axis) (A) and the FA SMA-SMA tracts (Y-axis) (B) in patients with Gilles de la
Tourette syndrome (TS).

DISCUSSION

In the present study, we adopted a synchronization-continuation
task to investigate motor timing abilities in adult patients with
TS and age-matched healthy volunteers. Further, we compared
the performance of the right hand between a single-hand and
a bimanual version of the same motor timing task to assess
movement lateralization. Finally, we compared the performance
of the two hands on the bimanual version of the task to assess
bimanual coordination. Our task is an explicit motor timing task,
in which the goal is to provide an accurate estimate of time
intervals (4). During the metronome-cued phase (SYNC mode),
subjects stored temporal information related to an auditory
stimulus presented at regular inter-stimulus intervals (ISI) whilst
reproducing the same ISI synchronously with the cue. During
the non-cued phase (CONT mode), subjects used the temporal
information acquired during the previous phase to continue
reproducing through a motor sequence the same ISI, but in the
absence of the auditory pacing cue.

In line with our hypotheses, we observed that adults with TS
exhibit a specific deficit of motor timing accuracy with the right
(dominant) hand, in which they consistently remain “behind
the beat” when asked to reproduce a supra-second interval of
2,000ms in the absence of metronome cueing (CONT mode).
The reproduction accuracy is similar to healthy volunteers when
patients reproduce the same interval synchronously with the
metronome, or when they reproduce a sub-second interval
of 500 ms.
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The present findings add to a very scarce body of evidence
of general and motor timing abilities in TS. Earlier studies
(25, 26) failed to detect abnormalities of time estimation and
reproduction in TS adults, but their recording methodology
(a manual stopwatch) was inaccurate. Subsequently, using
computerized timing tasks (27), our group showed that a
pediatric TS population was more accurate than age-matched
youth in the reproduction of supra-second time intervals using
a motor action (tapping a keyboard key) to signal the end of
the interval. In that study, timing accuracy correlated negatively
with tic severity, which led to speculate a link between enhanced
ability in time processing and adaptive changes within prefronto-
basal ganglia circuits related to inhibitory control over tics. In
a subsequent work, we reported that dopaminergic modulation
with dopamine receptor blockers could improve the variability
on a temporal discrimination task in TS children (28).

While these previous studies explored only the perceptual
aspects of timing, the present study is the first in TS to address
timing accuracy in the context of a fine motor task. The
neural substrate of the motor performance exhibited during the
synchronization-continuation task spans across the sensorimotor
loop of the cortico-basal ganglia circuitry (interconnecting
the dorsolateral striatum, the ventral thalamus, and primary
motor and somatosensory, premotor and supplementary motor
cortical regions) and cortico-cerebellar circuits. In particular, the
striatal dopaminergic tone is believed to modulate a hypothetical
“internal clock” beating the rhythm during internally generated
movements. A recent conceptualization of temporal processing
(16) suggests a unified timing mechanism across both sub-
and supra-second intervals. According to this model, different
regions within the deeply interconnected network involving
both cortico-basal ganglia and cerebellar output pathways may
specialize in different phases of time processing, albeit working
in conjunction and across the whole spectrum of temporal
durations. A body of evidence supports a prominent involvement
of cerebellar output pathways in the initiation and adjustment
of timing when facing a novel timing task (29-31), whereas the
cortico-striato-thalamo-cortical circuits are more involved in the
continuation phase or in the initiation of previously learned
temporal durations (16, 32, 33). Following this conceptualization
of timing, the synchronization-continuation task appears to be
an ideal paradigm to inform on the neural substrate underlying
selective deficits in motor timing abilities, such as that manifested
by TS patients in this study. Along these lines, the specific
decrease in motor timing accuracy in the continuation mode and
for a supra-second interval is suggestive of a partial deficiency
to sustain the accuracy of explicit motor timing, a functional
domain likely to be subserved by the cortico-striato-thalamo-
cortical circuit (34), in particular by its sensorimotor loop. In
keeping with this, paced finger tapping tasks at supra-second
intervals were found to be executed at a lower degree of accuracy
in patients with different basal ganglia disorders, and this was
associated with reduced activation within primary sensorimotor
and supplementary motor cortical regions on functional imaging
(4, 35-37). The lack of correlation between the timing inaccuracy
on the single hand version of our task and tic severity does not
confirm our a priori hypothesis, and suggests that explicit motor

timing deficiencies do not directly reflect neural mechanisms
underlying tic generation, but more likely represent a “trait”
marker of dysfunction in this putative explicit timing network.

The second part of our findings indicates, in keeping with our
a priori hypothesis, that the selective motor timing abnormality
expressed, on a group basis, by the right hand of TS patients on
the single-hand version of the task is no longer manifest when
the same task is simultaneously performed by both hands. This
suggests that the implementation of a bimanual set-up of a novel,
moderately skilful manual task activates adaptive mechanisms
that counteract this timing inaccuracy and/or that bimanual
execution facilitates motor timing performance.

Previous studies from our group (15, 38) have demonstrated
that TS patients of different age groups are more accurate in
executing bimanually than single-handedly a fine manual task
like the finger opposition task used herein. In our previous
work on the same sample of TS adult patients, we observed
that the gain in accuracy observed on the bimanual task
compared to the single-hand one was larger when tics were
less severe, suggesting this is likely an epiphenomenon of
compensatory mechanisms (15). Furthermore, when we explored
the neural substrate of the lateralization performed expressed as
percentage of spatially correct sequences (15), we found that TS
patients (i) exhibit higher structural organization of transcallosal
connections between the primary motor and supplementary
motor area and that (ii) they had lost the physiological association
between the ability to lateralize motor performance and the
transcallosal connectivity of these motor cortical regions. We
therefore concluded that the abnormality to lateralize finger
movements in the sequential tasks in TS could be the effect of
neural compensation involving the transcallosal pathway with
the aim to self-regulate motor control.

Whereas, these previous studies measured task accuracy
as the percentage of correct movements, thus focusing on
spatial structural aspects of the motor sequence, the present
study explores the degree of lateralization of explicit motor
timing abilities. In the present study, the same TS sample of
adult patients used for the previous study exhibited higher
structural organization of transcallosal connections between the
supplementary motor regions and of the left SMA-putamen,
confirming findings from our previous work (15). Furthermore,
when the motor timing accuracy of the right hand on the
bimanual version of the task was lower (i.e., larger temporal
error), the structural organization of transcallosal and subcortical
connections of left SMA was higher. Although based only
on cross-sectional observation, this increase of the ipsi- and
contralateral connectivity of a key nodal region in the cortico-
striato-thalamo-cortical circuitry like the SMA can be interpreted
as the consequence of an attempt to compensate for a functionally
broader (i.e., both single hand and bimanual) deficit in motor
timing accuracy. Consistently, Buse et al. (39) reported that the
callosal sub-region 3, which includes the fiber tracts examined
in our study, exhibits progressive growth over time during
development in TS patients, probably underlying an attempt
to accelerate interhemispheric transfer as a compensatory
process. However, in the present study we did not observe any
significant correlation between neither timing performance in the
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single-hand nor in the bimanual version of the task and severity
of tics. A possible explanation relies on the nature of the task
that, by exploring motor timing abilities, is more dependent on
a larger cortico-subcortical (involving also the prefrontal cortex)
network than a pure motor task reliant only on accuracy of finger
movements. Thus, even if there is not a direct link between motor
timing ability and tic expression (differently from accuracy in
motor performance).

Overall we interpret our cumulative evidence as an
abnormality to lateralize finger movements in sequential
tasks occurring in TS as a consequence of compensatory
mechanisms in neural organization.

In conclusion, our study demonstrates that TS patients
manifest “trait” abnormalities in the timing of sequential motor
tasks, which are in keeping with the continuation phase of time
processing, likely controlled by the sensorimotor loop of the
cortico-basal ganglia network. We also show that the abnormal
lateralization of fine motor control, previously reported in
the context of the structural sequencing of fine motor tasks,
extends also to motor timing accuracy. Finally, we highlight
SMA connectivity as a potentially pivotal neural substrate of
adaptive compensation of motor timing deficits in fine manual
tasks in TS. We acknowledge that our results are based on a
relatively small sample size. Another potential limitation is
the lack of assessment for sub-diagnostic threshold ADHD
symptomatology, although none of our TS patients had any
history of current or past ADHD diagnosis. In this respect,
future studies on larger samples should explore the presence
of compensatory activation patterns using functional MRI, and
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Globus pallidus internus (GPi) neurons in the basal ganglia are traditionally thought to
play a significant role in the promotion and suppression of movement via a change in
firing rates. Here, we hypothesize that a primary mechanism of movement control by
GPi neurons is through specific modulations in their oscillatory patterns. We analyzed
neuronal spiking activity of 83 GPi neurons recorded from two healthy nonhuman
primates executing a radial center-out motor task. We found that, in directionally tuned
neurons, the power in the gamma band is significantly (o < 0.05) greater than that in
the beta band (a “cross-over” effect), during the planning stages of movements in their
preferred direction. This cross-over effect is not observed in the non-directionally tuned
neurons. These data suggest that, during movement planning, information encoding
by GPi neurons may be governed by a sudden emergence and suppression of
oscillatory activities, rather than simply by a change in average firing rates.

Keywords: basal ganglia, globus pallidus internus (GPi), beta-band, motor control, movement planning

INTRODUCTION

A central question in motor neuroscience is how the best action is selected at any given moment
while carrying out a voluntary movement. The basal ganglia (BG) neurons are thought to play a
significant role in movement selection, wherein the globus pallidus internus (GPi) neurons form
a major structure (Kandel et al., 2000). A widely accepted theory suggests that for any given state,
there is a range of possible and competing actions, and the BG participate in the process of selecting
the most desirable or profitable action given the current context and prior learning in a “center-
surround” model (Nambu, 2004). Specifically, the theory suggests that modulations in the firing
rate of task-related GPi/substantia niagra neurons signal the promotion of desired movements and
the suppression of unwanted movements (Albin et al., 1989; DeLong, 1990; Mink, 1996; Nambu,
2004). In this study, however, we hypothesize that movement control occurs via modulations
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in oscillatory activity in the BG neurons, more specifically in the
“beta” (15-30 Hz) and “gamma” (35-90 Hz) bands.

Several experiments have demonstrated the modulation of
GPi neurons’ firing rates to direction-specific movements as well
as reward information (Bromberg-Martin et al., 2010; Shin and
Sommer, 2010; Tachibana and Hikosaka, 2012; Howell et al.,
2016). Moreover, numerous studies have focused on the potential
role of beta oscillatory activity in the basal ganglia, in both
single unit and local field activities, in the pathophysiology of
PD (Miller and DeLong, 1987; Filion and Tremblay, 1991; Levy
et al., 2000, 2002; Brown et al., 2001). However, few studies have
examined the role of beta oscillatory activity of basal ganglia
in normal function (Courtemanche et al., 2003; Feingold et al.,
2015). To this end, we examined single-unit activity of 83 GPi
neurons in two naive non-human primates engaged in a radial
center-out motor task. We set out to ascertain the functional
relationship between movement and oscillatory activity in beta
and gamma bands in the healthy condition. Here, we refer to
“oscillatory activity” as modulations in the power spectrum of
individually recorded neurons in a specific frequency band.

In the directionally tuned, i.e., task-related neurons, our
results show a significant increase in gamma power as compared
to beta power (p < 0.05), specifically during the planning of
movement. This trend is not observed in the non-directionally
tuned neurons. This suggests that the GPi neurons involved in
the planning of movement communicate information through
a “cross-over” effect, i.e., an emergence in gamma oscillatory
activity with a concurrent suppression in beta oscillatory activity.
A cross-over effect has previously been observed in other parts
of the motor circuit, specifically the motor and premotor cortex
(Schoffelen et al., 2005; Donner et al., 2009), as well as in a
preliminary analysis of a subset of the data used in the present
study (Saxena et al., 2011).

The data in this study are the first to demonstrate that beta
and gamma modulation in the GPi is direction specific and
that movements are encoded in the temporal domain at the
level of single-unit activities. Hence, the interaction between beta
and gamma oscillatory activity may serve to encode additional
orders of information, not encoded in the firing rate domain, as
originally hypothesized.

MATERIALS AND METHODS
Experimental Methods

Two healthy adult male Rhesus monkeys (macaca mulatta)
were trained to perform a radial “center-out” motor task; more
details below. “Center-out” tasks were originally developed
by (Georgopoulos et al., 1988), but have used extensively
in subsequent studies (Georgopoulos et al, 1988; Truccolo
et al, 2008). Both animals were independently housed in a
climate and light controlled environment. Target structures were
localized using magnetic resonance imaging (MRI) and recording
chambers were placed stereotactically, under isoflourine using
sterile technique, such that the electrode trajectory avoided sinus
and ventricle space. One chamber was centered at A13, L15,
aligned vertically to allow a dorsal approach to the GP. The other
chamber was centered at A11, with an approach of approximately

40 degrees relative to vertical (roughly normal to the skull).
An MRI image (MPRAGE; TR 11.1; TE 4.3/1; TA 13:37) was
obtained after the recording chamber had been implanted, using
mineral-oil filled capillary tubes placed at known grid positions
as fiducial markers. For the angled chamber, penetrations were
advanced until the GP was encountered. For the vertical chamber,
separate penetrations were made medial to the putaminal sites
to positively identify the GP. GP units were clearly identified
from putaminal units by their much higher spontaneous firing
rates (DeLong, 1971). In addition to the chamber placement,
scleral search coil (Judge et al.,, 1980) were implanted to allow
for accurate measure of eye position (Crist Instruments, Bethesda
MD). All animal procedures were performed in accordance with
the National Institutes of Health guidelines and the Institutional
Animal Care and Use Committee approved study protocol.

Each day, the animals sat in a chair that was placed into a
sound-attenuating enclosure facing an LCD computer monitor.
A sipper-tube was positioned at the tip of their mouth for reward
delivery and a joystick was fixed to the chair for the animal to
manipulate during the task. In addition, a shielding plate was
positioned next to the joystick such that the animal was only
able to manipulate the joystick using the hand contralateral to
the recording chamber. The animals were then trained 5-6 days
a week on a visual-motor task.

To initiate a trial, the animals were required to fixate (“F”)
and position the cursor on a central fixation point for a period of
200-300 ms. At this point, eight gray objects appeared in a radial
arrangement equidistant from the center of the screen, signifying
stimulus on (“S”). While maintaining gaze on the fixation point
for a period of another 200-300 ms, a random gray target was
replaced by a stimulus cue (“Cue 17). The stimulus cue was either
a green or red circle, which instructed the animal to choose that
target (for the green circle) or the diametrically opposing target
(for the red circle). As an additional setting, dual-cued trials were
also added to the task. In these trials, the first cue would be
replaced by a second cue (“Cue 2”) that instructed the animal to
change the target selection. The second cue would appear 100
900 ms after the first cue. Trials with only one cue are denoted as
single-cue trials and trials with two cues are denoted as dual-cue
trials (Figure 1).

The start of movement is denoted by “M.” The trial was
concluded when the primate selected a target. In the dual-cue
trial type, the trial was concluded without a liquid reward if
the primate started movement before the target light changed
in color. If at any point the animal broke fixation, prematurely
moved the joystick or failed to select the correct target (in
the required time), the trial was aborted and the animal was
not rewarded. The animals were water-deprived, and the trials
that were completed correctly were followed by a liquid reward
(water). The animal’s arm was not immobilized while moving the
joystick. Target positions and movement types were randomized
such that many movements toward each of the eight positions
could be analyzed over the course of a single recording session.
An average of 53% (55%) of the successful trials in any session
were single-cue trials for Monkey 1 (Monkey 2).

Once the animal had been fully trained on the behavioral
task, extracellular microelectrode recordings were made from the
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A Single-Cue Trial Type
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Fixate Stim On Cuel Cue2  Start Movement
FIGURE 1 | The two trial types. (A) The single-cue trial type consists of trials in
which the stimulus did not change throughout the trial. (B) The dual-cue trial
type consists of the trials in which the stimulus changed colors. Figure
adapted from Saxena et al. (2011).

GPi while the primates performed the behavioral task. Electrodes
(300-500 KOhm metal micro-electrodes; FHC, Bowden, ME)
were introduced into the brain through a 1 mm spaced grid (Crist
Instruments, Bethesda, MD). Neurons were not preselected for
task-specific modulation, assuring random sampling of GPi
neurons. Instead, the electrode was advanced until the activity
of one or more neurons was well-isolated. The localization of
the GPi was based both on MRI positioning information (as
detailed above) and neurophysiological characteristic, such as
high irregular firing rate and lack of pause-burst spiking patterns
(which are characteristic of globus pallidus externus). In any
given session, the activity of up to three neurons was recorded
from a single electrode. Single electrode recordings were repeated
on a semi-daily basis for the duration of the study.

Neurophysiological activity was digitized and high-pass
filtered at 0.2-6.5 KHz through the head-stage and continuously
stored, along with behavioral events, by a PowerLinc 1401
acquisition system (Cambridge Electronic Design, Cambridge
UK) at 20kHz. Offline, the continuous data was parsed into
single neuron records using an offline sorting algorithm (Spike2,
Cambridge Electronic Design, Cambridge UK). To do this, data
was thresholded to identify spike events from noise and clustered
using the first and second principal components of the waveform
signal. Data was disregarded if the recording was unstable or if
individual single unit activity was indiscernible from noise or
multi-unit activity.

Data Analysis

We considered the two trial types, single-cue and dual-cue,
separately. We first built point process models (PPMs) for
the activity of each neuron as the primate was reaching in
the 8 directions. We then used specific parameters of these
PPMs to determine directional tuning of the neuron for each
trial type. Finally, we computed the population-averaged power
in the beta and the gamma frequency bands in overlapping

windows throughout the entire trial for both directionally tuned
neurons and the non-directionally tuned neurons. The details are
provided in the following sections.

Determining Directional Tuning

Point process methods have been used to analyze the spike train
activity for a broad range of neural systems (Sarma et al., 2010,
2012; Saxena et al.,, 2010, 2012; Santaniello et al., 2012; Sumsky
et al., 2017; Sumsky and Santaniello, 2018). A neural spike train
can be treated as a stochastic series of random binary events
(i.e., the spike times) continuously occurring in time, otherwise
known as a point process (Truccolo et al., 2005; Coleman and
Sarma, 2010; Sarma et al., 2010).

The spike train can be discretized into bins of length A, and if A
is small enough, we are left with a discrete time series of 1 and Os.
In this case, the 1 s are individual spike times and the 0's are the
times at which no spikes occur. To define a point process model
(PPM) of neural spiking activity, an observation interval (0,T] is
considered to be the length of the spike train, and N(t) is allotted
to be the number of spikes counted in interval (0,t] for t € (0,T]. A
PPM of a neural spike train is completely characterized on a given
observation interval (0,T] by defining the conditional intensity
function (CIF) (Snyder and Miller, 2012). The timings between
spike events can be described as a stochastic point process and its
probability distribution is characterized by a rate function, A (t[-),
formally known as the CIE, defined as:

Pr(N (t+A) — N (t) = 1|Hy)
A

A(tHy) = Jim

>

where H; is a vector comprising the relevant covariates in the
past and up to including time ¢, and Pr the probability. PPMs
have been extensively used to extract temporal patterns and non-
stationarities in spiking data (Sarma et al., 2010, 2012; Saxena
et al,, 2011, 2012; Santaniello et al.,, 2012). In these studies,
the CIF is modeled as an explicit function of extrinsic and
intrinsic factors, and can be estimated directly, via maximum
likelihood estimation (Truccolo et al., 2005; Coleman and Sarma,
2010; Sarma et al,, 2010) from extracellular in-vivo recordings.
Estimating A (t|{H;) is equivalent to estimating of the entire
probability distribution of the spiking activity, and is thus more
powerful than the traditional calculations of first- and second-
order statistics of the spike train.

In this study, we calculated the probability of spiking of
each neuron as a function of the stimulus information and the
neuron’s own spiking history. Specifically, at each time window,
the CIF was expressed as

X (tH;, ©) = A% (11©) AT (t|H,, ©)

Where A5 (t |®) describes the effect of the movement direction
stimulus on the neural response and A (t|H;,®) describes
the effect of spiking history on the neural response. ® is a
parameter vector to be estimated from data, using maximum
likelihood methods.
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The following structure for A% was used to model the
history-independent component, i.e., the stimulus component, in
each window.

log A5 (tlwd) =ag, de1,...,8,

where movement directiond =1, 2, ... 8, corresponds to 0, 45, 90,
...315 degrees clockwise from the “Up” direction, respectively,
and « is a scalar.

The history-dependent component was modeled in the
following manner in each time window.

9
log A (tlgy.p =Y gin(t—j:t—(j+1))
j=0

+28:ykn(t—(2k—|—12):t—(2k+14))
+28:,31n(t—(5l+30):t—(51+35)),

=0

where 7 (a:b) is the number of spikes observed in the time
interval [a, b) during the epoch. The {¢; }]?:Oparameters measure
the effects of spiking history in the previous 10 ms and therefore
can capture refractoriness and / or bursting on the spiking
probability in the given time window (Sarma et al., 2010, 2012;
Santaniello et al., 2012). The {yk}izoand the {/31}18:0 parameters
capture longer-term history effects such as oscillatory activity
between 10 and 100 Hz. We estimated the following parameter
vector using maximum likelihood methods.

0 = [taatiy (o} oo B

Each PPM was estimated during 80% of the trials, and the
goodness-of-fit was assessed on the remaining 20% of the
trials (cross-validation) with the Kolmogorov Smirnov (KS)
plot after time rescaling of the spike trains (Brown et al,
2002). Only neurons with PPMs whose KS plots were within
the 95% confidence bounds were included in this study; the
summary statistics are provided in Table 1. For more details on
fitting PPMs, see (Brown et al., 2002; Sarma et al., 2010, 2012;
Santaniello et al., 2012).

To establish direction tuning, we inquired whether, given
the same spiking history, the spiking activity of a neuron was

TABLE 1 | Time taken for movement planning and completion of movement for
Monkey 1.

Category Single-cue Dual-cue
trials trials

Median time taken from last cue to start of 839 (894) 537 (505)

movement (Ms)

Median time taken from start of movement 299 (423) 289 (413)

to reward (ms)

Values in parentheses for Monkey 2.

significantly different when the primate was moving in one of the
eight target directions. If the history-independent parameter in
one direction was found to be significantly different from at least
four other directions at a 95% confidence level, the neuron was
determined directionally tuned. Thus, we examined the history-
independent parameters «,. rresponding to each direction of
movement of the primate.

Specifically, for each direction d’ L...,8 paya
Pr(e*? > e*) = Pr(ay > og) was computed for d # d'.
para was defined as 0. The Gaussian approximation was used,
which is one of the asymptotic properties of maximum likelihood
estimates to compute pyy (Brown et al,, 2003). Let N be the
number of d’ € 1,...,8 for which py; > 0.975.If N; > 4 for any
d € 1,...,8, then the neuron was determined directionally tuned
in this direction, now termed d*. If more than one direction was
tuned in the neuron, then the following formula was used.

Z?:l o
8

d* = argmax ,del,...,8

d

og —

We first computed the percentage of directionally tuned neurons
in each time window studied for each of the four movement types
presented in the task (cf. Figure 1). We identified the epoch e*
for which each movement type had the maximum percentage
of directionally tuned neurons (Supplementary Figure 1). In
the subsequent analysis, a neuron was classified as directionally
tuned in a trial type (i.e., single-cue or dual-cue) if it was
directionally tuned for either movement type in this epoch e*.
Only the neurons which were recorded during both movement
types in a trial type were kept in the analysis.

Determining the Presence of a Cross-Over
Effect Using Traditional Spectral Analysis

The analyses were performed separately for directionally tuned
neurons and for non-directionally tuned neurons, for each trial
type: single-cue and dual-cue. Oscillatory characteristics of the
neurons in the beta (15-30 Hz) and gamma (35-90 Hz) frequency
band were assessed by using the power spectrum density (PSD)
with the Welch method (Welch, 1967). Given a neuron and a
task type (i.e., single-cue or dual-cue tasks), for each task-related
marker m (single-cue tasks: m = {F, S, Cue;, M}; dual-cue
tasks: m = {(F, S, Cue;, Cue;, M}, Figure 1), the spike trains
around m were divided into 9 overlapping segments (length:
512 ms; step size: 50 ms) centered from m — 144 to m + 256
ms and each segment was multiplied by a Hanning window
of equal length. The PSD of the neuron in each time window
was computed as the average periodogram across the number
of trains available in that window (Welch, 1967). Finally, the
signal-to-noise ratio (SNR) in that window was computed at each
frequency f according to the formula (Gale et al., 2009):

SNR(f) £ PSD(f) — 1

(e

(1)

where PSD (f) is the PSD at frequency f and u (o) is the mean
(standard deviation) of the PSD across all the frequencies. Only
frequencies for which SNR is >1.5 were considered significant
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and included in this study. For each time window, the average
power of the neuron in the beta (gamma) frequency band was
estimated as the average value of SNR(f) in the interval [15, 30]
Hz ([35, 90] Hz). If the neuron was directionally tuned, only
trains recorded during tasks involving the tuned direction were
considered, otherwise all the recorded spike trains of the neuron
were considered.

Determining the Presence of a Cross-Over Effect
Using PPMs

For the analysis of prominent oscillatory activity, different PPMs
were constructed for directionally tuned and non-directionally
tuned neurons.

If the neuron was determined to be directionally tuned, a
Direction-Specific model was constructed for that neuron using
only the data from the trials where the primate was reaching
in direction d*, where d* is the tuned direction as determined
above. The model structure for the history-independent term
was defined as log 15 (tje) = o . The model structure for the
history-dependent term A remained the same as above.

If the neuron was not tuned in any direction, model structures
remained the same as above, and the Multi-Direction PPM was
used to determine the presence of oscillatory activity.

We first determined the presence of beta and gamma
oscillatory activity for each neuron. The parameters {Vk}2=0’
corresponding to the history bins —12 to —30ms from right
to left measure the effects of spiking history in the previous
12-30 ms, and therefore can capture the presence of oscillatory
activity in the frequency range of 33-83 Hz. This corresponds
to the gamma frequency band, and the presence of gamma
oscillatory activity was determined if any one of the parameters
representing oscillatory activity in this frequency range was
significantly higher than 1, that is, for at least one k €
0,...8, LBZ > 1, LBZ < elk, LBZ is the 95% lower confidence
bound for parameter yy.

Similarly, we analyzed parameters { ,81}?:0, capturing recurrent
patterns with period —30 to —75 ms, corresponding to the beta
frequency band. The presence of beta oscillatory activity was
determined if any one of the parameters representing oscillatory
activity in this frequency range was significantly higher than 1,
that is, for at least one [ € 0, ... 8, LB{3 > 1, LB;S < e, LBlﬁ is the
95% lower confidence bound for parameter f;.

Next, we determined whether the neuron has a higher
tendency to display gamma oscillatory activity or beta oscillatory
activity. If a neuron has no parameters significantly higher than
1 in the beta band, but does in the gamma band, it automatically
has a higher tendency to display gamma oscillatory activity than
beta. However, if a neuron had significant parameters in both
bands, we compared the lower bounds of the highest parameters
in both bands to determine whether it had a higher tendency to
oscillate in the beta band or the gamma band, i.e., if . (LB,}:) >

max (LBf}) for k,I € 0,...8, then the neuron has a higher

tendency to oscillate in the gamma band.
Finally, we separately calculated the percentage of
directionally tuned and non-directionally tuned neurons

that had a higher tendency to have gamma oscillatory activity
than beta oscillatory activity. We calculated this percentage for
each overlapping window as described in the previous section.
Thus, we could infer the suppression and increase of oscillatory
activity in the gamma and beta bands across the trial. For
comparison, we also calculated the percentage of directionally
tuned and non-directionally tuned neurons in each time window
that had a higher tendency to have beta oscillatory activity than
gamma oscillatory activity.

The same statistic was also computed for randomized spike
trains, built by randomly shuffling the inter spike intervals of the
original spike trains for each trial of each neuron a total of 100
times. We calculated the 5 and 95% bounds of the percentage of
neurons falling in each bin from these randomized spike trains.

RESULTS

A total of 83 neurons were isolated from the GPi from two
non-human primates (Monkey 1, n = 27; Monkey 2, n = 56)
as the animals performed the task. Monkey 1 (2) performed
a total of 18,978 (28,303) trials, out of which 14,370 (21,183)
were successful across both trial types over 31 (50) days. Monkey
1 (2) had an average success rate of 77 £ 7% (75.2 £ 6%)
trials per recorded day. On average each animal performed
16.39 £6.53 successful trials per day, per direction of movement.
These successful trials are analyzed in this study. Some further
behavioral statistics for each animal are provided in Table 1.

For each neuron, the directional tuning for each trial type
was calculated. We identified the epoch e* for which each
movement type had the maximum percentage of directionally
tuned neurons (Supplementary Figure 1). Figure 2 shows the
PPM of two example neurons in one trial type. In the top
row of Figures 2A,B, parameters e*d, d 1,...8, account
for the history-independent, non-oscillatory component of the
discharge rate of a single neuron when the primate is reaching
in direction d. In Figure 2A, the history-independent parameter
in direction ds is significantly different from those in 6 other
directions. Thus, this neuron is determined tuned in the direction
dz. Note that directionally tuned neurons may have a significantly
lower or higher parameter ¢*<. In Figure 2B, none of the history-
independent parameters are significantly different from those
in any other direction; this neuron is thus not directionally
tuned. Supplementary Figure 2 shows the percentage of neurons
displaying tuning in each direction. Supplementary Figure 3
shows an example raster plot of a directionally tuned neuron,
where we also see an inhibition in the firing activity of the neuron
in the tuned direction within the relevant epoch.

Table 2 shows the number of neurons that fell in each
category. We accepted a neuron as significantly tuned for a
trial type if it demonstrated directional tuning during either
movement cue.

In Figure 3, we note that the SNR is high throughout the trial
in the single-cue as well as dual-cue directionally tuned neurons.
However, before movement we see a sharp drop in SNR across all
frequencies. The opposite trend is seen in the non-directionally
tuned neurons, with an increase in power across all frequencies.
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TABLE 2 | Number of neurons displaying directional tuning in one or both
movement cues (i.e., while the subject is moving toward the green target or away
from the red target), for each trial type.

Category Single-cue Dual-cue
trials trials

Directionally tuned for both movement 35 (47) 31 (37)

cues

Directionally tuned for only one movement 26 (31) 24 (29)

cue

Non Directionally tuned for both 19 (23) 25 (30)

movement cues

Not enough data to successfully 3(4) 3 (4)

cross-validate PPM

Total 83 (100) 83 (100)

Values in parenthesis represent percent of neurons.

When considering the difference between average power in the
gamma and beta frequency bands (Figure 4), we see that the
average power in the gamma band is not significantly above
that in the beta band until the first cue is observed. After the
presence of the first cue in both the single-cue and the dual-
cue trial types, we see that the average power in the gamma
band is significantly above that in the beta band, till before
movement onset. In the case of the dual-cue trials, this “cross-
over” effect, i.e., the significantly higher levels of gamma band
as compared to the beta band, holds from the onset of the first
cue till after the onset of the final cue. Note that no significant
differences between the average power in the gamma and beta
frequency bands is observed for the non-directionally tuned
neurons, see Figures 4C, D. Supplementary Figure 4 shows an
example neuron’s raster plot during the relevant epochs, as well
as the average beta and gamma band power during these epochs.
We see that the frequency information is not directly apparent
using the rasters alone, but we see the emergence of gamma band

and non-emergence or suppression of beta-band power during
the relevant epoch.

In order to further examine the relationship between the beta
and gamma bands after onset of cue, we conducted a series
of hypothesis tests to test the exact onset of the cross-over.
For each trial-type, we built a separate PPM for each neuron,
and calculated the percentage of neurons in each trial type for
which the tendency to oscillate in the gamma band is higher
than the tendency to oscillate in the beta band, as grouped by
directional tuning. This is shown for the single-cue and dual-cue
trial types in Figure 5.

We see that throughout the trials in both trials types, the
percentages in the non-directionally tuned neurons do not
cross the 5 and 95% bounds computed from the randomized
spike trains in a consistent manner. On the other hand, in
the directionally tuned neurons, we see that the 95% bounds
are crossed by the percentage of neuron model displaying a
higher tendency to oscillate in the gamma frequency band as
compared to the beta frequency band. This cross-over effect, i.e.,
the emergence of gamma band and suppression of beta band,
holds from the onset of the final cue to 200 ms after the onset
of the cue.

Note that this effect is not observed in the directionally tuned
neurons after the first cue in the dual-cue trials, since these
neurons are not tuned in the direction of movement that the first
cue suggests. Rather, the cross-over effect in dual-cue trials is seen
only after the final cue is presented and lasts until about 200 ms
before movement onset.

We also computed the percentage of neuron models
displaying a higher tendency to oscillate in the beta
frequency band as compared to the gamma frequency band
(Supplementary Figure 5). We see that the percentages in
both the directionally tuned and the non-directionally tuned
neurons do not cross the 5 and 95% bounds computed from the
randomized spike trains in a consistent manner.
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window (Wilcoxon rank-sum test, p < 0.05). Each curve in (A-D) is normalized by subtracting the mean value and dividing by the standard deviation.

In Figure 6, directly after the first cue, we see an emergence ~DISCUSSION
of high frequency firing as compared to low frequency firing in
the directionally tuned neuron (p < 0.05 two-sided Wilcoxon ~ The findings in this study suggest that one mechanism for
rank sum test of gamma band power as compared to beta band ~ movement planning in GPi is a specific modulation in the
power), supporting the results seen in Figures 4, 5. We do not ~ beta-gamma power in the spiking activity of individual neurons.
see these modulations in spiking activity in the non-directionally ~ The current theory (Turner and Anderson, 1997; Nambu,
tuned neuron. 2004) suggests a relationship between movement correlates
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and the firing rate of neurons, and it is unclear whether the
findings in the current study are a causative or a correlative
effect of a modulation in the firing rate. Turner & Anderson
themselves have performed an extensive study of GPi firing

during movements, and found that around 95% of the GPi
neurons are tuned to a direction (Turner and Anderson, 1997).
Through our directional tuning analysis, we classify 89% of
the neurons (71 out of the 80 neurons with cross-validated
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PPMs) as tuned for at least one movement cue in either of the
single-cue or dual-cue trial types. Since we model the complete
spiking statistics of a GPi neuron’s activity and then test the
direction-dependent term for differences in activity, we have a
more nuanced measure of directional tuning, and principled
comparisons between the two can be performed in a future study.

More specifically, our results show the existence of a “cross-
over” effect in the GPi neurons, ie., a simultaneous increase
in gamma band power and decrease in beta band power
during movement planning by the task related neurons. It was
shown in the results section that the average beta power was
significantly higher than the average gamma power before a cue
was presented (p < 0.05), which then switched to the average
gamma band power being significantly higher the average beta
band power after a cue was presented (p < 0.05). Moreover, the
existence of beta band oscillatory activity in the task related GPi
neurons before the target cue indicates the integral role of this
oscillatory activity in achieving accurate directed movements, in
contrast with studies involving LFP suggesting that beta band
oscillations are inherently pathological (Filion and Tremblay,
1991; Bergman et al., 1994; Raz et al,, 2000). In contrast, the
non-directionally tuned neurons do not display modulations in
the beta or gamma band oscillatory activity until immediately
before the onset of movement. During movement, the average
power increases concurrently in the beta and gamma bands,
with no apparent cross-over effect. Thus, the modulations in
oscillatory activity of the task-related or directionally tuned
neurons are sharply distinct from those of the non-directionally
tuned neurons.

The BG has long been known to participate in movement
planning, and the GPi neurons have been shown to consist
of directionally tuned and non-directionally tuned neurons
(Albin et al, 1989; Delong, 1990; Mink, 1996; Nambu,
2004; Bromberg-Martin et al., 2010; Shin and Sommer, 2010;
Tachibana and Hikosaka, 2012; Howell et al., 2016). Here,
we propose that the “directionally-tuned” neurons happen
to encode the appropriate course of action, and “non-
directionally tuned” neurons represent alternative possible
actions. The former are modulated by the ongoing task and
the latter are not selectively activated, since those alternative
actions are neither appropriate nor tuned for the current
context, and are not performed. Moreover, we propose that
expression of gamma band activity during motor planning
in directionally-tuned neurons amounts to facilitation of the
desired or appropriate action given the current state, whereas
the expression of beta band activity in non-directionally tuned
neurons amounts to suppression of competing but inappropriate
or unprofitable actions in the current state and context.
This interpretation incorporates the classical ‘center-surround’
hypothesis as well as previously reported beta-band suppression
into a coherent theory.

The results of this analysis depend on the use of PPMs
to separate the directionally tuned from the non-directionally
tuned neurons. PPMs effectively capture the entire spiking
activity of each neuron, separating out the relative contribution
of history effects and movement direction on the probability
that the neuron will spike at any given time, thus making it

an effective paradigm to compute directional tuning (Barbieri
et al,, 2001; Brown et al,, 2003; Truccolo et al., 2005, 2008;
Sarma et al, 2010; Kahn et al, 2015). Assessing directional
tuning using the history-independent covariates of the PPMs
is different from simply choosing task-related neurons using
firing rates alone, as the PPM separates the contribution of
the stimulus and the intrinsic temporal patterns on firing rate
(Sarma et al., 2010; Kahn et al, 2015). In fact, traditional
means to compute directional tuning rely on first-order statistics
of the point process. The PPM parameters instead take into
account the probability distributions of the oy (not just the
mean values), and directional tuning is determined from
these distributions.

The modulation in the frequency domain of GPi neurons in
healthy animals has not yet been fully investigated in single-
neuron studies during movement, to the best of the knowledge
of the authors. However, beta and gamma LFP activity and
their modulations are long known to have an effect on motor
areas, as evidenced by data recorded in various structures during
healthy motor control. In one study, it was demonstrated that
neural activity in the striatum of awake, behaving macaques
is characterized by the presence of widespread synchronous
oscillatory activity in the beta band (10-25Hz) frequency
range (Courtemanche et al., 2003). However, as the monkeys
performed a visuomotor task in this study, it was found that
focal sites could disengage from the beta band oscillations
(observed in LFPs) during the time in which neurons at the
sites show increased spike activity related to the task. This
“pop-out” phenomenon suggests that in the behaving monkey,
the temporal structure of ensemble oscillatory activity in the
striatum interfaces with a modular spatial organization of task-
related activity patterns (Courtemanche et al., 2003). In the
human putamen, a similar decrease in beta band power was
noted in LFPs with self-paced hand movements (Sochurkova
and Rektor, 2003). In addition, numerous EEG studies have
demonstrated decrements in beta power and/or increase in
gamma power with movements from various regions of the
cortex including the primary sensorimotor (Pfurtscheller and
Neuper, 1992; Sanes and Donoghue, 1993; Toro et al.,, 1994;
Murthy and Fetz, 1996; Leocani et al.,, 1997; Donoghue et al.,
1998; Alegre et al., 2002; Schoffelen et al., 2005; Donner et al.,
2009) and supplementary motor cortex (Leocani et al., 1997;
Obhara et al., 2000; Alegre et al., 2002).

The authors propose that the study of oscillatory activity
in single neurons in the globus pallidus may provide a novel
avenue of analysis for investigating frequency modulations.
Although LFP is very useful for studying network oscillations,
the recordings integrate signals from multiple neurons (Mitzdorf,
1985; Juergens et al., 1999; Kreiman et al.,, 2006). It has been
suggested in the “funneling” hypothesis by Bergman et al
(1998) that convergence of information takes place from the
cortex to the GPi, and a consequent divergence from the
GPi back to the cortex, leading to more localized groups of
neurons in the GPi that are synchronized in a specific frequency
band during a given movement. According to this hypothesis,
although LFP recordings from the cortex should show frequency
modulation in the relevant bands during movement, especially
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due to the somatotopic organization of information (Penfield and
Rasmussen, 1950; Amirikian and Georgopoulos, 2003), this same
effect would not be seen in the GPi neurons since the information
at this level should be more locally clustered. Thus, examining the
frequency modulation in a group of directionally tuned neurons,
that is neurons that modulate their activity in a given movement,
is the approach that we implemented in this study.

Our results also concur with studies performed regarding PD
conditions in primates. Increased beta band activity in the BG
was seen in both the PD human and the monkey treated with
the 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP)
animal model of Parkinsonism (Filion and Tremblay, 1991; Nini
et al., 1995; Levy et al., 2000; Brown et al., 2001; Kuhn et al.,
2006; Weinberger et al., 2006). We propose that the reason for
impaired motor control in PD may be the inability to perform
a cross-over between beta and gamma band oscillations due to
pathologically high levels of beta band power present in the basal
ganglia. Administering therapies such as Levodopa or deep brain
stimulation decreases beta band oscillations in the BG (Priori
et al., 2004; Foffani et al., 2005; Wingeier et al., 2006), which
may restore the ability to perform a cross-over between beta and
gamma band oscillations during the planning of movement, thus
restoring healthy motor control.

In conclusion, our results suggest that the parameters of beta-
band and gamma-band generation, maintenance and modulation
may be pivotal to understanding the mechanism(s) that underlie
normal basal ganglia function and may provide insight into the
mechanism(s) that underlie pathophysiology of the basal ganglia
during PD.

REFERENCES

Albin, R. L., Young, A. B., and Penney, J. B. (1989). The functional
anatomy of basal ganglia disorders. Trends Neurosci. 12, 366-375.
doi: 10.1016/0166-2236(89)90074-X

Alegre, M., Labarga, A., Gurtubay, I. G., Iriarte, J., Malanda, A., and Artieda,
J. (2002). Beta electroencephalograph changes during passive movements:
sensory afferences contribute to beta event-related desynchronization in
humans. Neurosci. Lett. 331, 29-32. doi: 10.1016/S0304-3940(02)00825-X

Amirikian, B., and Georgopoulos, A. P. (2003). Modular organization of
directionally tuned cells in the motor cortex: is there a short-range order? Proc.
Natl. Acad. Sci. U.S.A. 100, 12474-12479. doi: 10.1073/pnas.2037719100

Barbieri, R., Quirk, M. C., Frank, L. M., Wilson, M. A., and Brown, E. N. (2001).
Construction and analysis of non-Poisson stimulus-response models of neural
spiking activity. J. Neurosci. Methods 105, 25-37.

Bergman, H., Feingold, A., Nini, A, Raz, A, Slovin, H.,, Abeles, M,
et al. (1998). Physiological aspects of information processing in the basal
ganglia of normal and parkinsonian primates. Trends Neurosci. 21, 32-38.
doi: 10.1016/50166-2236(97)01151-X

Bergman, H., Wichmann, T., Karmon, B., and DeLong, M. R. (1994). The primate
subthalamic nucleus. II. Neuronal activity in the MPTP model of parkinsonism.
J. Neurophysiol. 72, 507-520. doi: 10.1152/jn.1994.72.2.507

Bromberg-Martin, E. S., Matsumoto, M., Hong, S., and Hikosaka, O. (2010). A
pallidus-habenula-dopamine pathway signals inferred stimulus values. Am. J.
Physiol. Heart Circul. Physiol. 104, 1068-1076. doi: 10.1152/jn.00158.2010

Brown, E. N., Barbieri, R., Eden, U. T., and Frank, L. M. (2003). Likelihood
methods for neural spike train data analysis. Computat. Neurosci. A Comprehen.
Approach 253-286. doi: 10.1201/9780203494462.ch9

ETHICS STATEMENT

All animal procedures were performed in accordance
with the National Institutes of Health guidelines and the
Institutional Animal Care and Use Committee approved
study protocol.

AUTHOR CONTRIBUTIONS

ShS, SrS, EE, and JG contributed to generating ideas, coming
up with the hypothesis, and writing the manuscript. JG and
EE contributed to experimental procedures. ShS, SP, and SaS
contributed to data analysis.

ACKNOWLEDGMENTS

This work is supported by the Swiss National Science
Foundation (Research Award P2SKP2_178197) to ShS, and
the Burroughs Wellcome Fund CASI Award 1007274, the
National Science Foundation CAREER Award 1055560, and
NIH ROINS073118-02 to SrS. The data and accompanying
code will be made available on reasonable request to the
corresponding author.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnsys.
2019.00015/full#supplementary-material

Brown, E. N., Barbieri, R., Ventura, V., Kass, R. E., and Frank, L. M. (2002). The
time-rescaling theorem and its application to neural spike train data analysis.
Neural. Comput. 14, 325-346. doi: 10.1162/08997660252741149

Brown, P., Oliviero, A., Mazzone, P., Insola, A., Tonali, P., and Di Lazzaro,
V. (2001). Dopamine dependency of oscillations between subthalamic
nucleus and pallidum in Parkinson’s disease. J. Neurosci. 21, 1033-1038.
doi: 10.1523/JNEUROSCI.21-03-01033.2001

Coleman, T. P., and Sarma, S. S. (2010). A computationally efficient method
for nonparametric modeling of neural spiking activity with point processes.
Neural. Comput. 22, 2002-2030. doi: 10.1162/NECO_a_00001-Coleman

Courtemanche, R., Fujii, N., and Graybiel, A. M. (2003). Synchronous, focally
modulated beta-band oscillations characterize local field potential activity
in the striatum of awake behaving monkeys. J. Neurosci. 23, 11741-11752.
doi: 10.1523/JNEUROSCI.23-37-11741.2003

DeLong, M. R. (1971). Activity of pallidal neurons during movement. J.
Neurophysiol. 34, 414-427. doi: 10.1152/jn.1971.34.3.414

DeLong, M. R. (1990). Primate models of movement disorders of basal ganglia
origin. Trends Neurosci. 13, 281-285. doi: 10.1016/0166-2236(90)90110-V

Donner, T. H., Siegel, M., Fries, P., and Engel, A. K. (2009). Buildup of choice-
predictive activity in human motor cortex during perceptual decision making.
Curr. Biol. 19, 1581-1585. doi: 10.1016/j.cub.2009.07.066

Donoghue, J. P., Sanes, J. N., Hatsopoulos, N. G., and Gaal, G. (1998). Neural
discharge and local field potential oscillations in primate motor cortex during
voluntary movements. J. Neurophysiol. 79, 159-173.

Feingold, J., Gibson, D. J., DePasquale, B., and Graybiel, A. M. (2015). Bursts
of beta oscillation differentiate postperformance activity in the striatum and
motor cortex of monkeys performing movement tasks. Proc. Natl. Acad. Sci.
U.S.A. 112, 13687-13692. doi: 10.1073/pnas.1517629112

Frontiers in Systems Neuroscience | www.frontiersin.org

April 2019 | Volume 13 | Article 15


https://www.frontiersin.org/articles/10.3389/fnsys.2019.00015/full#supplementary-material
https://doi.org/10.1016/0166-2236(89)90074-X
https://doi.org/10.1016/S0304-3940(02)00825-X
https://doi.org/10.1073/pnas.2037719100
https://doi.org/10.1016/S0166-2236(97)01151-X
https://doi.org/10.1152/jn.1994.72.2.507
https://doi.org/10.1152/jn.00158.2010
https://doi.org/10.1201/9780203494462.ch9
https://doi.org/10.1162/08997660252741149
https://doi.org/10.1523/JNEUROSCI.21-03-01033.2001
https://doi.org/10.1162/NECO_a_00001-Coleman
https://doi.org/10.1523/JNEUROSCI.23-37-11741.2003
https://doi.org/10.1152/jn.1971.34.3.414
https://doi.org/10.1016/0166-2236(90)90110-V
https://doi.org/10.1016/j.cub.2009.07.066
https://doi.org/10.1073/pnas.1517629112
https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/systems-neuroscience#articles

Saxena et al.

Beta vs. Gamma in GPi

Filion, M., and Tremblay, L. (1991). Abnormal spontaneous activity of globus
pallidus neurons in monkeys with MPTP-induced parkinsonism. Brain Res.
547, 140-144. doi: 10.1016/0006-8993(91)90585-]

Foffani, G., Bianchi, A. M., Baselli, G., and Priori, A. (2005). Movement-related
frequency modulation of beta oscillatory activity in the human subthalamic
nucleus. J. Physiol. 568, 699-711. doi: 10.1113/jphysiol.2005.089722

Gale, J. T., Shields, D. C., Jain, F. A, Amirnovin, R.,, and Eskandar, E.
N. (2009). Subthalamic nucleus discharge patterns during movement in
the normal monkey and Parkinsonian patient. Brain Res. 1260, 15-23.
doi: 10.1016/j.brainres.2008.12.062

Georgopoulos, A. P., Kettner, R. E., and Schwartz, A. B. (1988). Primate motor
cortex and free arm movements to visual targets in three-dimensional space. II.
Coding of the direction of movement by a neuronal population. J. Neurosci. 8,
2928-2937. doi: 10.1523/JNEUROSCI.08-08-02928.1988

Howell, N. A., Prescott, I. A., Lozano, A. M., Hodaie, M., Voon, V., and
Hutchison, W. D. (2016). Preliminary evidence for human globus pallidus pars
interna neurons signaling reward and sensory stimuli. Neuroscience 328, 30-39.
doi: 10.1016/j.neuroscience.2016.04.020

Judge, S.J., Richmond, B. J., and Chu, F. C. (1980). Implantation of magnetic search
coils for measurement of eye position: an improved method. Vision Res. 20,
535-538. doi: 10.1016/0042-6989(80)90128-5

Juergens, E., Guettler, A., and Eckhorn, R. (1999). Visual stimulation elicits
locked and induced gamma oscillations in monkey intracortical-and EEG-
potentials, but not in human EEG. Exp. Brain Res. 129, 247-259.
doi: 10.1007/s002210050895

Kahn, K., Saxena, S., Eskandar, E., Thakor, N., Schieber, M., Gale, J. T., et al. (2015).
A systematic approach to selecting task relevant neurons. J. Neurosci. Methods
245, 156-168. doi: 10.1016/j.jneumeth.2015.02.020

Kandel, E. R., Schwartz, . H., and Jessell, T. M. (eds.) (2000). Principles of Neural
Science, Volume. 4, 1227-1246. New York, NY: McGraw-hill.

Kreiman, G., Hung, C. P., Kraskov, A., Quiroga, R. Q. Poggio, T., and
DiCarlo, J. J. (2006). Object selectivity of local field potentials and
spikes in the macaque inferior temporal cortex. Neuron 49, 433-445.
doi: 10.1016/j.neuron.2005.12.019

Kuhn, A. A., Kupsch, A., Schneider, G. H., and Brown, P. (2006). Reduction

8-35Hz oscillatory activity correlates with
improvement in Parkinson’s disease. Eur. J. Neurosci. 23, 1956-1960.
doi: 10.1111/§.1460-9568.2006.04717.x

Leocani, L., Toro, C., Manganotti, P., Zhuang, P., and Hallett, M. (1997). Event-
related coherence and event-related desynchronization/synchronization in the
10 Hz and 20 Hz EEG during self-paced movements. Electroencephalogr. Clin.
Neurophysiol. 104, 199-206. doi: 10.1016/S0168-5597(96)96051-7

Levy, R., Hutchison, W. D., Lozano, A. M., and Dostrovsky, J. O. (2000). High-
frequency synchronization of neuronal activity in the subthalamic nucleus
of parkinsonian patients with limb tremor. J. Neurosci. 20, 7766-7775.
doi: 10.1523/JNEUROSCI.20-20-07766.2000

Levy, R., Hutchison, W. D., Lozano, A. M., and Dostrovsky, J. O. (2002).
Synchronized neuronal discharge in the basal ganglia of parkinsonian
patients is limited to oscillatory activity. J. Neurosci. 22, 2855-2861.
doi: 10.1523/JNEUROSCI.22-07-02855.2002

Miller, W. C., and DeLong, M. R. (1987). “Altered tonic activity of neurons in
the globus pallidus and subthalamic nucleus in the primate MPTP model of
parkinsonism,” in The Basal Ganglia II. eds M. B. Carpenter and A. Jayaraman
(Boston, MA: Springer), 415-427.

Mink, J. W. (1996). The basal ganglia: focused selection and inhibition
of competing motor programs. Progr. Neurobiol. 50, 381-425.
doi: 10.1016/S0301-0082(96)00042-1

Mitzdorf, U. (1985). Current source-density method and application in cat cerebral
cortex: investigation of evoked potentials and EEG phenomena. Physiol. Rev.
65, 37-100. doi: 10.1152/physrev.1985.65.1.37

Murthy, V. N., and Fetz, E. E. (1996). Oscillatory activity in sensorimotor cortex
of awake monkeys: synchronization of local field potentials and relation to
behavior. J. Neurophysiol. 76, 3949-3967.

Nambu, A. (2004). “A new dynamic model of the cortico-basal ganglia loop,”
in Progress in Brain Research, Vol. 143, eds S. Mori, D. Stuart, and M.
Weisendanger (New York, NY: Elsevier), 461-466.

Nini, A., Feingold, A., Slovin, H., and Bergman, H. (1995). Neurons in the globus
pallidus do not show correlated activity in the normal monkey, but phase-
locked oscillations appear in the MPTP model of parkinsonism. J. Neurophysiol.
74, 1800-1805. doi: 10.1152/jn.1995.74.4.1800

in subthalamic clinical

Ohara, S., lkeda, A., Kunieda, T., Yazawa, S, Baba, K., Nagamine, T.,
et al. (2000). Movement-related change of electrocorticographic activity in
human supplementary motor area proper. Brain 123( Pt 6), 1203-1215.
doi: 10.1093/brain/123.6.1203

Penfield, W., and Rasmussen, T. (1950). The Cerebral Cortex of Man; A Clinical
Study of Localization of Function. Oxford: Macmillan.

Pfurtscheller, G., and Neuper, C. (1992). Simultaneous EEG 10Hz
desynchronization and 40Hz synchronization during finger movements.
Neuroreport 3, 1057-1060. doi: 10.1097/00001756-199212000-00006

Priori, A., Foffani, G., Pesenti, A., Tamma, F., Bianchi, A. M., Pellegrini,
M, (2004). Rhythm-specific pharmacological modulation of
subthalamic activity in Parkinson’s disease. Exp. Neurol. 189, 369-379.
doi: 10.1016/j.expneurol.2004.06.001

Raz, A., Vaadia, E., and Bergman, H. (2000). Firing patterns and correlations of
spontaneous discharge of pallidal neurons in the normal and the tremulous 1-
methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine vervet model of parkinsonism. J.
Neurosci. 20, 8559-8571. doi: 10.1523/J]NEUROSCI.20-22-08559.2000

Sanes, J. N., and Donoghue, J. P. (1993). Oscillations in local field potentials of the
primate motor cortex during voluntary movement. Proc. Natl. Acad. Sci. U.S.A.
90, 4470-4474.

Santaniello, S., Montgomery Jr., E. B,, Gale, J. T., and Sarma, S. V. (2012). Non-
stationary discharge patterns in motor cortex under subthalamic nucleus deep
brain stimulation. Front. Integr. Neurosci. 6:35. doi: 10.3389/fnint.2012.00035

Sarma, S. V., Cheng, M. L., Eden, U. T., Williams, Z., Brown, E. N., and Eskandar,
E. (2012). The effects of cues on neurons in the basal ganglia in Parkinson’s
disease. Front. Integr. Neurosci. 6:40. doi: 10.3389/fnint.2012.00040

Sarma, S. V., Eden, U. T., Cheng, M. L., Williams, Z. M., Hu, R., Eskandar, E.,
et al. (2010). Using point process models to compare neural spiking activity in
the subthalamic nucleus of Parkinson’s patients and a healthy primate. IEEE
Transac. Biomed. Eng. 57, 1297-1305. doi: 10.1109/TBME.2009.2039213

Saxena, S., Gale, J. T., Eskandar, E. N., and Sarma, S. V. (2011). “Modulations in the
oscillatory activity of the globus pallidus internus neurons during a behavioral
task-a point process analysis,” in 2011 Annual International Conference of the
IEEE Engineering in Medicine and Biology Society (Boston, MA), 4179-4182.

Saxena, S., Santaniello, S., Montgomery, E. B., Gale, J. T., and Sarma, S. V. (2010).
“Point process models show temporal dependencies of basal ganglia nuclei
under deep brain stimulation,” in 2010 Annual International Conference of the
IEEE Engineering in Medicine and Biology (Buenos Aires: IEEE), 4152-4155.

Saxena, S., Schieber, M. H., Thakor, N. V., and Sarma, S. V. (2012). Aggregate
input-output models of neuronal populations. IEEE Transac. Biomed. Eng. 59,
2030-2039. doi: 10.1109/TBME.2012.2196699

Schoffelen, J. M., Oostenveld, R., and Fries, P. (2005). Neuronal coherence
as a mechanism of effective corticospinal interaction. Science 308, 111-113.
doi: 10.1126/science.1107027

Shin, S., and Sommer, M. A. (2010). Activity of neurons in monkey globus
pallidus during oculomotor behavior in comparison with substantia nigra pars
reticulata. J. Neurophysiol. 103, 1874-1887. doi: 10.1152/jn.00101.2009

Snyder, D. L., and Miller, M. I. (2012). Random Point Processes in Time and Space.
New York, NY: Springer Science & Business Media.

et al

Sochurkova, D, and Rektor, L (2003). Event-related
desynchronization/synchronization in the putamen. An SEEG case
study. Exp. Brain Res. 149, 401-404. doi: 10.1007/s00221-003-

1371-2

Sumsky, S. L., and Santaniello, S. (2018). Temporal pattern of ripple events
in temporal lobe epilepsy: towards a pattern-based localization of the
seizure onset zone. Conf. Proc. IEEE Eng. Med. Biol. Soc. 2018:2288-2291.
doi: 10.1109/EMBC.2018.8512742

Sumsky, S. L., Schieber, M. H., Thakor, N. V., Sarma, S. V., and Santaniello,
S. (2017). Decoding kinematics using task-independent movement-phase-
specific encoding models. IEEE Trans. Neural Syst. Rehabil. Eng. 25:2122-2132.
doi: 10.1109/TNSRE.2017.2709756

Tachibana, Y., and Hikosaka, O. (2012). The primate ventral pallidum encodes
expected reward value and regulates motor action. Neuron 76, 826-837.
doi: 10.1016/j.neuron.2012.09.030

Toro, C., Deuschl, G., Thatcher, R,, Sato, S., Kufta, C., and Hallett, M. (1994).
Event-related desynchronization and movement-related cortical potentials on
the ECoG and EEG. Electroencephalogr. Clin. Neurophysiol. 93, 380-389.
doi: 10.1016/0168-5597(94)90126-0

Truccolo, W., Eden, U. T., Fellows, M. R., Donoghue, J. P., and Brown, E. N.
(2005). A point process framework for relating neural spiking activity to spiking

Frontiers in Systems Neuroscience | www.frontiersin.org

95

April 2019 | Volume 13 | Article 15


https://doi.org/10.1016/0006-8993(91)90585-J
https://doi.org/10.1113/jphysiol.2005.089722
https://doi.org/10.1016/j.brainres.2008.12.062
https://doi.org/10.1523/JNEUROSCI.08-08-02928.1988
https://doi.org/10.1016/j.neuroscience.2016.04.020
https://doi.org/10.1016/0042-6989(80)90128-5
https://doi.org/10.1007/s002210050895
https://doi.org/10.1016/j.jneumeth.2015.02.020
https://doi.org/10.1016/j.neuron.2005.12.019
https://doi.org/10.1111/j.1460-9568.2006.04717.x
https://doi.org/10.1016/S0168-5597(96)96051-7
https://doi.org/10.1523/JNEUROSCI.20-20-07766.2000
https://doi.org/10.1523/JNEUROSCI.22-07-02855.2002
https://doi.org/10.1016/S0301-0082(96)00042-1
https://doi.org/10.1152/physrev.1985.65.1.37
https://doi.org/10.1152/jn.1995.74.4.1800
https://doi.org/10.1093/brain/123.6.1203
https://doi.org/10.1097/00001756-199212000-00006
https://doi.org/10.1016/j.expneurol.2004.06.001
https://doi.org/10.1523/JNEUROSCI.20-22-08559.2000
https://doi.org/10.3389/fnint.2012.00035
https://doi.org/10.3389/fnint.2012.00040
https://doi.org/10.1109/TBME.2009.2039213
https://doi.org/10.1109/TBME.2012.2196699
https://doi.org/10.1126/science.1107027
https://doi.org/10.1152/jn.00101.2009
https://doi.org/10.1007/s00221-003-1371-2
https://doi.org/10.1109/EMBC.2018.8512742
https://doi.org/10.1109/TNSRE.2017.2709756
https://doi.org/10.1016/j.neuron.2012.09.030
https://doi.org/10.1016/0168-5597(94)90126-0
https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/systems-neuroscience#articles

Saxena et al.

Beta vs. Gamma in GPi

history, neural ensemble and extrinsic covariate effects. J. Neurophysiol. 93,
1074-1089. doi: 10.1152/jn.00697.2004

Truccolo, W., Friehs, G. M., Donoghue, J. P., and Hochberg, L. R. (2008). Primary
motor cortex tuning to intended movement kinematics in humans with
tetraplegia. J. Neurosci. 28, 1163-1178. doi: 10.1523/J]NEUROSCI.4415-07.2008

Turner, R. S., and Anderson, M. E. (1997). Pallidal discharge related to the
kinematics of reaching movements in two dimensions. J. Neurophysiol. 77,
1051-1074. doi: 10.1152/jn.1997.77.3.1051

Weinberger, M., Mahant, N., Hutchison, W. D., Lozano, A. M., Moro, E., Hodaie,
M., et al. (2006). Beta oscillatory activity in the subthalamic nucleus and its
relation to dopaminergic response in Parkinson’s disease. J. Neurophysiol. 96,
3248-3256. doi: 10.1152/jn.00697.2006

Welch, P. (1967). The use of fast Fourier transform for the estimation of power
spectra: a method based on time averaging over short, modified periodograms.
IEEE Transac. Audio Electroacoust. 15, 70-73. doi: 10.1109/TAU.1967.11
61901

Wingeier, B., Tcheng, T., Koop, M. M., Hill, B. C,, Heit, G., and Bronte-
Stewart, H. M. (2006). Intra-operative STN DBS attenuates the prominent
beta rhythm in the STN in Parkinson’s disease. Exp. Neurol. 197, 244-251.
doi: 10.1016/j.expneurol.2005.09.016

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Saxena, Sarma, Patel, Santaniello, Eskandar and Gale. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Systems Neuroscience | www.frontiersin.org

9%

April 2019 | Volume 13 | Article 15


https://doi.org/10.1152/jn.00697.2004
https://doi.org/10.1523/JNEUROSCI.4415-07.2008
https://doi.org/10.1152/jn.1997.77.3.1051
https://doi.org/10.1152/jn.00697.2006
https://doi.org/10.1109/TAU.1967.1161901
https://doi.org/10.1016/j.expneurol.2005.09.016
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/systems-neuroscience#articles

1' frontiers
in Neurology

PERSPECTIVE
published: 10 May 2019
doi: 10.3389/fneur.2019.00462

OPEN ACCESS

Edited by:

Tim Anderson,

University of Otago, Christchurch,
New Zealand

Reviewed by:

Antonella Conte,

Sapienza University of Rome, Italy
Rick Helmich,

Radboud University Nijmegen Medical
Centre, Netherlands

*Correspondence:
Martiin Beudel
m.beudel@amc.uva.nl

Specialty section:

This article was submitted to
Movement Disorders,

a section of the journal
Frontiers in Neurology

Received: 29 January 2019
Accepted: 16 April 2019
Published: 10 May 2019

Citation:

Beudel M, Sadnicka A, Edwards M
and de Jong BM (2019) Linking
Pathological Oscillations With Altered
Temporal Processing in Parkinsons
Disease: Neurophysiological
Mechanisms and Implications for
Neuromodulation.

Front. Neurol. 10:462.

doi: 10.3389/fneur.2019.00462

Check for
updates

®

Linking Pathological Oscillations
With Altered Temporal Processing in
Parkinsons Disease:
Neurophysiological Mechanisms and
Implications for Neuromodulation

Martijn Beudel?*, Anna Sadnicka?®*, Mark Edwards* and Bauke M. de Jong?

" Department of Neurology, Amsterdam Neuroscience Institute, Amsterdam University Medical Center, Amsterdam,
Netherlands, ? Department of Neurology, University Medical Center Groningen, University of Groningen, Groningen,
Netherlands, ° Faculty of Brain Sciences, Institute of Neurology, University College London, London, United Kingdom,
4 Department of Neurology, St. George’s University of London, London, United Kingdom

Emerging evidence suggests that Parkinson’s disease (PD) results from disrupted
oscillatory activity in cortico-basal ganglia-thalamo-cortical (CBGTC) and cerebellar
networks which can be partially corrected by applying deep brain stimulation (DBS). The
inherent dynamic nature of such oscillatory activity might implicate that is represents
temporal aspects of motor control. While the timing of muscle activities in CBGTC
networks constitute the temporal dimensions of distinct motor acts, these very networks
are also involved in somatosensory processing. In this respect, a temporal aspect of
somatosensory processing in motor control concerns matching predicted (feedforward)
and actual (feedback) sensory consequences of movement which implies a distinct
contribution to demarcating the temporal order of events. Emerging evidence shows
that such somatosensory processing is altered in movement disorders. This raises the
question how disrupted oscillatory activity is related to impaired temporal processing
and how/whether DBS can functionally restore this. In this perspective article, the neural
underpinnings of temporal processing will be reviewed and translated to the specific
alternated oscillatory neural activity specifically found in Parkinson’s disease. These
findings will be integrated in a neurophysiological framework linking somatosensory and
motor processing. Finally, future implications for neuromodulation will be discussed with
potential implications for strategy across a range of movement disorders.

Keywords: Parkinson’s disease, deep brain stimulation, oscillations, timing, movement disorders

TIME AND THE BRAIN

Purposeful motor behavior requires adequate spatio-temporal co-ordination of limbs and
axial body parts. E.g., in catching a ball, joint movements, are arranged in such a way
that the hand reaches the targets location at the correct time. These spatial and temporal
characteristics of movement are also distinctively represented in the organization underlying
cerebral motor control, embedded in both segregated and integrated neuronal circuitries (1, 2).
Regarding motor timing, at least two interrelated levels of organization may be discerned:
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(i) planning “to be” at the right time at the right place and

(ii) planning the serial order of required muscle contractions
in order “to move” effectively. The first highlights engagement
with a dynamic environment and underscores the relation
between motor and perceptual timing. Given the relative
slow cerebral processing time, such environmental engagement
requires anticipation on near-future events. With regard to the
temporal orchestration of muscle contractions, proprioception
makes an additional sensory contribution to motor control, both
in feedforward and feedback modes (3).

The dynamics of an environment, i.e., the succession of events,
is perceived as a sequence of spatial changes. Segregated analysis
of the various features of (visual) stimuli, such as shape, color,
and visual motion, along parallel processing streams with varying
synaptic delays, implies that the initial stimulus time is dispersed
within the brain, thus losing an absolute (external) measure
of time (4, 5). Moreover, a consequence of such necessary
cerebral processing time is that the flow of external change
is fractionated, demarcating intervals between distinct spatial
frames. This is consistent with daily-life experience that at
certain speed, a moving dot will appear as a line. Apparently,
intervals of minimal change define the threshold at which
a moving dot is either perceived as a dot or changes into
a line. Based on functional imaging results the cerebellum is
particularly implicated in assessing differences between past and
future spatial frames enabling anticipation on coming events
(6, 7), while the striatum plays a specific role in monitoring
minimal intervals of successive spatial change, providing an
internal measure of non-contextual time, i.e., an internal clock
(5, 8, 9). For the latter, parallel streams of cortical processing
steps, with the intrinsic consequence of introducing temporal
dispersion, efferent copies might be emitted to the striatum and
provide sequential regularity at system level (Figure 1). This
is consistent with the model of cortical networks that enable
“timing” as a result of time-dependent network changes (10).
Closely related to this concept, the basal ganglia have been
proposed to play a role in the synchronization of multiple cortical
oscillators (11, 12).

The concept of minimal intervals of spatial change finds
particularly support from a variant of the “flash-lag illusion,”
i.e, a “flash-lead” illusion. This phenomenon implies that a
moving object is perceived to be behind a spatially concurrent
stationary flash before the two disappear (13). Disappearance
of the moving dot interrupts building the final “frame,” leaving
perception of the preceding frame registering its foregoing
location. Assuming that the delay reflects processing time
required to construct a “single spatial frame,” it was speculated
that this temporal measure is in the magnitude of 100 ms.
In the classical “flash-lag” illusion, which implied that the
moving object did not disappear but proceeded its trajectory,
the moving object is perceived to be ahead of the spatially
concurrent stationary flash (14, 15). Here, it is proposed that
the percept (“spatial frame”) attributed to the time of the
flash is a function of events that happen in the ~100ms
after the flash, ie., the processing time to construct such
frame, with interpolation of the past concerning the moving
object (16, 17). In Parkinson’s disease (PD), this illusion is

disrupted (18). In the present paper, we will discuss the
specific alterations of temporal processing in PD and its
implications for applying neuromodulation, in particular deep
brain stimulation (DBS).

TEMPORAL PROCESSING IN
PARKINSON’S DISEASE

One of the most remarkable features of disturbed temporal
processing in PD is noticed when assessing the defining feature
of PD; bradykinesia. When asked to make regular finger, hand
and arm movements, PD patients show specific difficulty
in maintaining sufficient velocity and regularity/rhythm.
Furthermore, there is a vast amount of experimental evidence
that shows that temporal processing in the perceptual domain is
abnormal in PD (19-21). This not only holds for the temporal
discrimination threshold (TDT)-the minimum inter-stimulus
time between two sensory stimuli which a subject can reliably
detect that there are two stimuli rather than one (22) but
also for the perception of inter-stimulus intervals (23) and
rhythm processing (24). As a consequence, perceptual illusions,
such as the rubber hand (25) and flash-lag illusion (18), are
perceived differently in PD patients compared to controls. After
the application of dopaminergic drugs, several studies have
shown a reduction of the TDT more toward healthy controls
(22), similar observations are noticed after the application of
DBS whereafter the discrimination of auditory inter-stimulus
intervals improves (26). As temporal processing improves,
recent evidence shows that also perceptual illusions like the
rubber hand illusion improve after the application of DBS (27).
In several studies the degree of the disturbance in temporal
processing is correlated with the severity of Parkinsonian motor
symptoms (18, 22, 28). These correlations link the disturbed
velocity of movements with temporal processing capacities;
the slower a patient moves the slower he / or she can perceive
temporal changes.

The pathophysiological mechanism of the disrupted temporal
processing in PD are not yet fully elucidated. The fact that
there is a dopaminergic depletion in PD and that dopaminergic
drugs (and DBS) restore alterations in temporal-processing made
initial hypothesis about the its origin go to a “dopaminergic
clock” (29). This is further supported by animal-experiments
showing that drugs with an opposite effect, neuroleptics, show
a decrease of the velocity of the dopaminergic clock and
that this is dependent on de D2 affinity of the neuroleptic
(30). Further evidence for such dopaminergic clock comes
from PET imaging in which TDT values were correlated
with the severity of the striatal dopaminergic deficit (31) and
fMRI studies in healthy volunteers in which striatal activation
occurred during temporal processing (5, 8). Although this
correlation provides further evidence for a dopaminergic role.
It does not yet elucidate the mechanism at a more explicit
neural network level. For this reason, data with a higher
temporal resolution; neurophysiological signals, can provide
such evidence.
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A model of temporo-spatial stimulus dispersion
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FIGURE 1 | (A) Stimulus dispersion in space and time. Scheme of a simplified neuronal network to illustrate dispersion in space and time following the initial
stimulus-induced activation (1) of e.g., the visual cortex (locus a). Successive processing steps (indicated by the numbers 2-7) take place according to principles of
functional segregation (i) and integration (i), as well as bottom-up (i) and top-down (iv) mechanisms. Differences in synaptic delay along parallel processing streams,
due to different number of processing nodes along each pathway, may introduce sequence irregularity. At system-level, however, sequential regularity is maintained by
the integration of efferent copies sent to the basal ganglia (locus b). The latter may act as an oscillator, providing a measure of “processing-based” time at network
locus ¢ (e.g., the prefrontal cortex). (B) Local field potential (LFP) showing neural activity in the subthalamic nucleus (STN) in a healthy subject of a patient with
Parkinsons disease. The “burst” with increased and more synchronized activity in the beta (13-30 Hz) domain (underscored with a red line) is typical for Parkinsons
disease. In theory, the proposed model depicted in a. could be disturbed by this pathological activity. (A) Derived from (5), Neurolmage (B) unpublished data.

NEUROPHYSIOLOGICAL ALTERATIONS IN
PARKINSON'’S DISEASE

Stereotactic and functional neurosurgery for movement
disorders have provided a unique opportunity to directly
record neural activity in the basal ganglia and cortex

from either the single neuron, using micro-electrode
recordings (MER), or from populations of neurons,
using local field potentials (LFP). Furthermore, with

advanced signal processing techniques it is currently also
possible to extract EEG characteristics, that are specific for
movement disorders.

In PD, an excessive domination of beta (13-30 Hz) oscillations
is found throughout the motor system. Up to now, the origin
of these oscillation in patients is not yet established but recent
animal studies have shown that dopaminergic depletion leads
to increased firing of striatal spinal projection neurons of
the indirect pathway which in turn become prone to being
recruited for exaggerated beta oscillations (32) These beta-
oscillations decrease after the application of dopaminergic
medication (33) and DBS (34). One of the limitations of

these findings is that no reference values are present from
healthy controls, which makes disease-specificity difficult to
prove. However, the amount of beta oscillations correlates
with contralateral akinesia-rigidity scores (35) and are more
pronounced in PD as in dystonia in a recent meta-analysis
(36). Furthermore, not only, the power of local beta oscillations
but also the coherence in the beta range between cortex and
STN is altered (37) and can be restored by applying DBS
(38). One recent, finding is that the presence of increased
beta activity changes over time and transient increases of
beta activation occurs in so called “bursts” (39,40). The
longer the average burst duration is, the more severe PD
symptoms are. Further evidence for a relation between symptom
severity with the stability of beta oscillations over time
comes from a study in which the variability of beta-power
inversely correlated with symptom severity in PD (41).
This is consistent with the implication that longer beta
bursts reflect reduced beta power variability. In other words,
excessive enhanced synchronization of activity in the beta
band is present in PD and is correlated with the severity of
motor symptoms.
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LINKING NEUROPHYSIOLOGICAL
ALTERATIONS WITH TEMPORAL
PROCESSING

So far, no experimental evidence is available that directly
links disturbed (beta) oscillatory activity to disturbed temporal
processing in PD. However, beta oscillations have been involved
in many other processes beyond movement. Transient beta
oscillations play an important role in the successful stopping
of actions (42, 43). Furthermore, beta oscillations play a
role in “status quo maintenance” (44) and “top-down” based
attention (45). Next to this, the volatility of beta oscillations
(beta modulation) is involved in the sequencing of complex
sensorimotor processes including repetitive movements (46)
as well as passive listening to isochronous sounds (47).
Based on these findings and the arguments presented in the
previous sections one may infer that the correlation of PD
symptom severity with (i) the amount of beta oscillations as
well as (ii) altered perceptual time processing, provides an
indirect arguments for the context that exaggerated oscillatory
activity in the motor system [e.g., (38)] represents a neuronal
mechanisms causing altered temporal processing in general.
In other words, one may ask whether it is possible that
exaggerated synchronized activity discards temporally sensitive
information (efferent copies) as a noise filter (Figure2) And
consequently, is the magnitude of established change in
perceptual illusions determined based on exaggerated beta
oscillations? These hypotheses can be tested by combining
psychophysical paradigms with time-locked neurophysiological
recordings [e.g., (48)].

IMPLICATIONS FOR NEUROMODULATION

Although DBS is an established treatment for refractory
movement disorders, it has its limitations in terms of efficacy
and side-effects. One of the reasons for this is that not only
pathological but also physiological neural activity is suppressed.
Given the natural fluctuation of the severity of Parkinsonian
symptoms, e.g., due to dopaminergic medication and fatigue,
DBS might, in PD, only be effective when pathological neural
activity is present, and symptoms are present [e.g., (49)]. This
implies that DBS should indeed not be provided continuously
but in an intermittent and adaptive way, adaptive DBS (aDBS)
(50). Up to now, all the experimental evidence for aDBS
comes from paradigms in which high frequency stimulation
(£130Hz) is either switched ON or OFF or modulated in
amplitude based on the amount of pathological beta oscillations
(Figure 3). On the other hand, beta oscillations also fulfill a
physiological, anti-kinetic role in terminating actions (43). When
applying DBS in such a way that it is only switched on when
disruptive beta oscillations are present, DBS might provide a
more profound effect while stimulation induced side effects
would be reduced (51).

Although the approach described before adapts stimulation
on the amount of pathological oscillations, it is still independent
of sensorimotor processing. Another approach to time

neuromodulation is to apply stimulation based on the presence
of events when pathological activation occurs. Such approach
has been clinically applied for almost a decade in epilepsy
patients [e.g., (52)] and recently also a patient with Tourette
syndrome (53). In these two disorders DBS was triggered by
the presence of epileptic activity and presence of neural activity
associated with tics, respectively. In theory, DBS could also be
triggered by other potentials that are, for example, related to
movement initiation. This approach has recently been trialed a in
a stroke recovery model (54). In this study, electrical stimulation
time-locked to transient LFO’, which occur during skilled
upper limb tasks, significantly improved upper limb function.
Such form of precision medicine highlights the importance
of the accurate timing of neuromodulation. Further support
for such a phase-specific role of neuromodulation comes from
tremor studies in which DBS (55) or transcranial direct current
stimulation [TDCS, (49)] aligned to tremor phase, resulted
in significant tremor suppression with minimally delivered
energy. Although, such an “event-based” form of stimulation
has not been trialed in PD, a recent paper (56) showed the
temporal course of STN activation during inhibitory, motor, and
cognitive tasks, which might form the basis for such stimulation
algorithms. By applying these event based analyses of LFP’s
the effects of different forms of stimulation can be tested and
a the role between physiological oscillatory activity [e.g., (48)]
and disturbed oscillatory activity could be better elucidated
(Figure 3). In line with this, by filtering disturbed oscillatory
activity, but leaving physiological neuronal activity unaffected,
sensorimotor processing, including temporal processing might
be return to physiological conditions. Evidence for this comes
from recent studies showing that conventional (continuous) DBS
shows both a more constant suppression of subcortical (39) and
cortical beta activity (57), which might lack the essential volatility
to show peri-stimulus beta modulation to process essential
temporal information. Of course this needs to be proven by
empirical findings and we hope to test these hypotheses in the
nearby future.

PARALLELS WITHIN OTHER MOVEMENT
DISORDERS

Dystonia is another movement disorder in which temporal
processing has been extensively tested. Temporal discrimination
thresholds have been found to be elevated across both
the visual and somatosensory domains (58). Interestingly in
cervical dystonia, abnormalities in temporal discrimination
in relatives has led to the hypothesis that abnormalities
in TDT are a marker of non-manifesting gene carriage
[acting as an endophenotype, (59)]. In contrast to PD, TDT
abnormalities persist despite the efficacy of GPi-DBS, suggesting
that DBS does not appear to improve dystonic motor activity
by correcting abnormalities in sensory processing, at least as
measured by the TDT (60). A distributed network is likely
to be involved in the processing of TDT, however, notably
much of the variability of TDT values across subjects has
been linked to neural markers of inhibition in the primary
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fMRI

LFP-MEG

A B C

FIGURE 2 | Cerebral circuitry involved in temporal processing and cerebral circuitry selectively modulated by deep brain stimulation (DBS) in Parkinson’s disease. (A)
3D fMRI activation pattern in healthy volunteers during a temporal estimation task showing increased bilateral basal ganglia activity and right frontal activation. (B)
Similar rendered contrast showing additional activation of the supplementary motor area (SMA). (C) Beta (13-30 Hz) coherence between local field potentials (LFP’s) of
the subthalamic nucleus (STN) and frontal regions recorded with magnetoencephalography (MEG). Yellow, low beta (13-21 Hz); Green, high beta (21-30 Hz)
coherence. Red = decreased cortical beta coherence after the application of DBS. (A,B) Derived with permission from (5), Neurolmage (C) derived with permission
from (38), Brain.

beta ampiituce
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temporal
gl estimation
improves

pathological
oscillations
decrease

FIGURE 3 | (A) Schematic representation of exaggerated beta (13-30 Hz) “burst” activity derived from the subthalamic nucleus. The first row depicts the similar
periodically enhanced beta activity as depicted in Figure 1. The second row depicts the effect of selective suppression of beta burst activity of a certain magnitude
and duration. This leads to selective, i.e., adaptive, stimulation. In the third row, the non-selective effect of continuous stimulation, conventional DBS, is depicted which
leads to an overall suppression of beta activity, irrespective its magnitude, and duration. (B) Whether the suppression of exaggerated leads to improved temporal
estimation is to be tested. (A) Derived with permission from (39), Brain.

somatosensory cortex [S1, (61)]. Furthermore, high frequency
repetitive stimulation over the S1 increases neurophysiological
makers of inhibition and sensory function and such changes
correlate with improvements in TDT (62). Thus, similar
to PD, such findings hint that neural correlates of TDT
abnormalities could be used to provide a richer input
environment to inform adaptive DBS strategies. This is
particularly relevant in dystonia as clinical response often lags
many months behind changes or the initiation of DBS offering

the operator little real time feedback by which to optimize
stimulation parameters.

Compared to cerebellar ataxia, as seen in cerebellar
degeneration, PD patients show a selective disturbance in
rhythmic temporal prediction, and not in single interval
prediction (19, 21). These findings are in line with the role of
the basal ganglia in monitoring minimal intervals of successive
spatial change, providing an internal measure of non-contextual
time (See section Time and the Brain).
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FUTURE WORK

In order to further elucidate the true nature of disturbed
temporal processing and its potential therapeutic consequences
in PD, several new avenues are currently being explored. Testing
temporal processing draws on psychophysics, and there are some
drawbacks of the different psychophysical paradigms which have
been previously applied. Since most of these paradigms rely
on self-report, they can be subject to bias. Standard staircase
methodology in which the separation between two stimuli is
slowly increased or decreased in a predictable manner allows the
obtained thresholds to be readily biased by a decision strategy
unrelated to temporal discrimination ability (63). For example,
if stimuli are gradually changed in the direction of threshold
over several trials experimentally it has been shown that some
observers develop a habit of repeating the same response and
thus continuing to make the response after the threshold point
has been reached. This “error of habituation” affects the data by
falsely increasing thresholds (64). Within some paradigms catch
trials (single stimuli trials) are also introduced which attempts to
mitigate these errors and encourages participants to evaluate the
sensory information arriving on each trial. However, such biases
are best mitigated by randomizing the order of presentation (64).

The analysis of psychophysical paradigms has also progressed
hugely since the methods of limits were established and their
limitations acknowledged in the 1960s. By using reaction time
data as well as well as accuracy of response inferences can
also be made about the decision making components integral
to the TDT. Such factors have begun to be explored in PD.
For example, computational modeling has revealed that timing
deficits in PD cannot be solely attributed to perceptual temporal
distortions, but are also associated with impulsive decision
strategies that bias patients toward premature responses (65).
Similarly, drift diffusion decision modeling in a large group of
subjects with cervical dystonia points to a more conservative
decision strategy in cervical dystonia over and above a temporal
discrimination deficit (63). Such finding are highly feasible as the
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The subthalamic nucleus (STN) is a common target for deep brain stimulation (DBS)
treatment in Parkinson’s disease (PD) but much less frequently targeted for other
disorders. Here we report the results of simultaneous local field potential (LFP) recordings
and magnetoencephalography (MEG) in a single patient who was implanted bilaterally in
the STN for the treatment of dystonia induced by chorea-acanthocytosis. Consistent
with the previous results in PD, the dystonia patient showed significant subthalamo-
cortical coherence in the high beta band (28-35 Hz) on both sides localized to the
mesial sensorimotor areas. In addition, on the right side, significant coherence was
found in the theta-alpha band (4-12 Hz) that localized to the medial prefrontal cortex
with the peak in the anterior cingulate gyrus. Comparison of STN power spectra with a
previously reported PD cohort showed increased power in the theta and alpha bands
and decreased power in the low beta band in dystonia which is consistent with most of
the previous studies. The present report extends the range of disorders for which cortico-
subthalamic oscillatory connectivity has been characterized. Our results strengthen the
evidence that at least some of the subthalamo-cortical oscillatory coherent networks are
a feature of the healthy brain, although we do not rule out that coherence magnitude
could be affected by disease.

Keywords: DBS, magnetoencephalography (MEG), human, movement disorder, oscillations

INTRODUCTION

Synchronized oscillations are a prevalent phenomenon in neural systems and are hypothesized
to play an important role in communication between different neuronal populations (Friston
et al,, 2015). Cortical oscillatory connectivity in the human brain can be studied non-invasively
with electroencephalography (EEG) and magnetoencephalography (MEG; Gross, 2014). However,
activity from subcortical nuclei can only be recorded invasively. Deep brain stimulation (DBS)
surgery provides a unique opportunity to study the subcortical activities by recording local
field potentials (LFPs) from macroelectrodes which are stereotactically targeted with high
precision to specific anatomical structures. DBS is a powerful treatment for Parkinson’s disease
(PD; Limousin et al., 1995), dystonia (Cao et al., 2013) and also for severe obsessive compulsive
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disorder (OCD; Chabardes et al.,, 2013; Mulders et al., 2016).
The subthalamic nucleus (STN) is the most common DBS target,
primarily used for PD. The internal Globus Pallidus (GPi) is the
primary target for dystonia but it is also used in PD. Thus, while
electrophysiological markers of PD have been well characterized
in both STN and GPj, those of dystonia are mostly known from
GPi recordings. A view consolidated in recent years sees both PD
and dystonia as oscillopathies (Nimmrich et al., 2015), disorders
closely linked to abnormal oscillatory activity in the cortico-
basal ganglia circuits. For dystonia the abnormal activity is in
theta-alpha (4-12 Hz) range (Silberstein et al., 2003); whereas,
for PD the abnormality is in the beta (13-30 Hz) range (Brown
et al., 2001). Several previous studies directly comparing LFP
power spectra between the two disorders reproduced the same
pattern with increased alpha-theta power in dystonia relative to
PD and increased beta power in PD (particularly after withdrawal
of dopaminergic medication) relative to dystonia. This pattern
was observed in both GPi (Silberstein et al., 2003; Wang et al,,
2018; Pifia-Fuentes et al.,, 2019) and STN (Neumann et al,,
2012; Geng et al,, 2017). One study (Wang et al., 2016) did not
find clear differences in STN LFP spectra between the dystonia
and PD groups. In the motor cortex, the differences between
dystonia and PD are less pronounced with one study showing
an increase of the peak frequency of alpha and beta oscillations
in PD relative to dystonia (Crowell et al, 2012) and another
study finding increased broadband high gamma activity in PD
but no differences for alpha and beta (Miocinovic et al., 2015).
For both dystonia and PD, the study of abnormal oscillations
can have clinical implications for improvement of DBS targeting
(Yoshida et al., 2010; Horn et al., 2017; Neumann et al., 2017) and
development of brain activity driven closed-loop DBS methods
(Little et al., 2013; Barow et al., 2014; Meidahl et al., 2017; Pifa-
Fuentes et al., 2019).

The mechanisms that generate pathological rhythms are
not well understood. The modeling work to date has focused
primarily on the pathological beta in PD where several competing
models have been put forward (see Pavlides et al., 2015 for
review). The main unresolved question in modeling work, which
is equally likely to apply to theta-alpha in dystonia, is whether
the pathological synchronization is generated locally in the basal
ganglia or involves abnormal amplification of cortical inputs.
Simultaneous recording of MEG and LFP could potentially make
it possible to distinguish between these theories as it facilitates the
characterization of the interaction between subcortical activity
seen in the LFP and cortical areas whose activity can be recorded
by MEG (Harmsen et al., 2018).

The two published studies of simultaneous MEG and
STNLFP recordings in PD patients at rest (Hirschmann
et al., 2011; Litvak et al., 2011a), both show that the STN is
coherent with the mesial motor areas [likely, the supplementary
motor area (SMA)] in the beta range and with the temporo-
parietal areas and the brainstem in the alpha-theta range.
A study applying similar methods to dystonia patients with GPi
electrodes (Neumann et al., 2015) found beta coherence with the
sensorimotor cortex, theta coherence with the inferior temporal
cortex and alpha coherence with the cerebellum. The latter was
correlated with the degree of clinical impairment.

To determine the relation between these oscillatory coherent
networks and pathophysiology of disease it would be helpful
to compare recordings from the same DBS target for different
neurological disorders. To this end, here we report here an
analysis of STN-cortical coherence in a patient with dystonia.
This combination of methods, target and disease has not been
reported before.

MATERIALS AND METHODS

Patient Details

The study was approved by the local ethics committee
of Ruijin hospital, Shanghai JiaoTong University School of
Medicine. The patient was informed about the aim and the
scope of the study and gave written informed consent. The
patient also consented to the publication of the present case
report. A 34 years old male developed involuntary movements
4 years prior to the surgery and was diagnosed with chorea-
acanthocytosis. Neuroacanthocytosis due to mutations in the
VPS13A gene encoding chorein is an autosomal-recessive
neurodegenerative disorder which is characterized by chorea
and dystonia (Rampoldi et al., 2001). The patient presented
with impairment of fine movements of the upper limbs and
bradykinesia, mainly involving the right limb. In addition, the
patient opened and closed his mouth involuntarily, snorted
intermittently and gradually developed lower limb weakness.
Two years before the surgery, the symptoms of the left limb
gradually became more obvious and difficulty in swallowing and
coughing from drinking water appeared. Blood tests showed red
blood cell count of 5.25 x 10'?/L. Some red blood cells varied
in size and had a spiked cell membrane consistent with the
appearance of acanthocytes. Genetic testing revealed a mutation
in the gene VPS13A. The structural magnetic resonance imaging
(MRI) showed lateral ventricle enlargement and putamen and
caudate nucleus atrophy. The patient was not pharmacologically
treated prior to surgery.

Deep Brain Stimulation Operation and

MEG-LFP Recording
Implantation of the quadripolar DBS electrodes (model 3387;

Medtronic, Minneapolis, MN, USA) was performed under
general anesthesia bilaterally using a MRI-guided targeting
(3.0 T, General Electric), which was co-registered with a CT
image (General Electric) with the Leksell stereotactic frame
(Zhan et al., 2018). The electrode leads were externalized for a
week and temporary externally applied stimulation during this
period could partially control the patient’s symptoms particularly
the involuntary movement of the mouth, pronunciation, and
hand movement impairment. We cannot report the results of
long-term follow-up at this stage since the patient was operated
less than a year ago. We also used the externalization period to
record bilateral STN-LFP and whole head MEG simultaneously
while the patient was awake. The MEG was recorded with a
306-channel MEG scanner (Elekta Oy, Helsinki, Finland) in a
magnetically shielded chamber (Euroshield, Eura, Finland). The
EEG system which is integrated with the MEG device was used
for the LFP recording. The patient was instructed to rest with eyes
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open, and the absence of voluntary movement was confirmed
by continuous visual inspection. The raw data were band pass
filtered in 0.03-330 Hz range and digitized at 1,000 Hz. The
DBS electrode had four platinum-iridium cylindrical surfaces
of diameter 1.27 mm, length 1.5 mm and center-to-center
separation 1.5 mm. The contacts were numbered 0-3 from the
ventral to dorsal.

Reconstruction of Electrode Locations in

the STN

We used the Lead-DBS toolbox! (Horn and Kiithn, 2015)
to reconstruct the contact locations. Post-operative CT was
co-registered to pre-operative T1 scan using a two-stage
linear registration (rigid followed by affine) as implemented
in Advanced Normalisation Tools (ANT?; Avants et al.,
2008). The pre-operative T2 scan was linearly co-registered
to pre-operative T1 using SPM12 (Friston et al., 2007). Pre-
(and post-) operative acquisitions were spatially normalized into
MNI_ICBM_2009b_NLIN_ASYM space (Fonov et al., 2011)
using the SyN registration approach in ANT. DBS-Electrodes
were automatically pre-localized in native and template space
using the PaCER algorithm?® (Husch et al., 2018) and then
manually localized based on post-operative acquisitions using
a tool specifically designed for this task (as implemented in
Lead-DBS software, Horn and Kiithn, 2015).

Analysis of LFP and MEG

MEG data were pre-processed with the temporal extension
of Signal Space Separation method (Taulu and Simola, 2006)
implemented in the MaxFilter software (Elekta Oy, Helsinki,
Finland). The subsequent analyses were done in SPM12* (Litvak
et al,, 2011b) following the procedures described by Litvak et al.
(2010, 2011a). LFP data from contacts located in the STN (see
Figure 1) were converted to bipolar montage which gave one
LFP channel per side. The data were high-pass filtered above
1 Hz and 50 Hz line noise and its harmonics were removed
with notch filters (Butterworth 5th order, zero phase filters).
The data were epoched into 3 s segments. Epochs containing
deflections exceeding 20 WV in the LFP channels were removed
from analysis which left 136 epochs of clean LFP data which was
visually verified.

LFP spectra were computed using multi-taper spectral
estimation method (Thomson, 1982). The power was averaged
across trials, subjected to log-transform and normalized by
subtracting a linear fit to the 55-95 Hz range from the whole
spectrum. The aim of these steps was to be able to compare
the spectra to our previous recordings done on different system
(see below).

Significant cortico-STN coherence was identified by statistical
comparison of scalp-frequency images of coherence in the
1-45 Hz range to surrogate images generated by shuffling the
reference channel across trials. This procedure was described
in detail by Litvak et al. (2011a). The identified significant

Uhttp://www.lead-dbs.org/
Zhttp://stnava.github.io/ ANTSs/
3http://adhusch.github.io/PaCER/
4https://www.fil.ion.ucl.ac.uk/spm/software/

FIGURE 1 | Localization of electrode contacts. The localization was
performed based on post-operative CT, coregistered to pre-operative
magnetic resonance imaging (MRI). Subthalamic nucleus (STN) and the Red
Nucleus are visualized based on DISTAL atlas (Ewert et al., 2018). The
contacts used for bipolar derivations reported here (2, 3 on the right; 0, 1 on
the left) are highlighted in red.

coherence patterns were source localized for the corresponding
frequency band and reference channel using Dynamic Imaging
of Coherent Sources (DICS) beamforming (Gross et al., 2001)
implemented in the Data Analysis in Source Space (DAISS)
toolbox for SPM°. This used a single shell forward model (Nolte,
2003) generated based on the patient’s pre-operative T1 using
standard SPM procedures (Mattout et al., 2007).

Comparison to PD Cohort

In order to examine the similarities and differences in STN
spectra between the patient reported here and previously studied
PD patients, we compared the results to those from a cohort
previously reported by Litvak et al. (2011a). All the patients
reported in the article were included except for patient 3 who was
not responsive to dopaminergic medication.

RESULTS

The top two contacts (2 and 3) of the right electrode were
localized inside the right STN; the bottom two contacts (0 and
1) of the left electrode were localized inside the left STN
(Figure 1). The sensor level analysis revealed three significant
clusters of coherence. We only report the frequency bands
obtained from the sensor-level analysis here and Figure 2 shows
the corresponding source localizations. On the right side, two
clusters were identified. The first cluster was in the theta-alpha
band (4-12 Hz, Figure 2A) and localized to the deep frontal
medial areas with the peak in the anterior cingulate cortex. The
second cluster was in the beta band (28-35 Hz, Figure 2B)
and localized to the ipsilateral pre-motor and motor cortices. A
similar single beta cluster was found for the left STN channel with
the same significant frequency range (Figure 2C) and localization
to the corresponding areas on the left side.

Comparison of LFP power spectra to the previous PD cohort
showed higher alpha-theta power for the dystonia patient and
much lower power in the low beta range when compared

Shttps://github.com/spm/daiss
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FIGURE 2 | Beamformer localization of significant coherent clusters. The
frequency bands for each local field potentials (LFPs) channel were
determined based on sensor-level test (see “Materials and Methods” section).
Dynamic Imaging of Coherent Sources (DICS) coherence beamformer (Gross
et al., 2001) was used for source analysis. For visualization purposes, the
beamformer images were converted to Z-score across voxels, thresholded
above 2.5 and overlaid on the patient’s pre-operative T1 structural. Panel (A)
shows localization of theta-alpha (4-12 Hz) coherence with the right STN.
Panels (B,C) show localization of high beta (28-35 Hz) coherence with the
right and left STN, respectively.

to both ON and OFF dopamine states in PD (Figure 3).
There was a distinct peak in power in the high beta band
corresponding to the range of significant coherence between
STN and the cortex which exceeded the mean values in this
range for PD. In order to determine whether there were any
significant differences between the dystonia patient and the
PD cohort, we performed two sample t-tests between the two
hemispheres of the dystonia patient and 22 hemispheres of the
PD patients OFF drug assuming equal variance for power spectra
averaged in pre-defined bands (shown in color in Figure 3). For
theta (4-7 Hz) and alpha (7-13 Hz) the results were close to
significance (Mpp = 1.15, Mgy = 2.45, SD = 0.88, t = —2.01,
p =0.057 and Mpp = 1.12, Mayy = 2.07, SD = 0.64, t = —2.01,
p =0.058 respectively) but without correction for multiple testing
across bands. For low beta (13-22 Hz) and high beta (22-35 Hz)
the differences were not significant (Mpp = 1.2, Mgyst = 0.68,
SD = 0.66, t = 1.07, p = 0.29 and Mpp = 0.96, Mgys = 0.66,
SD = 0.6, t = 0.68, p = 0.5, respectively).

DISCUSSION

The present case report reproduces some of the previous
findings regarding abnormal low-frequency oscillatory activity in

FIGURE 3 | Comparison of STN power spectra of the dystonia patient with
the previously reported Parkinson’s disease (PD) cohort (Litvak et al., 2011a).
Log power was normalized by subtracting a linear fit to the spectrum in the
55-95 Hz range. The shaded error bars denote 95% confidence intervals for
the mean of PD spectra. The background color shows the standard
electrophysiological frequency bands: theta (yellow, 4-7 Hz), alpha (green,
7-13 Hz), low beta (purple, 13-22 Hz) and high beta (pink, 22-35 Hz). The
dystonia patient showed increased power in theta and alpha bands and
reduced power in low beta (see “Results” section for details).

dystonia and adds to the range of conditions for which cortico-
subthalamic interactions have been studied with concurrent
LFP-MEG recordings. It is now possible to discuss the
commonalities and differences between PD (Hirschmann et al.,
2011; Litvak et al, 201la), OCD (Wojtecki et al, 2017)
and dystonia. This gives a larger degree of confidence when
speculating about the expected patterns of connectivity in
the healthy state which cannot be assessed with invasive
recording techniques.

LFP Power Spectra

The features of LFP power spectra we found are consistent with
the majority of previous studies. Geng et al. (2017) reported a
direct group comparison of STN LFP in dystonia and PD and
their findings were very similar to ours: increased low-frequency
power and reduced beta power in dystonia compared to PD.
Neumann et al. (2012) report similar results for a single case.
However, Wang et al. (2016), did not find significant differences
between the two patient populations. Low-frequency activity has
been shown to be a hallmark of dystonia in several studies of DBS
patients with recordings in the GPi (Barow et al., 2014; Neumann
et al,, 2017). Furthermore, low-frequency power increase in
the STN LFP was associated with induction of dyskinesia by
dopaminergic drugs in PD (Alonso-Frech et al., 2006). Thus,
it could be the case that this feature is associated with the
symptom of hyperkinetic movements rather than a particular
disease. Silberstein et al. (2003) compared pallidal LFP recorded
intraoperatively between PD and dystonia and found exactly the
same pattern as reported here: the 4-10 Hz power is highest in
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dystonia, intermediate in PD on medication and lowest in PD
off medication; 11-30 Hz power is highest in PD off medication,
intermediate in PD on medication and lowest in dystonia. Low
beta power has been demonstrated as a robust biomarker of
clinical impairment induced by PD, particularly bradykinesia
and rigidity. The symptoms of the patient reported here included
right limb bradykinesia. However, the low beta power in the
contralateral (left) STN was below that of the ipsilateral side.
We, therefore, suggest that bradykinesia in dystonia might not
necessarily be associated with increased low beta power in the
STN. The left STN did show increased high beta power compared
to the right STN but that was largely above the frequency range
where beta power is increased in PD patients. High-beta power
increase in the GPi was recently linked to hyperkinetic symptoms
in Huntington’s disease (Zhu et al., 2018) so beta activity could
also be related to the patient’s choreatic mouth movements. In
order to determine whether and how high beta power increase
is related to disease symptoms, observations in more patients
are necessary.

Coherence in Dystonia, OCD and PD
Coherence in the high beta band (22-35 Hz) is common to
all the studies of cortico-subthalamic interactions published to
date (Lalo et al., 2008; Hirschmann et al., 2011; Litvak et al,,
2011a; Oswal et al., 2016; Wojtecki et al., 2017; Belardinelli et al.,
2019). In all the MEG studies where source localization was
possible the cortical coherent sources localized to the ipsilateral
mesial sensorimotor areas. These findings are also in line
with simultaneous intraoperative cortical surface and STN LFP
recordings (Whitmer et al., 2012). The cortical areas consistently
shown as being coherent with the STN LFP in this band
correspond well to those where the hyperdirect cortico-STN
pathway is known to originate in humans (Lambert et al., 2012).
The fact that high beta coherence is present in all the three
clinical conditions: PD, dystonia and OCD suggests that it is
likely to be present also in the healthy state. Whether and how
the magnitude of high beta coherence is affected by disease is still
an open question.

Our finding of theta-alpha coherence between the STN and
anterior cingulate is very similar to the finding in OCD reported
by Wojtecki et al. (2017). The frequency range of this coherence
overlaps with that of theta-alpha power increase compared to the
PD cohort. The two phenomena could, therefore, be related. Low
frequency coherence between the STN and medial prefrontal
cortex has been the subject of a number of recent studies where
it has been shown to be involved in adjustment of decision
thresholds for high conflict trials during decision-making tasks
(Zavala et al.,, 2014, 2016, 2018; Herz et al., 2017; Hell et al., 2018;
Kelley et al., 2018). Interestingly, despite the fact that all these
studies were done on PD patients with STN-DBS, low-frequency
coherence between the STN and medial prefrontal cortex was
not observed at rest in PD (Hirschmann et al., 2011; Litvak
et al., 2011a) and instead both studies reported coherence with
temporo-parietal areas in the same band with Litvak et al. also
reporting additional peak in the brainstem. There could be
several possible explanations for these discrepancies. It could
be the case that they reflect the differences between the three

disorders. In that case, it would be likely that STN-prefrontal
resting coherence is suppressed in PD because it is present in
both OCD and dystonia. Alternatively, the differences could
be due to different placement of the electrodes in the STN.
This nucleus is commonly divided into motor, associative and
limbic part which have different connectivity with the cortex
(Lambert et al., 2012).

Limitations of the Study

To put the results of the single case recording reported here in
context, we compare them to those from the previously reported
PD patient cohort. However, it should be noted that those
recordings were done using a different LFP amplifier. Although
the spectra were normalized to minimize any contribution of
the hardware differences and the results are in line with what
could be expected, a comparison of LFPs recorded with the
same hardware would, of course, be preferable. It would also be
interesting to compare the coherence magnitude of the dystonia
patient with the PD cohort but comparing the typical coherence
values for patients from our cohort recorded on a CTF MEG
system with those reported in the PD literature for the Neuromag
system (Hirschmann et al., 2011, 2013) raised a suspicion that
there is a systematic difference with Neuromag yielding lower
values. We, therefore, opted to not include such a comparison
in the present report as it could be misleading. Unfortunately,
PD patients with STN electrodes are not available at our site for
clinical reasons.

CONCLUSION

The present report extends the range of disorders for which
cortico-subthalamic oscillatory connectivity has been studied.
Our results support the suggestion that oscillatory coherent
networks are not solely features of disease. However, whether
these networks are affected by the disease and whether their
modulation is causally related to disease pathophysiology
remains an open question.
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The contribution of different brain areas to internally guided (IG) and externally triggered
(ET) movements has been a topic of debate. It has been hypothesized that IG
movements are performed mainly through the basal ganglia-thalamocortical loop while
ET movements are through the cerebello-thalamocortical pathway. We hypothesized
that basal ganglia activity would be modified in patients with Parkinson’s disease during
IG movement as compared with normal subjects. We used functional MRI (fMRI) to
investigate the differences between |G and ET motor tasks. Twenty healthy participants
and 20 Parkinson'’s disease patients (OFF-state) were asked to perform hand movements
in response to sound stimuli (ET) and in advance of the stimuli (IG). We showed that ET
movements evoked activation of a few large clusters in the contralateral motor areas: the
sensorimotor and premotor cortex, supplementary motor area (SMA), insula, putamen,
motor thalamus and ipsilateral cerebellum. IG movements additionally evoked activation
of alarge number of small clusters distributed in different brain areas including the parietal
and frontal lobes. Comparison between the activity of Parkinson’s disease patients and
healthy volunteers showed few important differences. We observed that along with the
activity of the posterior areas, an activation of the anterior areas of putamen was observed
during IG movements. We also found hyperactivity of the ventral thalamus for both
movements. These results showed that IG movements in PD patients were made with the
involvement of both sensorimotor and associative basal ganglia-thalamocortical loops.

Keywords: fMRI, externally triggered movement, internally guided movement, basal ganglia, Parkinson’s disease

INTRODUCTION

The internal-external control hypothesis proposed that the cerebellum, parietal lobe, and lateral
premotor cortex (PMC) would dominate during externally-triggered (ET) movements, whereas
the basal ganglia (BG) and supplementary motor area (SMA) would show a predominant
involvement in internally-guided (IG) movements (1). More recent studies of functional brain
imaging in humans and single cell recordings in monkeys showed preferential involvement of the
medially located SMA in self-initiated movement and the lateral premotor cortex in externally
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cued movement (2, 3). An event-related fMRI study showed
activation within the basal ganglia, especially in putamen, during
IG movements only (4). IG tasks were also characterized by
significant interactions within the basal ganglia-thalamo-motor
(BGTM) loop (5).

Clinical and experimental data has suggested that
bradykinesia or slowness of movement initiation in Parkinson’s
disease may reflect an impaired connection between the
supplementary motor area and putamen (6). Later neuroimaging
studies have reported hypoactivation in the contralateral
putamen and SMA (2, 7). In contrast, Yu et al. showed that
putamen-SMA functional connectivity is enhanced in patients
with PD (8). Neuroimaging studies have reported decreased
percentage of activation in the regions within the BGTM during
IG tasks and enhanced or preserved activation within the
cerebello-cerebral (CC) loop during ET tasks in PD (9). Later
disturbance in functional connectivity in the motor loop was
found during IG but not ET movements in PD patients (7). On
the other hand, electrophysiological studies in PD showed that
BGTM circuit is involved in the preparation of both IG and
ET movements but CC loop involved in the preparation of IG
movement only (10).

Thus, the contribution of basal ganglia in various aspects of
human movement remains unclear. Considering that in patients
with Parkinson’s disease the loss of dopamine is predominantly
in the posterior putamen, associated with the control of habitual
behavior (11), we hypothesized that basal ganglia activity pattern
should be modified or displaced into associative areas during
IG but not ET movement. The aim of the present study was
to compare activation areas in the basal ganglia and thalamus
during ET and IG motor tasks in normal and PD subjects.

METHOD

Twenty right-handed patients with Parkinson’s disease (nine
males, 11 females) and 20 age- and gender-matched right-handed
healthy volunteers (11 males, nine females) participated in the
study (Supplementary Table 1). The disease severity according
to the unified Parkinson’s disease rating scale (UPDRS)-III,
without levodopa administration, ranged from 21 to 71 points,
mean disease duration was 13.8 4 4.5 years. All patients did not
take medicine for 12h before the study (OFF-state). Informed
consent was obtained from all subjects prior to their participation
in the study. The study was approved by the Ethics Committee of
the Burdenko National Medical Research Center of Neurosurgery
(01/2018). We used a block design paradigm with two distinct
ET and IG movements to investigate the differences between
these conditions. Each condition lasted 30s with 30s rest and
was repeated seven times in a session. In ET mode, subjects
were asked to perform a simple repetitive movement (clenching
a fist) in response to external audio stimuli with a constant
period 0.75s. In IG mode, subjects were asked to perform the
same goal-directed movements in advance of the stimulus with a
constant period 1.5s. In this case, the stimuli serve as reward, and
movements initiated by internal command. We chose a longer
interval between stimuli to avoid automaticity of movements.

Imaging was performed on a 3-Tesla MR-scanner with an
eight-channel head coil. The protocol included: (1) A T1-
weighted sagittal 3D rapid gradient echo sequence for anatomical
data (voxel size 1 x 1 x 1mm), and (2) a T2 EPI echo
planar sequence for functional images (voxel size 1.8 x 1.8
x 4mm). fMRI and anatomical data analysis was performed
with SPM software (http://www.fil.ion.ucl.ac.uk/spm/software/
spm12/). First level analysis was performed using general linear
models with contrasts: ET>Rest and IG>Rest (12). Second level
analysis was calculated using a one-sample t-test (p < 0.05)
corrected with FWE. For the comparison of activation between
the tasks, a paired ¢-test model (p < 0.001) corrected with FDR
was used. The fMRI analysis was performed at the whole-brain
level. The basal ganglia and thalamus areas were analyzed with
the mask using WFU PickAtlas SPM package (https://www.nitrc.
org/projects/wfu_pickatlas/).

RESULTS

We observed that ET movements evoked activation in several
brain areas: the contralateral pre-central and post-central gyri
including the primary motor cortex (M1), the somatosensory
cortex (PSC) and PMC (Table1, Supplementary Figure 1).
Cortical activation also affected the contralateral rolandic
operculum (RO), insula, and SMA. Subcortical structures were
represented mainly by the posterior putamen and ventral
thalamus. In addition, we observed activation in both sides
of the cerebellum. IG movements evoked activation within
widely distributed networks in both hemispheres (Table 1,
Supplementary Figure 1). Along with motor cortical areas, we
observed activations in the ipsilateral inferior parietal lobule,
supramarginal gyrus, superior frontal gyrus, insula, and frontal
operculum. It is worth highlighting that there was activation
of both sides of the SMA. Significant activations of subcortical
structures were found in the ventral thalamic nuclei, pallidum,
putamen, and anterior caudate. We also observed a few
clusters of activation in the thalamus and putamen in the
ipsilateral hemispheres as well as in the both sides of the
cerebellum (Table 1, Supplementary Figure 1). IG>ET contrast
indicated activation predominantly in the right hemisphere,
with peak activation in the right insular area, SMA, superior
frontal gyrus, frontal inferior operculum, and parietal inferior
lobule as well as activation in the right cerebellar lobule
VI (Supplementary Figure 3, Supplementary Table 2). Using
opposite contrast we observed activation of several clusters in the
contralateral pre-central and post-central gyri as well as in the
cingulum and precuneus areas (Supplementary Figure 3).

ET movements evoked mostly the same clusters in PD patients
(Table 1, Supplementary Figure 2). We observed activation in
the contralateral pre-central and post-central gyri during ET
movements in PD patients (Table 1, Supplementary Figure 2).
It is worth highlighting that there was a smaller activity cluster
volume in SMA. Activity clusters were also found in the centralis
cingulate, RO, and supramarginal gyrus. Among the subcortical
structures it is worth noting that there was activity of the
contralateral ventral thalamus, pallidum, and posterior putamen.
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TABLE 1 | Localization of activated areas during ET and IG movements in control group and PD patients.

Control subjects PD patients
Cluster N voxels Peak MNI coordinates Lable (aal) Mean T Cluster N voxels Peak MNI coordinates Lable (aal) Mean T
X Y 4 X Y z
ET MOVEMENT
1 863 40 22 58  Pre-central L 7,4 634 37 29 50  Post-central L 7,0
Post-central L Pre-central L
Parietal Inf L Parietal Inf L
Frontal Sup L 176 61 42 10  Temporal Sup L 59
2 419 41 29 18  Temporal Sup L 6,8 SupraMarginal L
Rolandic Oper L Rolandic Oper L
SupraMarginal L Temporal Mid L
Post-central L Post-central L
Heschl L 159 5 9 54 Supp Motor Area L 6,6
Insula L Cingulum Mid L
3 171 7 7 58  Supp Motor Area L 6,3 Supp Motor Area R
Supp Motor Area R 90 67 26 6 Temporal Sup R 5,8
4 58 41 3 14 InsulaL 6,2 Temporal Mid R
Rolandic Oper L 201 16 24 2 Thalamus L 6,0
5 393 14 22 2 Thalamus L 6,7 Putamen L
Putamen L Hippocampus L
Insula L Pallidum L
Pallidum L 188 10 59 22 Cerebellum 4 5 R 6,6
6 819 18 48 26 Cerebelum 4 5R 7,6 Vermis 4 5
Cerebellum 6 R Cerebellum 6 R
Vermis 4 5 Vermis 6
Vermis 6 Cerebellum 3 R
Fusiform R
Lingual R
Cerebellum 3 R
Vermis 7
Vermis 8
Cerebellum 4 5L
Cerebellum 8 R
Vermis 3
7 82 40,44 2,96 14 Cerebellum 6L 6,2
1G MOVEMENT
1 485 7 7 58  Supp Motor Area L 6,3 559 35 31 50  Post-central L 6,9
Supp Motor Area R Pre-central L
Frontal Sup R Parietal Inf L
Cingulum Mid R 394 5 9 54 Cingulum Mid L 6,8
Cingulum Mid L Supp Motor Area L
2 320 54 10 6 Insula R 6,3 Supp Motor Area R
Frontal Inf Oper R Cingulum Mid R
Rolandic Oper R Cingulum Ant L
Putamen R Frontal Sup Medial L
3 218 40 22 58  Pre-central L 6,4 347 31 16 2 Insula R 6,0
Post-central L Frontal Inf Oper R
Frontal Sup L Pre-central R
4 175 46 41 46  Parietal Inf R 6,4 Rolandic Oper R
SupraMarginal R Putamen R
(Continued)
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TABLE 1 | Continued

Control subjects PD patients
Cluster N voxels Peak MNI coordinates Lable (aal) Mean T Cluster N voxels Peak MNI coordinates Lable (aal) Mean T
X Y 4 X Y z
Parietal Sup R Frontal Inf Tri R
5 55 37 1 66  Frontal Mid R 5,9 4 196 54 44 34 Parietal Inf R 6,0
Frontal Sup R SupraMarginal R
Pre-central R Angular R
44 40 41 38  Parietal InfL 5,9 5 162 35 42 30  Frontal Mid R 6,1
26 54 10 2 Frontal Inf Oper L 6,0 Frontal Inf Tri R
Rolandic Oper L 6 96 48 1 6 Rolandic Oper L 6,8
Temporal Pole Sup L Temporal Sup L
Insula L Insula L
8 15 42 1 6 Insula L Temporal Pole Sup L
Rolandic Oper L Frontal Inf Oper L
9 16 40 35 26 Frontal InfTri R 6,0 7 71 54 26 22 Temporal Sup L 57
Frontal Mid R 5,8 SupraMarginal L
10 188 14 22 2 Thalamus L 6,1 Rolandic Oper L
Putamen L 8 66 61 42 10  Temporal Sup L 59
Caudate L Temporal Mid L
11 499 18 48 22 Cerebellum 4 5 R 6,7 9 50 44 48 6  Frontal Mid R 6,1
Vermis 4 5 Frontal Mid Orb R
Cerebellum 6 R Frontal Inf Orb R
Vermis 6 10 26 67 27 6 Temporal Sup R 6,0
Vermis 8 Temporal Mid R
Fusiform R 11 334 14 22 2 Thalamus L 6,2
Vermis 7 Putamen L
Cerebellum 3 R Pallidum L
12 219 31 61 26 Cerebellum Crus1L 6,9 12 31 14 22 10 Thalamus R 57
13 140 12 59 22 Vermis 4 5 6,3
Vermis 4 5
Cerebellum 6 R
Vermis 6

Cerebellum 4 5L

We also observed activity in the ipsilateral cerebellum. As in
the control group, IG movements evoked a wider range of
activation areas (Table 1, Supplementary Figure 2). We did not
observe displacement of activity from the sensorimotor areas to
SMA as seen in the control group. We also observed activation
clusters in the angular gyrus and bilateral supramarginal
gyrus. Subcortical structures were presented the in bilateral
thalamus and contralateral putamen. Activity was also observed
in both sides of the cerebellum. IG>ET contrast showed
activity in the ipsilateral hemisphere in the parietal lobe,
angular gyrus, supramarginal gyrus, inferior frontal gyrus,
pre-central gyrus, insula, and SMA (Supplementary Figure 3,
Supplementary Table 2). We also observed activation of the
ipsilateral anterior putamen. Opposite contrast did not reveal any
significant activation.

We observed a slight difference between basal ganglia and
thalamic activities localization during ET movement and a
robust localization difference during IG movements between

PD and control. Figure 1 (bottom) shows additional activation
in the anterior putamen, ventral thalamus, and subthalamic
area in PD patients during ET movements. We also observed
activity in the dorsal putamen in controls only. IG movements
were characterized by more pronounced differences between
PD and controls (Figure 1, top). In PD patients we observed
hyperactivity in the contralateral putamen, ventral thalamus, and
subthalamic areas. An activation cluster was also observed in the
ipsilateral thalamus. At the same time, we observed activity in the
ipsilateral caudate in controls only.

DISCUSSION

Internally generated and externally triggered movements
are associated with different cortical activation patterns
(2, 3, 13, 14). We showed distinctions between ET and IG
motor behavior concerned the localization and cluster size of
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Externally-trigered movements

FIGURE 1 | Activated areas during ET and IG movements superimposed on anatomic slice of averaged brain in control group and PD patients.

activated brain areas in healthy group. ET movements only
activate the executive circuits of the motor system, i.e., the
sensorimotor cortex, basal ganglia, thalamus, and cerebellum.
These regions belong to the closed sensorimotor loop which
is thought to support motor actions that require neither
complex motor programming or the associative control system
based on a feedback loop (15). In contrast, execution of IG
movements is supported by widely distributed networks in
both hemispheres, reflecting the fact that the internal command
for movement initiation requires wider brain activation. We
initially observed significant activation of the bilateral SMA
which is thought to play a role in the initiation of movement
(16). These results is in accordance with electrophysiological
data showed that the amplitude of pre-movement event-
related potentials (ERPs) over midline frontal structures as
well as the amount of active SMA neurons are increased

during internally driven with respect to externally triggered
motor acts (2). Furthermore, along with the motor cortex,
associative frontal and parietal areas were also engaged in IG
movement performance.

Activation of the prefrontal cortex reflects the cognitive
processes that underlie complex motor behaviors such as
planning, preparation, and performing actions, as well as the
processes involved in anticipating, predicting, and interpreting
the consequences of actions. These findings suggest that IG
motor actions are associated with not only sensorimotor
activation but also activation of the associative loop involving
higher-order integrative cortical areas which are strongly
interconnected with the anterior striatum (15).

Despite the fact that basal ganglia connections with various
parts of the cerebral cortex are well-studied, the contribution
of these areas in various aspects of human movement remains
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unclear. Differences in participation of the basal ganglia and
cerebellum loops are observed for planning and execution of
IG and ET voluntary movements in healthy controls and PD
patients (7, 10). Previous papers suggest disruption of cortico-
striatal processing and preservation of relatively intact neural
circuits that do not involve the basal ganglia in PD (5, 7).
Electrophysiological study showed that deficit of self-initiated
movement in PD patients is due to supplementary motor area
underactivation (2).

We found activation in the main sensorimotor regions of
the basal ganglia, namely the posterior putamen, pallidum, and
ventrolateral thalamus, both during ET and IG movements
in PD patients. At the same time, we found displacement of
activation from the dorsolateral putamen in controls into the
ventromedial direction in PD patients during ET movements.
The most robust differences in basal ganglia were found during
IG movements. We demonstrated hyperactivity in the putamen,
including its anterior areas, and bilateral thalamus in PD
patients. These results are contrary to previous data showed
hypoactivation in the bilateral putamen in PD (7). According to
the functional organization, anterior putamen with ventromedial
prefrontal cortex are the part of the associative loop and play
a significant role in goal-directed motor behavior (11, 17).
On the other hand, the motor loop engages sensorimotor
circuits and habitual performance, and includes the sensorimotor
cortex and dorsolateral striatum, or posterior putamen. It
has been theorized that imbalances of these two loops may
lead to pathological conditions such as Parkinson’s disease
(11). We showed activation of both anterior and posterior
putamen in PD patients unlike activation of only posterior
putamen in the control group. We suppose that IG movements
in PD could be controlled by an associative goal-directed
network with the involvement of a wide range of cortical
areas, which is activated in situations requiring non-routine
decision making as in the self-initiated movements (2, 11).
This could be a mechanism of compensation for disturbed
sensorimotor control in PD patients. Further research of the
SMA and basal ganglia network is needed for refinement of
the pathological models of Parkinson’s disease and improvement
of treatment.

Our study has a limitation that should be mentioned. We
used external reward stimuli in IG mode to unify paradigm. In
the first few trials, some subjects could be wrong and performed
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Background and Aims: Pathological high amplitude of beta oscillations is thought as
the underlying mechanism of motor symptoms in Parkinson’s disease (PD), in particular
with regard to bradykinesia. In addition, abnormality in a neurophysiological phenomenon
labeled sensory attenuation has been found in patients with PD. The current study
explored the hypothesis that the abnormal sensory attenuation has a causal link with
the typical abnormality in beta oscillations in PD.

Methods: The study tested sixteen right-handed patients with a diagnosis of PD and 22
healthy participants, which were matched by age and gender. Somatosensory evoked
potentials were elicited through electrical stimulation of the median nerve at the wrist.
Electrical activity was recorded at the scalp using a 128 channels EEG. Somatosensory
evoked potentials were recorded in 2 conditions: at rest and at the onset of a voluntary
movement, which was a self-paced abduction movement of the right thumb.

Results: Healthy participants showed a reduction of the N20-P25 amplitude at the
onset of the right thumb abduction compared to the rest condition (P < 0.05). When
patients were OFF medication, they showed mild reduction of the N20-P25 component
at movement onset (P < 0.05). On the contrary, they did show greater attenuation of the
N20-P25 component at the onset of movement compared to the rest condition when ON
medication (P < 0.05). There was no significant evidence of a link between the degree
of sensory attenuation and the change in beta oscillations in our cohort of patients.

Conclusion: These results confirmed a significant link between dopaminergic
modulation and sensory attenuation. However, the sensory attenuation and beta
oscillations were found as two independent phenomena.

Keywords: Parkinson’s disease, sensory attenuation, beta power, bradykinesia, motor symptoms
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INTRODUCTION

Several studies have showed that sensory afferents are reduced
prior to and during movement (1-4). This phenomenon is
denominated sensory attenuation (SA) or sensory gating.

A recent theoretical framework, labeled active inference,
proposed that SA prior to and during active movement is an
essential mechanism that allow to move (5).

This model of movement initiation hypothesizes that the
brain needs to perceive when sensory information is uncertain
and must down weight these external sensations to top-
down predictions. In line with this hypothesis, the movement
initiation is a consequence of fulfilling prior expectations about
proprioceptive sensations. In other words, the movements are
allowed by the transition from one sensory state to another.
According to this model, an impairment to correctly initiate or
maintain a voluntary movement might be due to an abnormality
of SA (6).

It is still unknown if the pathophysiology of bradykinesia in
Parkinson’s disease (PD) is due to a deficit in SA. The latter is
thought to be linked with pathology in reducing the precision of
the somatosensory expectations (6).

The SA can be tested in two different fields: physiological
and perceptual (7). The neurophysiological measure of SA
is represented as a reduction in amplitude of somatosensory
evoked potentials (SEPs) components at the onset of a voluntary
movement compared with a rest condition (7).

SA is expected to be reduced in PD and improved with
medical treatment. Indeed, SA prior to and during movement
(as measured by a decrease in the amplitude of N20-P25
component of SEPs elicited by median nerve stimulation) has
been found significantly reduced in PD patients OFF medication
(8). Moreover, SA was normalized by dopaminergic medication
(8). Of note, an attenuation of the N20-P25 component at the
onset of voluntary movements in healthy participants (8).

This study aimed to replicate results of the previous
study (8) in a completely naive group of PD patients.
The prediction was an interaction in the SEPs amplitude
between group and time with the SEPs being more greatly
attenuated in healthy controls at the onset of active movement
than the patients group in OFF state. Furthermore, it
was predicted that there would not be any significant
differences in SA between healthy participants and patients
ON medication.

A second aim was to test whether SEPs attenuation was
modulated as a function of disease and voluntary movement.
In other words, it was tested if there was a correlation between
the difference in N20-P25 amplitude between baseline and
movement condition with measurements of bradykinesia using
the Unified Parkinson’s Disease Rating scale (UPDRS) (9) as well
as parametric measures of the tapping through a cybernetic glove.

The prediction was that SEPs attenuation would correlate with
movement such that the faster and more vigorous movements
would be positively correlated with the degree of the SA. It
was predicted that across subjects the lower (better) the UPDRS
scores and the less slowing and decrement in amplitude of
tapping measured by cyberglove, the greater the SA measured at

movement onset. These results would be further support of the
pathophysiological role of SA in the contest of bradykinesia.

Notably, the active inference theory makes more detailed
predictions (10). It predicts that SA will be driven by a change
in the precision of the sensory expectation, with lower precision
leading to greater SEPs attenuation.

The second part of the study explored if SA modulations
would be correlated with modulation in beta power in the
sensorimotor cortex, which decrease prior to and during
movement (11, 12).

Recently, Tan et al. (13) proposed a novel theory based
on the functional role of sensorimotor post-movement beta
synchronization (PMBS). This theory linked theoretical models
of motor control related to a phenomenon called uncertainty and
neurophysiological measures of sensorimotor activity. Indeed,
voluntary movements stimulate peripheral sensory receptors
providing sensory feedback of the movement action.

Adams et al. (10) tested a model hypothesizing that the
predicted sensory consequences of a movement are compared to
the actual sensory input. These authors calculated the prediction
error by the difference between the predicted and actual sensory
input. The prediction error is a measure used to make the
forward model able to perform more accurate future predictions.
Estimations of the uncertainty in the motor prediction and the
uncertainty of the actual sensory input are required to calculate
the importance of any prediction errors (14).

Tan et al. (13) have proposed modalities to manipulate the
uncertainty. In addition, these authors predicted that PMBS
would be correlate with the uncertainty rather than with the
movement error. The PMBS amplitude over sensorimotor cortex
was found to be characterized by negative correlation with the
variable of uncertainty. Consequentially, this result supports a
novel functional role of PMBS linking beta oscillations to the
uncertainty of the parameters underlying the motor control.
In other words, sensorimotor beta oscillatory power might
be the neurophysiological mechanism allowing to estimate of
uncertainty or causally modulating the uncertainty.

Palmer et al. (15) highlighted that this potential correlation
between PMBS and sensory uncertainty might mean that beta
oscillatory activity is a potential candidate for this sensory gating
phenomenon. If beta oscillations modulation would be correlated
with the time course of SEPs attenuation, this would be evidence
that there might be a potential link between beta oscillatory
activity and SA.

This finding is particularly relevant for the application of this
theoretical account to explain akinesia and bradykinesia. In PD
beta oscillations in the motor network and in the STN are higher
during rest. Consequentially, pathological higher beta oscillations
have been causally implicated in movement impairment rather
than being just an epiphenomenon of the diseased state (16).

One theory therefore is that patients with PD have high
sensory precision such that when they decide to move, they
cannot attenuate this precision enough to allow the influence of
top-down proprioceptive predictions to supersede. This theory is
supported by our study, which has demonstrated decreased SA
in patients diagnosed with PD compared to age-matched healthy
controls (8, 17). Furthermore, dopaminergic treatment acted to
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normalize SA in PD patients, which suggests this may be one of
the mechanisms which can explain the improvement in motor
symptoms under this class of medication (8).

Here, it was tested if the specific time course of the SA is
correlated with modulations in beta power during movement
execution. The prediction was that modulations in beta power
will be positively correlated with the time course of SEPs
modulation. If this is the case, it will establish a statistical
dependency between beta power and SA.

METHODS

Sixteen patients diagnosed with idiopathic PD (10 males, 6
females; mean age, 68 years; range, 52-79 years; Table 1) and 22
age and sex matched healthy participants (14 males, 8 females;
mean age, 67 years; range, 50-80 years) were involved in the
study. Control subjects were recruited from a pool of healthy
subjects of the University College of London. This group of
participants were not diagnosed with any medical disorder and
they were not on medication.

PD patients were recruited from the Movement Disorders
Clinics at the National Hospital of Neurology and Neurosurgery.

Idiopathic PD was diagnosed according to the UK PD Society
Brain Bank criteria (18) and further confirmed by abnormal
dopamine transporter SPECT in all patients.

TABLE 1 | Clinical and demographic characteristics of patients with Parkinson
disease (Mo, months; y, years; UPDRS, Unified Parkinson’s Disease Rating Scale;
SD, standard deviation; L, L-DOPA; D, Dopamine agonist).

Age Gender Disease Motor Motor Treatments
(y) duration UPDRS UPDRS
(y) upper limbs upper limbs
bradykinesia bradykinesia
items items
OFF state ON state

1 72 M 11 11 6 L
2 7% F 4 9 5 L
3 61 M 2 6 3 L
4 75 M 5 ihl 5 L
5 7 F 10 9 5 L
6 68 F 4 6 3 L
7 56 M 4 8 3 L
8 70 F 6 6 3 L+D
9 69 M 6 9 4 L+D
10 79 F 12 10 6 L+D
11 68 F 10 12 6 L+D
12 52 M 10 12 6 L+D
13 62 M 3 8 3 L+D
14 68 M 8 12 9 L+D
15 72 M 5 8 3 L+D
16 68 M 5 8 3 L+D
Mean 68.1 F8/M12 6.5 9+2 43+1.7
+S8D +6.9 +29

Participants did not have disabling tremor. None of the
patients had cognitive decline. PD patients were on levodopa
medication and/or on dopaminagonists.

Participants were right-handed.

The study was approved by the East of Scotland Research
Ethics Service. Written informed consent was obtained from
all participants.

Clinical disease severity was assessed with the motor section
(items 3.1-3.18) of the UPDRS (9). The clinical assessment was
performed in the ON as well as OFF state in each patient.

The amplitude and the frequency of a minute right hand
tapping test with the Cyber Glove was recorded in both
pharmacological states.

To reach the OFF state, patients were required not to take
levodopa for at least 12 h and dopamine-agonists for at least 24 h
prior to testing. Patients were assessed in the ON state 1h after
taking levodopa or 2 h after taking dopamine agonists (Table 1).

Procedure and Experimental Design
Participants were seated in a comfortable armchair with hands
relaxed on the armrest of the chair and their eyes closed. Two
electrodes were placed on the surface of the wrist. The anode
was placed over the median nerve at the wrist and the cathode
2cm proximal to the anode. SEPs were elicited by electrical
stimulation of the median nerve at the right wrist using a constant
current square-wave pulse (0.2 ms duration). The intensity of the
stimulation at threshold (slight thumb twitch) was identified and
then increased by 1 mA to produce a definite thumb twitch. The
intensity remained the same throughout the experiment.

Electrical activity was recorded at the scalp using a 128
channels Biosemi ActiveTwo AD-box EEG. EEG was recorded
at a sampling rate of 2,048 Hz.

Surface electromyography (EMG) of the right abductor
pollicis brevis (APB) was monitored simultaneously.

SEPs were recorded in three conditions in a single session.

In the baseline condition, the subjects were relaxed and
instructed not to react to the stimulus. The frequency of the
median nerve stimulation was 0.5Hz. Subjects received 500
stimulations in this condition.

In the movement condition, subjects were instructed to
make a self-paced abduction movement of the right thumb
with a frequency of around a movement every second. At
the onset of the movement, the median nerve stimulus was
automatically triggered. The frequency of movements was
recorded. Participants made 500 thumb abductions.

In the rest condition, the subjects were relaxed and instructed
not to react to the stimulus. In distinction to the baseline
condition here the median nerve stimulations were given at
precisely the same times as the self-paced movements recorded
from the movement condition.

Data Analysis

Measure of SEPs Components and SA

EEG data analyses were performed in MATLAB 2013b (Math
Works, Natick, MA, USA) using the software Statistical
Parametric Mapping (SPM12, Wellcome Department of Imaging
Neuroscience, London, UK).
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The SEPs produced at movement onset has previously been
employed to assess the degree of SA during active movement.
Indeed, SEPs elicited by stimulation at this time point is
not confounded by any possible effect of the afferent signal
produced by the movement. The initial analysis was focused on
modulations in the SEPs components, specifically the amplitude
of the N20 and P25 as a function of group (PD patients
ON medications, PD patients OFF medication and healthy
participants). The peak-to-peak amplitude of the N20-P25
component was measured for each participant. EEG data were
analyzed in SPM12.

The offline data were high-passed filtered at 0.1 Hz and,
then, epoched to the time of the onset of the median nerve
stimulation taking the 100 ms before stimulation and 250 ms after
the stimulation. The data were baseline corrected by subtracting
the average of the signal in a window from 20 to 5ms prior to
median nerve stimulation.

Artifacts exceeding 100 mV were manually rejected.

SEPs were averaged across the 500 trials of each condition.
The baseline condition was the reference to select the appropriate
channels to see N20 and P25. The electrodes over sensorimotor
cortices were selected based on electrodes contralateral to the
stimulated wrist that showed a negative peak at around 20 ms and
a positive peak around 25-35 ms after the stimulus.

Then, the data from the selected channels were averaged
and the amplitude and the time data points of N20 and P25
were measured. These electrodes and time points were used to
calculate the amplitude of the N20 and P25 in the other two
conditions—rest condition and movement condition. Note that
the choice of electrodes and time points from an independent
condition removed selection bias in the two experimental
conditions of interest.

The SA was measured through the difference in the absolute
amplitude of the peak N20-P25 between the rest and movement
onset conditions was calculated.

Analysis of Parametric Measures of

Tapping and Quantification of Bradykinesia
The finger-tapping performed using the cyber glove was recorded
through a Matlab script. The amplitude and the frequency of each
tapping movement in a minute of interval time were calculated
using Welch’s power spectral density estimate of the time series
of the tapping as recorded by the CyberGlove. The data were
then averaged, and the peak amplitude and frequency at the peak
amplitude of the tapping was taken for each pharmacological
state of each patient. These were the parametric measures
of tapping.

The regression analysis between SA and parametric measures
of tapping was performed to test the hypothesis of a correlation
between dopaminergic modulation of SA and dopaminergic
improvement of bradykinesia.

Analysis of Beta Power in Movement and

Rest Condition

In healthy subjects, power in beta oscillations is expected to be
attenuated prior to the thumb movement and augmented once
the movement has ended (12).

After raw data conversion, EEG data were re-referenced
by subtracting the average signal from two external electrodes
attached to the subjects’ earlobes from the signal from each
EEG electrode. Data were high pass (0.1 Hz) filtered and down-
sampled to 400 Hz.

A trigger was sent to the EEG system at the time of every
median nerve stimulus. The data were epoched to the time of
median nerve stimulation, taking the 1,000 ms before the onset
and 1,000 ms after.

The different experimental blocks were merged into a
single file.

For the time-frequency analysis, the power of the EEG signal
at each frequency from 1 to 99 Hz in steps of 2 was estimated
using the Morlet spectral estimation in SPM. The data were
rescaled using a logarithmic transformation and averaged across
all trials.

The time-frequency data were averaged over the same
electrode channels selected for the SEPs analysis on the scalp
map to investigate the modulation of beta power in each
condition (rest and movement) for each subject and in each
pharmacological state for each patient.

Subsequently, the time-frequency images for the rest
condition for each subject were averaged across all subjects and
three time’ windows. The latter corresponded to the three phases
of beta oscillations modulation with median nerve stimulation in
the rest condition and were calculated as background (between
180 and 625ms before the stimulus), suppression (between
165 and 378 ms after stimulus) and rebound (between 535
and 980 ms).

The beta power, obtained by averaging over the frequency of
15-25Hz, was then averaged over each selected time window
across subjects of each group to have a value of beta power for
each time window per group per condition. Subsequently, a value
of beta power modulation for each group and each time window
was obtained through a subtraction of beta power value between
rest and movement condition.

The value of beta power modulation was then regressed
against the amplitude of SA per group per time window.

Finally, a regression analysis was performed between the
amplitude of beta power and amplitude of SEPs for each group
per time window per condition.

RESULTS
SEPs Components and SA

The averaged SEPs over our ROI (channels over the
somatosensory cortex) across participants for PD patients
OFF medication, ON medication, and control subjects are shown
in Figure 1.

Repeated measures ANOVA with the group (ON vs. OFF) and
condition (rest vs. movement) as factors showed a significant
effect of the condition [p < 0.05 F(30 = 39.46; Eta® =
0.537] and a significant interaction between condition and
pharmacological state [p < 0.05; F(j 39 = 6.33; Eta? = 0.157].
Post-hoc pairwise comparisons revealed a significant difference
between N20-P25 peak to peak amplitude between the rest
condition and movement condition [p < 0.05; t(39) = 5.85].
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FIGURE 1 | Average SEPs across participants recorded from the left somatosensory cortex for PD patients OFF medication, ON medication, and control subjects.
Solid lines show data for median nerve stimulation given at movement onset and dotted lines during baseline. The gray lines show the mean time of the peaks of the
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As expected, healthy participants showed attenuation of
the N20-P25 amplitude at movement onset (2.13 £ 1.87)
compared to the rest condition (4.8 + 2.84) [P < 0.05;
t(21) = 7.45, Figure 2A].

PD patients OFF medication showed mild attenuation of
the N20-P25 component at movement onset (3.99 £ 2.31)
compared to rest condition (5.03 £ 3.29) [P < 0.05; t(15 =
2.52; Figure 2B]. This group showed greater attenuation of
the N20-P25 component at the onset of movement (2.59 £
1.79) compared to the rest condition (5.02 £ 2.94) when ON
medication [P < 0.05; t(;5) = 5.95; Figure 2C].

There was a significant difference in the amplitude of N20-P25
peak during the movement condition between OFF state (3.99 &
2.31) and ON state (2.59 &= 1.79) [p = < 0.05; t(;5) = 3.32] witha
smaller amplitude in the ON state.

There was no difference in the N20-P25 amplitude during the
rest condition between OFF state (5.03 &= 3.29) and ON state (5.02
+2.94) [p > 0.05; £(;5 = 0.017].

The SA (defined as difference in the amplitude of N20-P25
peak between rest condition and movement condition) showed
a significant difference between OFF (1.29 =+ 1.55) and ON state
(2.42 £ 1.55) in PD patients [p < 0.05; t(15) = —3.28] with greater
SA in ON state (Figure 2D).

There was no difference in the SA between PD patients in ON
state (2.42 £ 1.55) and healthy subjects (2.74 £ 1.61) [p > 0.05,
t(36) = —046] (Figure 2D)

Having shown that SA was modulated by dopaminergic
treatment and that SA was significantly attenuated in PD patients
ON medication, it was tested if the severity of right arm
bradykinesia was correlated with the degree of SA. In this regard,
there was no statistically significant correlation between SA

and UPDRS scores (R*> = 0.001, p = 0.893 OFF medication
(Figure 3A) and RZ = 0.001, p = 0924 ON medication
(Figure 4A) as well as between SA and frequency of the fingers
tapping (R*> = 0.059, p = 0.330 OFF medication (Figure 3B)
and R> = 0.002, p = 0.867 ON medication (Figure4B) or
amplitude of the fingers tapping (R? = 0.06, p = 0.323
OFF medication (Figure 3C) and R?> = 0.008, p = 0.718 ON
medication (Figure 4C).

After having tested the hypothesis of a potential correlation
between SA and each measure of bradykinesia in the individual
pharmacological state, a potential correlation between the
dopaminergic modulation of SA and the dopaminergic
modulation of each measure of bradykinesia was investigated.
In other words, it was tested if there was a correlation between
SA changes between OFF and ON states and changes of each
measure of bradykinesia between OFF and ON states. There
was no statistically significant correlation between dopaminergic
modulation of SA and changes of UPDRS scores (R*> = 0.016,
p = 0.616) (Figure 5A). There was a significant correlation
between dopaminergic modulation of SA and changes of
frequency of the fingers tapping (R*> = 0.623, p < 0.001)
(Figure 5B). However, there was not significant correlation with
the amplitude of the finger tapping at this frequency (R? = 0.021,
p = 0.562) (Figure 5C).

Beta Oscillations Modulation

Having demonstrated that there was a modulation of SEPs over

condition, the second aim was to test if the SA was correlated with

modulations in beta oscillations over the sensorimotor cortex.
Firstly, it was tested the hypothesis that healthy controls and

PD patients showed a modulation of beta power as function
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medication and controls (D). *p < 0.05.

of time in each experimental condition. The prediction was to
find power in beta oscillations attenuated prior to the thumb
movement and a rebound at the end of the movement. After
averaging the time-frequency images across subjects for each
group, the changes of the beta power spectrum (interval of
frequency at 15-30 Hz) as function of time in each condition
were showed. Beta power was clearly evident prior to movement
in the baseline period, suppressed in the motor preparation
and execution period and, finally, rebounded at the end of the
thumb movement.

The modulation of beta oscillations in the rest condition
averaged across subjects for each group is showed in the Figure 6.

Following the qualitative analysis, a quantitative analysis of
the beta oscillations was performed in three time windows
selected as explained in the methods section. The three
times windows corresponded to the three phases of beta
oscillations modulation calculated as background (between
180 and 625ms before the stimulus), suppression (between
165 and 378 ms after stimulus) and rebound (between 535
and 980 ms).
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FIGURE 3 | Regression analysis between sensory attenuation (SA) and measures of bradykinesia [UPDRS score (A), frequency of fingers tapping (B) and amplitude
of fingers tapping (C)] in PD patients in OFF state.
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FIGURE 4 | Regression analysis between sensory attenuation (SA) and measures of bradykinesia [UPDRS score (A), frequency of fingers tapping (B) and amplitude
of fingers tapping (C)] in PD patients in ON state.
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FIGURE 5 | Regression analysis between dopaminergic changes of sensory attenuation (SA) and dopaminergic changes of each measure of bradykinesia [UPDRS
score (A), frequency of fingers tapping (B) and amplitude of fingers tapping (C)]. The dopaminergic changes of each variable were calculated through the difference
between OFF and ON values for each variable.
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FIGURE 6 | Modulation of beta power changes as function of time at rest in each group of participants (PD ON, PD OFF, Healthy Subjects).
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The quantitative analysis confirmed that the amplitude of
beta oscillations was different as function of time. Indeed, beta
oscillations amplitude showed a significant statistical difference
in each group and in each condition over the 3 different timing
windows (Figure 7).

Repeated measures 2 x 2 x 3 ANOVA with the group [healthy
controls vs. patients (ON)], condition (rest vs. movement) and
phase (background, suppression and rebound) as factors did not
show a significant effect of group [p > 0.05; F(; 36 = 0.040;
Eta? = 0.001]. There was a significant effect of the condition
[p < 0.05 F36 = 34.88; Eta? = 0.493] and a significant
interaction between condition and group [p < 0.05; F(j 3¢
= 8.739; Eta? = 0.195]. There was a significant effect of the
phase [p < 0.05 F(1 36 = 91.185; Eta’> = 0.717]. There was
no significant interaction between phase and group [p > 0.05;
F(1,36) = 2.834; Eta> = 0.073]. There was a significant interaction
between condition and phase [p < 0.05 F(j35 = 15.047;
Eta” = 0.295].

Post-hoc pairwise comparisons with Bonferroni corrections
did not reveal significant difference between the two groups
(healthy participants vs. PD ON state) in the rest condition in
each phase: background [p > 0.05, t(35y = 1.090], suppression
[p > 0.05, t(36) = 0.491] and rebound [p > 0.05, {35 = 1.235].
The two groups did not show significant difference neither in the
movement condition in each phase: background [p > 0.05, t(3¢)
= —0.645], suppression [p > 0.05, t(35) = —0.579] and rebound
[p > 0.05, t(35) = —0.370].

Furthermore, post-hoc pairwise comparisons showed
significant differences between the rest and movement condition
in the background phase [p < 0.05, t(37) = —5.356], suppression

[p <0.05, t(37) = —4.156] and rebound [p <0.05, t37) = —6.795]
over the two groups.

Repeated measures 2 x 2 x 3 ANOVA with the group [healthy
controls vs. patients (OFF)], condition (rest vs. movement) and
phase (background, suppression and rebound) as factors did not
show an effect of the group [p > 0.05; F(; 3) = 0.0765; Eta® =
0.021]. There was a significant effect of condition [p < 0.05; F(; 3¢)
= 58.04; Eta?> = 0.617] and a significant interaction between
condition and group [p < 0.05; F( 35 = 7.931; Eta® = 0.181].
There was a significant effect of the phase [p < 0.05; F( 3¢
= 98.454; Eta®> = 0.732]. There was no significant interaction
between phase and group [p > 0.05; F(1 36) = 2.366; Eta® = 0.062].
There was a significant interaction between condition and phase
[p < 0.05; F(; 36) = 20.392; Eta? = 0.362].

Post-hoc pairwise comparisons with Bonferroni corrections
did not reveal significant difference between the two groups
(healthy participants vs. PD OFF state) in the rest condition in
each phase: background [p > 0.05, t(36) = 1.446], suppression
[p > 0.05, t36y = 1.125] and rebound [p > 0.05, t35) = 1.725].
The two groups did not show significant difference neither in the
movement condition in each phase: background [p > 0.05, t(3¢)
= 0.112], suppression [p > 0.05, (36) = 0.217] and rebound [p >
0.05, (3 = 0.484].

Furthermore, post-hoc pairwise comparisons showed
significant differences between the rest and movement condition
in the background phase [p < 0.05, t(37) = —6.739], suppression
[p <0.05, t(37y = —5.002] and rebound [p <0.05, t37) = —8.876]
over the two groups.

Having found a modulation of beta oscillations amplitude as
function of time, the subsequent aim was to test if there was a
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FIGURE 7 | Mean amplitude of beta oscillations for each condition and each group in three selected time windows. These corresponded to the three phases of beta
oscillations modulation calculated as background (between 180 and 625 ms before the stimulus), suppression (between 165 and 378 ms after stimulus) and rebound
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correlation between beta oscillations amplitude changes across
the two conditions and SEPs changes across the two conditions,
which was the measure of SA.

This correlation analysis was performed separately for each
time window in each group of participants.

There was no evidence that SA and beta oscillations amplitude
modulation were correlated in PD patients ON state and healthy
subjects. Indeed, healthy participants did not show a significant
correlation between beta oscillations amplitude modulation and
SA in background phase (R> = 0.04, p = 0.51), suppression
phase (R = 0.08, p = 0.24) or the rebound phase (R? =
0.06, p = 0.37). The absence of a correlation between these
two neurophysiological phenomena was evident also in the PD
patients group in ON (background phase, R> = 0.11, p = 0.56;
suppression phase, R? = 0.07, p = 0.73; rebound phase, R? = 0.14,
p = 0.43) as well as in OFF state (background phase, R* = 0.005, p
= 0.41; suppression phase, R* = 0.003, p = 0.31; rebound phase,
R? =0.006, p = 0.15) (Figure 8).

Having not found evidence for a relationship between
the degree of SA and the changes in beta power, it was
tested if there was a relationship between beta oscillations
amplitude and SEPs amplitude. The two measures were
measured as a general phenomenon and not as function of the
group. Therefore, we investigated if beta oscillations amplitude
and SEPs amplitude were correlated in two groups: healthy

subjects + PD in OFF state and healthy subjects + PD in
ON state.

In the first analyzed group including healthy and PD patients
OFF medication, a positive correlation between beta power
magnitude and SEPs amplitude was found in the rest condition
in all selected time windows (background phase, p = 0.02, R* =
0.139; suppression phase, p = 0.01, R? = 0.162; rebound phase, p
=0.00, R? = 0.220). In other words, lower amplitude of SEPs was
correlated with lower beta power amplitude.

However, this positive correlation seemed to be driven
by the PD patients OFF medication. Indeed, when the
two groups of participants were analyzed separately, healthy
subjects did not show any correlation between beta oscillations
amplitude and SEPs amplitude at rest in each time window
(background phase, p = 0.21, R*> = 0.07; suppression phase,
p = 0.16, R*> = 0.09; rebound phase, p = 0.06, R? =
0.159). Whereas, the PD OFF medication showed a significant
correlation between the two measures at rest in all time
windows (background phase, p = 0.02, R* = 0.304; suppression
phase, p = 0.01, R* = 0.335; rebound phase, p = 0.01,
R? =0.371) (Figure 9).

In the movement condition the group including healthy
subjects and PD OFF patients still showed a significant
correlation between the two conditions in the background timing
window (p = 0.03, R? = 0.113) and a statistical trend in the
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FIGURE 8 | Correlation analysis beta power modulation and sensory attenuation individually in the three groups of participants.
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suppression phase (p = 0.08, R? = 0.08) and in the rebound
phase (p = 0.08, R> = 0.08). Interestingly, this correlation was
driven by the PD OFF patients. Indeed, when the two groups of
participants were analyzed separately the significant correlation
was kept only by PD OFF medication. The control group did not
show any correlation in all time windows (background phase, p =
0.41, R? = 0.03; suppression phase, p = 0.69, R? = 0.008; rebound
phase, p = 0.46, R? = 0.02), whereas PD OFF medication showed
significant correlation between beta oscillations modulations and
SA in the three time windows (background phase, p = 0.01, R* =

0.363; suppression phase, p = 0.01, R? = 0.351; rebound phase, p
=0.01, R? = 0.354).

In the second analyzed group including healthy participants
and PD patients ON medication a statistical trend of the
correlation between beta oscillations amplitude and SEPs
amplitude was found in the first two times windows (background
phase, p = 0.09, R?> = 0.07; suppression phase, p = 0.07, R* =
0.08) and a significant correlation in the rebound window in the
rest condition (p = 0.01, R? = 0.144). However, it is likely that
this result was driven by the power of this bigger sample.
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FIGURE 9 | Correlation analysis between beta power and SEPs amplitude at rest and during movements in healthy subjects and PD patients Off medication.
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When the two groups of participants were analyzed separately,
neither groups showed any significant correlations between the
two measures in the rest condition in any time windows. Healthy
subjects did not show a significant correlation in the background
phase (p = 0.21, R?> = 0.07) or in the suppression phase (p = 0.16,
R? = 0.09). There was a statistical trend in the rebound window
(p = 0.06, R? = 0.159). PD patients ON medication did not show
significant correlation in background phase (p = 0.62, R? = 0.08),
suppression phase (p = 0.44, R* = 0.06) and rebound phase (p =
0.40, R? = 0.137) (Figure 10).

In the movement condition, there was no significant
correlation in all analysis (healthy participants + PD ON patients
and separately healthy subjects and PD ON). The combination
of healthy controls and PD patients in ON state showed the
following results: background phase, p = 0.69, R?> = 0.04;
suppression phase, p = 0.87, R?> = 0.001; rebound window in the
rest condition, p = 0.88, R? = 0.001).

When the two groups of participants were analyzed separately,
neither groups showed any significant correlations between the
two measures in the rest condition in any time windows. Healthy
subjects’ group did not show a significant correlation in the
background phase (p = 0.41, R> = 0.034) or in the suppression

phase (p = 0.69, R? = 0.008). There was a statistical trend in
the rebound window (p = 0.46, R? = 0.027). PD patients ON
medication did not show significant correlation in background
phase (p = 0.62, R> = 0.017), suppression phase (p = 0.44, R> =
0.043) and rebound phase (p = 0.40, R% =0.050) (Figure 10).

These results might be explainable by the presence of SEPs
attenuation in both groups at the onset of the movement.
Therefore, SEPs amplitude was lower at the onset of the
movement compared to the magnitude at rest but beta does not
change as function of condition, therefore the correlation was
not significant.

DISCUSSION

These results confirmed our previous study (8). A significant link
was found between dopaminergic modulation and SA. Indeed, at
movement onset PD patients off medication showed a lower SA
compared to PD patients ON medication. The mean difference
of the N20-P25 amplitude between rest condition and movement
condition was significantly different between PD patients OFF
medication and ON medication.
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FIGURE 10 | Correlation analysis between beta power and SEPs amplitude at rest and during movements in healthy subjects and PD patients ON medication.

This result of lower SA in PD patients OFF medication
is in line with previous studies that have shown abnormal
SA in PD (19, 20). It is important to consider that there
were critical differences in the task design. In previous studies
(19, 20), patients were tested making vigorous wrist flexion
and extension movements. In addition, SEPs were recorded
during continuous movement. In our study, subjects performed
a movement of the thumb and the median nerve stimuli was
delivered at the onset of the voluntary movement. Our results
supported the hypothesis that a failure in SA prior to movement
onset contributes to the difficulties in movement initiation
in PD.

In line with previous studies (12, 21), healthy subjects showed
changes in beta oscillations as attenuated prior the voluntary
movement and augmented once the movement has ended.

A potential correlation of SA with cortical beta oscillations
in the cohort of PD patients and age-matched healthy subjects
was hypothesized. The study was focused in understanding the
functional role of beta oscillations as it is well-known that PD
patients have a pathologically higher power of beta oscillations,
both in the cortex (16) and sub-cortically in the subthalamic
nucleus (16, 22-24). Of note, levodopa treatment (22, 23) and
subthalamic deep brain stimulation for PD (22, 23, 25, 26) are

associated with a decrease in beta power. On the other hand,
it is well known that stimulation of the subthalamic nucleus at
the beta frequency (15-30 Hz) causes a slowing of movement in
patients with PD (27). Consequentially, the high amplitude of
beta oscillations in PD was proposed as a cause of bradykinesia
(16). However, the mechanism underlying this hypothesis is still
not clear.

This study provided evidence that physiological SA could be
the neurophysiological mechanism underlying the bradykinesia.
Therefore, if both these mechanisms (physiological SA and high
beta oscillations) have been hypothesized as underlying the
bradykinesia, a correlation between these two mechanisms was
proposed. Specifically, it was tested whether the modulation of
SA was correlated with the modulation of beta oscillations during
voluntary movements.

Our results did not show significant evidence of a modulation
of cortical beta oscillations driven by the sensory-motor cortex
on SA. This finding can be interpreted in two ways, either that
the cortical beta oscillations are not involved in modulation
of SA or that our groups” size was not enough to reach the
statistical power.

Regarding the first possibility, although there is no direct
evidence of a potential link between cortical beta oscillations and
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SA, it is known that the beta oscillations plays important role
on the modulation of motor control. In particular, it has been
shown that the modulation of beta oscillations shows a particular
pattern during voluntary movements (12). This modulation of
beta oscillations takes place at the onset of voluntary movement,
when SA is also present. Consequentially, there is a rationale to
explore if the SA modulation is correlated with beta oscillations
modulation over the sensorimotor cortex. On the other hand,
the beta oscillations are present not only at the cortical level but
also at the subcortical level as in the basal ganglia, which were
not explored in this study. From the above, it was not possible
to determine whether or not subcortical beta oscillations play a
modulatory role on SA. In order to address this issue further, it
would be necessary to investigate SA in PD patients with STN-
DBS to test if there is a correlation with the abnormal beta
oscillations in STN, typically seen in this group of patients.

Regarding the second possibility, it is well known that a major
fault of scientific studies (including ours) is inadequate statistical
power. A larger number of subjects were required to adequate
power the studies because of increased variability of SA as well
as cortical beta oscillations in the patient population. Although
this is a major limitation for any conclusion about the mean of
potential link between SA and beta oscillations in patients with
PD, the fact that SA was replicated to be reduced in patients
with PD OFF dopaminergic treatment is noteworthy on its own.
Increased variability may have important implications in the
design and interpretation of future studies and may indeed be
related to pathophysiological mechanisms of PD.

The results of this study did not support the theory suggesting
that the modulation of physiological SA and modulation of
beta oscillations over the sensorimotor cortex are related.
However, it was confirmed the modulation of the two parameters
during voluntary movements. In particular, the two groups of
participants showed reduced beta power just prior to and during
the period of movement and transiently increased subsequent to
the end of the movement. This result is in line with previous
studies (28, 29). Furthermore, several studies showed evidences
that beta oscillations play a role in sensorimotor processing (30—
33). In this regard, Baker et al. (31) found that beta frequency
showed a coherence between proprioceptive afferents (Ia muscle
spindles) and forearm muscle activity, suggesting that beta
oscillations may have a role mainly in proprioceptive processing.
On the contrary, there was no coherence between muscle activity
and afferents relate to cutaneous receptors. However, Witham
et al. (33) did not find a difference in coherence with M1
between areas 1 and 3b, which are associated to cutaneous
receptive fields, and areas 3a and 2, which are associated with
proprioception (areas 3a and 2). Therefore, this study provided
evidence for a close link between the sensory and motor systems
via oscillatory synchronization and support previous hypotheses
that this pattern of activity may be important in coordinating
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Much of our present understanding of the function and operation of the basal ganglia
rests on models of anatomical connectivity derived from tract-tracing approaches in
rodents and primates. However, the last years have been characterized by promising
step forwards in the in vivo investigation and comprehension of brain connectivity in
humans. The aim of this review is to revise the current knowledge on basal ganglia
circuits, highlighting similarities and differences across species, in order to widen the
current perspective on the intricate model of the basal ganglia system. This will allow
us to explore the implications of additional direct pathways running from cortex to
basal ganglia and between basal ganglia and cerebellum recently described in animals
and humans.

Keywords: cerebellum, connectomics, globus pallidus, substantia nigra, tractography

INTRODUCTION

The brain is a complex network consisting of a huge number of neurons (~10'!) segregated
in spatial regions with similar cytoarchitecture and functional features. Identifying anatomical
physical pathways between the various structures of the brain has always been a major challenge
in neuroscience. Neuronal connectivity patterns can be investigated at different levels of scale:
(i) the microscale allows to study single synaptic connections linking two or more individual
neuronal cells, providing a detailed anatomical description of the basic substrates of the cerebral
microcircuits; (ii) at the mesoscale level, where brain connectivity is investigated at the level
of columns and mini-columns; and (iii) at macroscale level that explore large-scale anatomical
connectivity patterns focusing on the inter-regional white matter pathways connecting distinct
neuronal populations (Sporns, 2011).

The current knowledge about the short-, medium- and long-range neuroanatomical connections
of the basal ganglia system comes from both invasive and non-invasive experimental techniques
applied respectively in animals and humans.

The basal ganglia are a group of subcortical nuclei which integrate information from widespread
cortical areas and in turn project their outputs back to the cerebral cortex (Alexander et al.,
1990). Considering their pivotal role in motor and non-motor functions, the basal ganglia
have been a main topic of interest in the field of basic and clinical neurosciences. Basal ganglia

Frontiers in Systems Neuroscience

www.frontiersin.org 133

October 2019 | Volume 13 | Article 61


https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org/journals/systems-neuroscience#editorial-board
https://www.frontiersin.org/journals/systems-neuroscience#editorial-board
https://doi.org/10.3389/fnsys.2019.00061
http://crossmark.crossref.org/dialog/?doi=10.3389/fnsys.2019.00061&domain=pdf&date_stamp=2019-10-30
https://creativecommons.org/licenses/by/4.0/
mailto:aquartar65@gmail.com
mailto:alberto.cacciola0@gmail.com
https://doi.org/10.3389/fnsys.2019.00061
https://www.frontiersin.org/articles/10.3389/fnsys.2019.00061/full
https://loop.frontiersin.org/people/117319/overview
https://loop.frontiersin.org/people/127756/overview
https://loop.frontiersin.org/people/298353/overview
https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/systems-neuroscience#articles

Milardi et al.

The Cortico-Basal Ganglia-Cerebellar Network

connections have been widely studied and different models of
basal ganglia circuitry have undergone major revisions during the
last decades (Nelson and Kreitzer, 2014).

The present review aims at providing a comprehensive
overview on the interactions between the cerebral cortex, the
basal ganglia and the cerebellum in order to better understand
how such interplay contributes to specific attributes of motor
and non-motor behavior and to the pathophysiology of basal
ganglia disorders.

We will first discuss the most common invasive and
non-invasive techniques to study brain connectivity respectively
in animals and humans. We will then review the traditional
models of basal ganglia anatomy and circuitry highlighting
similarities and differences across species. Finally, we will widen
the current perspective on basal ganglia connectomics providing
a new challenging, comprehensive and integrated cortico-basal
ganglia-cerebellum model.

HISTORY OF BASAL GANGLIA CONCEPT

The presence of structures at the basis of the human brain
had already raised the attention of many scientist from the
antiquity to the 19th century; early anatomical depictions of
the basal ganglia appear in the works of classical anatomists
such as Galenus or Vesalius; the use of the term “corpus
striatum,” to refer to the large subcortical masses located
nearby the cerebral ventricles, is attested early in Thomas
Willis “Cerebri Anatome” (1664) (Parent, 2017). Most of the
actual nomenclature used to describe basal ganglia structures
comes from authors of late 18th and early 19th century; in
particular, terms such as “globus pallidus,” “external capsule,”
“internal capsule,” “lenticular nucleus” are introduced in the
classical treatise of Karl Friedrich Burdach (Parent, 2013). In
the same period, structures such as the substantia nigra and
the subthalamic nucleus (Luys, 1868) were described. The
term Basal Ganglia has been originally proposed by Sir David
Ferrier in a highly challenging and comprehensive masterpiece
of the 19th century on the yet unraveled brain structure
and function, “The functions of the brain” (1887). In this
treatise, Ferrier writes that “the basal ganglia—the corpora
striata and optic thalami—are ganglionic masses, intercalated
in the course of the projection system of fibers which
connect the cortex with the crura cerebri, and through these
with the periphery. The corpora striata are the “ganglia of
interruption” of the projection system of the foot or basis of
the crus, an anatomical indication of their motor signification”
(Ferrier, 1887).

After that, a wide corpus of research has been focused
on basal ganglia structure and function both in health and
in disease. The last half of the 20th century has seen the
rise of neuroanatomical tracing techniques, that allowed for a
complete description of basal ganglia anatomy and connectivity
in different animal species. In the last 20 years, these techniques
have been paralleled by neuroimaging techniques focused at
reconstructing white matter anatomy of the human brain. An
overview of strengths and limitations of such techniques will be
provided below.

INVASIVE AND NON-INVASIVE
APPROACHES TO STUDY ANATOMICAL
CONNECTIVITY

Traditional Anterograde and Retrograde

Tract Tracing

Despite several efforts have been made to study brain
and basal ganglia functional anatomy, the most recent
breakthroughs occurred with the development of various
powerful neuronographic methods, introduced in late 20th
century, which have allowed to describe the close interrelation
between the core structures of the basal ganglia and to set
the ground basements of the current ideas on the basal
ganglia circuits.

Degeneration and tract-tracing approaches are among the
most common methods applied in animal studies. Highly
localized lesions, leading to Wallerian degeneration, combined
with stains that selectively color degenerating neuronal cell
bodies and axons have been helpful in the past to trace
neural pathways (Johnson, 1961; Afifi et al., 1974). However,
degeneration techniques are limited by the low accuracy to
determine the exact location of axonal terminals and by the
fact that not all the neurons show marked degeneration after
a lesion. Taking into account such limitations, the second half
of the 20th century has been characterized by a methodological
innovation based on the axonal transport of tracers. Anterograde
tract-tracing allows to identify the axons terminations by
injecting chemical tracers and dyes which are incorporated into
macromolecules by the neuronal cell bodies and then carried to
the end of the axons. Another widely used tract-tracing strategy
is retrograde tracing: a molecular marker (i.e., horseradish
peroxidase enzyme) injected into the area of axonal terminations
is carried via the retrograde axonal transport towards the cell
body thus revealing the origin of the neuronal pathway (Kobbert
et al., 2000; Raju and Smith, 2006; Schofield, 2008). Regardless
of the transport direction, time must be considered to allow the
tracer reaching its destination and then to proceed with tracer
detection using fluorescent light or immunohistochemistry.
Although the astonishing findings revealed by experimental
tract-tracing in animals, this technique did not have successful
application in the post-mortem human brain due to slow rate of
diffusion (Beach and McGeer, 1987; Haber, 1988). In addition,
both anterograde and retrograde tract-tracing are prone to
limitations, considering different potential sources of false-
positive and false-negative results. As a matter of fact, it is
possible that tracer injections may spread beyond the target or
involve adjacent pathways; also, it is possible that retrograde
tracers are uptaken by fibers of passage, producing false-positive
results (Reiner et al., 2000; Van Haeften and Wouterlood, 2000).
Furthermore, when using biotinylated dextran amine (BDA) for
anterograde tracing care should be taken due to the possible
retrograde trafficking and the subsequent anterograde transport
into neuronal collaterals (Reiner et al., 2000).

On the other hand, false-negative findings may derive
considering the inability to label all neurons in a population
in any given study. Another potential source of false-negative
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findings is that it might not be possible to identify the
colocalization of markers especially when the neuronal structures
are tiny, due to either imperfect antibody penetration or
disproportional concentration of antigens (Reiner et al., 2000;
Van Haeften and Wouterlood, 2000). Despite the outstanding
historical importance of tract-tracing and its actual advantages,
these limitations led to the development of new, more precise
tracing methods.

Neuronal Tracing by Neurotropic Viruses
Beyond conventional tracers, neurotropic viruses have the great
potential to exploit the connectivity of neural circuits; viral
replication amplifies the signal at each step of the process;
moreover, viral tracers are able to traverse multisynaptic
pathways. These features allow a more precise individuation
of anatomical connections and to distinguish between direct
and indirect projections. Albeit several neurotropic viruses exist,
only two major classes, the herpes and rabies viruses, have
been traditionally employed to experimentally track neuronal
pathways. While such classes of viruses are substantially
different, they do share an envelope structure and the ability
to infect neurons and to spread along the nervous system.
Ugolini et al. (1987) demonstrated for the first time ever that
the herpes simplex virus type 1 (HSV 1) could be used to
trace neural connections across at least two synapses in rodents,
thus paving the way for further development of virus tracing
in non-human primates (Hoover and Strick, 1993; Middleton
and Strick, 1994). As major limitations, HSV 1 induces rapid
neuronal degeneration and may spuriously spread to glial and
other neuronal cells. As a consequence, attempts to limit the
local spread do not allow to trace further than second-order
neurons (Kaplitt and Loewy, 1995). By contrast, rabies viruses
do not induce neuronal degeneration and are able to detect
neuronal connections across an unlimited number of synapses
(Ugolini, 2011). However, major drawbacks in using viruses
to label multisynaptic connections are the low speed of the
viral transport, paralleled by their fast-lethal effects on the
experimental animal, that dies for the infection after a short time.
Consequently, and considering that at least 2 days are needed to
label first-order neurons, higher-order neurons are labeled only
after 12 h or more from that time (Aston-Jones and Card, 2000).
Therefore, tracking a neuronal network consisting of, e.g., seven
synapses, could take approximately up to 1 week.

However, despite all the above-mentioned limitations virus
transneuronal tracing still remains the gold standard approach
to map axonal connections in animals. On the other hand, the
application of such invasive tracking methods is elusive when
applied to the human brain.

Non-invasive Neuroimaging Approaches

for the Human Brain

The great success of neuroanatomical tracing has boosted the
research on neuronal connectivity based on animal models.
However, translating such findings from animals to the human
brain posits some non-negligible theoretical issues: it forces
the assumption that brain structures of interest are relatively
conserved in the human brain, and it does not account for

inter-specific differences. During the last decades, the progress of
magnetic resonance imaging (MRI) has allowed the development
of neuroimaging approaches as an alternative modality to assess
morphological neuronal connectivity patterns in living humans.
Diffusion-weighted magnetic resonance imaging (DWI) and
tractography have been successfully employed to model and infer
white matter bundles’ trajectory of white matter bundles together
with their microstructural properties (Milardi et al., 2016b,
2017; Cacciola et al., 2017a,c; Calamuneri et al., 2018; Rizzo
et al., 2018; Arrigo et al., 2019). Despite these techniques have
lower spatial resolution than chemical and virus tract-tracing
and they are not able to estimate the directionality of neural
pathways, they do provide the only chance to explore anatomical
connectivity in vivo and non-invasively in the human brain
(Chung et al., 2011).

DWI allows to measure water molecules diffusion along
different directions. Considering the impermeable nature of
axons, water diffusivity is highly directional (anisotropic) being
constrained to the main axonal direction; therefore DWI
indirectly evaluates white matter microstructure (Basser et al.,
1994, 2000). Assuming that such local diffusion is explained
by a three-dimensional Gaussian process, the main axis of the
diffusion ellipsoid corresponds to principal diffusion direction
and its fractional anisotropy corresponds to the degree to
which diffusion is preferred along this direction over other
directions. Therefore, by computing the principal local diffusion
direction within the single voxels and attempting to infer specific
spatial axonal trajectories, tractography can be used to map and
reconstruct main fiber bundles at a system level (Alexander et al.,
2007). Classical diffusion-weighted images used for tractographic
reconstruction usually have a voxel resolution of 2 x 2 x 2 mm?
which is notably higher than the axonal diameter (Jbabdi and
Johansen-Berg, 2011), whilst traditional anatomical tracers can
track the projections of single axons. Another major drawback of
tractography is the inability to determine the polarity of a given
connection and thus to establish whether a given fiber pathway is
afferent or efferent (Parker et al., 2013).

In addition, simple diffusion signal modeling approaches
cannot reliably disentangle the complex white matter
architecture consisting of twisting, bending, crossing and kissing
fibers thus failing in representing any of their orientations.
To overcome this issue, “model-free” approaches have been
developed in the last decade, such as Diffusion Spectrum
Imaging (DSI; Wedeen et al,, 2005), Q-ball Imaging (Tuch
et al, 2003) and Constrained Spherical Deconvolution
(Tournier et al., 2007).

Despite the above-mentioned limitations, DWI and
tractography are the only existing techniques able to investigate
anatomical connectivity in the human brain in vivo and non-
invasively. Indeed diffusion tractography has been extensively
recognized as the first “in vivo dissection” approach to map the
major fiber bundles in the human brain with extreme precision
as well as to show the existence of new associative pathways
that have been subsequently replicated using the traditional
post-mortem Klingler dissection (Klingler, 1935; Klingler and
Gloor, 1960). For instance, the increasing use of tractography
has boosted our understanding of the morphological shape
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of the major long-range white matter pathways (Catani et al.,
2005; Parker et al., 2005; Yagmurlu et al.,, 2016), consequently
confirmed by post-mortem dissection in the human brain
(Lawes et al, 2008; Yagmurlu et al, 2016). Last but not
least, tractography has allowed to develop several atlas of the
human brain (Mori and van Zijl, 2007; Oishi, 2011; Catani
and Thiebaut de Schotten, 2012). As a final remark, the
anatomical validity and reproducibility of DWI tractography
have been assessed in vitro in a highly gyrated model of the
porcin brain, demonstrating that tractography is able to reliably
detect specific white matter pathways and therefore to be a
powerful tool in investigating anatomical brain connectivity
(Dyrby et al., 2007).

INTER-SPECIES COMMONALITIES AND
DIFFERENCES IN THE BASAL GANGLIA
NETWORK

Despite the basic basal ganglia anatomy and connectivity are
well preserved across most species, from rodents to non-human
and human primates (Reiner et al., 1998; Stephenson-Jones
et al.,, 2012), some meaningful interspecific topographical and
functional variations need to be carefully addressed. The
basal ganglia have been observed in all amniote species; the
basic organization of these telencephalic nuclei seems to be
phylogenetically conserved, since evidences of a remarkable
similarity between lampreys, the oldest now-living vertebrates,
and mammals have been carefully described (Grillner and
Robertson, 2016). This supported the view according to which
rudimentary basal ganglia were already present in the vertebrate’s
common ancestor.

In mammals, the basal ganglia demonstrate a much more
extensive interaction with the cerebral cortex (Reiner et al,
1998). Furthermore, the basal ganglia seem to maintain the same
circuit organization, namely the presence of input nuclei, output
nuclei and modulatory stations through which information is
funneled and processed (Gerfen et al., 1987a,b; Smith and Parent,
1988; Alexander et al., 1990). Indeed, several neuroanatomical
and neurophysiological insights gained studying rodents have
been lately confirmed in primates. However, some remarkable
differences both in the macroscopic and microscopic anatomy
need to be addressed.

From the gross anatomy perspective, the striatum could be
divided into a dorsal and a ventral compartment; these two
divisions lack of a clear boundary but greatly differ in their
connectivity profiles (Haber and Knutson, 2010). In rodents, the
dorsal striatum is named neostriatum and it could be divided
into a dorsomedial and a dorsolateral part, whilst in monkeys and
humans it is divided into caudate nucleus and putamen (Grillner
and Robertson, 2016). Structural separation of the striatum
into caudate nucleus and putamen by the internal capsule in
primates does provide a clear functional distinct segregation
of the cortical inputs to these two main structures. Although
the caudate nucleus is traditionally associated with cognitive
functions and the putamen with motor functions, both structures
receive widespread afferents from the cerebral cortex, see Haber

(2016) for an extensive review. Rodents, instead, lack of such
structural separation within the dorsal striatum.

In parallel, the same considerations could be made for
the difference in the Globus Pallidus (GP) gross anatomy
between rodents and primates. Both in human and non-human
primates, the internal (GPi) and external (GPe) segments of
the GP are structurally divided by the internal lamina and are
placed close to each other. On the other hand, in rodents, the
GPi functional homologous, termed entopeduncular nucleus, is
mostly embedded in the internal capsule (Carter and Fibiger,
1978) whilst the GPe homolog is termed simply as GP.

Moreover, a striking difference between primates and rodents
is represented by the cerebral cortex, which constitutes one of
the main interacting systems with the basal ganglia. In primates,
the need for more complex motor tasks and sensory integration
has allowed the development of large and architecturally complex
association areas (Preuss and Goldman-Rakic, 1989, 1991).
According to recent works, this difference would make the old
world monkeys the most valuable animal model to study function
and disease of the basal ganglia (Smith and Galvan, 2018).

A main difference is that in rodents, cortico-spinal pyramidal
neurons directly synapse on the striatum; in primates, on
the other hand, cortico-spinal and cortico-striatal descending
systems are totally segregated (Parent and Parent, 2006; Kita and
Kita, 2012; Smith et al., 2014).

Moreover, differences in volume, distribution and number
of neurons of the basal ganglia among mammals have been
described, underlining substantial differences between rats and
non-human primates and subtle variations between humans and
monkeys (Hardman et al., 2002).

Despite such morphological differences, the organization of
the main afferent and efferent systems of the basal ganglia
network is almost similar across species. With some limitations,
and paying attention to inter-species differences, rodents still
constitute a valuable model to study basal ganglia in physiology
and disease (Hooks et al., 2018; Miyamoto et al., 2019).

TRADITIONAL CIRCUITS OF THE BASAL
GANGLIA NETWORK

The most basic circuit model of basal ganglia function involving
the “direct” and “indirect” pathways has been originally
proposed by Albin et al. (1989) and it has represented the
cornerstone of our knowledge on basal ganglia function for
two decades (Figure 1). More recently, DeLong and Wichmann
(2007) have suggested that the output nuclei—the GPi and the
SNr—exert a tonic firing to the intralaminar and ventral motor
nuclei of the thalamus which in turn regulate motor-related
areas in the cerebral cortex (DeLong and Wichmann, 2007)
influencing desired and unwanted behaviors.

A third fundamental pathway, the so-called “hyperdirect
pathway” of the basal ganglia circuitry has been recently
identified. Although the subthalamic nucleus (STN) has been
considered for many decades one of the relevant nodes of
the “indirect” pathway, it also receives direct signals from the
cerebral cortex (Nambu et al., 2000).
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FIGURE 1 | “Classical” cortico-basal ganglia-cerebellar pathways. The most
basic circuit model of basal ganglia function involving the “direct” and
“indirect” pathways originally proposed by Albin et al. (1989). Red lines
highlight the “direct” pathway funneling information from the cerebral cortex
to the striatum and then to internal segment of the globus pallidus/pars
reticulata of the substantia nigra (GPi/SNr) via GABAergic inhibitory
projections thus selectively reducing GPi/SNr activity and releasing the
thalamocortical circuits involved in motor pattern generators. The dotted
black lines depict the “indirect” pathway: when excited by the glutamatergic
inputs of the cerebral cortex, striatal medium spiny neurons (expressing

D2 receptors) allow the cells of the striatal matrix to send inhibitory signals to
the GPe, thus exerting its tonic GABAergic inhibition on the subthalamic
nucleus (STN). Therefore, the glutamatergic neurons of the STN can excite
the GPi/SNr thus suppressing thalamic activity on the cerebral cortex and
increasing inhibitory influences on the upper motor neurons. More recently, a
“hyperdirect” pathway has been described (blue line between the cerebral
cortex and STN), conveying excitatory stimuli from motor, associative and
limbic brain areas on the STN, bypassing the “indirect” inhibitor circuit and
leading to excited GPi/SNr activity.

When a given motor pattern is computed by cortical motor
areas, it is first conveyed to the basal ganglia via glutamatergic
projections with the purpose of releasing the intended movement
and suppressing the unintended ones. The “direct” pathway
funnels information from the striatum to internal segment
of the globus pallidus/pars reticulata of the substantia
nigra (GPi/SNr) via GABAergic inhibitory projections thus
selectively reducing GPi/SNr activity and releasing firing from
thalamocortical neurons.

Along with the initial signal to the striatum, the cerebral
cortex suppresses surrounding or competing motor patterns.
This activity is known to be mediated by the “indirect” and
“hyperdirect” pathways. When excited by the glutamatergic
inputs of the cerebral cortex, striatal D2 receptors allow the
cells of the striatal matrix to send inhibitory signals to the
GPe which normally exerts a tonic GABAergic inhibition on
the STN. Therefore, the glutamatergic neurons of the STN can
then excite the GPi/SNr thus suppressing thalamic activity on
the cerebral cortex and increasing inhibitory influences on the
upper motor neurons (DeLong and Wichmann, 2007, 2009;
Stinear et al., 2009; Noorani and Carpenter, 2014). Moreover,

the glutamatergic “hyperdirect” pathway, conveying excitatory
stimuli from motor, associative and limbic brain areas on the
STN (Nambu et al., 2002) triggers GPi/SNr activity (Figure 1)
bypassing the indirect pathway. This latter view is supported
by the fact that cortical neurons projecting to GPe appear to
be in a different group than those projecting to STN (Kita
and Kita, 2012). The following inhibition of the thalamocortical
projections suggests therefore a major role of the hyperdirect
pathway in holding back movements (Wessel et al., 2016).

NEUROPHYSIOLOGICAL INSIGHTS ON
BASAL GANGLIA FUNCTION

A possible electrophysiological correlate of basal ganglia activity
in the human brain is the Bereitschaft potential, also known as
readiness potential (RP), a slow negative electroencephalographic
(EEG) activity that usually precedes self-paced movements
(Shibasaki and Hallett, 2006). The RP has been initially
considered as an electrical phenomenon originating from
cortical activity which occurs before both simple and complex
motor tasks (Rektor et al, 1994, 1998, 2001a). However
different evidences suggest that RP may be recorded also from
subcortical structures such as striatum and thalamic nuclei
(ventral intermediate nucleus VIM, ventroposterior nucleus VP;
Rektor et al., 2001c). In particular, latencies of RP recorded in
the putamen precedes those recorded by electrodes implanted
in cortical motor areas (Rektor et al, 200la). Following
investigations conducted on patients implanted in caudate
nucleus, putamen and GPi demonstrated that these regions are
potential substrates for RP generation (Rektor et al., 2001b);
this is in line with previous evidences of disrupted RPs after
lesions in the basal ganglia (Dick et al., 1989) and suggests
that cortico-basal ganglia-thalamo-cortical reverberating circuits
may be involved in the generation of RP. Moreover, a P3-like
activity has been recorded in basal ganglia and in cortical
motor and premotor areas during a multimodal evoked related
potential (ERP) stimulation paradigm aimed at investigating
electrical activity related to cognitive processing of sensorial
stimuli (Rektor et al., 2003). This suggests a possible interplay of
cortical areas and basal ganglia during cognitive processing.

BEYOND THE DIRECT, INDIRECT AND
HYPERDIRECT PATHWAYS

One of the main aims of the present review is to widen the
current perspective on basal ganglia connectomics providing a
new challenging, comprehensive and integrated basal ganglia
model. As previously mentioned, most of our knowledge on the
basal ganglia is mainly based on invasive tract-tracing studies
conducted on animals, whilst the available data on humans come
from clinical evidences of patients with movement disorders and
from pioneering neuroimaging studies.

The last 10 years have been characterized by the growing idea
that, in addition to the direct, indirect and hyperdirect pathways,
several other feedback and reverberating circuits can contribute
to modulate basal ganglia output. Numerous studies have indeed
pointed out that the basal ganglia directly integrate signals from
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widespread cortical areas and are part of an extensive network
involving also the cerebellum (Figure 2).

The Cortico-Pallidal Pathway

In a traditional textbook of anatomy, the French anatomist Testut
remarked that “Ascending and descending cortico-caudatal,
cortico-putaminal, and cortico-pallidal connections do exist.
Cortico-caudatal and cortico-putaminal fibers are indicated
together as cortico-striatal pathway: they are less than cortico-
pallidal fibers. The cortico-pallidal fibers are prevalently but not
exclusively cortico-fugal (efferent). These fibers (demonstrated
both by anatomic dissection and by neuronography), originate
from area 6” (Testut and Latarjet, 1971). Over the subsequent
decades, the cortico-pallidal fibers almost disappeared from the
literature. Early degeneration studies have described the possible
existence of a direct cortico-pallidal projection in monkeys
(Leichnetz and Astruc, 1977), leaving an open window to
provide more conclusive evidences on the topic. By using BDA
anterograde tract-tracing in rodents, Naito and Kita (1994)
showed for the first time the existence of direct, topographically-
organized connections between the medial and lateral precentral
cortices and the GPe (Naito and Kita, 1994). Although it could
be argued that these projections could represent passing fibers
(that it is well known to be massively present in the GP), it is
worthy to note that the BDA approach used in the study labeled
with great precision fine fibers and boutons thus allowing to
disentangle them from pallidal passing fibers. The existence of
such fibers of passage could furthermore explain why retrograde
tract-tracing techniques are not able to the show the presence
of this cortico-pallidal pathway. Supporting evidences for the
existence of such direct pattern of connectivity come from recent
studies showing cholinergic and GABAergic neurons within the
GPe that in turn send direct signals to the cerebral cortex (Chen
et al., 2015; Saunders et al., 2015).

More recently, evidence supporting the likely existence of
a direct cortico-pallidal pathway was provided by Milardi
et al. (2015) using CSD-based tractography, thus being the
first to characterize the cortico-pallidal connectivity patterns
in the living human brain. More recently, Cacciola et al.
(2017b) provided a quantitative connectomic analysis revealing
that the pallidal network mainly involves the sensorimotor areas
(i.e., precentral and postcentral gyri), the superior frontal and
paracentral gyri, with less representative widespread connectivity
patterns with other important cortical areas (Cacciola et al,
2017b). These findings have been further corroborated by other
diffusion tractography studies (da Silva et al., 2017; Grewal et al.,
2018; Middlebrooks et al., 2018; Cacciola et al., 2019).

Indirect evidences supporting a tight interplay between GP
and frontal cortex in humans come also from PET studies in
patients with focal lesions of the GP which have demonstrated
reduced metabolism in frontal cortical areas as well as psychiatric
symptoms reminiscent of patients with frontotemporal lobe
damage. Taken together these findings strongly indicate a
disrupted functional interaction between the GP and the frontal
lobe (Laplane et al., 1989). In addition, by using a promising
approach of simultaneous magnetoencephalography-local field
potentials (MEG-LFP) recording in dystonic patients with

deep brain stimulation (DBS) electrodes in the GPi, Neumann
et al. (2015) demonstrated that the GPi is interconnected with
several brain regions in spatial- and frequency-specific functional
networks. In particular, MEG-LFP coherence analysis revealed
oscillatory pallidal connectivity with the temporal cortex in the
theta band (4-7 Hz), with the sensorimotor regions in the beta
band (10-30 Hz) and with the cerebellum in the alpha band
(6-13 Hz).

Therefore, the oscillatory drive of information flow between
the motor-related areas and the GPi could be gathered either
indirectly via the corticostriatal pathway or through a direct
cortico-pallidal connection. The cortico-pallidal pathway could
represent a possible anatomical substrate of the robust beta-band
oscillatory activity in the cerebral-basal ganglia feedback loops
involved in motor control (Cacciola et al., 2016b; Figure 3).

In addition, it has been reported in dystonic implanted
patients, that single-pulse GPi-DBS may modulate motor cortical
excitability at a relatively short latency suggesting the possibility
of a direct cortical-GPi connection in humans (Cacciola et al.,
2018; Ni et al., 2018b).

Recently, Cacciola et al. (2019) by using whole-brain
tractography-based segmentation unveiled that the basal ganglia
system is topographically organized in functionally segregated
and integrated circuits within the GPi and GPe. In particular,
the topographical organization of the cortico-pallidal pathway
within the GP resulted in an antero-dorsal associative region and
a posterior sensorimotor region, despite it was not possible to
identify a well-defined limbic territory, thus suggesting that the
cortico-pallidal fibers may provide only a relative contribution
to the limbic territories in the GP. On the other hand, the
most represented connectivity patterns to the GPi derived from
sensorimotor regions suggesting a possible role of such pathway
in sensorimotor integration. From a more practical point of
view, this topographical segmentation of the GP applied to
DBS, focused-ultrasound and radiosurgery interventions could
improve patient’s outcome by minimizing side effects at the same
time (Cacciola et al., 2019; Strafella, 2019).

Although the direct and indirect evidences on the possible
existence of a monosynaptic pathway between the cerebral cortex
and the GPi are continuously growing, its exact functional
meaning is still not clear and speculative (Cacciola et al., 2018;
Ni et al., 2018a,b).

The Cortico-Nigral Pathway

Along with the GPi, the SNr is a key hub of the basal
ganglia circuitry, involved in motor control (Friend and Kravitz,
2014), cognition (Simpson et al., 2010) and learning (Sesack
and Grace, 2010), receiving both inhibitory and excitatory
inputs from the striatum, GPe and STN, respectively (Kita
and Kitai, 1987; Chevalier and Deniau, 1990; Smith et al,
1990). GABAergic neurons located in the SNr mainly target
the peduncolopontine nucleus and the superior colliculi, thus
suggesting SNr involvement in eyes, head and neck movements.
In addition, SNr sends GABAergic inputs to the thalamic
intralaminar nuclei that in turn send back projections to the
striatum as well as to nuclei that send inputs to the cerebral
cortex. In rodents, the ventromedial and paralaminar medial
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FIGURE 2 | Schematic illustration of the recently demonstrated anatomical
connections in the basal ganglia network. The figure reports the three direct
systems running between the cerebral cortex and the basal ganglia (STN, GPi
and SN, shaded gray boxes), providing a fast route of connection by passing
the striatum and the thalamus. Recent studies have also demonstrated that
the basal ganglia communicate with the cerebellum. Retrograde
transneuronal transport of rabies virus in monkeys revealed a disynaptic
pathway from the STN passing through the pontine nuclei to the granule cells
of the cerebellar cortex. Additional findings suggest the existence of
reciprocal cerebellar output on the basal ganglia via the dentate nucleus.
Indeed, it has been demonstrated both in animals and humans that the
dentate nucleus is connected with the GPi and SNr thus directly influencing
the output stations of the basal ganglia in the timing of actions as well as in
action selection. The dashed lines represent the cerebral cortex output on the
basal ganglia and the information flow from the basal ganglia to the
cerebellum. The solid lines instead represent the cerebellar output on the
output nuclei of the basal ganglia which in turn communicates with the
cerebral cortex. STN, subthalamic nucleus; GPi, internal segment of the
globus pallidus; SN, pars reticulata of the substantia nigra.

dorsal thalamic nuclei are the main target of GABAergic SNr
inputs and in turn provide widespread projections to frontal
cortical areas, including the equivalent eye field areas in primates.
On the other hand, the principal targets of the SNr are the ventral
anterior and paralaminar medial dorsal nuclei which instead
project to more discrete organized frontal areas (Bentivoglio
et al., 1979; Hoover and Strick, 1999).

By contrast, both in rodents and in primates, SNc provides
extensive dopaminergic innervation to dorsal and ventral
striatum (Beckstead et al., 1979; Haber, 2014). From striatum in
turn, originates a set of reciprocating GABA-ergic connections
to SNc¢ (Szabd, 1979; Haber et al.,, 2000). In addition to these
projections, SNc receives excitatory glutamatergic afferents from
the STN, and GABA-ergic projections from GPi and SNr (Smith
and Kieval, 2000; Watabe-Uchida et al., 2012).

Therefore, both the SNc and SNr receive disynaptic
inhibitory and excitatory inputs from the cerebral cortex via
the neostriatum and STN respectively. In addition, several
anatomical studies have indicated a direct connection between
the cortex and the SN (Figure 3). Although the majority of these
studies have clearly shown the existence of a direct cortico-SN

pathway, the topographical arrangement, the extent of the
cortical regions involved in the projection and the morphological
characteristics of the fibers and boutons were not well clarified
until the mid-nineties. In an anterograde tracing study with BDA
in rats, Naito and Kita (1994) addressed this issue by showing
that the SNc received orderly arranged, but sparse connections
from the entire prefrontal cortex; the density of boutons in SNc¢
was much less than the ones of the striatum. More recently,
Frankle et al. (2006) injected anterograde tracers into the orbital
(OFQC), cingulate and dorsolateral prefrontal (dIPFC) cortices,
demonstrating direct connections from OFC and dIPFC to SN
in the macaque monkey.

In human, the SN is involved in an extensive sub-cortical
network (Diizel et al., 2009; Menke et al., 2010; Chowdhury
et al., 2013), despite less is known about the possible existence
of a human homologous of the direct cortico-nigral connections
demonstrated in animals. In this regard, by using dMRI and
tractography, Cacciola et al. (2016a) have recently reconstructed
a white matter pathway linking the superior frontal, inferior
frontal, precentral, postcentral gyri and the paracentral lobule
with the SN bypassing the caudate nucleus, the putamen,
the GP and the STN in the human brain (Cacciola et al.,
2016a). In addition, in line with previous findings, the same
authors demonstrated that the SN is extensively connected
with many sensorimotor and associative cortical areas as
well as with subcortical structures, including the cerebellum
(Cacciola et al., 2017b).

In conclusion, the basal ganglia connectome seems to be
more complex than expected; non-canonical pathways such as
the cortico-pallidal and cortico-nigral pathways may have a role
in basal ganglia physiology and pathophysiology of basal ganglia
disorders. However, their functions remain speculative and need
more investigation to be completely understood.

THE CEREBELLUM AND BASAL GANGLIA
INTERPLAY

Along with the fundamental role in motor control, the
cerebellum and basal ganglia are involved in several aspects of
behavior, from cognition to emotion (Middleton and Strick,
1994; Schmahmann and Caplan, 2006). The involvement of the
cerebellum in so many functions could be explained by taking
into account that it works in strict connection with the cerebral
cortex and the basal ganglia, which in turn play both a pivotal
role in a variety of motor and non-motor functions.

According to the traditional view, the cerebellum and basal
ganglia interact at the level of the cerebral cortex. However,
the last decades have been characterized by increasing evidences
showing a direct cerebello-basal ganglia interplay forming an
integrated building block involved in several complex tasks.

Anterograde and retrograde studies demonstrated that
neurons of the central lateral nucleus of thalamus, which projects
both to motor cortex and to laterodorsal part of the striatum,
receive inputs from the lateral cerebellar nucleus (Ichinohe et al.,
2000). These findings were extended to non-human primates
in a study conducted on macaques by means of retrograde
transneuronal transport of rabies virus (Hoshi et al., 2005),
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FIGURE 3 | “Novel” cortico-basal-ganglia-cerebellar pathways. Highlight the
newly identified connections between the cerebral cortex, GPi, GPe and SN
as well as the complementary circuits between the dentate nucleus and such
nuclei as described in recent tractographic studies in humans.

showing a pathway linking primarily the dentate nucleus (but
also the interpositus and fastigial nuclei) to the contralateral
striatum through ventral anterior (VA), ventral lateral (VL) and
intralaminar nuclei (CM/Pf) and finally reaching the external
part of the globus pallidus (Figure 3). Labeled neurons in the
dentate nucleus belonged both to its motor and non-motor
domains (Dum et al.,, 2002), suggesting that the interplay of
these subcortical structures is crucial for motor, cognitive and
emotional processing.

A few years later, Bostan et al. (2010) employed the same
experimental setting to investigate the presence of a pathway
projecting from basal ganglia to cerebellum. The retrograde
transport revealed that first-order neurons were located in
the pedunculopontine nucleus while second-order neurons
were found to be topographically organized in the STN
(Figure 3). These fascinating studies provided new insights
on the roles of basal ganglia and cerebellum showing that
their interplay may be more complex than expected. Virus
tracing is not the only technique which has been employed to
study connectivity between these two subcortical structures.
Converging evidences coming from electrophysiological
experiments and human neuroimaging studies will be
discussed below.

ELECTROPHYSIOLOGICAL INSIGHT INTO
CEREBELLAR-BASAL GANGLIA
INTERACTIONS

Electrophysiological investigations, conducted on anesthetized
cats to assess the latency of basal ganglia-cerebellum activation,
failed in finding strong evidences of a rapid-gated cerebellum-

basal ganglia communication. The long latencies (50-350 ms)
found made the hypothesis of rapidly funneling stimuli from
cerebellum to basal ganglia neglectable (Ratchetson and Li, 1969).
This assumption has been recently challenged by Chen et al.
(2014) in a optogenetic study on freely moving rats, which
revealed short-latency activation (10 ms) of basal ganglia after
optogenetic stimulation of dentate nucleus, thus accounting
for a rapid communication between cerebellum and basal
ganglia leading to fine coordination of their respective outputs.
Moreover, when the electrical stimulation of dentate nucleus
is delivered simultaneously to high frequency stimulation of
cerebral cortex, the overall result is a direction change of
synaptic plasticity, reverting long term depression (LTD) in long
term potentiation (LTP; Chen et al., 2014). These findings do
provide new insight on the role of basal ganglia-cerebellum
communication in learning phenomena. The synergic role of
cerebellum and basal ganglia in learning processes is not new
considering the pioneer studies of the early 2000 showing that
the cerebral cortex, cerebellum and basal ganglia are involved
in specific learning paradigms: unsupervised, error-based
(supervised) and reward-based learning (Doya, 1999, 2000). The
recent anatomical findings of the two- and tri-synaptic pathways
linking the cerebellum and basal ganglia, together with the
evidence of a short latency communication, led Caligiore et al.
(2017) to consider their computational role and to update the
previous model of the cortico-basal ganglia-cerebellum loops.
The possible computational role of the dento-thalamo-striatal
pathway is to convey the predicted outcome of a candidate action,
processed in the cerebellum to the striatum where the outcome
itself is evaluated (forward model). On the other hand, the
computational role of the subthalamic-ponto-cerebellar pathway
is not clear at all; nevertheless, considering the involvement of
the subthalamic nucleus in the indirect pathway and aversive
learning phenomena, it is tempting to speculate that it would
prevent the new forward models to be conveyed to the striatum
(Caligiore et al., 2017).

POSSIBLE DIRECT CEREBELLAR-BASAL
GANGLIA CONNECTIONS

In addition to the dento-thalamo-striatal and subthalamo-ponto-
cerebellar pathways, Milardi et al. (2016a) reconstructed a white
matter pathway linking the dentate nucleus both to the GPi and
to the SN via the superior cerebellar peduncles and bypassing
the red nucleus, thalamus and striatum (Milardi et al., 2016a;
Figure 3).

Although its physiological meaning is still unknown, the
dento-nigral pathway, reconstructed in human by means of
dMRI and tractography, could represent the phylogenetical
equivalent of the pathway observed via tract-tracing in cats and
rats (Snider et al., 1976) allowing a fine-tuning of a fast cerebellar
influence of one of the output nuclei of the basal ganglia
system. In addition, release of dopamine in caudate nucleus
and incremented dopamine production in substantia nigra were
found after unilateral stimulation of the dentate nucleus in
cats (Nieoullon et al., 1978) suggesting that direct connections
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FIGURE 4 | Cerebellum-basal ganglia interplay. This panel shows the
connections between the cerebellum and basal ganglia as revealed by
retrograde tracing studies in monkeys. Red lines indicate the output of the
cerebellum on the basal ganglia via the dentate-thalamo-striatal pathway as
well as the control of basal ganglia on the cerebellum via the
STN-ponto-cerebellar cortex pathway.

from deep cerebellar nuclei could exert a modulatory role on
dopaminergic tone in the basal ganglia.

Recent evidences of a direct route connecting dentate nucleus
to globus pallidus, on human side, comes from a MEG-LFP
study (Neumann et al,, 2015), showing a functional oscillatory
connectivity in the alpha band (7-13 Hz) between the cerebellum
and globus pallidus in dystonic patients with an electrode
implanted in the GPi. In addition, it was also found a negative
correlation between the alpha band of coherence and symptoms
severity as measured by Toronto Western Spasmodic Torticollis
Rating Scale suggesting a compensatory role of the cerebellum in
dystonic patients.

These direct connections between the dentate nucleus and
GPi and SNr are very intriguing considering the presence of a
direct cortico-pallidal and cortico-SN pathways bypassing the
striatum in humans (Milardi et al., 2015; Cacciola et al., 2016a)
and in monkeys (Leichnetz and Astruc, 1977; Frankle et al,
2006). Hence, it is tempting to speculate on the existence of
3 direct systems running between the cortex, the basal ganglia
(STN, GPi and SNr) and the cerebellum, providing a fast route of
connection bypassing the striatum and the thalamus (Figure 4).
These considerations are not necessarily in conflict with the
consensus position of Caligiore et al. (2017) if we postulate
the appearance, in the evolutionary scale in humans, of a new
phylogenetic fast system connecting cerebellum and basal ganglia
which may complement the disynaptic or trisynaptic projections
from the dentate nucleus, passing through the thalamus and
reaching the putamen or the GPe. This new fast system would be
necessary to support the manual dexterity which is an exquisite
feature of human specimens.

FUNCTIONAL SIGNIFICANCE OF
CEREBELLAR-BASAL GANGLIA
INTERACTION IN MOVEMENT
DISORDERS

The basal ganglia and the cerebellum have been often conceived
separately as structures involved in different neurological
syndromes. However, evidences concerning the co-operation
of cerebellum and basal ganglia in movement disorders are
currently growing. Thus, the above-described scenario could
open an entirely new perspective into the pathophysiology of
basal ganglia and cerebellum disorders (Coenen et al.,, 2011;
Husarova et al., 2014).

Different aspects of movement disorders could be gathered by
cerebellum-basal ganglia interface. Cerebellum and basal ganglia
have been involved in time computation: the former should
be accounted for millisecond-range intervals whilst the latter
would work mainly on the second-ranges (Ivry, 1996; Buhusi
and Meck, 2005; Wiener et al., 2010). Functional MRI (fMRI)
studies revealed hypoactivation of basal ganglia and cerebellar
cortex during early stages of Parkinson’s Disease (PD) compared
to healthy controls, during an interception task. A direct causal
modeling analysis revealed differential modulation of effective
connectivity strength between basal ganglia and cerebellum in
performing a motor timing task (Husdrova et al., 2013, 2014).
This would suggest an involvement of cerebello-basal ganglia
circuits in motor and perceptual timing alterations, that are
typical of PD.

Although the involvement of basal ganglia in the
pathophysiology of dystonia is indisputable, the mechanisms
producing dystonia are incompletely understood, with recent
evidence pointing to the involvement of a variety of brain areas
including the cerebellum (Quartarone and Hallett, 2013; Jinnah
et al,, 2017). As it is possible that the etiological heterogeneity of
dystonias reflects the relative importance of different nodes in
this extended motor network, one major challenge is determining
first, the role and contribution of the different brain regions
in the various forms of dystonia with a comprehensive model;
second, if there is a final common pathway for all dystonias
(Quartarone and Ruge, 2018).

Anomalies in the cerebellum and basal ganglia have been
widely investigated in both animal and human studies of dystonia
(Filip etal., 2013; Tewari et al., 2017). Different cases of secondary
dystonia emerging from cerebellar lesions are described in
humans (Alarcén et al,, 2001; LeDoux and Brand, 2003; Shen
etal., 2016). In a murine model of cerebellar-induced dystonia, a
cerebellar outflow interruption has been causally linked to burst
firing activity in basal ganglia, which is a prominent feature of
dystonia (Chen et al., 2014).

Moreover, also primary dystonia, such as cervical dystonia has
also been conceptualized as deriving from alterations in neural
integration for head and eye movements, involving cerebellum
and basal ganglia in association with oculomotor structures
(Shaikh et al., 2016). In line with this hypothesis, in a fMRI study
during a visuospatial task, Filip et al. (2017) observed cerebellum-
basal ganglia hypoconnectivity in patients with cervical dystonia.
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The pathway linking the STN to cerebellum could be involved
in motor symptoms of PD. In particular, STN pathological
activity, characterized by burst activity and higher firing rates,
may in turn be responsible for hyperactivity of cerebellar
cortex leading to alterations in the cerebello-thalamo-cortical
circuits (Bostan et al., 2010; Bostan and Strick, 2018). It can
be therefore hypothesized that DBS of the STN could exert its
positive effects on motor learning by stimulating the pathway
linking the STN to the cerebellum. Supporting this hypothesis,
a recent fMRI study on 20 PD patients implanted with DBS
of the STN found that functional connectivity between active
contact and contralateral cerebellum is strongly predictive of
improvement in motor learning (de Almeida Marcelino et al.,
2019). It would be tempting to speculate that suppression of
STN aberrant activity, promoted by DBS, could lead to improved
cerebellar function and, by consequence, to improvement
in motor learning.

CONCLUSIONS

In conclusion, further experimental and challenging studies
should be fostered to characterize the full extent of the interplay
between the cerebral cortex, the basal ganglia and the cerebellum.
However, several evidences have already suggested that the
system is more intricated than initially assumed. In the present
review, we discussed the invasive and non-invasive techniques
to investigate the anatomy and the extrinsic and intrinsic
connections of the basal ganglia network. We illustrated the
neuroanatomical findings obtained in non-human species that
have inspired a paradigmatic shift in this scenario, providing
evidences that the cortico-basal ganglia circuits constitute a
complex system. Finally, we provide further support coming
from neuroimaging studies that these pathways may exist in
humans and may exert a meaningful role in basal ganglia
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