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ABSTRACT
Cervical dystonia is associated with abnormal movement and postures in the
cervical region. There is evidence of abnormal somatosensory function in dystonia, even
in non-affected limbs. This indicates a link between the atypical processing of
somatosensory information and the generation of abnormal motor outputs. This study set
out to explore this linkage systematically pursuing the following specific aims: First, to
document the extent of proprioceptive dysfunction in the non-symptomatic wrist joint in
CD during passive and active movement. Second, to investigate how such proprioceptive
dysfunction is associated with atypical activity in somatosensory-motor cortical areas.
Third, to explore how BOTOX injections, a common symptomatic treatment of dystonia,
affect the neural and behavioral measures of proprioception in CD.
METHOD: Fifteen CD and 15 control participants were invited. To achieve aim 1, wrist
proprioception was evaluated based on: (1) wrist position sense discrimination threshold
(examining “pure” proprioceptive function in the contralateral hemisphere); (2) ipsilateral
matching error, i.e., the ability to proprioceptively perceive the wrist position of one hand
and to match this experienced position by actively moving the same hand to it (examining
the integrity of somatosensory function/somatosensory-motor integration in the
contralateral hemisphere); and (3) the contralateral matching error, i.e., the ability to
proprioceptively perceive wrist position of one hand and to match this experienced position
by actively moving the opposite hand to it (examining the integrity of the inter-hemispheric
exchange of somatosensory-motor information). To achieve aim 2, the anticipation period
prior to ipsilateral/contralateral matching (reflecting cortical processes involved in motor
planning) was targeted for studying cortical potentials associated with the proprioceptive
function. Derived EEG features include: (1) change in spectral power during motor
preparation in relation to rest, and (2) inter-regional spectral coherence during motor
preparation. To achieve aim three, measurements of proprioceptive function were
compared in the CD group pre- and post-BOTOX injection.
RESULTS: In comparison to controls, the wrist position sense discrimination threshold
was significantly larger in the CD group, both pre- and post-BOTOX injection. The
ipsilateral matching error was significantly larger in the CD group only pre-BOTOX
injection. EEG assessment of the ipsilateral matching task revealed a significantly larger
beta-band synchronization in the contralateral motor cortex in the CD group. Within the
CD group, BOTOX injection was associated with the significant decline of beta power over
contralateral somatosensory-motor cortical areas. With respect to the contralateral
matching task, patients pre-BOTOX showed a significantly larger somatosensory-motor
coherence (1) in the contralateral hemisphere in the gamma band, and (2) in the ipsilateral
hemisphere in the theta band. Patients, post-BOTOX, still maintained the significantly
higher theta band coherence in the ipsilateral hemisphere. Within the patient group,
BOTOX injection corresponded to the significant rise of beta band coherence between
bilateral somatosensory areas.
DISCUSSION: The behavioral findings confirm that somatosensory impairment to nondystonic limbs is a feature of cervical dystonia. It is accompanied by excessive intra- and
inter-regional cortical synchronization during the preparatory state of movement. They also
provide evidence on the modulation of cortical somatosensory-motor activity and wrist
proprioceptive performance concurrent with BOTOX injection. This sheds light on the
sensory aspect of dystonia and the spread of sensory impairments to non-affected limbs.
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1. INTRODUCTION
Dystonia is a hyperkinetic movement disorder manifesting itself through involuntary
sustained or intermittent muscle contractions (Albanese et al., 2013; Fahn, Bressman, &
Marsden, 1998). Dystonia is known to be the third most common movement disorder after
Parkinson’s disease and essential tremor (Liu, Ma, Meng, Yang, & Zhang, 2013). An
epidemiological study reported a prevalence of 11.1 per 100,000 for early-onset dystonia
in Ashkenazi Jews from the New York area, 60 per 100,000 for late-onset dystonia in
northern England, and 300 per 100,000 for late-onset dystonia in the Italian population
over 50 years (Defazio et al., 2004).
The etiology and clinical expressions of dystonia are diverse (Albanese et al., 2013;
Vitek, 2002). Four main aspects of the clinical characterization of dystonia include: the age
of onset (ranging from infancy to adulthood), temporal patterns of the symptoms (being
persistent, fluctuating, or paroxysmal), accompaniment of other neurological conditions,
and distribution of symptoms across limbs (Albanese et al., 2013; Prudente, Hess, &
Jinnah, 2014; Tarsy & Simon, 2006). Based on the topographic distribution of symptoms,
dystonia is classified into five main categories: i) focal dystonia, affecting a single region
(e.g., hand dystonia, cervical dystonia, blepharospasm, spasmodic dysphonia, and
oromandibular dystonia); ii) segmental dystonia, affecting two or more continuous regions;
iii) multifocal dystonia, affecting two or more non-adjacent regions; iv) hemi-dystonia,
dominantly affecting regions on one side of the body; and, v) generalized dystonia,
affecting the trunk and at least two other sites (Albanese et al., 2013; Tarsy & Simon,
2006). From an etiological perspective, dystonia is classified as inherited, acquired, or
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idiopathic (Albanese et al., 2013). In fact, the etiology and system-level representations of
dystonia are heterogeneous. Accordingly, dystonia is mostly diagnosed based on the
behavioral and not the neurophysiological or molecular manifestations.
However, despite the diversity of the symptoms, the commonly observed patterns of
excessive involuntary contractions and a number of shared etiological/biological
representations (Defazio et al., 2004; Jinnah et al., 2013) still allow all the various
manifestations to be included under the same umbrella term (Prudente et al., 2014).

1.1 Clinical Manifestations of Cervical Dystonia
Cervical dystonia is the most common form of focal dystonia involving the neck region
and sometimes shoulders (Liu, Ma, Meng, Yang, & Zhang, 2013). Clinical manifestations
of cervical dystonia may include head flexion (anterocollis), head extension (retrocollis),
rotation of the head in the horizontal plane (rotatocollis), head tilt (laterocollis), and lateral
or sagittal head shift. Between 66-80% of CD patients have a combination of these postures
(Chan, Brin, & Fahn, 1991; Jankovic, Leder, Warner, & Schwartz, 1991). These head
movements can appear in a sustained or intermittent manner, may change in nature or
directional preponderance over time in the same individual, and in many cases may be
accompanied with dystonic or essential tremor. Symptoms may also vary over the course
of illness. Many CD patients have signs of dystonia in other body limbs as well.
Oromandibular dystonia, blepharospasm, writer’s cramp, and axial dystonia can be found
in approximately 20% of CD patients. A study of 300 cervical dystonia patients revealed
that the predominant muscles involved in CD include the sternocleidomastoid (78%),
trapezius (67%), splenius (57%), scalenus (8%), and platysma (6%) muscles. Torticollis
was reported to be the most common form of CD, present in 82% of patients (Jankovic et
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al., 1991). CD is more dominantly observed among females (Defazio, Abbruzzese, Livrea,
& Berardelli, 2004; Soland, Bhatia, & Marsden, 1996).
A prominent feature of adult-onset primary cervical dystonia is the improvement of
dystonic contractions via execution of a sensory maneuver, referred to as the sensory trick
(geste antagoniste). Observed in about three-quarters of patients, on average (LeDoux,
2012), a sensory trick in CD is usually performed via touching the face, contralateral or/and
ipsilateral to the direction of head rotation. The effectiveness of the sensory trick and the
presence of somatosensory abnormalities in dystonia led to the hypothesis that dystonia
may also be a sensory disorder (Hallett, 1995; Stamelou, Alonso-Canovas, & Bhatia,
2012).

1.2 Neural Models of Dystonia
Existing models of dystonia have highlighted the involvement of the basal gangliathalamocortical circuitry (BGTC), and the cerebello-thalamocortical circuitry (CBTC) in
dystonia (DeLong, 1990; Filip, Lungu, & Bareš, 2013; Hendrix & Vitek, 2012; Vitek,
2002).
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Figure 1. The two major cortical-subcortical neural circuitries involved in dystonia: the basal gangliathalamo-cortical circuit (BGTC), and the cerebello-thalamo-cortical circuit (CBTC). (Modified from:
(Bosch-Bouju et al., 2013))

Defective inhibitory processes at different levels of the nervous system (Neychev,
Gross, Lehéricy, Hess, & Jinnah, 2011); reduced mean discharge rates, altered discharge
patterns, increased neuronal synchronization and widened neuronal receptive fields in the
globus pallidus (GP); and, altered discharge rates and increased responsiveness to sensory
stimuli in the thalamus (Vitek, 2002) are a few examples in this respect. There is also
evidence on the existence of vestibular (Münchau & Bronstein, 2001) and somatosensory
system abnormalities in some forms of dystonia (Frasson et al., 2001; Grünewald, Yoneda,
Shipman, & Sagar, 1997; Neychev et al., 2011). Presently, the underlying mechanisms of
dystonia are still being explored, with the rising idea that multiple mechanisms may be
necessary to explain the different manifestations of the disease (Vitek, 2002; Hendrix &
Vitek, 2012).

4

Figure 2. A summary of multistep pathological mechanisms underlying the dystonia. (Modified from:
Abruzzese et al., 2015)

1.3 Treatment Opportunities for Dystonia
Current treatment opportunities for the majority of dystonia subtypes are symptomatic.
These

include

pharmacotherapy

(such

as

Botulinum

Toxin

injection),

and

central/peripheral denervation surgeries (Velicovic, Benabou, & Brin, 2001). An
alternative method for more severe cases is applying deep brain stimulation (DBS),
transferring high-frequency electrical pulses via implanted electrodes to subcortical brain
nuclei (the globus pallidus, subthalamic nucleus (STN), and the thalamus) (Hendrix &
Vitek, 2012; Miocinovic, Miller, Swann, Ostrem, & Starr, 2018). A prominent hypothesis
on the mechanism underlying the effectiveness of DBS is the normalization of abnormal
neuronal activity at the site of stimulation, which spreads ortho- and antidromically
throughout the entire BGTC circuitry.
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1.4 Assessment of Cortical Activity in Dystonia
Electroencephalography is a non-invasive technique using surface electrodes for the
registration of bio-potentials over the scalp. Electrocorticography is a similar approach,
capturing signals from the exposed surface of the cortex.
1.4.1 Review of cortical bio-potentials evaluated in dystonia studies
Cortical potentials are the result of several synaptic/non-synaptic phenomena (Buzsáki,
Anastassiou, & Koch, 2012; Olejniczak, 2006), predominantly alterations of synchronized
excitatory/inhibitory post-synaptic extracellular potentials near the apical dendrites of
pyramidal neurons in cortical layers II, III and V (Kirschstein & Köhling, 2009; Murakami
& Okada, 2006). Cortical potentials are often studied in an event-related framework. This
requires engaging the participant in a series of repetitive sensory, motor, or cognitive tasks,
and implementing the analysis on the averaged data, mainly to improve the signal to noise
ratio. A typical event-related potential (ERP) comprises a number of distinct peaks and
dips characterized by their i) polarity (positive (P) vs. negative (N); and ii) latency (in ms)
relative to the onset of the event. While shorter latencies are often associated with the
processing of sensory information, longer delays are more reflective of the underlying
cognitive processes (Sur & Sinha, 2009).
Contingent negative variation (CNV) is a slow negative event-related potential
generated during the expectation of a cue-based reaction-time task (Mento, 2013;
Rohrbaugh, Syndulko, & Lindsley, 1976). The anticipatory period is identified by two
stimuli: a warning cue (S1), and an imperative (go) cue (S2) presented after a predictable
time interval after S1 (van Rijn, Kononowicz, Meck, Ng, & Penney, 2011). CNV emerges
nearly 260-470 milliseconds after S1, with its amplitude reaching the maximum of ~20 mv
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(Tecce, 1972; Tecce & Bertolasi, 2011). The waveform comprises two major components:
i) the orienting wave formed in response to S1, having enhanced amplitudes over frontal
cortical areas (Rohrbaugh et al., 1976); and ii) the expectancy wave corresponding to the
arrival of the S2, mostly distributed over central motor cortical areas. CNV is hypothesized
to reflect neuronal processes underlying the integration of sensorimotor information and
the planning and execution of the externally triggered voluntary movements (Rohrbaugh
et al., 1976; Small JG & Small IF, 1971; Tecce & Cattanach, 1993).
Movement-related cortical potentials (MRCP) is a slowly rising (0-5 Hz) negative brain
potential associated with the preparation and execution of self-initiated voluntary
movements (Jahanshahi & Hallet, 2003; Wright, Holmes, & Smith, 2011). A typical MRCP
waveform comprises two main components (Shibasaki, Barrett, Halliday, & Halliday,
1980): a moderate rising negativity called the readiness or Bereitschafts potential (BP)
(Shibasaki & Hallett, 2006; Terada et al., 1999) followed by a steeper negativity: the
negativity slope (NS’) (Hallet, 1994; Jahanshahi & Hallet, 2003). BP occurs 1.5 to 2
seconds pre-movement and is captured symmetrically by the centro-parietal electrodes
covering the supplementary motor area (Santucci & Balconi, 2009; Spring et al., 2016).
NS’, on the other hand, peaks about 400 ms prior to movement (Hallet, 1994) reaching its
maximum over the contralateral centro-parietal sites over the primary motor cortex
(Santucci & Balconi, 2009; Spring et al., 2016). The post-motion portion of MRCP starts
with the so-called motor potential (MP) formed over the primary motor cortex. MP
emerges prior to the formation of EMG activities and lasts between 30-50 ms afterward
(Hallet, 1994). The negativity then shifts to the central and parietal regions and then the
anterior contralateral areas; called the frontal peak of motor potential (fpMP), accordingly.
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The fpMP is thought to be associated with fine control of movement (Jahanshahi & Hallet,
2003), and the motor feedbacks originating from the supplementary motor area (Hallet,
1994; Van Der Kamp et al., 1995a).
Somatosensory evoked potentials (SEPs) are the electrical responses of the nervous
system to mechanical/electrical stimulations of peripheral nerves (Mauguiere et al., 1999).
SEPs are considered to be the result of action potentials and synaptic potentials formed
within the dorsal-lemniscus-thalamocortical somatosensory pathways (Walsh, Kane, &
Butler, 2005). Accordingly, they are mainly used for the examination of the functional
integrity of the ascending somatosensory pathways (Gugino & Chabot, 1990; Nuwer,
Schrader, & Coutin-Churchman, 2014). The most common SEP stimulation sites include:
the median and ulnar nerves, stimulated at the wrist; and the tibial and peroneal nerves,
stimulated at the ankle and knee (Mauguiere et al., 1999; Nuwer et al., 2014). SEP
responses are captured from a wide variety of sites, including i) the afferent nerve volley
(to evaluate the integrity of peripheral conduction); ii) the spinal cord (for examining the
integrity of white matter tracts and the relay nuclei); iii) the brainstem; and iv) the scalp (to
evaluate the integrity of cortical projections) (Misulis & Fakhoury, 2001). These
waveforms are also labeled according to their polarity and latency relative to the onset of
the stimulus. The considerable rise of the peak latency or fall of the peak amplitude may
correspond to pathological conditions (Marc R Nuwer, 1998).
1.4.2 Quantitative analysis of cortical bio-potentials
A prominent measure in studying bio-potentials is the strength and the temporal
structure of the frequency components in a signal (Shuren & Zhong, 2004). The short-time
Fourier transform, multi-taper analysis (Percival & Walden, 1993), wavelet transform
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(Lachaux et al., 2000), Hilbert Transform (Bendat & Piersol, 1971), and autoregressive
models (Ding, Bressler, Yang, & Liang, 2000) are a number of available techniques for
estimating the temporal structure of the power spectral density in a signal.
One might also be interested in examining the relative change in the spectral power in
respo5nse to a given sensory, motor, or cognitive stimulus (Pfurtscheller & Lopes da Silva,
1999). The terms event-related synchronization (ERS)/de-synchronization (ERD) indicate
the rise or fall of the post-stimulus spectral power relative to the baseline state
(Niedermeyer & Silva, 2004). The increase or decrease in the synchronous activity of the
underlying neurons is known to be a prominent mechanism leading to ERS and ERD
(Loiselle, 2004).
Another approach in studying brain mechanisms is exploring the reciprocal interaction
of brain waves in different spatiotemporal scales. The so-called cross-frequency coupling
is known to help with regulating the dynamics of information processing in the brain (Aru
et al., 2015; Ryan T Canolty & Knight, 2010; Schutter & Knyazev, 2012) and is prone to
change in a number of pathological conditions (Alegre, 2016). This not only would take
into account the strength of activities, but also the phase of oscillatory activities with in a
recorded signal; with the phase defined as the current state of the signal relative to its
complete oscillatory cycle.
Three main classes of coupling have been identified in human brain activities
(Picinbono, 1997): i) amplitude-amplitude coupling (AAC) (Shirvalkar, Rapp, & Shapiro,
2010; Zobay & Adjamian, 2015; ii) phase-phase coupling (PPC) (Belluscio, Mizuseki,
Schmidt, Kempter, & Buzsaki, 2012; Chaieb et al., 2015; J. M. Palva, Palva, & Kaila,
2005); and iii) phase-amplitude coupling (PAC) (Dvorak & Fenton, 2014; van der Meij,

9

Kahana, & Maris, 2012). These interactions are associated with the coordination of
neuronal communications, not only across remote brain regions but also within the same
neuronal assembly across different spatiotemporal scales (Ryan T Canolty & Knight,
2010). With respect to the motor system, CFC patterns are essential for the facilitation of
inter-regional

communications

between

the

spinal

cord,

cerebellum,

and

subcortical/cortical areas (van Wijk et al., 2012).
Another measure, mutual information (MI), is a non-linear function of two random
variables describing the stochastic dependence between the two. It is closely related to the
concept of Shannon’s entropy (Shannon & Weaver, 1949), which characterizes the
expected uncertainty in a random variable based on the amount of information required to
describe its comprising events (Orsten, 2011; Shannon, 1949). Unlike the linear/monotonic
measures of statistical dependence (e.g., the Pearson's/Spearman’s correlations) (Mukaka,
2012), MI allows for probing the non-linear and non-Gaussian dependence in the data
(Jeong, Gore, & Peterson, 2001; Li, 1990) and has been implemented for studying the
dynamics of brain activities in healthy and neurological conditions (Huang, Zou, Ma, Zhao,
& Shi, 2013; Jeong et al., 2001; Ramanand, Bruce, & Bruce, 2010).
1.4.3 Functional significance of brain waves in the formation of somatosensorymotor processes
Assessment of brain oscillations in both the neo- and paleo-cortex has resulted in the
identification of distinct frequency bands corresponding to particular states of brain activity
(Hyafil, Giraud, Fontolan, & Gutkin, 2015; Niedermeyer & Silva, 2004). These include:
the delta (0.5-3.5 Hz), theta (3.5-7.5 Hz), alpha (7.5-12 Hz), beta (12-30 Hz), and gamma
(above 31 Hz) waves (Buzsáki & Draguhn, 2004). The alpha, beta, and gamma rhythms
are known to be the most correlated bands with human motor processes (Baker, 2007; van
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Wijk, Willemse, Peter Vandertop, & Daffertshofer, 2012). Mu is a variant of the alpha
rhythm captured over the motor cortex, and is known to be reflective of motor cortical
processes and mirror neuron activities (Hobson & Bishop, 2016; Pfurtscheller & Neuper,
2001).
Several hypotheses have been postulated on the functional significance of brain
oscillations in the formation of sensory-motor mechanisms. Alpha and beta bands were
initially assumed to represent a cortical idling state (Pfurtscheller, Stancák, & Neuper,
1996). However, further studies revealed the contribution of alpha amplitude and phase
dynamics in the functional inhibition of local activities and inter-regional communications
(Jensen & Mazaheri, 2010; S. Palva & Palva, 2011). Alpha oscillations are also known to
be negatively associated with the degree of excitability of local cortical areas. Accordingly,
they are hypothesized to suppress the activity of neurons within the non-task-relevant
regions, promoting the transmission of information to the pertinent functional areas (Jensen
& Mazaheri, 2010; S. Palva & Palva, 2011). Suppression of the beta band, on the other
hand, is found to be directly correlated with the disinhibition of neuronal activities
contributing to the onset/imagination of movement (Pfurtscheller, 2001). This observation
reduces the possibility of these waves reflecting pure motor cortical activities; nevertheless,
their detection over the sensorimotor cortical areas raises the possibility of their
involvement in the sensory-motor processes instead (Lalo et al., 2007). The beta band is
also hypothesized to have two main functional roles: first, recalibration and integration of
sensory-motor mechanisms (Cordo, Gurfinkel, Bevan, & Kerr, 1995), and second,
representing an essential state for the maintenance of steady motor outputs (Gilbertson et
al., 2005; Kristeva, Patino, & Omlor, 2007). Finally, oscillations in the gamma band are
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found to be indicative of neuronal activities corresponding to the analysis of information
within the task-relevant regions (Omlor, Patino, Hepp-Reymond, & Kristeva,
2007; Schoffelen, Oostenveld, & Fries, 2005).
In summary, lower-frequency brain oscillations are hypothesized to be responsible for
facilitating long-range interactions across distributed brain regions (R. T. Canolty et al.,
2006; von Stein & Sarnthein, 2000); while higher frequency activities, around the gamma
range, are thought to be associated with more local domains of information processing
(Crone, Miglioretti, Gordon, & Lesser, 1998; Fries, Nikolić, & Singer, 2007).
1.4.4 Anomalous cortical bio-potentials reported in dystonia
Two classes of dystonia subjected to the evaluation of cortical recordings are the hand
and cervical dystonia. Tang et al., 2007, evaluated the effect of sensory trick (a physical
maneuver alleviating motor symptoms) on cortical EEG in cervical dystonia. They found
the ERD of the beta-band and 6-8 Hz oscillations in patients with an effective sensory trick,
which was compared to the ERD of the beta-band and ERS of the 4-6 Hz range for those
patients without an effective maneuver. The outcomes were accordingly interpreted as the
contribution of the 4-8 Hz oscillations in the pathomechanism of cervical dystonia.
Moreover, the spectral power assessment of ECoG recordings from the arm area of the
primary sensory and motor cortical areas revealed the movement-related reduction of the
beta-band desynchronization in cervical or craniocervical dystonia (Crowell et al., 2012)
dominantly observed around 19.5-20 Hz. In a different study, ECoG signals were captured
from arm-related sensory-motor areas in dystonic patients with and without arm
involvement (Miocinovic S et al., 2013). The resting-state data showed a relatively larger
gamma-band power in the arm dystonia group, which was interpreted as increased levels
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of resting-state activity in dystonia. This was followed by a relatively reduced alpha, beta,
and low-gamma desynchronization in the arm dystonia group during arm movement. Ruiz
et al., 2009 evaluated the neural correlates of an inhibitory paradigm in pianists with
musician’s dystonia (a type of task-specific hand dystonia) compared with the healthy
controls. Their analyses indicated an increased beta band power within 850 to 900
milliseconds after the presentation of the inhibitory cue to both groups. The amount of
rising, nevertheless, was significantly smaller in the patient group. Ruiz et al., 2011, also
evaluated the neural correlates of erroneous motor performance in pianists with musician’s
dystonia. EEG signals were recorded from two scalp electrodes covering the posterior
fronto-median and inferior prefrontal areas. The spectral power assessment was performed
on signals corresponding to the subtraction of correct and erroneous conditions. Results
indicated relatively higher levels of the beta-band power in patients, both at the onset of
the motor task and afterward. Furthermore, assessment of ERD in writer’s cramp in
response to a self-paced index finger abduction movement revealed significantly fewer
power reductions in the 20-30 Hz range when compared to the controls (Toro, Deuschl, &
Hallett, 2000).
Furthermore, patterns of global phase-synchronization in response to an inhibitory
paradigm were assessed in patients with musician’s dystonia and a group of healthy
controls (Herrojo Ruiz et al., 2009). Presentation of an inhibitory cue resulted in a relative
reduction in the 7-8 Hz range phase-coupling over the sensorimotor and prefrontal cortical
areas for patients. Ruiz et al., 2011, used phase-synchronization to run a comparative
assessment of neuronal coupling pre- and post-error commission in musician’s dystonia.
The outcomes indicated increased levels of pre-error phase-synchronization in the theta
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band; compared with the elevated pre-error alpha and beta band couplings for healthy
participants. This was assumed to reflect the lack of phase-synchronization in the alpha
and beta bands in the dystonia group. Miocinovic and colleagues investigated the coupling
between the phase of 4 to 50 Hz and the amplitude of 50-200 Hz range over primary
somatosensory/motor cortical areas in Parkinson’s disease and dystonia (Miocinovic, de
Hemptinne, Qasim, Ostrem, & Starr, 2015). Assessments were performed at rest and during
elbow joint movement. While cortical PAC was present in all participants, it was less likely
in the dystonia group. They also noticed impaired movement-related desynchronization of
the beta and low gamma bands in arm-dystonia participants.
Additionally, the application of linear and non-linear mutual information analyses on
scalp EEG recordings in focal hand dystonia showed reduced beta-band mean mutual
information, not only between all the recording channels, but also between those only
covering sensorimotor cortical areas (Jin, Lin, Auh, & Hallett, 2011).
Hemano and colleagues used CNV as a measure to compare brain activities in writer’s
cramp versus the healthy controls (Hamano et al., 1999). S1 stimulations were applied
randomly to right/left ears. The behavioral task included finger extension/neck movement
towards the site of S1 application. Results indicated no between-group differences for the
neck-related CNV signals, but a significant relative reduction in the CNV amplitude in the
patient group, for both the affected and unaffected hands. In a different study, Ikeda et al.,
1996, evaluated the effect of executing a Go/No-Go wrist extension paradigm on the CNV.
Assessments were carried out on a group of right-handed writer’s cramp patients and the
healthy controls. While the recorded CNV appeared to be symmetric for both hands in the
control group, a significant laterality (larger on the right side) of the terminal component
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of the CNV was observed over the central areas for the patients in response to the righthand task. The same task was also associated with a relatively smaller CNV amplitude in
central areas. CNV was also used to study brain activities in cervical dystonia (Kaji et al.,
1995). The motor task in response to S2 comprised finger extension and head rotation to
either side. For the head rotation, CNV amplitudes were large and symmetrical over the
central and frontal leads for the healthy participants. For the patient group, however, large
amplitude attenuation across all recording channels was observed. No significant betweengroup differences were reported for the finger task. Evaluation of MRCP in a group of
primary dystonia patients and healthy controls, on the other hand, revealed no betweengroup differences in the BP component during the execution of a self-paced finger
extension task (Van Der Kamp et al., 1995). The second component, however, showed a
relatively smaller peak amplitude with a symmetrical distribution in patients compared to
controls. Another study reported a relative decline in the average amplitude of the negativeslope peak of MRCP in a high-speed finger abduction task in both hands in patients with
simple/complex writer’s cramp (Deuschl, Toro, Matsumoto, & Hallett, 1995). MRCP
patterns were also compared between a group of oromandibular dystonia patients and
healthy controls during the execution of the opening, closure, and lateral excursion of the
mandibula (Yoshida et al., 2003). Results depicted significantly reduced amplitudes in the
dystonia group for all tasks. Moreover, the ipsilateral dominance of MRCP observed in the
control group during lateral movements was replaced by a symmetrical distribution in
patients. Furthermore, Yazawa et al., 1999, reported the dominance of BP over the
contralateral central area, associated with the execution of the contraction/relaxation of the
wrist joint. With respect to patients with focal hand dystonia, the maximum BP
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corresponding to the relaxation task was shifted to the midline central area with asymmetric
distribution. A relative reduction in the amplitude of BP was also observed over the left
central area in the relaxation task (compared to the contraction task). With respect to SEP
studies, enhanced amplitudes of SEP measures have been commonly reported in different
forms of dystonia. This includes: i) enhanced N30 component in writer’s cramp (Murase
et al., 2000; Reilly, Hallett, Cohen, Tarkka, & Dang, 1992) as well as generalized and
segmental; ii) enhanced vertex-ipsilateral central P37-N50 complex in generalized and
segmental dystonia involving at least one lower limb (M Tinazzi et al., 1999); and iii)
reduced suppression of pre-movement N20 and N30 components in segmental and focal
hand dystonias (Macerollo et al., 2016). This was mainly interpreted as the loss of
appropriate somatosensory inhibition in dystonia. One study, however, reported a
significant reduction of the N30 component both in spasmodic torticollis and Parkinson’s
disease, which was linked to the potential commonalities between the underlying neural
mechanisms of the two (Mazzini, Zaccala, & Balzarini, 1994). Moreover, Kaňovský et al.,
2003, reported larger P22/N30 ratio in patients with rotational cervical dystonia compared
with healthy controls; hypothesized to provide evidence on impaired cortical excitability
and intracortical inhibition in dystonia. The same group had already shown significantly
higher levels of the P22/N30 pre-central component, contralateral to the direction of head
deviation in idiopathic spasmodic torticollis, pre- compared to post-BOTOX (Kaňovský et
al., 1998). Kañovský et al., 1999, also reported lateralization of the P22/N30 component in
patients with tonic cervical dystonia. Frasson and co-workers, 2001, showed that in paired
median nerve stimulation, the ratio of SEP response to the test stimulus relative to the
conditioning stimulus was larger in patients with generalized and segmental dystonia;
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interpreted as impaired inhibition of the somatosensory system at spinal and cortical levels.
Enhanced levels of the N35/P25 ratio were also reported in dystonia (Ng & Jones, 2007);
taken as further support for the dystonia corresponding to an abnormal integration of
sensory-motor processes.

1.5 Summary of the Literature Review and the Study Rationale
Based on the reviewed literature, both the sub-cortical and cortical recordings provide
evidence on altered patterns of neuronal activities in different forms of dystonia. At
subcortical levels, this comprises altered somatosensory responsiveness (i.e. broadened
respective fields), irregular patterns of neuronal firing (e.g. cells irregularly bursting and
pausing), increased low-frequency oscillatory activities, and decreased mean firings rates
within the pallido-thalamic circuitry. At the cortical level, these abnormalities include
reduced amplitudes and altered spatial distribution of CNV and MRCP signals, increased
amplitudes of SEP components, reduced suppression of pre-movement SEP components,
and larger ratios of particular SEP components; which overall, are interpreted as elevated
cortical excitability, decreased intra-cortical inhibition, and anomalous sensory-motor
integration in different forms of dystonia. Finally, the frequency-domain evaluation of
cortical potentials reflected increased power of low-frequency oscillations, increased
resting-state

gamma

activities,

reduced

movement-related

beta/low

gamma

desynchronization, lower levels of beta-band mutual information, weaker coupling of
<50Hz phase and >50Hz amplitudes, and finally, the loss of phase synchronization within
alpha and beta bands.
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Despite the existing evidence on abnormal cortical activity during the performance of
somatosensory-motor tasks in dystonia, a few questions are still open to further
explorations:
1. How does the impaired somatosensory function contribute to the formation of
abnormal motor outputs in dystonia? Is there any causal relation between the
two modalities?
2. Is the motor impairment a response to atypical somatosensory processing per
se, or is it the integration of somatosensory and motor information that is
impaired in dystonia (or perhaps a combination of the two)? It is also possible
that somatosensory abnormality is just an epiphenomenon of the disease.
3. At what stage of movement generation does the somatosensory impairment
interfere with the function of the motor system?
4. In addition, since a considerable proportion of dystonia patients receive
BOTOX injection, does this treatment affect their somatosensory-motor
performance as well?
Accordingly, in this study, we attempted to provide a systematic assessment of the integrity
of somatosensory function in CD and the spread of somatosensory abnormalities to nondystonic limbs.
1.5.1 Specific aims
The specific aims of the study are as follows:
First, to document that proprioception in non-symptomatic limbs is abnormal in cervical
dystonia; specifically, it will examine, if the wrist joint position sense acuity thresholds are
elevated in CD. Second, to seek empirical evidence to support the hypothesis that
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the observed abnormalities in the wrist joint proprioception of CD patients are
associated with abnormal patterns of somatosensory-motor cortical activities and
interactions. Third, to investigate the effect of BOTOX injection on proprioceptive
functioning, and the concurrent changes of somatosensory-motor cortical activation/interaction
patterns in cervical dystonia.

1.6 Significance
The outcomes of this study will yield a quantitative assessment of the degree of
abnormality of the wrist joint proprioceptive acuity in CD participants compared to healthy
controls. It would also provide a deeper understanding about the dynamics of
somatosensory-motor cortical activities in a dystonic brain. The findings can contribute to
proposing additional diagnostic hallmarks for the disease and, help to improve the
efficiency of the application of neuromodulation interventions, such as transcranial
alternative

current

stimulation

suppression/intensification

of

(tACS),

for

abnormal/desired

this

disease

oscillatory

entity

patterns

via

the

over

the

somatosensory and motor cortical areas.
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2. METHODS
2.1 Participants
Fifteen CD participants (mean age ± SD: 54.3 ± 13.4 years) and fifteen age- and
gender-matched healthy controls participated in the study, see Table 1 and Table 2 for the
clinical characteristics of the study participants. Patient participants did not have any
neurological or movement disorders besides cervical dystonia. Participants were recruited
from the Clinics and Surgery Center at the University of Minnesota. The experimental
protocol was approved by the University of Minnesota Institutional Review Board. All
participants gave their informed consent prior to testing. EEG data were collected in the
Multiple Sensory Perception Laboratory at the University of Minnesota. Control
participants attended the study only once, while CD participants attended two separate
sessions: once within one week prior to BOTOX injection (symptomatic state), and a
second time, between three to four weeks post-BOTOX (optimal state). Nine CD
participants attended the first session of data collection in their post-BOTOX state, while
six CD participants attended the first session of data collection in their pre-BOTOX state.
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Table 1. Clinical characteristics of the CD participants. CD participants with tremor
are colored red. Clinical symptoms on the left side are colored blue. Clinical
symptoms on the right side are colored purple.
ID
Gender Age Handedness Diagnosis BOTOX Clinical Symptoms (Predate (yr.) duration BOTOX)
(yr.)
Head & Neck Flexion: Present
CD1 Female 62
Right
5
5
Head & Neck Extension: Present
Lateral Tilt: Left
Head & Neck Rotation: Left
Head & Neck Lateral Bend: Left
Head & Neck Extension: Present
CD2 Female 59
Right
20
20
Head on body shift/shear: Left
Head & Neck Rotation: Left
Head & Neck Lateral Bend: Left
Head & Neck Flexion: Present
Head on body shift/shear: Right
Head & Neck Rotation: Right
Head & Neck Lateral Bend:
Right
Shoulder Elevation: Right
Mild head turning to the right
Mild lateral head tilting to the
right
Mild right shoulder elevation
Mild no-no tremor
Tremor: Observed very slight
Sub-Occipital Extension:
Present
Forward Head: Present
Head & Neck Rotation: Left
very slight
Head & Neck Lateral Bend: Left
slight

CD3

Female 66

Right

11

11

CD4

Female 49

Right

21

21

CD5

Female 64

Right

16

5

CD6

Female 75

Right

33

15

Head & Neck Flexion: Present
Head & Neck Rotation: Right
Head & Neck Lateral Bend: Left
Shoulder Elevation: Left

CD7

Female 54

Right

6

2

Sub-Occipital Extension: Present
Forward Head: Present
Head on body shift/shear: Left
Head & Neck Rotation: Right
Head & Neck Lateral
Bend: Right

21

CD8

Female 39

Right

8

8

CD9

Male

64

Right

35

35

CD10 Female 30
CD11 Male
48
CD12 Female 42

Right
Right
Right

1
10
1

0.6
10
1

CD13 Female 34

Right

12

10

CD14 Female 70

Right

5

4

CD15 Male

Right

10

9

58

Shoulder Elevation: Right
Tremor: Observed
Forward Head: Present
Head on body shift/shear: Right
Head & Neck Rotation: Right
Tremor: Present by observation
Sub-Occipital Extension:
Present
Forward Head: Present
Head on body shift/shear: Right
Head & Neck Rotation: Right
moderate
Head & Neck Lateral Bend: Left
- moderate
Shoulder Elevation: Left moderate
Left shoulder is held forward and
elevated
---Head & Neck Rotation: Trace to
left
Head & Neck Lateral Bend:
Trace to right
Shoulder Elevation: Trace left
elevation
Tremor: Observed
Head & Neck Flexion: Present
Head & Neck Rotation: Right
Head & Neck Lateral Bend:
Right
Shoulder Elevation: Right
Tremor: Observed very slight
Head & Neck Flexion: Present
slight
Sub-Occipital Extension: Present
Forward Head: Present
Head on body shift/shear: Left
Shoulder Elevation: Slight left
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Table 2. List of the injected neck/shoulder muscles for each participant
ID
Name of the Injected Muscles

CD1

Left splenius
Left Lateral Trapezius (lower cervical)
Left Rhomboid
Right Levator
Left Levator
Right middle trapezius (mid-cervical)
Left middle trapezius (mid-cervical)
Right Sternocleidomastoid
Right Inferior Oblique
Left Inferior Oblique

CD2

Right Mid-Trapezius
Left Mid-Trapezius
Right Semispinalis
Left Semispinalis
Right Splenius Cervicis
Left Splenius Cervicis
Right Levator Scapulae
Left Levator Scapulae
Right Longissimus Capitis
Left Longissimus Capitis
Right Inferior Obliquus Capitis
Left Inferior Obliquus Capitis
Right Sternal head of the Sternocleidomastoid

CD3

Right Splenius Cervicis
Left Splenius Cervicis
Right Middle Scalene
Left Cervical Paraspinal Muscles
Right Levator
Left Levator
Right Sternal head of the Sternocleidomastoid
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Left Sternal head of the Sternocleidomastoid
Left Lateral Trapezius

CD4

Right Upper Trapezius (upper cervical)
Left Upper Trapezius (upper cervical)
Right Lateral Trapezius
Left Lateral Trapezius
Right Splenius Cervicis
Left Splenius Cervicis
Right Levator Scapulae
Left Levator Scapulae
Right Longissimus Capitis
Left Longissimus Capitis
Right inf oblique
Right Sternal head of the Sternocleidomastoid
Left Sternal head of the Sternocleidomastoid

CD5

Right Semispinalis Capitis
Left Semispinalis Capitis
Right Splenius Cervicis/Capitis
Left Splenius Cervicis/Capitis
Right Levator Scapulae
Left Levator Scapulae
Right Inferior Obliquus Capitis
Left Inferior Obliquus Capitis
Right Sternal head of the Sternocleidomastoid

CD6

Right Upper Trapezius
Left Upper Trapezius
Right Mid-Trapezius
Left Mid-Trapezius
Right Splenius Cervicis
Left Splenius Cervicis
Right Levator Scapulae
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Left Levator Scapulae
Right Longissimis
Right Superior Obliquus Capitis
Left Superior Obliquus Capitis
Left Sternal head of the Sternocleidomastoid
CD7

Right Mid Trapezius (mid cervical)
Right Lateral Trapezius (low cervical)
Right Semispinalis Capitis
Right Splenius Capitus
Left Splenius Capitus
Right Levator Scapulae
Right Longissimus Capitis
Right Inferior Obliquus Capitis
Left Sternocleidomastoid

CD8

Right Upper Trapezius (upper cervical)
Left Upper Trapezius (upper cervical)
Right Lateral Trapezius (low cervical)
Left Lateral Trapezius (low cervical)
Right Splenius Cervicis
Left Splenius Cervicis
Right Levator Scapulae
Left Levator Scapulae
Right Sternocleidomastoid
Left Sternocleidomastoid
Left Scalenes
Right CT junction
Left CT junction
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CD9

Right Lateral Trapezius
Left Mid-Trapezius (mid cervical)
Left Lower Trapezius (low cervical)
Left Lateral Trapezius
Right Splenius Capitis
Left Splenius Capitis
Right Levator Scapulae
Left Levator Scapulae
Right Inferior Obliquus Capitis
Left Inferior Obliquus Capitis
Right Longissimus Cervicis
Left Sternal head of the Sternocleidomastoid
Left Clavicular head of the Sternocleidomastoid

CD10 -CD11 -CD12 -CD13 Right Splenius Cervicis
Left Splenius Cervicis
Right Longissimus
Left inferior oblique
Right Levator Scapulae
Left Levator Scapulae
Right Clavicular attachment of the Sternocleidomastoid
Left Clavicular attachment of the Sternocleidomastoid
Left lateral Trap
Right Sternal head of Sternocleidomastoid
Left Sternal head of the Sternocleidomastoid
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CD14 Right Lower Lateral Trapezius (low cervical) - 25 units of Botox at 1 site/s.
Right Lateral trap - 20 units Botox at 1 site.
Left Lateral trap - 10 units Botox at 1 site
Right Semispinalis Capitis - 35 units of Botox at 1 site/s.
Right Splenius Cervicis - 20 units of Botox at 1 site/s.
Right Levator Scapulae - 40 units of Botox at 2 site/s (shoulder muscles).
Left Levator Scapulae - 30 units of Botox at 1 site/s (shoulder muscles).
Right Inferior Obliquus Capitis - 30 units of Botox at 1 site/s.
Left Inferior Obliquus Capitis - 30 units of Botox at 1 site/s.
Right middle scalene - 5 units of Botox at 1 site.
Right Sternal head of the Sternocleidomastoid - 10 units of Botox at 1 site/s.
Left Sternal head of the Sternocleidomastoid - 30 units of Botox at site/s.
Right Rhomboids - 15 units of Botox at 1 site.
CD15 Right Mid-Trapezius (mid cervical) - 5 units of Botox at 1 site/s.
Left Mid-Trapezius (mid cervical) - 5 units of Botox at 1 site/s.
Right Splenius Cervicis - 5 units of Botox at 1 site/s.
Left Splenius Cervicis - 5 units of Botox at 1 site/s.
Right Levator Scapulae - 10 units of Botox at 1 site/s.
Left Levator Scapulae - 10 units of Botox at 1 site/s.
Right Longissimus Capitis - 5 units of Botox at 1 site/s.
Left Longissimus Capitis - 5 units of Botox at 1 site/s.
Right Inferior Obliquus Capitis - 5 units of Botox at 1 site/s.
Right Sternocleidomastoid - 5 units of Botox at 1 site/s.
Left Sternocleidomastoid - 15 units of Botox at 1 site/s.
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2.2 Apparatus
The assessment tool used in this study was a wrist manipulandum developed in the
Human Sensorimotor Control Laboratory, University of Minnesota. The device includes
two mechanical handles that can be fixated at desired angular positions using a pegboard
base panel housed under the handles. A pair of optical shaft-encoders (US Digital ltd., WA,
USA) are embedded below the left and right handles and allow for the online recording of
joint position; see Figure 3. The precision of position measurements is 0.5 degree. The
resolution of optical shaft-encoders is 0.036 degrees.

Figure 3. Experimental device. The wrist manipulandum was used for the assessment of wrist joint
proprioceptive threshold and the ipsilateral/contralateral matching error. A pegboard base panel housed under
the lever arms allowed to insert a metal pin into a hole to mark a distinct reference position. EEG data were
recorded simultaneously with the matching tasks via a 64-channel EEG cap.

Electroencephalographic data were recorded by the ActiveTwo data acquisition system
(Biosemi B.V. Ltd, Amsterdam, Netherlands). The sampling rate was set at 512 Hz. Brain
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potentials were captured via Biosemi’s 64-channel EEG cap, designed based on Biosemi’s
equiradial system of electrode placement. Participants were guided throughout the
experiment by a series of 200ms-long auditory cues generated by the RPvdsEx software
(Tucker-Davis Technologies (TDT) Ltd., Alachua, FL, USA) and presented via bilateral
speakers. The time-stamp of the auditory cues was simultaneously captured by the
ActiveTwo system.

2.3 Experimental Procedure and Behavioral Task
The experiment was held in an electrically and acoustically shielded chamber. The
participant was seated in a comfortable chair and asked to avoid extra movements. Tasks
were performed with eyes-closed. Two types of approaches were pursued for the
evaluation of the wrist joint proprioceptive performance including (1) a passive approach
(assessment of wrist joint acuity threshold), and (2) an active approach (assessment of the
wrist joint ipsilateral/contralateral matching error). The passive approach allows for the
examination of the peripheral transmission of proprioceptive signals and the processing of
somatosensory information in the contralateral hemisphere. The active approach requires
volitional movement and thus, is also reflective of the integrity of the sensory-motor
integration processes.
2.3.1 Estimation of the wrist joint proprioceptive threshold
The estimation of proprioceptive threshold, also called the just noticeable difference
(JND), was performed through a 30-trial assessment paradigm based on the Psi marginal
psychophysical algorithm (Buzsáki, Anastassiou, & Koch, 2012). This algorithm is a new
Bayesian adaptive technique applied for the acquisition of the threshold and the slope of
the psychometric function. In our experiment, in order to estimate the wrist joint spatial
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discrimination threshold, at each trial, the experimenter used the wrist manipulandum to
passively

flex

the

participant’s

wrist

to

two

different

target

positions:

a ‘Reference’ position (always set at 30 degrees of flexion), and a ‘Comparison' position.
The participant was then asked to judge which of the two targets was perceived to be farther
in relation to the neutral position. The Psi marginal algorithm then used the correctness of
the participant’s judgement in the previous trials to estimate the location of the
‘Comparison’ position for the new trial such that the expected information by the end of
that trial is maximized (the expected entropy is minimized). The steps of the Psi algorithm
are as follows:
1. The probability of getting a correct/incorrect response after presenting the a
particular ‘Comparison’ angular position is calculated.
2. Given that the next trial will produce a particular correct/incorrect response, the
posterior probability of each psychometric function is calculated according to the
Bayes’ rule.
3. Given that at the next trial the presented ‘Comparison’ position will produce a
particular correct/incorrect response, the entropy of the probability density function
over the space of psychometric functions is estimated.
4. The expected entropy of each test ‘Comparison’ position is estimated and the test
position at which the minimum expected entropy can be obtained is marked.
The order of presentation of the ‘Reference’ and ‘Comparison’ positions at each trial
was randomized. In order not to exceed the promised time of the experiment, the spatial
discrimination threshold assessment was only performed on the dominant hand.
2.3.2 Estimation of ipsilateral/contralateral matching error

30

The wrist joint matching error evaluation was performed in the following two ways:
ipsilateral matching and contralateral matching.
During the ipsilateral matching, the wrist joint of one hand was taken to a target position
(set at 30 degrees), held there for 2 seconds, and returned to the neutral position. Then, the
participant was asked to match the perceived target position with the same hand.
Evaluations were repeated five times.
During the contralateral matching task, the wrist joint of one hand was held at 30
degrees (target position), and the participant was asked to match the perceived joint
position with the opposite hand. Here, the target hand is always present to the participant.
Accordingly, unlike the spatial discrimination threshold testing and the ipsilateral matching
error evaluation, there is no need for remembering the location of the target position in this
task.

Figure 4. Assessment of wrist joint position matching error via Ipsilateral and contralateral matching
assessments.

The matching error (ipsilateral/contralateral) was computed as the mean absolute error
between the target and matched positions. Ipsilateral and contralateral matching error
assessments were performed on both hands.
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Figure 5. Block diagram of the three steps of the experimental protocol: (1) position sense acuity assessment,
(2) ipsilateral matching error assessment, (3) contralateral matching error assessment.

Table 3. Overview of test conditions and study design. CD participants attended the
study twice: pre- and post-BOTOX injection. Assessment of position matching error
on the dominant hand was repeated 60 times for offline EEG evaluations; only the
first 5 trials were included for behavioral examinations.
Cervical Dystonia
BOTOX
Probing Hand
Trials
Participants
Spatial Discrimination
PRE
Dominant
30
Threshold Assessment
POST
Ipsilateral Matching
PRE
Dominant
60
POST
Non-dominant
5
Contralateral Matching
PRE
Dominant
60
POST
Non-dominant
5
Age- and Gender-Matched Control
Participants
Spatial Discrimination Threshold
Dominant
30
Assessment
Ipsilateral Matching
Dominant
60
Non-dominant
5
Contralateral Matching
Dominant
60
Non-dominant
5

2.4 EEG Signal Processing
EEG data were recorded simultaneously with the matching tasks. The EEGLab toolbox
(Delorme & Makeig, 2004) of MATLAB (The MathWorks, Natick, MA) was used for the
offline analysis of EEG data. The preprocessing steps of the EEG data are as follows:
1. All electrodes were referenced to the average of the two external electrodes
attached to the left and right mastoid bones. Indeed, it is recommended that for the
reference-free recording systems with active electrodes (like the ActiveTwo
system), a reference must be chosen post hoc during the data import. Failing to do
so will leave 40 dB of unnecessary noise on the data.
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2. Next, the data was high-pass filtered to remove the baseline drift and improve data
stationarity. An important step in this regard would be the selection of an
appropriate cut-off frequency for the filter. Considering the lower edge of the delta
band as the lowest brain wave studied in neuroscience, 0.5 Hz seems to be a
reasonable option for this purpose; however, for the cases where the data is
supposed to go through Independent Component Analysis (ICA), the cut-off
frequency of 1 Hz is recommended (Winkler et al., 2015). Moreover, zero-phase
filters must be considered in order not to introduce any phase distortion to the data.
The IIR filters cannot be a good option for this purpose as they cannot have constant
group delay and thus, will have non-linear phase shift. The FIR filters though, will
result in a linear phase shift, i.e. identical time delay for all the frequency
components comprising the signal in the time domain. However, if we are
interested in taking one step further and having zero-phase instead (rather than
linear phase), that would add a few more constraints to our filter. In fact, a zerophase filter is a special case of linear-phase filters. This means that the Fourier
representation of the filter must be real and even. This results in the formation of
non-causal filters, which would casue no problem for the off-line analysis of the
recorded data. MATLAB has a solution for this purpose, and that’s the algorithm
based on which, the filtfilt function is proposed. In order to generate a zero-phase
shift filtering strategy, the following computations will be applied on the recorded
data:
a. After the first block the data is filtered: 𝑋# $𝑒 &' ) = 𝑋$𝑒 &' )𝐻(𝑒 &' )
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b. After the second block, the output will change to: 𝑋#∗ $𝑒 &' ) =
𝑋 ∗ $𝑒 &' )𝐻∗ (𝑒 &' )
c. After the third block, the output will change to: 𝑋/∗ $𝑒 &' ) =
/

𝑋 ∗ $𝑒 &' )0𝐻$𝑒 &' )0

d. Finally, the output will be achieved as follows: 𝑌$𝑒 &' ) =
𝑋$𝑒 &' )0𝐻$𝑒 &' )0

/

/

Since the 0𝐻$𝑒 &' )0 is real, the phase shift associated with that would be zero.
3. Channels were also re-referenced to the common average of all electrode to reduce
the effect of non-cortical sources that may have been captured in common, and the
data epochs were extracted.
4. Subsequently, we performed independent component analysis (ICA) on all 64
channels of data using the ‘runica’ algorithm (Bell & Sejnowski, 1995). ICA is a
method for separating linearly mixed independent sources. Indeed, since brain
sources and artifacts are assumed to be independent, ICA can be helpful for
separating the two. There are a few main limitations associated with the ICA: (1)
ICA only extracts sources that are linearly mixed. (2) ICA cannot restore the exact
amplitudes of the source activities. (3) ICA assumes instantaneous propagation of
the data. Various algorithms are proposed for ICA, among which the Infomax
(runica/binica) and AMICA have shown best results in terms of outputting
interpretable component maps. It is recommended to use full-rank data for matrix
in this algorithm, and as was mentioned before, both due to re-referencing to the
average of all channels and also due to interpolation of the channels, the rank of the
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matrix is reduced. Therefore, before running the ICA this can be taken care of either
by applying Principle Component Analysis, or we can simply delete those channels
that were interpolated, or the ones that we are certain will not be our channels of
interest for the later analysis.
5.

An automated multiple artifact rejection algorithm ‘SASICA’ (Chaumon et al.,
2015) on the generated components to remove the contaminated ICs. The
‘SASICA’ algorithm uses spatiotemporal criteria to distinguish cortical
components from artifactual ICs.

6. Finally, the remaining components were linearly added, and the resultant dataset
was used for EEG feature extraction.
Two EEG measures were derived via EEGLab: (1) event-related spectral perturbation
(ERSP) for individual somatosensory and motor cortical electrodes; and (2) event-related
coherence (ERCOH) between pairs of somatosensory-motor cortical electrodes.

Figure 6. The different steps of EEG data pre-processing pipeline.

2.4.1 Event-related change in spectral power
The baseline-normalized spectrogram or the event-related spectral perturbation
generalizes the notions of event-related desynchronization and synchronization introduced
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by Pfurtscheller and colleagues (Pfurtscheller and Aranibar, 1979). This measure is
obtained via computing the power spectrum over a sliding window and averaging across
all data trials.
#

𝐸𝑅𝑆𝑃(𝑓, 𝑡) = 9:; ∑:?@#|𝐹? (𝑓, 𝑡)|/

(1)

To compute an ERSP, the baseline (resting state) spectral power is calculated for each
trial. The epoch is then divided into brief, overlapping data windows, and a moving average
of the amplitude spectra of these is created. Next, the power spectrogram of each trial is
normalized by being divided by their respective mean baseline spectra. Normalized
response transforms for many trials are then averaged to produce an average ERSP.
Significance of deviations from baseline power is assessed using a bootstrap method.
A surrogate data distribution is constructed by selecting spectral estimates for each trial
from randomly selected latency windows in the specified epoch baseline (e.g., prior to
stimulus onset), and then averaging these. Applying this process several hundred times
produces a surrogate ‘baseline’ amplitude distribution whose specified percentiles are then
taken as significance thresholds (Makeig & Delorme, 2004). In our assessments, the alpha
was set at 0.05.
2.4.2 Event-related coherence
Event-related coherence reflects the amount of synchronization between the two
activity measures. There are two types of coherence: phase coherence (ERPCOH) and
linear coherence (ERLCOH):
#

F H (I,J)F K (I,J)∗

𝐸𝑅𝐿𝐶𝑂𝐻D,E (𝑓, 𝑡) = 9:; ∑?:@# 0FGH(I,J)FGK(I,J)0
G

𝐸𝑅𝑃𝐶𝑂𝐻D,E (𝑓, 𝑡) =

G

FGH (I,J)FGK (I,J)∗
H
K
G
P
P
L∑G
MNO |FG (I,J)| L∑MNO |FG (I,J)|

(2)
(3)
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The magnitude of cross-coherence varies between 0 and 1, a value of 0 again indicating a
complete absence of synchronization at the given frequency f in the time window centered
on t, and 1 indicating perfect synchronization.
The normalizing factor in the ERPCOH denominator ensures that only the relative
phase of the two spectral estimates at each trial is taken into account. Linear ERCOH
(ERLCOH), by contrast, estimates the extent of complex linear relationship between the
two signals (proportional amplitudes at a fixed delay). When ERCOH magnitude (i.e.,
norm of the complex valued ERCOH vector) is significantly above its expected baseline
value, the phase of the ERCOH vector may indicate, under the minimum phase assumption,
which of the two component activities tends to lead the other at the analysis frequency. The
minimum phase assumption means that the actual phase lag is less than ±180◦. EEG data
epochs were pre-whitened prior to ERCOH computations in order to remove potential
autocorrelations and trades that might have interfered with the data.
In this study, ERSP valuations were performed on EEG electrodes nearby the left
and right neck and hand somatosensory-motor cortical areas: CP1, C1, FC1, CP3, C3, FC3,
CP2, C2, FC2, CP4, C4, and FC4. ‘CP’ or centroparietal electrodes are nearby
somatosensory areas, ‘C’ or central electrodes are nearby motor cortical areas, and the ‘FC’
or frontocentral electrodes are nearby premotor cortical areas. Odd indices represent the
left hemisphere and even indices present the right side. On each side, smaller indices
represent more medial regions (close to neck somatosensory-motor areas) and larger
indices show more lateral regions (close to hand somatosensory-motor areas). ERCOH
measures were derived for pairs of somatosensory-motor cortical as follows: (1) between
the somatosensory and motor cortical regions in one hemisphere: CP1-C1, CP1-FC1, CP3-
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C3, CP3-FC3, CP2-C2, CP2-FC2, CP4-C4, CP4-FC4; and (2) between bilateral
somatosensory/motor cortical areas: CP1-CP2, CP3-CP4, C1-C2, C3-C4, FC1-FC2, and
FC3-FC4.

Figure 7. Selected electrodes for EEG feature extraction. While the preprocessing pipeline was applied on
all the 64 channels of data, feature extraction was performed on the 12 electrodes that were nearby the neck
and hand somatosensory/motor homunculi.

EEG assessments were performed on the preparatory state of the matching tasks.
Indeed, the anticipatory period before the onset of movement is known to correspond to
brain processes associated with motor planning (Dean, Seiss, & Sterr, 2012; Steenbergen
& Gordon, 2006). Accordingly, in order to evaluate the cortical activity associated with the
planning state of the matching movements, a pair of 200ms long auditory cues, a ‘Warning'
cue and a ‘Go' cue (sound pressure level: 98dB), was presented to the study participants,
and they were asked to match the wrist joint to the desired targets only after the arrival of
the ‘Go’ cue (in order to avoid any learning effects, the time interval between the ‘Warning’
and ‘Go’ cues was changed randomly between 2, 3, or 4 seconds). EEG feature extraction
was performed on the 2-second long time interval after the arrival of the ‘Warning’ cue.
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Figure 8. Presentation of the temporal stages of the matching tasks. EEG feature extraction was performed
on the preparatory stage of the movement.

Moreover, in addition to the ERSP and ERCOH measures, the Brainstorm software
(Tadel, Baillet, Mosher, Pantazis, & Leahy, 2011) was used for applying the sLORETA
algorithm (Pascual-Marqui, 2002) on the EEG data in order to conduct EEG source
imaging and localize active cortical regions in each condition (a 3-shell sphere was used as
the head model).

2.5 Statistical Assessments
The Kolmogorov-Smirnov test was used for the assessment of the normality of the data.
Because the data were not normally distributed, the Wilcoxon rank sum test was used for
the investigation of statistical differences between CD participants and the control group.
Since the CD group pre- versus post-BOTOX injection is considered a paired dataset, the
Wilcoxon sign rank test was used for comparing these two conditions. For each measure
and at each distinct frequency band, the obtained p-values for all electrodes/electrode pairs
(over both hemispheres) were adjusted for multiple comparisons by the false discovery rate
(FDR) correction based on the Benjamini-Hochberg method (Benjamini & Hochberg,
1995). The significance level was set at 0.05. The Cohen’s d was used for the evaluation
of the effect size.
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3. RESULTS
3.1 Position Sense Acuity Based on Psychophysical Discrimination
Threshold Testing
We here assessed the wrist position sense acuity based on passive joint flexion without
muscle activation. As a group, CD participants pre-BOTOX had significantly larger joint
position discrimination thresholds (median: 6.61°, median absolute deviation: 1.94°) when
compared to the control group (median: 4.38°, median absolute deviation: 0.63°)
(p =0.006, Cohen’s d=1.23); with 8/15 (53%) of CD participants exhibiting thresholds
above the maximum of the healthy group. CD participants post-BOTOX still showed
significantly larger thresholds (median: 6.97°, median absolute deviation: 1.90°) compared
to healthy controls (p=0.007, Cohen’s d=1.10); with 53% of CD participants still showing
thresholds that were above the maximum threshold of control participants. No significant
difference was observed within the CD group pre- vs. post-BOTOX injection; see Figure
9.

Figure 9. Comparison of wrist joint discrimination threshold (dominant hand) between the control group and
CD participants, pre- and post-BOTOX injection. Lower and upper boundary of each box indicates the 25%
and 75% quartiles, respectively. The horizontal line within the box depicts the median. The upper and lower
whiskers extend to +1.5 and -1.5 inter-quartile range, respectively. ** indicates a p-value of < 0.01.
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Figure 10 presents individual changes in JND within the CD group, post- versus preBOTOX injection.

Figure 10. Comparison of individual change of JND within the CD group, pre- and post-BOTOX injection
in the dominant hand.

It can be observed that BOTOX injection was associated with a mixture of shrinkage (9
out of 15 participants) and enlargement (6 out of 15 participant) of JND in the CD group;
such that from a group-level perspective, no significant changes were detected in this
population post- versus pre-BOTOX injection, see Table 4.
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Table 4. Change of JND threshold in the CD group, post- versus pre-BOTOX
injection.
Relative Change in
Subject ID Change in JND
Threshold (degrees)
JND Threshold (%)
CD1
-1.6994
-45.4969
CD2
-3.2338
-44.0704
CD3
-2.5682
-38.8462
CD4
1.6102
49.12591
CD5
3.1428
98.86128
CD6
-0.1586
-3.06912
CD7
1.7809
25.1121
CD8
2.294
49.06007
CD9
-1.3278
-15.4869
CD10
-0.6976
-8.57909
CD11
-1.9768
-20.8935
CD12
1.5416
14.85436
CD13
1.7643
30.68028
CD14
-2.1575
-21.9118
CD15
-1.5087
-27.4619
The average relative shrinkage of JND threshold post-BOTOX is -25%, and the average
relative enlargement of JND threshold post-BOTOX is +44%.
Next, in order to explore the clinical variables that might predict the outcome, the
correlation between the output variables (JND pre-BOTOX, JND post-BOTOX, change in
JND, percent change in JND), and the following four measures we derived: (1) age, (2)
diagnosis duration, (3) BOTOX duration, (4) initial state of JND (pre-BOTOX JND). The
Spearman’s method was used for correlation analysis. This method is appropriate when
one or both variables are skewed and is robust when extreme values are present (Mukaka,
2012). The Spearman’s correlation coefficient (rs) between variables x and y is computed
as follows:
𝑟R = 1 −

P
U ∑M
WNO(V W )

:(:P X#)

(4)

In this equation, di is the difference in rank between the two input data series.
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Figure 11. Correlation between the pre-BOTOX JND and three variables: A. disease duration (r=-0.36, pvalue=0.19), B. BOTOX duration (r=-0.22, p-value=0.43), and C. age (r=-0.11, p-value=0.7).

It is observed that there is no significant relationship between JND pre-BOTOX and the
disease/BOTOX duration or age.
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Figure 12. Correlation between the post-BOTOX JND and four variables: A. disease duration (r=-0.37, pvalue=0.18), B. BOTOX duration (r=-0.46, p-value=0.08), C. age (r=-0.36, p-value=0.18), and D. JND postBOTOX (r=0.63, p-value=0.014).

It can be observed that there is a significant positive correlation between JND pre-BOTOX
and JND-post BOTOX (r=0.63, p-value=0.014). This might be associated with the
observation that the CD group overall, did not experience any significant change of JND
after BOTOX injection, according to Figure 9.
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Figure 13. Correlation between the change in JND post- versus pre-BOTOX injection and four variables: A.
disease duration (r=0.029, p-value=0.92), B. BOTOX duration (r=-0.25, p-value=0.36), C. age (r=-0.38, pvalue=0.16), and D. JND post-BOTOX (r=-0.46, p-value=0.09).

Figure 14. Correlation between the percent change in JND post- versus pre-BOTOX injection and four
variables: A. disease duration (r=0.16, p-value=0.57), B. BOTOX duration (r=-0.1, p-value=0.71), C. age
(r=-0.36, p-value=0.19), and D. JND post-BOTOX (r=-0.34, p-value=0.2).
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A non-significant moderate negative relationship exists between the JND pre-BOTOX and
the amount of change in JND post-BOTOX. If we look at Table 4, it can be observed that
CD4, CD5, CD7, CD8, CD12, and CD13 are the participants for whom JND got enlarged
post-BOTOX injection. However, since non of the correlations is strong, non of the
evaluated clinical factors (disease/BOTOX duration, age, and JND pre-BOTOX) can be
claimed to be strongly correlated with the outcome variables.

3.2 Position Sense Acuity Based on Joint Position Matching Error
Assessment
We assessed the ability to proprioceptively perceive an angular position at the wrist
joint and then to match this experienced position by actively moving the hand to it. For
each task, this quality was evaluated via two different measures: bias and precision. The
bias corresponds to the average absolute error between the target and matched positions
(systematic error); whereas, precision reflects the amount of variability in the perceived
(matched) position (random error) and is derived by the standard deviation of the absolute
position matching errors, see Figure 15.

Figure 15. Illustration of the two measures derived from position matching error data: the bias of the error
values (indicative of the systematic error), and the precision of the error data (reflective of the random error).
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3.2.1

Ipsilateral matching error assessment
With respect to the ipsilateral matching, median position error was significantly

larger than the CD group pre-BOTOX (median: 3.64°, median absolute error: 0.48°) and
the control group (median: 2.37°, median absolute error: 0.75°) (p=0.009, Cohen’s
d=1.00), indicating a systematic difference in bias between the two groups. There was no
significant difference in bias between CD participants (post-BOTOX) (median: 2.57°,
median absolute error: 0.82°) and healthy controls. There was also no significant
difference within the CD group pre- vs. post-BOTOX injection, see Figures 16 and 17.

Figure 16. Comparison between the control group and CD participants, pre- and post-BOTOX injection in
the dominant hand for the ipsilateral matching error. Lower and upper boundary of each box indicates the
25% and 75% quartiles, respectively. The horizontal line within the box depicts the median. The upper and
lower whiskers extend to +1.5 and -1.5 inter-quartile range, respectively. Outliers are shown as white circles.
** indicates a p-value of < 0.01.
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Figure 17. Comparison of individual change of the ipsilateral matching error within the CD group, pre- and
post-BOTOX injection in the dominant hand.

BOTOX injection was associated with a mixture of enlargement (5 out of 15 participants)
and shrinkage (10 out of 15 participant) of ipsilateral matching error in the CD group. Table
5 presents the change in ipsilateral matching error post- versus pre-BOTOX injection.
Table 5. Change of ipsilateral matching error
BOTOX injection.
Subject ID Change in Ipsilateral
Matching Error (degrees)
CD1
-1.7352
CD2
3.888
CD3
-1.5192
CD4
-1.6848
CD5
2.3976
CD6
-0.3672
CD7
0.3816
CD8
0.4104
CD9
-2.6928
CD10
-0.18
CD11
-1.6776
CD12
-1.0656
CD13
-0.9432
CD14
-1.0656
CD15
-0.4536

in the CD group, post- versus preRelative Change in Ipsilateral
Matching Error (%)
-41.3379
230.7692
-42.9735
-44.2344
35.92233
-11.2832
10.47431
12.95455
-61.8182
-4.1876
-41.6816
-37.8517
-27.6956
-29.3069
-7.44681

It can be observed that the average relative shrinkage of ipsilateral matching error postBOTOX is -28.28%, and if CD2 is considered as an outlier, the average relative
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enlargement of JND threshold post-BOTOX is +19.78%. Here also, in order to explore the
clinical variables that might predict the outcome, the correlation between the output
variables (ipsilateral matching error pre-BOTOX, ipsilateral matching error post-BOTOX,
change in ipsilateral matching error, percent change in ipsilateral matching error), and the
following four measures we derived: (1) age, (2) diagnosis duration, (3) BOTOX duration,
(4) initial state of ipsilateral matching error (pre-BOTOX error).

Figure 18. Correlation between the pre-BOTOX ipsilateral matching error and three variables: A. disease
duration (r=0.04, p-value=0.89), B. BOTOX duration (r=-0.09, p-value=0.75), and C. age (r=0.1, pvalue=0.72).
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Figure 19. Correlation between the post-BOTOX ipsilateral matching error and four variables: A. disease
duration (r=-0.09, p-value=0.75), B. age (r=-0.03, p-value=0.95), C. BOTOX duration (r=-0.32, pvalue=0.75), and D. ipsilateral matching error pre-BOTOX (r=0.19, p-value=0.5).
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Figure 20. Correlation between the change in ipsilateral matching error post- versus pre-BOTOX injection
and four variables: A. disease duration (r=-0.06, p-value=0.84), B. age (r=-0.14, p-value=0.6), C. BOTOX
duration (r=-0.29, p-value=0.29), and D. ipsilateral matching error pre-BOTOX (r=-0.26, p-value=0.36).

Figure 21. Excluding CD2 as an outlier, correlation between the percent change in ipsilateral matching error
post- versus pre-BOTOX injection and four variables: A. disease duration (r=-0.15, p-value=0.6), B. age (r=0.16, p-value=0.57), C. BOTOX duration (r=-0.37, p-value=0.17), and D. ipsilateral matching error preBOTOX (r=-0.17, p-value=0.55).

If we look at Table 5, it can be observed that CD2, CD5, CD7, and CD8, are the participants
for whom the ipsilateral matching error got enlarged post-BOTOX injection. However,
since non of the correlations is strong, non of the evaluated clinical factors
(disease/BOTOX duration, age, and JND pre-BOTOX) can be claimed to be strongly
related to the outcome variables.
3.2.2 Contralateral matching error assessment
With respect to the contralateral matching task, no significant difference was found
between the control group (median: 5.20°, median absolute error: 1.01°) and CD
participants, neither pre- (median: 7.31°, median absolute error: 3.90°) nor post-BOTOX
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injection (median: 6.51°, median absolute error: 2.51°). There was also no significant
difference within the patient group pre- versus post-BOTOX.

Figure 22. Comparison between the control group and CD patients, pre- and post-BOTOX injection in the
dominant hand for the contralateral matching error. Lower and upper boundary of each box indicates the 25%
and 75% quartiles, respectively. The horizontal line within the box depicts the median. The upper and lower
whiskers extend to +1.5 and -1.5 inter-quartile range, respectively.

Figure 23. Comparison of individual change of the contralateral matching error within the CD group, preand post-BOTOX injection in the dominant hand.
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BOTOX injection was associated with a mixture of shrinkage (8 out of 15 participants) and
enlargement (7 out of 15 participant) of contralateral matching error in the CD group. Table
6 presents the change in contralateral matching error post- versus pre-BOTOX injection.
Table 6. Change of contralateral matching error in the CD group, post- versus preBOTOX injection.
Relative Change in Contralateral
Subject ID Change in Contralateral
Matching Error (degrees)
Matching Error (%)
CD1
6.18
203.236
CD2
2.7756
73.61553
CD3
-4.2336
-56.448
CD4
-16.3848
-88.8354
CD5
-13.1472
-78.2907
CD6
-2.0304
-21.2937
CD7
-5.0328
-63.0108
CD8
3.5568
61.13861
CD9
3.9264
153.615
CD10
8.0304
1004.805
CD11
-11.292
-80.995
CD12
-1.6272
-22.8822
CD13
NA
NA
CD14
0.2904
3.471027
CD15
5.3904
447.4104
It can be observed that the average relative shrinkage of contralateral matching error postBOTOX is -58.82%, and the average relative enlargement of JND threshold post-BOTOX
is +287.18%. Figures 24-27 present the relation between the contralateral matching error
and four clinical variables: diagnosis/BOTOX duration, age and the pre-BOTOX state of
the contralateral position matching error.

53

Figure 24. Correlation between the pre-BOTOX contralateral matching error and three variables: A. disease
duration (r=0.3, p-value=0.29), B. BOTOX duration (r=0.17, p-value=0.56), and C. age (r=0.25, pvalue=0.39).
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Figure 25. Correlation between the post-BOTOX contralateral matching error and four variables: A. disease
duration (r=-0.36, p-value=0.2), B. age (r=0.01, p-value=0.97), C. BOTOX duration (r=-0.29, p-value=0.31),
and D. ipsilateral matching error pre-BOTOX (r=-0.6, p-value=0.02).

It can be observed that there is a significant negative relationship between the contralateral
matching error post-BOTOX and the initial state of the error (r=-0.6, p-value=0.02).
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Figure 26. Correlation between the change in contralateral matching error post- versus pre-BOTOX injection
and four variables: A. disease duration (r=-0.36, p-value=0.2), B. age (r=-0.15, p-value=0.6), and C. BOTOX
duration (r=-0.2, p-value=0.46), and D. ipsilateral matching error pre-BOTOX (r=-0.93, p-value=0).
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Figure 27. Correlation between the percent change in contralateral matching error post- versus pre-BOTOX
injection and four variables: A. disease duration (r=-0.26, p-value=0.37), B. age (r=-0.05, p-value=0.85), C.
BOTOX duration (r=-0.16, p-value=0.59), and D. ipsilateral matching error pre-BOTOX (r=-0.93, pvalue=0).

Referring to Figures 25-27, it can be observed that there is a significantly large negative
relationship between the initial state of the contralateral matching error and the following
three variables: (1) contralateral matching error post-BOTOX, (2) change in contralateral
matching error, and (3) the percent change in contralateral matching error. If we look at
Table 6, it can be observed that CD1, CD2, CD8, CD9, CD10, CD14, and CD15 are the
participants for whom the contralateral matching error got enlarged post-BOTOX
injection. Comparing the three tasks it can be observed that CD8 was the only participant
for whom all the three proprioceptive measures were enlarged post-BOTOX. CD5 and CD7
showed the enlargement of JND and ipsilateral matching error. CD2 showed the
enlargement of ipsilateral and contralateral matching errors.
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Comparison of control and CD participants (pre- or post-BOTOX injection) did not
reveal any significant differences in the precision of matching (obtained via computing the
standard deviation of the absolute position matching errors) in the non-dominant hand in
any of the tasks.
Furthermore, the evaluation of position matching errors (bias and precision) in the
non-dominant hand did not reveal any significant differences either.

3.3 Local Somatosensory/Motor Cortical Synchronization Derived Based
on ERSP
3.3.1 Ipsilateral position matching task
During the anticipation period prior to the ipsilateral matching task, CD patients preBOTOX showed a significantly larger beta band ERSP over motor cortical areas that were
contralateral to the active hand (left hemisphere): C1 (p-value: 0.009, Cohen’ d: 1.24), FC1
(p-value:0.009, Cohen’s d: 1.16), and FC3 (p-value:0.009, Cohen’s d: 1.34). ERSP of CD
patients post-BOTOX did not show any significant differences in relation to controls.
Comparison of post- vs. pre-BOTOX conditions revealed significant post-BOTOX
suppression of beta band ERSP over left somatosensory and motor cortical areas (the
contralateral hemisphere to the active hand): C1 (p-value: 0.0183, Cohen’s d: 1.06), CP1
(p-value: 0.0201, Cohen’s d: 0.88), FC1 (p-value: 0.0361, Cohen’s d: 0.81), C3 (P-value:
0.0361, Cohen’s d: 0.83), CP3 (p-value: 0.0201, Cohen’s d: 0.92), and FC3 (p-value:
0.0201, Cohen’s d: 0.95), see Figure 28.
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Figure 28. Comparison between the control group and CD patients, pre- and post-BOTOX injection, during
the anticipation period prior to the execution of the ipsilateral matching task. A) beta band ERSP at the left
premotor cortex, B) beta band ERSP at the left motor cortex, and C) beta band ERSP at the left somatosensory
cortex. It can be seen that patients pre-BOTOX had significantly larger left motor cortical spectral power in
the beta band in relation to healthy participants. Within the patient group, BOTOX injection was associated
with the significant decline of beta band spectral power over left somatosensory-motor cortical areas. Lower
and upper boundary of each box indicates the 25% and 75% quartiles, respectively. The horizontal line within
the box depicts the median. The upper and lower whiskers extend to +1.5 and -1.5 inter-quartile range,
respectively. Outliers are shown with white circles. ** indicates a p-value of < 0.01. * indicates a p-value of
< 0.05.
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Figure 29 summarizes how individual members of the control group and the CD group preBOTOX are different from one another from a behavioral and neural perspective. The
presented neural measure in Figure 29 is the beta band ERSP for C1 electrode as an
example.

Figure 29. Comparison between individual CD and control participants pre-BOTOX injection in terms of
ipsilateral matching error and beta band ERSP at electrode C1, as an example.

Figure 30 summarizes how individual members of the control group and the CD group
post-BOTOX are different from one another from a behavioral and neural perspective.

Figure 30. Comparison between individual CD and control participants post-BOTOX injection in terms of
ipsilateral matching error and beta band ERSP at electrode C1.
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Figure 31 summarizes how individual members of the control group and the CD group
post-BOTOX are different from one another from a behavioral and neural perspective.

Figure 31. Comparison between individual CD participants pre- and post-BOTOX injection in terms of
ipsilateral matching error and beta band ERSP at electrode C1.

Figure 32. Comparison between individual CD participants pre- and post-BOTOX injection in terms of beta
band ERSP at electrodes CP1, C1, and FC1, for which a significant decline of beta ERSP was detected postversus pre-BOTO injection. Top row: beta ERSP post-BOTOX versus beta ERSP pre-BOTOX for CP1
(r=0.54, p-value=0.04) and change in beta ERSP versus beta ERSP pre-BOTOX for CP1 (r=-0.3, p-
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value=0.28). Middle row: beta ERSP post-BOTOX versus beta ERSP pre-BOTOX for C1 (r=0.63, pvalue=0.01) and change in beta ERSP versus beta ERSP pre-BOTOX for C1 (r=0.13, p-value=0.66). Bottom
row: beta ERSP post-BOTOX versus beta ERSP pre-BOTOX for FC1 (r=0.43, p-value=0.11) and change in
beta ERSP versus beta ERSP pre-BOTOX for FC1 (r=-0.22, p-value=0.43).

It can be observed that there is a significant positive correlation between beta band ERSP
post-BOTOX and beta band ERSP pre-BOTOX at CP1 (r=0.54, p-value=0.04) and C1
(r=0.63, p-value=0.01).

Figure 33. Comparison between individual CD participants pre- and post-BOTOX injection in terms of beta
band ERSP at electrodes CP3, C3, and FC3, for which a significant decline of beta ERSP was detected postversus pre-BOTO injection. Top row: beta ERSP post-BOTOX versus beta ERSP pre-BOTOX for CP3
(r=0.26, p-value=0.34) and change in beta ERSP versus beta ERSP pre-BOTOX for CP3 (r=-0.51, pvalue=0.054). Middle row: beta ERSP post-BOTOX versus beta ERSP pre-BOTOX for C3 (r=0.46, pvalue=0.08) and change in beta ERSP versus beta ERSP pre-BOTOX for C3 (r=-0.19, p-value=0.5). Bottom
row: beta ERSP post-BOTOX versus beta ERSP pre-BOTOX for FC3 (r=0.45, p-value=0.09) and change in
beta ERSP versus beta ERSP pre-BOTOX for FC3 (r=-0.2, p-value=0.45).
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Figure 34 presents the amount of change in beta band ERSP in relation to the amount of
change in the ipsilateral matching error for individual members of the CD group, postversus pre-BOTOX injection.

Figure 34. Depiction of the change in the beta band ERSP versus the change in the ipsilateral matching error,
post- versus pre-BOTOX injection within the patient group. Within each graph, each black circle presents
one CD participant. The y-coordinate of each point shows the following: post-BOTOX ipsilateral matching
error – pre-BOTOX ipsilateral matching error. The x-coordinate of each point depicts the following: postBOTOX beta band ERSP – pre-BOTOX beta band ERSP. Each graph presents data belonging to one of the
six electrodes covering the contralateral somatosensory-motor cortical areas near the neck and hand regions.

No significant or large correlation was found between the actual or percent change in the
position matching error and change in the beta band ERSP post- versus pre-BOTOX
injection. However, it can be observed that the majority of study participants are located in
the gray shaded area reflecting that for most study participants, reduction of ipsilateral
matching error post-BOTOX was accompanied by the reduction of the beta band ERSP.
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3.3.2 Contralateral position matching task
There were no significant differences between the patient group (pre- or postBOTOX injection) and healthy controls during the anticipation period prior to contralateral
matching. Neither there were any significant differences within the patient group preversus post-BOTOX injection.

3.4 Inter-Regional Somatosensory-Motor Cortical Synchronization
Derived Based on ERCOH
3.4.1 Ipsilateral matching
There were no significant differences between the control group and CD
participants, neither pre- nor post-BOTOX injection. There were also no significant
differences within the patient group pre- versus post-BOTOX.
3.4.2 Contralateral matching
During the anticipation period prior to the contralateral matching task, patients preBOTOX showed a significantly larger coherence between the left somatosensory and
premotor cortical areas (CP1-FC1) in the gamma band (p-value:0.005, Cohen’s d: 0.99),
and between the right somatosensory and motor cortical areas (CP2-C2) in the theta band
(p-value: 0.005, Cohen’s d: 1.30). Interestingly, patients post-BOTOX still maintained a
significantly higher CP2-C2 theta band coherence in relation to controls (p-value:0.017,
Cohen’s d: 1.04); while no other significant differences were detected between the two
groups. Within the patient group, BOTOX injection was associated with the significant rise
of inter-hemispheric coherence between bilateral somatosensory areas (CP3-CP4) in the
beta band (p-value:0.016, Cohen’s d: 1.23).
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Figure 35. Comparison between the control group and CD patients, pre- and post-BOTOX injection, during
the anticipation period prior to the execution of the contralateral matching task A) gamma band coherence
between left somatosensory-motor cortical areas, B) theta band coherence between right somatosensorymotor cortical areas. It can be observed that CD participant pre-BOTOX had significantly larger gamma band
coherence between left somatosensory-motor cortical areas and significantly larger theta coherence between
right somatosensory-motor cortical regions. Post-BOTOX, CD patients still showed a significantly larger
theta coherence between right somatosensory-motor cortical areas. Lower and upper boundary of each box
indicates the 25% and 75% quartiles, respectively. The horizontal line within the box depicts the median.
The upper and lower whiskers extend to +1.5 and -1.5 inter-quartile range, respectively. Outliers are shown
as white circles. ** indicates a p-value of < 0.01. * indicates a p-value of < 0.05.

Figures 36-39 summarize how individual members of the control group and the CD group
are different from one another from a behavioral and neural perspective. The presented
neural measure in Figure 26 is the theta band ERCOH between Cp2 and C2 electrodes.
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Figure 36. Comparison between individual control and CD participants pre-BOTOX injection in terms of
contralateral matching error and theta band ERCOH between CP2 and C2 electrodes.

Figure 37. Comparison between individual control and CD participants post-BOTOX injection in terms of
contralateral matching error and theta band ERCOH between CP2 and C2 electrodes.

66

Figure 38. Comparison between individual CD participants pre- versus post-BOTOX injection in terms of
contralateral matching error and theta band ERCOH between CP2 and C2 electrodes.

Figure 39. Depiction of the change in the contralateral matching error versus the change in theta band
ERCOH between CP2 and C2 electrodes for individual CD participants post- versus pre-BOTOX injection.

Figure 39 depicts that except for CD10, CD14, and CD15, there is a significant positive
correlation between the amount of change in theta band ERCOH and contralateral
matching error. Similarly, Figures 40-43 summarize how individual members of the control
group and the CD group are different from one another from a behavioral and neural
perspective. The presented neural measure will be the gamma band ERCOH between CP1
and FC1 electrodes.
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Figure 40. Comparison between individual control and CD participants pre-BOTOX injection in terms of
contralateral matching error and gamma band ERCOH between CP1 and FC1 electrodes.

Figure 41. Comparison between individual control and CD participants post-BOTOX injection in terms of
contralateral matching error and gamma band ERCOH between CP1 and FC1 electrodes.
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Figure 42. Comparison between CD individual pre- versus post-BOTOX injection in terms of contralateral
matching error and gamma band ERCOH between CP1 and FC1 electrodes.

Figure 43. Depiction of the change in the contralateral matching error versus the change in gamma band
ERCOH between CP1 and FC1 electrodes for individual CD participants post- versus pre-BOTOX injection.

Figure 44 illustrates the change in the significantly different neural measures post-BOTOX
injection in relation to the pre-BOTOX state of the same measure.
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Figure 44. Depiction of the change between the significantly different ERCOH measures during the
preparatory state of the contralateral matching task, post- versus pre-BOTOX injection. Top row: (1) theta
ERCOH post-BOTOX versus theta ERCOH pre-BOTOX (r=-0.51, p-value=0.054), (2) change in theta
ERCOH versus theta ERCOH pre-BOTOX (r=-0.68, p-value=0.007), (3) percent change in theta ERCOH
versus theta ERCOH pre-BOTOX (r=-0.72, p-value=0.004). Middle row: (1) gamma ERCOH post-BOTOX
versus theta ERCOH pre-BOTOX (r=0.1, p-value=0.72), (2) change in theta ERCOH versus theta ERCOH
pre-BOTOX (r=-0.76, p-value=0.002), (3) percent change in theta ERCOH versus theta ERCOH preBOTOX (r=-0.76, p-value=0.002). Bottom row: (1) beta ERCOH post-BOTOX versus theta ERCOH preBOTOX (r=-0.19, p-value=0.5), (2) change in theta ERCOH versus theta ERCOH pre-BOTOX (r=-0.55, pvalue=0.04), (3) percent change in theta ERCOH versus theta ERCOH pre-BOTOX (r=-0.6, p-value=0.02).

Referring to Figure 42, it can be observed that there is a significant negative correlation
between the change of ERCOH measures post-BOTOX and the pre-BOTOX state of this
measure. There was no significant/(moderate-large) correlation between the contralateral
matching error and theta/beta/gamma band ERCOH, neither pre- nor post-BOTOX
injection.
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4. DISCUSSION
The purpose of this study was to provide an objective systematic assessment of the
spread of proprioceptive abnormalities to non-dystonic limbs (here the wrist joint) in
cervical dystonia and to explore the corresponding cortical activity pre- and post-BOTOX
injection. The main findings of this study are as follows:
First, the wrist joint acuity threshold in the dominant hand was significantly larger in
CD patients, pre- and post-BOTOX injection, when compared to healthy adults.
Second, the ipsilateral matching error was significantly larger in the dominant hand in
the patient group pre-BOTOX in relation to controls.
Third, during the anticipation period prior to ipsilateral matching, CD participants preBOTOX showed a significantly larger motor cortical beta band power over the
contralateral hemisphere. BOTOX injection in the CD group was associated with the
significant decline of beta band power over contralateral somatosensory-motor cortical
areas.
Fourth, during the anticipation period prior to the contralateral matching task,
participants pre-BOTOX showed a significantly larger gamma band somatosensory-motor
cortical coherence over the contralateral hemisphere and a significantly larger theta band
somatosensory-motor cortical coherence in the ipsilateral hemisphere. CD participants
post-BOTOX still maintained the significantly higher theta band somatosensory-motor
cortical coherence over the ipsilateral hemisphere. Within the patient group, BOTOX
injection was associated with the significant rise of beta band coherence between bilateral
somatosensory cortical areas.
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4.1 Wrist Joint Proprioceptive Performance Is Abnormal in CD
This work is among the first studies that provide a systematic quantitative
assessment of passive and active proprioceptive performance in a non-dystonic limb in
cervical dystonia. The significance of assessment of passive versus active movements in
this study lies in the underlying mechanism of these two approaches. Indeed, passive
proprioceptive assessments are known to be associated with cortical processes linked to
the presentation of an external feedback in the contralateral hemisphere (Mima et al.,
1999). Whilst, the perceptual judgement of joint position via active assessments is not only
affected by the processing of the afferent sensory feedback, but also the internal predicted
sensory feedback and the integration of the external afferent signals and the internal
predicted feedback (Tseng et al., 2017).

Figure 45. The block diagram of the neural processes associated with joint position perception. Perception
of joint position is accomplished by the integration of the afferent proprioceptive feedback and the internal
sensory feedback. The latter originates from a forward internal model that transforms the efference copy of
a motor command into a predicted sensory feedback. The internal/external sensory feedback has a certain
gain which is susceptible to change due to a minimum variance approach to achieve perceptual stability
(Ernst & Banks, 2002 Ernst, M. O., & Banks, M. S. 2002) (Figure adapted from Tseng et al., 2017).
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In this study, two established joint-position-matching tasks were applied for the evaluation
of the position sense acuity. The two major characteristics of these tests that differentiate
them from one another can be summarized as follows: First, the ipsilateral testing mostly
reflects the activation of the contralateral brain hemisphere (Chang et al., 2009) while
contralateral matching requires the exchange of proprioceptive information across the
cerebral hemispheres. An inter-hemispheric transfer of somatosensory information likely
depends on projections crossing the posterior portions of the corpus callosum (Hofer &
Frahm, 2006). The contralateral matching task is also known to be associated with a
bilateral activation of fronto-parietal cortical networks (Ciccarelli et al., 2005;
Radovanovic et al., 2002). Second, ipsilateral matching requires somatosensory-spatial
working memory to remember the experienced joint position, while the contralateral task
does not require memory as it relies on concurrent sensing and joint position matching with
the reference joint position being always available. Accordingly, if an impaired
somatosensory-spatial working memory in CD participants significantly contributed to
their loss in position sense perception, one would expect to see abnormal bias in the
ipsilateral matching task, but not in the contralateral task; which is compatible with our
observations in this study. Moreover, recently, Romano et al., (2014) administered a series
of neuropsychological tests to non-depressed non-demented CD patients in comparison to
a group of healthy controls. They showed that CD patients may have impairment in specific
cognitive domains relative to working memory, processing speed, visual motor ability and
short-term memory. Alemán and colleagues (2009) provided similar pieces of evidence on
cognitive disturbances in blepharospasm (another form of focal dystonia causing spasms
in the eyelids). Their assessments revealed that people with blepharospasm performed
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significantly different on the Luria sequencing test, Purdue pegboard test, reciprocal
coordination, tactile denomination, and reverse visuospatial span. Both of these studies
suggested that the observed cognitive involvements are independent of the severity of the
clinical expressions of dystonia.

4.2 Excessive Motor Cortical Beta Band Synchronization in CD
Previous research had shown a movement-related reduction of beta/low gamma band
desynchronization in cervical and segmental dystonia (Crowell et al., 2012; Miocinovic et
al., 2015). As was mentioned earlier, beta oscillations are hypothesized to play two main
functional roles in relation to human sensorimotor system: the recalibration/integration of
sensory-motor mechanisms (Cordo, Gurfinkel, Bevan, & Kerr, 1995), and the
representation of an essential state for the maintenance of a steady motor output (Gilbertson
et al., 2005; Kristeva, Patino, & Omlor, 2007).
As was mentioned earlier, an excessive level of beta band synchronization over the
contralateral somatosensory-motor cortical areas was observed during motor preparation
in the CD group. According to Table 7, at the pre-BOTOX state, there was a significantly
negative moderate correlation between the ipsilateral matching error and the beta band
ERSP over contralateral somatosensory-motor cortical region; i.e., the CD participants
who had smaller position matching errors, had larger beta band synchronization in relation
to the resting state. Moreover, referring to Figure 34, it can be observed that while no
significant correlation was found between the actual/percent change in the position
matching error and the change in the beta band ERSP post- versus pre-BOTOX injection,
for the majority of CD participants, declination of position matching error, post-BOTOX
injection, was associated with the

reduction of beta band ERSP over contralateral

somatosensory-motor cortical areas.
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The anticipatory period prior to movement is known to be associated with the brain
processes involved in motor planning (Dean et al., 2012; Steenbergen & Gordon, 2006).
Accordingly, the excessive contralateral motor cortical beta oscillations detected during
the preparatory state of movement in the CD group may be indicative of an abnormally
enhanced synchronization of the cortical networks involved in motor planning/working
memory function in this disorder. The link between atypical beta oscillations in
frontocentral cortical regions and atypical motor preparation/working memory function is
supported by other studies as well, which highlighted the involvement of dorsolateral
prefrontal cortex in human working memory (Barbey, Koenigs, & Grafman, 2013;
Perlstein, Elbert, & Stenger, 2002) and provided evidence via animal studies on the
contribution of “preparatory” beta oscillations in the activation of dorsolateral prefrontal
cortex (J. L. Chan, Koval, Womelsdorf, Lomber, & Everling, 2015).
The improvement of ipsilateral matching errors and the suppression of excessive
cortical beta oscillations in CD post-BOTOX, might be associated with the cholinergic
blockade of extrafusal/intrafusal muscle fibers in response to the injected neuro-toxins. The
botulinum toxin may (1) act as another sensory trick in CD via altering the inputs of the
somatosensory afferents (2) create a form of short-term plasticity via trans-synaptic neurotoxin migration (Rosales & Dressler, 2010) which affects the central motor programming.
In addition, the BOTOX-modulated somatosensory inputs reach the somatosensory cortex
via the sensory afferents and from there reach the posterior parietal cortex (PPC). The PPC
outputs reach the dorsolateral prefrontal cortex (known to be involved in working memory
functioning) via a direct cortical pathway and an indirect subcortical pathway that passes
through the basal-ganglia and the thalamus (Ekman, Fiebach, Melzer, Tittgemeyer, &
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Derrfuss, 2016). This might be one of the mechanisms through which BOTOX injection
affects the activity of somatosensory cortical areas and the dorsolateral prefrontal cortex.

Figure 46. Presentation of the two cortical-subcortical pathways that connect the posterior parietal cortex to
the prefrontal cortex.

4.3 Excessive Inter-Regional Somatosensory-Motor Cortical
Synchronization in CD
Indeed, bimanual tasks, such as the contralateral matching task, are known to
involve the bilateral activation of frontoparietal cortical networks and the exchange of
sensorimotor information between the two brain hemispheres (Elangovan et al., 2014).
In our assessments, during the preparatory stage of the contralateral matching task
(where both hands are involved but no memory involvement is required) CD patients preBOTOX showed a significantly larger somatosensory-motor cortical coherence (1) in the
contralateral hemisphere (associated with the active hand) and (2) in the ipsilateral
hemisphere (associated with the target hand). Moreover, interestingly, the excessive
ipsilateral somatosensory-motor cortical theta coherence was preserved even when the CD
participants attended the study post-BOTOX.
In essence, the synchronization of neuronal activities in the gamma band is known
to correspond to specific functions including the somatosensory processing (Bauer,
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Oostenveld, Peeters, & Fries, 2006) and motor preparation (Engel, Fries, & Singer, 2001;
Nowak, Zich, & Stagg, 2018). Gamma band is also considered a temporal code for
performing complicated forms of information processing through neuronal coherence
(Varela, Lachaux, Rodriguez, & Martinerie, 2001). Accordingly, the detection of excessive
patieto-motor cortical gamma coherence during the preparatory state of the contralateral
matching task may be interpreted as an enhanced interaction of cortical neural networks in
these areas, which might also be reflective of abnormal sensorimotor integration processes
in cervical dystonia. This can be further supported by the studies that have documented
defective sensorimotor integration mechanisms in different forms of dystonia (Breakefield
et al., 2008; Butterworth et al., 2003; Quartarone, Siebner, & Rothwell, 2006).
In addition, previous research provided evidence on abnormal theta oscillation in
different focal dystonias (Liu et al., 2002; Silberstein et al., 2003; Tang et al., 2007).
Detection of theta oscillations in the internal pallidum was suggested to be robustly
associated with the motor manifestations of cervical dystonia (Moll et al., 2014; Neumann
et al., 2017). Moreover, Tang et al., 2007 reported the suppression of cortical theta
oscillations in response to the performance of an effective sensory trick in CD.
Furthermore, theta oscillations are suggested to contribute to the facilitation of
somatosensory-motor communications (Arce-McShane, Ross, Takahashi, Sessle, &
Hatsopoulos, 2016) and their power is known to rise during motor imagery tasks (Rosa et
al., 2018). The latter might be linked to the excessive somatosensory-motor cortical theta
coherence that was detected over the contralateral hemisphere to the target (imagined)
hand.
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In addition, the CD group showed a significant rise of beta band coherence between
bilateral somatosensory areas, post- versus pre-BOTOX injection; which is compatible
with a recent MEG study reporting the role of BOTOX injection in the rise of intra- and
inter-hemispheric coherence in CD patients (Mahajan et al., 2017). Since bimanual tasks
are known to activate trans-callosal projections especially in posterior regions (Hofer &
Frahm, 2006) our finding might also be reflective of a stronger activation of these pathways
in response to neurotoxin injection in CD.

4.4 Limitations of the Study
One of the main limitations of this study is the involved neck muscles and the
inherent variability the site and dosage of BOTOX injection between different study
participants. Moreover, although CD participants were asked not to take medications on
the day of data collection this can still be regarded as a co-founding factor in our analysis.
Furthermore, based on the results of this study we cannot establish a causal relationship
between the behavioral and neural measures, neither we can claim that the observed neural
measures are disease-specific (unless other types of focal dystonia were included).

5. Conclusions
In summary, the findings of this study provide evidence on an impaired proprioceptive
function in non-dystonic limbs in cervical dystonia which is accompanied by significantly
larger intra- and inter-regional somatosensory-motor cortical synchronization during the
anticipation period prior to movement. The injection of BOTOX was found to be associated
with the alleviation of the observed excessive cortical synchronous activities and the rise
of interhemispheric synchronization of cortical somatosensory areas. These findings
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provide a better understanding of the underlying cortical abnormalities associated with
motor planning in CD and may set the basis for proposing novel biomarkers for the disease.
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