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Striatal Dopaminergic Innervation Regulates Subthalamic Beta-Oscillations and Cortical-Subcortical Coupling during Movements: Preliminary Evidence in Subjects with Parkinson’s Disease
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Activation of the basal ganglia has been shown during the preparation and execution of movement. However, the functional interaction of cortical and subcortical brain areas during movement and the relative contribution of dopaminergic striatal innervation remains unclear. We recorded local field potential (LFP) activity from the subthalamic nucleus (STN) and high-density electroencephalography (EEG) signals in four patients with Parkinson’s disease (PD) off dopaminergic medication during a multi-joint motor task performed with their dominant and non-dominant hand. Recordings were performed by means of a fully-implantable deep brain stimulation (DBS) device at 4 months after surgery. Three patients also performed a single-photon computed tomography (SPECT) with [123I]N-ω-fluoropropyl-2β-carbomethoxy-3β-(4-iodophenyl)nortropane (FP-CIT) to assess striatal dopaminergic innervation. Unilateral movement execution led to event-related desynchronization (ERD) followed by a rebound after movement termination event-related synchronization (ERS) of oscillatory beta activity in the STN and primary sensorimotor cortex of both hemispheres. Dopamine deficiency directly influenced movement-related beta-modulation, with greater beta-suppression in the most dopamine-depleted hemisphere for both ipsi- and contralateral hand movements. Cortical-subcortical, but not interhemispheric subcortical coherencies were modulated by movement and influenced by striatal dopaminergic innervation, being stronger in the most dopamine-depleted hemisphere. The data are consistent with a role of dopamine in shielding subcortical structures from an excessive cortical entrapment and cross-hemispheric coupling, thus allowing fine-tuning of movement.
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INTRODUCTION

The functional interaction of cortical and subcortical brain areas during movement planning and execution, and in particular the role of striatal dopaminergic innervation, remains unclear. Subjects with Parkinson’s disease (PD) may represent a putative in vivo model of dopaminergic denervation (Simuni and Pahwa, 2009) and, when implanted with subthalamic nucleus deep brain stimulation (STN-DBS), can provide the remarkable opportunity to investigate cortical-subcortical interactions by simultaneous recording of local field potential (LFP) and high density electroencephalography (EEG).

STN recordings reveal that when at rest, unmedicated PD patients show an excessively synchronized neuronal activity in the STN and an exaggerated coupling between the STN and the motor cortices (MC). This abnormal activity and coupling is particularly strong in the beta frequency range (≈13–35 Hz) and is reduced by dopaminergic drugs or STN-DBS (Williams et al., 2002; Fogelson et al., 2006; Doyle Gaynor et al., 2008; Kühn et al., 2008; de Solages et al., 2010; Giannicola et al., 2010; Litvak et al., 2011a, 2012; Hirschmann et al., 2013; Kato et al., 2015; Quinn et al., 2015; Weiss et al., 2015; Oswal et al., 2016) and modulated by voluntary movements (Marsden et al., 2001; Cassidy et al., 2002; Lalo et al., 2008; Hirschmann et al., 2013). In particular, movement execution and imagination are associated with beta power changes (Cassidy et al., 2002; Kühn et al., 2004), starting with a decrease or desynchronization in the pre-movement period (event-related desynchronization, ERD) followed by a rebound after movement termination (event-related synchronization, ERS; Cassidy et al., 2002). A similar dynamic pattern of movement-related beta modulation is also present at the cortical level with a morphology that does not substantially differ from that recorded from control subjects (Soikkeli et al., 1991; Alegre et al., 2005; Devos et al., 2006; Meziane et al., 2015; Moisello et al., 2015). Moreover, excessive cortical beta power at rest has been recently correlated with greater movement-related beta-modulation and motor performances (Heinrichs-Graham and Wilson, 2016).

It is likely that striatal dopamine loss is the main cause of abnormal STN activity and cortical-subcortical dynamics in PD (for review, Jenkinson and Brown, 2011; Brittain and Brown, 2014), but direct evidence for this hypothesis is still lacking. We envision a role for dopamine in shielding subcortical structures from excessive cortical drive (Jenkinson and Brown, 2011; Oswal et al., 2013), thus allowing the correct set up of motor programs required for subsequent motor action (Wilson, 2014). A lack of striatal dopaminergic tone, as in patients with PD, would therefore facilitate the basal ganglia entrainment in excessively synchronized oscillatory activity, thus impairing the processing of motor commands (Jenkinson and Brown, 2011; Wilson, 2014). To further elucidate the role of dopamine in cortical-basal ganglia motor processing, we measured beta ERD and ERS, subcortical and cortical-subcortical coherency in patients with PD during a multi-joint, externally-triggered motor task performed with the dominant and non-dominant hand.

Importantly, we determined the level of dopaminergic striatal innervation with a [123I]N-ω-fluoropropyl-2β-carbomethoxy-3β-(4-iodophenyl)nortropane (FP-CIT) and single-photon computed tomography (SPECT; Isaias et al., 2010, 2011). Also of relevance, in this study we used an investigational DBS device (Activa PC+S®, Medtronic, PLC) that offers the possibility of recording LFPs in the STN in chronically-implanted patients months after surgery.

MATERIALS AND METHODS

Subjects

We tested seven right-handed patients with PD (6 males, 1 female; median age 61 years [range: 67–53 years]; median disease duration 11 years [range: 10–19 years]). All patients were diagnosed according to the UK Parkinson Disease Brain Bank criteria (Hughes et al., 2002) and evaluated with the Unified Parkinson Disease Rating Scale motor part (UPDRS-III). All subjects were right-handed as assessed by a modified Edinburgh handedness inventory. Patients were implanted at the University Hospital of Würzburg between December 2013 and May 2014 with the Activa PC+S® neurostimulation system (Medtronic, PLC). This system allows therapeutic DBS as well as on-demand LFP recordings from the implanted STN electrodes (Rouse et al., 2011; Stanslaski et al., 2012). The Activa PC+S® system and the related hardware and software for programming and readout were provided under a request for application agreement by Medtronic, PLC. The company had no impact on study design, patient selection, data analysis, or reporting of the results. All patients had been selected based on established criteria for DBS surgery (Pollak, 2013). Of relevance, none of the subject had cognitive decline or mood disturbances as evaluated using the Parkinson neuropsychometric dementia assessment (PANDA), Mattis Dementia Rating Scale (MDRS), Hamilton Depression Rating Scale (HDRS) and the Non-Motor Symptoms Scale (NMSS).

The surgical procedure has been described elsewhere (Steigerwald et al., 2008). In brief, implantation was performed under local anesthesia using Leksell’s Frame (Elekta, Leksell Stereotaxy System, Stockholm, Sweden). The DBS electrode used was model 3389 (Medtronic, PLC) with four platinum–iridium cylindrical contacts of 1.5 mm each and a contact-to-contact separation of 0.5 mm. Contact 0/8 was the lowermost and contact 3/11 the uppermost (E0–3 refers to right- and E8–11 to the left-hemisphere). The intended coordinates for STN were 12 mm lateral, 2 mm posterior, 4 mm ventral to the mid-commissural point and were adjusted according to individual STN delineation on T2-weighted and SWI images (Magnetom Trio, Siemens Healthcare, Erlangen, Germany) and with intraoperative microelectrode recordings. Micro- and macro-electrode stimulation and intraoperative CT scan also served to confirm targeting. Postoperative scanning (1 mm slice-thickness, CT scan fusion with the pre-operative MRI) confirmed electrode location. Of note, the presence or absence of LFP power in the beta band was not used to determine the placement of the DBS lead (Quinn et al., 2015).

The precise localization within the STN of the active contacts used for chronic stimulation was further confirmed by image fusion of a non-stereotactic postoperative CT with the preoperative planning MRI by means of Optivise® software under a research agreement with Medtronic, PLC. Correct placement of the DBS electrode was also verified by the clinical response to DBS (meds-off/stim-on) compared to the preoperative improvement of the UPDRS motor score (UPDRS-III) during levodopa challenge (meds-off vs. meds-on; Table 1). Therapeutic response to DBS or levodopa was expressed as percentage of improvement, according to the formula: ((a—b)/a) × 100 (adapted from Isaias et al., 2008) where a = meds-off UPDRS-III score and b = meds-on UPDRS-III at pre-DBS or b = meds-off/stim-on UPDRS-III at the time of the test, 4 months after surgery (post-DBS). The mean percentage of improvement was 65.77% (range: 42.5%–92.72%) due to dopaminergic medication and 68.82% (range: 52.5%–83.63%) due to STN stimulation, thus further supporting correct placement of the DBS electrodes.

TABLE 1A. Sample characteristics.
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Demographic and clinical information for all subjects is listed in Table 1. At the time of this study, all patients were on stable dopaminergic treatment (for at least 2 months) and chronically stimulated for 4 months (at least 1 month with unchanged DBS stimulation parameters). The local institutional review board of the University Hospital Wuerzburg approved the study and all patients gave written informed consent.

TABLE 1B. Molecular imaging data.
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SPECT Data Acquisition and Reconstruction

SPECT data acquisition, reconstruction (Lapa et al., 2015) and analysis has been described in detail previously (Isaias et al., 2010, 2011). All patients but one (i.e., wue5) were willing to perform a SPECT with FP-CIT to measure dopamine reuptake transporter (DAT) density. SPECTs were performed within 3 months before surgery. Scans were started 180 min after injection of 182.3 ± 3.6 MBq of FP-CIT on a dual-headed integrated SPECT/CT system (Symbia T2; Siemens, Erlangen, Germany) in the meds-on condition. In brief, SPECT data were spatially normalized onto a FP-CIT MNI-based template and volumes of interest (VOI) of caudate nucleus, putamen and striatum (for both hemispheres), as well as a reference region in the occipital cortex, were defined using the automated anatomical labeling (Tzourio-Mazoyer et al., 2002). The non-displaceable binding potential (BPND) was then assessed using average regional uptake values from VOI analysis and the occipital cortex as the reference region (Innis et al., 2007). The asymmetry index (AI, expressed as a percent) of whole striatal DAT availability was calculated as the BPND difference (Striatumipsilateral−Striatumcontralateral) relative to the mean value of both striatum.

Striatal DAT binding measurements for each patient were compared with normal values of 15 healthy subjects (4 males, 11 females, age range: 44–68 years; Table S1, Supplementary Material). The striatal dopaminergic loss exceeded 50% bilaterally in all but one subject (i.e., wue2, left striatum: 67.7% and right striatum: 47.5%). As previously reported (Panzacchi et al., 2008), the clinically most affected hand (higher UPDRS-III scores) always corresponded to the striatum with less nigro-striatal dopaminergic innervation. The percentage loss of DAT binding values is listed in Table 1 section B. The most affected side was the right one in two out of the four patients who completed the whole study protocol. Based on molecular imaging and clinical data, we identified the hemisphere with less (STN− and motor cortex, MC−) or more (STN+ and MC+) dopaminergic innervation.

TABLE 1C. Clinical data.
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Task and Experimental Design

The motor tasks have been extensively described in previous studies (Ghilardi et al., 2000; Perfetti et al., 2010; Isaias et al., 2011; Moisello et al., 2015). Briefly, subjects performed a single, multi-joint, uncorrected movement, as accurate and as fast as possible (Figure S1, Supplementary Material). They moved a cursor with either their dominant (right) or non-dominant (left) hand on a digitizing tablet, straight out-and-back, from a central starting point to one of eight equidistant (4 cm) radially-arranged targets that appeared on a screen. An opaque panel prevented the arm vision. All targets were displayed on a screen as circles (2 cm diameter). Targets were presented in random order every 3 s in three blocks of 16 movements each. Participants were tested in meds-off/stim-off condition (i.e., after overnight withdrawal of all dopaminergic drugs and after pausing DBS for at least 1 h) and were asked to perform the task first with the dominant (right) hand and then with the non-dominant (left) hand, irrespective of the more affected body side.

A neurologist (IUI) supervised the absence of any mirror movement or tremor in the hand not performing the task. The data presented refer only to the four subjects who completed the whole study protocol. Three patients were not able to complete the task in the required amount of time (i.e., 3 s per movement) with the right or left hand, and therefore their data were excluded from the analyses.

Data Recordings and Analysis

For each movement, we measured: onset time (OT, time from target appearance to movement onset), movement time (MT, time from movement onset to reversal), peak velocity (PV) and peak acceleration (PA) and path length (PL, from onset to reversal).

LFPs were recorded with a single bipolar contact configuration for each STN and amplified by 1000. The recording contacts were chosen according to the chronic stimulation setting as a bipolar montage of the two contacts surrounding the stimulation cathode (Devos et al., 2006; Quinn et al., 2015). High density EEG (hdEEG) signals were acquired with a 128-channel EEG Brainamp system (BrainAmp ExG, Brain Product) with sampling frequency at 1000 Hz. LFP and hdEEG recordings were synchronized by means of a common external signal (Figure S2, Supplementary Material), re-sampled at 250 Hz, bandpass filtered in the range 0.5–80 Hz and segmented into 6 s epochs based on the movement onset latencies from −4 s to 2 s after the return-time (RT). RT equals the time point in which the subject came back to the central target (Figure S1, Supplementary Material).

The hdEEG channels affected by bad scalp-electrode were visually identified and replaced with spherical spline interpolation. Trials with sporadic artifacts were excluded by visual inspection. Stereotypical artifacts (e.g., blinks, heartbeat, and muscle tension) were removed by independent component analysis (ICA; Jung et al., 2000; Onton and Makeig, 2006; Onton et al., 2006). For LFPs artifacts management, please refer to the supplementary material (Figure S3). LFP and hdEEG signals were processed and analyzed by means of MatLab-based custom script, EEGLAB (Delorme and Makeig, 2004), Brainstorm (Tadel et al., 2011) and SPM M/EEG Toolbox (Litvak et al., 2011b).

We then calculated the event-related power relative changes (ERD and ERS), normalizing the mean beta power by subtracting and dividing the average power of the whole task interval (from −3 s to 0 s) relative to the RT, multiplied by 100. For efficient spectral estimation of the relatively small number of trials, we used multitaper spectral analysis (Thomson, 1982). We estimated the spectra between −4 s and 2 s relative to the RT of each trial, in overlapping windows of 400 ms with a time resolution of 50 ms. The time-frequency bandwidth was set to 1.5, resulting in two tapers being used. The time-frequency images were then averaged using robust averaging (Wager et al., 2005; Holland and Welsch, 2007; Litvak et al., 2012) and the event-related power changes were obtained by normalizing to the whole trial (−3 s to 0 s) before RT. A representative time-frequency plot showing the cortical and subcortical ERD and ERS is shown in Figure S4 (Supplementary Materials, Methods).

To study cortical beta variations, we assessed the rebound in the beta band (13–35 Hz). The beta-rebound is the largest peak-to-peak difference between the minimum of the ERD during movement and the maximum of the post-movement ERS in beta band calculated, respectively, between −2 s and −1 s, and between 0 s and 1 s after RT.

Topological maps of these parameters showed two main clusters around CCP3h and CCP4h, as described also in previous studies (Alegre et al., 2005; Meziane et al., 2015; Moisello et al., 2015). Accordingly, we defined two region of interest (ROI) of eight electrodes surrounding CCP3h and CCP4h respectively. The selected electrodes predominantly represent activity over the primary sensorimotor cortex, being the supplementary motor area more medially and the premotor cortex more frontally located (Lalo et al., 2008).

To study the functional connectivity between cortical and subcortical structures, we then computed the coherency between the LFP signals of both the STN and the aforementioned cortical areas (Friston, 2011). We adopted the same method used for spectral estimation for the estimation of coherency. In this case, we also performed a robust averaging (Litvak et al., 2012). Finally, we computed the absolute value of the coherency (i.e., the coherence Coh) and the imaginary part of the coherency (iCoh) to isolate the part of coherency possibly affected by volume conduction (Nolte et al., 2004, 2008; Hohlefeld et al., 2013).

General Statistical Analysis

Statistical significance of the behavioral performances was assessed by means of a two sample unpaired t-Test with a significance level p < 0.05.

Beta ERD and ERS were calculated computing the mean beta event-related power changes and then the mean beta rebound values for each subject. We assessed significant differences for all the six possible comparisons: −CONTRA vs. +CONTRA; −IPSI vs. +IPSI; −CONTRA vs. +IPSI; −IPSI vs. +CONTRA; −IPSI vs. −CONTRA; +IPSI vs. +CONTRA. We used a permutation test for each time point of the beta event-related power changes (with Bonferroni correction for multiple comparisons) and for the beta rebound values. For each comparison (e.g., STN−CONTRA vs. STN+CONTRA), we computed the observed statistic (Tobs) as the difference between the event-related power changes or between the rebound, respectively. For constructing the surrogates (Tsurr), we shuffled the trials of each of above listed comparisons (separately), we then recomputed the surrogated event-related power changes and the surrogated beta rebound values. We performed the shuffling 10,000 times with replacement obtaining 10,000 Tsurr values for each test. The p value was computed as the Pr{Tsurr > Tobs}. The significance level was set at p < 0.05.

Significant regions of Coh and iCoh were determined by statistical comparison to a population of 50 surrogate Coh maps in which any coherence was destroyed. For each pair of channels, the surrogates Coh were generated shuffling the order of trials in one of the two channels. The significance level was set at p < 0.05. Multiple comparisons were corrected with false discovery rate method (Benjamini and Yekutieli, 2001). All the analyses were performed in Matlab.

RESULTS

Behavioral Data

Movement of the most-affected hand showed a longer MT and lower PV and PA with respect to the less affected hand, though not statistically significant (Table 2). These differences were also present when comparing the movement of the non-dominant vs. dominant hand (Table 2).

TABLE 2. Behavioral data.
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Subthalamic Nucleus and Cortical Recordings

The most striking finding of this study was the stronger β-modulation in the STN of the most dopamine-depleted hemisphere (Figure 1A). Compared to STN+, the STN− (i.e., the one in the hemisphere with less striatal dopaminergic innervation) exhibited greater beta-modulation, both stronger beta-reduction and a higher post-movement rebound, during contralateral hand movements (i.e., the clinically most affected side) and, although weaker, also during ipsilateral hand movements (Tables 3, 4). Beta-modulation in STN+ instead did not significantly differ according to the moving side (Figure 1A; Table 4, subject by subject comparisons are shown in Figure S6A).
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FIGURE 1. Beta-rebound and striatal dopaminergic denervation. (A) Movement-related beta-modulation with respect to the more and less dopamine-depleted hemisphere. The blue lines represent the movement performed with the hand contralateral to the examined brain structure, red lines with the ipsilateral one. Solid lines represent the average across subjects and thin lines the beta-modulation of each subject. The super-imposed vertical dotted line at 0 s shows the return time (RT). We also indicated with a dotted line at −1.7 s the mean onset time (OT) of all trials (see also Figure S1), as a rough indication of movement OT. (B) Movement-related beta-modulation for each subject across all valid trials and the corresponding [123I]N-ω-fluoropropyl-2β-carbomethoxy-3β-(4-iodophenyl)nortropane (FP-CIT) and single-photon computed tomography (SPECT) images. (C) Movement-related power change in left and right (MCL and MCR) and subthalamic nucleus (STNL and STNR). The yellow lines represent the movement performed with the dominant hand, the green lines with the non-dominant one. Solid lines represent the average across subjects and thin lines the beta-modulation of each subject. Values are reported in Table 4.



TABLE 3. Beta-oscillation power analyses.
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TABLE 4. Beta-rebound measurements.
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At a cortical level, MC+ and MC− showed a similar temporal evolution of beta-power, with a steep beta reduction followed by an increase after movement end (Figure 1A). Similar to STN−, the MC− exhibited a more pronounced ERD and ERS for contralateral movements compared to ipsilateral ones. Such a difference was not found in MC+, where movements of both hands evoked similar responses (Table 4, subject by subject comparisons are shown in Figure S6B).

Of note, in one patient with relatively preserved right striatal dopaminergic innervation (<50% loss; i.e., wue2), we showed the smallest beta modulation in the corresponding cortical and subcortical areas (i.e., MC+ and STN+), whereas the patient with the greatest striatal dopaminergic innervation loss ( >70%, bilaterally; i.e., wue9) showed the strongest bilateral beta modulation (Figure 1B).

When grouping the data by handedness, we found a similar time evolution of beta-power between the two MC (i.e., MCL and MCR) and of the two STN (i.e., STNL and STNR), regardless of the moving hand (Figure 1C).

Cortical-subcortical (i.e., CohMC−/STN−, CohMC+/STN− and CohMC−/STN+, CohMC+/STN+) and subcortical (i.e., CohSTN−/STN+) coherences are shown in Figure 2. Each patient displayed a distinctive frequency of coherence within the beta range. Cortical-subcortical coherencies diminished during movement execution (i.e., from −2 s to 0 s). In all patients, CohMC−/STN− was greater than CohMC+/STN− and CohMC+/STN+ irrespective of the moving hand. Of note, the patient with the greatest striatal DAT loss (i.e., wue9) showed the most persisting and strongest cortical-subcortical coherences, also in the MC+ hemisphere (Figure 2, Supplementary Figures S7,S8).
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FIGURE 2. Coherence analyses. Subcortical- (i.e., CohSTN−/STN+) and cortical-subcortical coherence (i.e., CohSTN−/MC−, CohSTN−/MC+ and CohSTN+/MC−, CohSTN+/MC+) are reported for each subject with respect to STN− and STN+. White color shows lack of coherence. From blue to red color we show increasing significant coherence between brain structures. Results were mirrored by iCoh, thus supporting the lack of volume conduction artifact (Supplementary Material, Results, Figure S8). As in Figure 1, the super-imposed vertical dotted line at 0 s shows the RT. We also indicated, with a dotted line at −1.7 s, the mean OT of all trials (see also Figure S1) as a rough indication of movement OT. “IPSI” and “CONTRA” refer to movement performed with the hand ipsilateral or contralateral to the examined STN (STN− or STN+). “−” (MC− and STN−) and “+” (MC+ and STN+) refer instead to the side with less and more striatal dopaminergic innervation or the more and less clinically affected hemibody (for wue05). MC, motor cortex; STN, subthalamic nucleus. MC, motor cortex; STN, subthalamic nucleus.



We also found a significant subcortical, cross-hemispheric coupling (i.e., CohSTN−/STN+), although weaker than the ipsilateral cortical-subcortical ones. This subcortical coherence was not affected by movement (Figure 2) and mirrored the cortical-subcortical coherence, being higher in the patient with the greatest bilateral striatal DAT loss (i.e., wue9; Figure 2, Supplementary Figures S7, S8).

DISCUSSION

Our findings suggest that movement-related beta-modulation is dependent on striatal dopaminergic innervation. Specifically, we described greater modulation of STN activity in the hemisphere with less dopaminergic innervation in three subjects with PD and STN-DBS, in particular for movements performed with contralateral hand (Figure 1).

These data provide preliminary evidence of a role of striatal dopamine for precise cortical-subcortical tuning of movement, and distinctive cortical-basal ganglia motor processing of ipsi- and contralateral movements (Devos et al., 2006). In line with our findings, several studies reported excessive beta oscillations in the STN of PD patients, which was reduced by voluntary movements (for review, Hammond et al., 2007; Brittain and Brown, 2014). One study, with self-initiated left and right wrist extensions in alternating series, also showed greater STN beta-modulation in the most affected body side of PD patients (Alegre et al., 2005).

Coherency analyses, a measurement of functional connectivity (Friston, 2011), can serve to study the cortical-basal ganglia network organization. Indeed, the functional segregation among cortical-basal ganglia loops might rely on distinct anatomical connections, but also be frequency-dependent through the coupling of precise activities at specific frequency bands (Fogelson et al., 2006; Lalo et al., 2008). We can further assume that cortical-subcortical (beta-) coherency reflects the number of coupled neurons (Marsden et al., 2001; Cassidy et al., 2002; Lalo et al., 2008). Most of the studies addressing coherency of cortical-basal ganglia circuitry were performed at rest (Williams et al., 2002; Fogelson et al., 2006; Hirschmann et al., 2011; Litvak et al., 2011a; Kato et al., 2015). These studies described an excessive subcortical- and cortical-subcortical coupling in subjects with PD in meds-off state (Williams et al., 2002; Fogelson et al., 2006; Hirschmann et al., 2011; Litvak et al., 2011a; Kato et al., 2015). Two studies also investigated the effect of levodopa and voluntary movements, but with inconsistent results (Lalo et al., 2008; Hirschmann et al., 2013). In particular, Lalo et al. (2008) described a movement-related drop of cortical-subcortical coupled beta-activity, possibly driven by the cortex, during a repetitive hand flexion-extension task. In this study, coherencies were not influenced by levodopa. On the contrary, Hirschmann et al. (2013) reported a significant reduction of cortical-subcortical coupling after levodopa intake during the execution of a simple motor task, that is opening-closing hand. In all but one patient (i.e., wue11) in our study, cortical-subcortical coherence was greatly diminished during movements and reappeared in rest intervals, predominantly in the hemisphere with less striatal dopaminergic innervation (i.e., STN− and MC−; Figure 2). Anecdotally, the patient with the strongest cortical-subcortical coherence also in the less affected hemisphere (i.e., CohMC+/STN+; i.e., wue9) showed the greatest bilateral loss of striatal dopamine (also in the less affected striatum [left side]: 72.65%, Table 1). In line, CohMC+/STN+ were absent in the two patients with overall higher DAT bindings values (i.e., wue2 and wue11; Table 1). Taken together, these data suggest a direct influence of striatal dopamine on cortical-subcortical coherencies during movement and support a role for striatal dopamine in uncoupling cortical and subcortical networks.

Finally, we also measured subcortical cross hemispheric coupling during movement (i.e., CohSTN−/STN+, Figure 2). In line with previous measurements at rest (de Solages et al., 2010; Kato et al., 2015), we showed a subject-specific Coh in the beta-range between the two STNs (Figure 2). Of relevance, such subcortical cross hemispheric coherence was not modulated by movements, despite the differences in beta-power between STN+ and STN− (Figure 1A), and it did not mirror the movement-related drop of the cortical-subcortical coherence (Figure 2). Our findings are consistent with recent studies, though with different tasks, showing a lack of modulation of subcortical cross-hemispheric coupling in the beta-band during movements in subjects with PD (Darvas and Hebb, 2014; Kato et al., 2016). We speculate that such a persistent subcortical coherence might not be related to motor processing but relies upon a (bilateral) dopaminergic loss.

Our study has several limitations, in particular the small sample size, although in the range of previous reports (Cassidy et al., 2002; Priori et al., 2002; Alegre et al., 2005). The exiguous number of patients able to complete the study protocol did not allow defining whether the role of striatal dopamine deteriorates linearly or step-wise along with disease progression. Furthermore, we were not able to disentangle the effect of an unbalanced dopaminergic activity between the two hemispheres. It is worth noting that all patients showed a bilateral dopaminergic loss (Table 1). Besides the extent of dopaminergic striatal innervation per se, it is tempting to speculate that the asymmetry of this denervation might also play a role in the cortical-subcortical processing of motor commands.

Another limitation of this study is the focus on beta band modulation. This choice was based on available data suggesting that excessive beta-activity is either related to or causing bradykinesia in PD (Hammond et al., 2007; Eusebio and Brown, 2009; Brittain and Brown, 2014). Moreover, it was also shown that movement-related cortical-subcortical modulation happens specifically in the beta frequency band (Lalo et al., 2008; see also Figure 1 and Supplementary Figure S5).

Despite these limitations, it is worth mentioning that in this study the LFPs of STN were recorded months after surgery by means of a new, fully implantable device. Delayed recordings decrease the influence of high impedance variability and of microlesioning effect, which influence immediate post-operative recordings (Lalo et al., 2008).

Our conclusions are presumptive, but support the notion of a dopaminergic role in shielding subcortical structures from an excessive cortical entrapment and cross hemispheric coupling, thus allowing fine tuning of movement (Hammond et al., 2007). Furthermore, in patients with PD an unbalanced modulation of motor processing between the two hemispheres, which reflect the degree of dopamine loss and the lateralization of clinical symptoms, might have relevant therapeutic implications. The success of adaptive or patterned stimulation protocols should also take into account dopamine-dependent STN neuronal activity to offer more symptom-targeted stimulation effects than conventional DBS.

AUTHOR CONTRIBUTIONS

IUI, MFG, GP, CM and JV conceived and designed the experiments. IUI, AC, NGP, GA, JB, MMR, CM and FS organized and analyzed the raw data. IUI, AC, NGP, GA, JB, MMR and FS participated in the statistical analysis and interpretation of data. AC, NGP, GA, JB, MMR and FS wrote the article, and IUI, MFG, GP, CM and JV revised the manuscript.

FUNDING

The study was sponsored in part by the “Interdisziplinäres Zentrum für Klinische Forschung (IZKF)” of the University Hospital Wuerzburg and by the “Fondazione Grigioni per il Morbo di Parkinson”. NGP was supported by a grant of the German Excellence Initiative to the Graduate School of Life Sciences, University of Wuerzburg and IRCCS “C. Mondino”, Pavia.

ACKNOWLEDGMENTS

The authors would like to thank Uri Ramirez Pasos for critically reviewing the manuscript. Behavioral data were collected with custom-designed software, MotorTaskManager, produced by E.T.T. s.r.l. (http://www.ettsolutions.com).

ABBREVIATIONS

BPND, non-displaceable binding potential; DAT, dopamine reuptake transporter; DBS, deep brain stimulation; ERD, event-related desynchronization; ERS, event-related synchronization; FP-CIT, [123I]N-ω-fluoropropyl-2β-carbomethoxy-3β-(4-iodophenyl)nortropane; ICA, independent component analysis; iCoh, imaginary part of the coherency; LEDD, levodopa equivalent daily dose; LFPs, local field potentials; MC, Motor cortices; MT, movement time; OT, onset time; PA, peak acceleration; PL, path length; PV, peak velocity; ROI, region of interest; RT, return time; SPECT, single-photon computed tomography; STN, Subthalamic Nucleus; UPDRS-III, Unified Parkinson Disease Rating Scale motor part; VOI, volume of interest.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fnhum.2016.00611/full#supplementary-material

REFERENCES

Alegre, M., Alonso-Frech, F., Rodríguez-Oroz, M. C., Guridi, J., Zamarbide, I., Valencia, M., et al. (2005). Movement-related changes in oscillatory activity in the human subthalamic nucleus: ipsilateral vs. contralateral movements. Eur. J. Neurosci. 22, 2315–2324. doi: 10.1111/j.1460-9568.2005.04409.x

Benjamini, Y., and Yekutieli, D. (2001). The control of the false discovery rate in multiple testing under dependency. Ann. Stat. 29, 1165–1188. doi: doi: 10.1214/aos/1013699998

Brittain, J. S., and Brown, P. (2014). Oscillations and the basal ganglia: motor control and beyond. Neuroimage 85, 637–647. doi: 10.1016/j.neuroimage.2013.05.084

Cassidy, M., Mazzone, P., Oliviero, A., Insola, A., Tonali, P., Di Lazzaro, V., et al. (2002). Movement-related changes in synchronization in the human basal ganglia. Brain 125, 1235–1246. doi: 10.1093/brain/awf135

Darvas, F., and Hebb, A. O. (2014). Task specific inter-hemispheric coupling in human subthalamic nuclei. Front. Hum. Neurosci. 8:701. doi: 10.3389/fnhum.2014.00701

Delorme, A., and Makeig, S. (2004). EEGLAB: an open source toolbox for analysis of single-trial EEG dynamics including independent component analysis. J. Neurosci. Methods 134, 9–21. doi: 10.1016/j.jneumeth.2003.10.009

de Solages, C., Hill, B. C., Koop, M. M., Henderson, J. M., and Bronte-Stewart, H. (2010). Bilateral symmetry and coherence of subthalamic nuclei beta band activity in Parkinson’s disease. Exp. Neurol. 221, 260–266. doi: 10.1016/j.expneurol.2009.11.012

Devos, D., Szurhaj, W., Reyns, N., Labyt, E., Houdayer, E., Bourriez, J. L., et al. (2006). Predominance of the contralateral movement-related activity in the subthalamo-cortical loop. Clin. Neurophysiol. 117, 2315–2327. doi: 10.1016/j.clinph.2006.06.719

Doyle Gaynor, L. M. F., Kühn, A. A., Dileone, M., Litvak, V., Eusebio, A., Pogosyan, A., et al. (2008). Suppression of beta oscillations in the subthalamic nucleus following cortical stimulation in humans. Eur. J. Neurosci. 28, 1686–1695. doi: 10.1111/j.1460-9568.2008.06363.x

Eusebio, A., and Brown, P. (2009). Synchronisation in the beta frequency-band—the bad boy of parkinsonism or an innocent bystander? Exp. Neurol. 217, 1–3. doi: 10.1016/j.expneurol.2009.02.003

Fogelson, N., Williams, D., Tijssen, M., Van Bruggen, G., Speelman, H., and Brown, P. (2006). Different functional loops between cerebral cortex and the subthalmic area in parkinson’s disease. Cereb. Cortex 16, 64–75. doi: 10.1093/cercor/bhi084

Friston, K. J. (2011). Functional and effective connectivity: a review. Brain Connect. 1, 13–36. doi: 10.1089/brain.2011.0008

Ghilardi, M.-F., Alberoni, M., Rossi, M., Franceschi, M., Mariani, C., and Fazio, F. (2000). Visual feedback has differential effects on reaching movements in Parkinson’s and Alzheimer’s disease. Brain Res. 876, 112–123. doi: 10.1016/s0006-8993(00)02635-4

Giannicola, G., Marceglia, S., Rossi, L., Mrakic-Sposta, S., Rampini, P., Tamma, F., et al. (2010). The effects of levodopa and ongoing deep brain stimulation on subthalamic beta oscillations in Parkinson’s disease. Exp. Neurol. 226, 120–127. doi: 10.1016/j.expneurol.2010.08.011

Hammond, C., Bergman, H., and Brown, P. (2007). Pathological synchronization in Parkinson’s disease: networks, models and treatments. Trends Neurosci. 30, 357–364. doi: 10.1016/j.tins.2007.05.004

Heinrichs-Graham, E., and Wilson, T. W. (2016). Is an absolute level of cortical beta suppression required for proper movement? Magnetoencephalographic evidence from healthy aging. Neuroimage 134, 514–521. doi: 10.1016/j.neuroimage.2016.04.032

Hirschmann, J., Özkurt, T. E., Butz, M., Homburger, M., Elben, S., Hartmann, C. J., et al. (2011). Distinct oscillatory STN-cortical loops revealed by simultaneous MEG and local field potential recordings in patients with Parkinson’s disease. Neuroimage 55, 1159–1168. doi: 10.1016/j.neuroimage.2010.11.063

Hirschmann, J., Özkurt, T. E., Butz, M., Homburger, M., Elben, S., Hartmann, C. J., et al. (2013). Differential modulation of STN-cortical and cortico-muscular coherence by movement and levodopa in Parkinson’s disease. Neuroimage 68, 203–213. doi: 10.1016/j.neuroimage.2012.11.036

Hohlefeld, F. U., Huchzermeyer, C., Huebl, J., Schneider, G. H., Nolte, G., Brücke, C., et al. (2013). Functional and effective connectivity in subthalamic local field potential recordings of patients with Parkinson’s disease. Neuroscience 250, 320–332. doi: 10.1016/j.neuroscience.2013.07.028

Holland, P. W., and Welsch, R. E. (2007). Robust regression using iteratively reweighted least-squares. Commun. Stat. Theory Methods 6, 813–827. doi: 10.1080/03610927708827533

Hughes, A. J., Daniel, S. E., Ben-Shlomo, Y., and Lees, A. J. (2002). The accuracy of diagnosis of parkinsonian syndromes in a specialist movement disorder service. Brain 125, 861–870. doi: 10.1093/brain/awf080

Innis, R. B., Cunningham, V. J., Delforge, J., Fujita, M., Gjedde, A., Gunn, R. N., et al. (2007). Consensus nomenclature for in vivo imaging of reversibly binding radioligands. J. Cereb. Blood Flow Metab. 27, 1533–1539. doi: 10.1038/sj.jcbfm.9600493

Isaias, I. U., Alterman, R. L., and Tagliati, M. (2008). Outcome predictors of pallidal stimulation in patients with primary dystonia: the role of disease duration. Brain 131, 1895–1902. doi: 10.1093/brain/awn120

Isaias, I. U., Marotta, G., Hirano, S., Canesi, M., Benti, R., Righini, A., et al. (2010). Imaging essential tremor. Mov. Disord. 25, 679–686. doi: 10.1002/mds.22870

Isaias, I. U., Moisello, C., Marotta, G., Schiavella, M., Canesi, M., Perfetti, B., et al. (2011). Dopaminergic striatal innervation predicts interlimb transfer of a visuomotor skill. J. Neurosci. 31, 14458–14462. doi: 10.1523/JNEUROSCI.3583-11.2011

Jenkinson, N., and Brown, P. (2011). New insights into the relationship between dopamine, beta oscillations and motor function. Trends Neurosci. 34, 611–618. doi: 10.1016/j.tins.2011.09.003

Jung, T.-P., Makeig, S., Westerfield, M., Townsend, J., Courchesne, E., and Sejnowski, T. J. (2000). Removal of eye activity artifacts from visual event-related potentials in normal and clinical subjects. Clin. Neurophysiol. 111, 1745–1758. doi: 10.1016/s1388-2457(00)00386-2

Kato, K., Yokochi, F., Iwamuro, H., Kawasaki, T., Hamada, K., Isoo, A., et al. (2016). Frequency-specific synchronization in the bilateral subthalamic nuclei depending on voluntary muscle contraction and relaxation in patients with Parkinson’s disease. Front. Hum. Neurosci. 10:131. doi: 10.3389/fnhum.2016.00131

Kato, K., Yokochi, F., Taniguchi, M., Okiyama, R., Kawasaki, T., Kimura, K., et al. (2015). Bilateral coherence between motor cortices and subthalamic nuclei in patients with Parkinson’s disease. Clin. Neurophysiol. 126, 1941–1950. doi: 10.1016/j.clinph.2014.12.007

Kühn, A. A., Kempf, F., Brücke, C., Gaynor Doyle, L., Martinez-Torres, I., Pogosyan, A., et al. (2008). High-frequency stimulation of the subthalamic nucleus suppresses oscillatory beta activity in patients with Parkinson’s disease in parallel with improvement in motor performance. J. Neurosci. 28, 6165–6173. doi: 10.1523/JNEUROSCI.0282-08.2008

Kühn, A. A., Williams, D., Kupsch, A., Limousin, P., Hariz, M., Schneider, G. H., et al. (2004). Event-related beta desynchronization in human subthalamic nucleus correlates with motor performance. Brain 127, 735–746. doi: 10.1093/brain/awh106

Lalo, E., Thobois, S., Sharott, A., Polo, G., Mertens, P., Pogosyan, A., et al. (2008). Patterns of bidirectional communication between cortex and basal ganglia during movement in patients with Parkinson disease. J. Neurosci. 28, 3008–3016. doi: 10.1523/JNEUROSCI.5295-07.2008


Lapa, C., Spehl, T. S., Brumberg, J., Isaias, I. U., Schlögl, S., Lassmann, M., et al. (2015). Influence of CT-based attenuation correction on dopamine transporter SPECT with [123I]FP-CIT. Am. J. Nucl. Med. Mol. Imaging 5, 278–286.


Litvak, V., Eusebio, A., Jha, A., Oostenveld, R., Barnes, G., Foltynie, T., et al. (2012). Movement-related changes in local and long-range synchronization in Parkinson’s disease revealed by simultaneous magnetoencephalography and intracranial recordings. J. Neurosci. 32, 10541–10553. doi: 10.1523/JNEUROSCI.0767-12.2012

Litvak, V., Jha, A., Eusebio, A., Oostenveld, R., Foltynie, T., Limousin, P., et al. (2011a). Resting oscillatory cortico-subthalamic connectivity in patients with Parkinson’s disease. Brain 134, 359–374. doi: 10.1093/brain/awq332

Litvak, V., Mattout, J., Kiebel, S., Phillips, C., Henson, R., Kilner, J., et al. (2011b). EEG and MEG data analysis in SPM8. Comput. Intell. Neurosci. 2011:852961. doi: 10.1155/2011/852961

Marsden, J. F., Limousin-Dowsey, P., Ashby, P., Pollak, P., and Brown, P. (2001). Subthalamic nucleus, sensorimotor cortex and muscle interrelationships in Parkinson’s disease. Brain 124, 378–388. doi: 10.1093/brain/124.2.378

Meziane, H. B., Moisello, C., Perfetti, B., Kvint, S., Isaias, I. U., Quartarone, A., et al. (2015). Movement preparation and bilateral modulation of beta activity in aging and Parkinson’s disease. PLoS One 10:e0114817. doi: 10.1371/journal.pone.0114817

Moisello, C., Blanco, D., Lin, J., Panday, P., Kelly, S. P., Quartarone, A., et al. (2015). Practice changes beta power at rest and its modulation during movement in healthy subjects but not in patients with Parkinson’s disease. Brain Behav. 5:e00374. doi: 10.1002/brb3.374

Nolte, G., Bai, O., Wheaton, L., Mari, Z., Vorbach, S., and Hallett, M. (2004). Identifying true brain interaction from EEG data using the imaginary part of coherency. Clin. Neurophysiol. 115, 2292–2307. doi: 10.1016/j.clinph.2004.04.029

Nolte, G., Ziehe, A., Nikulin, V. V., Schlögl, A., Krämer, N., Brismar, T., et al. (2008). Robustly estimating the flow direction of information in complex physical systems. Phys. Rev. Lett. 100:234101. doi: 10.1103/physrevlett.100.234101


Onton, J., and Makeig, S. (2006). Event-Related Dynamics of Brain Oscillations. Amsterdam: Elsevier.


Onton, J., Westerfield, M., Townsend, J., and Makeig, S. (2006). Imaging human EEG dynamics using independent component analysis. Neurosci. Biobehav. Rev. 30, 808–822. doi: 10.1016/j.neubiorev.2006.06.007

Oswal, A., Brown, P., and Litvak, V. (2013). Synchronized neural oscillations and the pathophysiology of Parkinson’s disease. Curr. Opin. Neurol. 26, 662–670. doi: 10.1097/WCO.0000000000000034

Oswal, A., Beudel, M., Zrinzo, L., Limousin, P., Hariz, M., Foltynie, T., et al. (2016). Deep brain stimulation modulates synchrony within spatially and spectrally distinct resting state networks in Parkinson’s disease. Brain 139, 1482–1496. doi: 10.1093/brain/aww048

Panzacchi, A., Moresco, R. M., Garibotto, V., Antonini, A., Gobbo, C., Isaias, I. U., et al. (2008). A voxel-based PET study of dopamine transporters in Parkinson’s disease: relevance of age at onset. Neurobiol. Dis. 31, 102–109. doi: 10.1016/j.nbd.2008.03.012

Perfetti, B., Moisello, C., Landsness, E. C., Kvint, S., Pruski, A., Onofrj, M., et al. (2010). Temporal evolution of oscillatory activity predicts performance in a choice-reaction time reaching task. J. Neurophysiol. 105, 18–27. doi: 10.1152/jn.00778.2010

Pollak, P. (2013). Deep brain stimulation for Parkinson’s disease–patient selection. Handb. Clin. Neurol. 116, 97–105. doi: 10.1016/B978-0-444-53497-2.00009-7

Priori, A., Foffani, G., Pesenti, A., Bianchi, A., Chiesa, V., Baselli, G., et al. (2002). Movement-related modulation of neural activity in human basal ganglia and its L-DOPA dependency: recordings from deep brain stimulation electrodes in patients with Parkinson’s disease. Neurol. Sci. 23, S101–S102. doi: 10.1007/s100720200089

Quinn, E. J., Blumenfeld, Z., Velisar, A., Miller Koop, M., Shreve, L. A., Trager, M. H., et al. (2015). Beta oscillations in freely moving Parkinson’s subjects are attenuated during deep brain stimulation. Mov. Disord. 30, 1750–1758. doi: 10.1002/mds.26376

Rouse, A. G., Stanslaski, S. R., Cong, P., Jensen, R. M., Afshar, P., Ullestad, D., et al. (2011). A chronic generalized bi-directional brain-machine interface. J. Neural Eng. 8:36018. doi: 10.1088/1741-2560/8/3/036018


Simuni, T., and Pahwa, R. (2009). Parkinson’s Disease. Oxford, New York, NY: Oxford University Press.


Soikkeli, R., Partanen, J., Soininen, H., Pääkkönen, A., and Riekkinen, P. (1991). Slowing of EEG in Parkinson’s disease. Electroencephalogr. Clin. Neurophysiol. 79, 159–165. doi: 10.1016/0013-4694(91)90134-P

Stanslaski, S., Afshar, P., Cong, P., Giftakis, J., Stypulkowski, P., Carlson, D., et al. (2012). Design and validation of a fully implantable, chronic, closed-loop neuromodulation device with concurrent sensing and stimulation. IEEE Trans. Neural Syst. Rehabil. Eng. 20, 410–421. doi: 10.1109/TNSRE.2012.2183617

Steigerwald, F., Pötter, M., Herzog, J., Pinsker, M., Kopper, F., Mehdorn, H., et al. (2008). Neuronal Activity of the Human Subthalamic Nucleus in the parkinsonian and nonparkinsonian state. J. Neurophysiol. 100, 2515–2524. doi: 10.1152/jn.90574.2008

Tadel, F., Baillet, S., Mosher, J. C., Pantazis, D., and Leahy, R. M. (2011). Brainstorm: a user-friendly application for MEG/EEG analysis. Comput. Intell. Neurosci. 2011:879716. doi: 10.1155/2011/879716

Thomson, D. J. (1982). Spectrum estimation and harmonic analysis. Proc. IEEE 70, 1055–1096. doi: 10.1109/proc.1982.12433

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O., Delcroix, N., et al. (2002). Automated anatomical labeling of activations in SPM using a macroscopic anatomical parcellation of the MNI MRI single-subject brain. Neuroimage 15, 273–289. doi: 10.1006/nimg.2001.0978

Wager, T. D., Keller, M. C., Lacey, S. C., and Jonides, J. (2005). Increased sensitivity in neuroimaging analyses using robust regression. Neuroimage 26, 99–113. doi: 10.1016/j.neuroimage.2005.01.011

Weiss, D., Klotz, R., Govindan, R. B., Scholten, M., Naros, G., Ramos-Murguialday, A., et al. (2015). Subthalamic stimulation modulates cortical motor network activity and synchronization in Parkinson’s disease. Brain 138, 679–693. doi: 10.1093/brain/awu380

Williams, D., Tijssen, M., van Bruggen, G., Bosch, A., Insola, A., Di Lazzaro, V., et al. (2002). Dopamine-dependent changes in the functional connectivity between basal ganglia and cerebral cortex in humans. Brain 125, 1558–1569. doi: 10.1093/brain/awf156

Wilson, C. J. (2014). Oscillators and oscillations in the basal ganglia. Neuroscientist 21, 530–539. doi: 10.1177/1073858414560826

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

Copyright © 2016 Canessa, Pozzi, Arnulfo, Brumberg, Reich, Pezzoli, Ghilardi, Matthies, Steigerwald, Volkmann and Isaias. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution and reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnhum-10-00611-t002.jpg
Least-affected Most-affected Dominant (right) Non-dominant (left)

OT (ms) 460 (304-693)* 412 (281-600 437 (300-675) 435 (280-626)
MT (ms) 725 (378-1092) 766 (425-1273) 699 (383-1074)* 792 (413-1278)
PV (crvs) 813 (4.25-15.11) 7.79(3.76-14.93) 834 (4.47-15.01) 7.58 (3.74-15.084
PA (cm/s?) 104.09 (32.94-265.65) 10359 (30.98-275.01) 110.03 (32.52-287.88)% 97.65 (31.69-251.81)°
PL (cm) 482(379-5.92)° 5.08(3.91-6.75)° 5.7 (4.12-6.75)" 4.73(3.72-6.77)
RT(S) 2.04 (1.41-2.78) 2.08(1.48-2.89) 208 (1.4-2.77) 2,05 (1.47-2.87)

In all patients, the most-affected side was contralateral to the striatum with less DAT binding values. All subjects were right-handed, as assessed by a modified Edlinburgh
handedness inventory. DAT, dopamine reuptake transporter, OT, onset time (time from target appearance to movement onset); MT, movement time (time from movement
onset to reversal); PV, peak velocity; PA, peak acceleration; PL, path length (from onset to reversal); RT, retum time (the time needed to come back to the central targef).
Values are expressed as median and range. Statistical significance was assessed by means of a two sample unpaired t-Test, 5p < 0.05 and *0+4% p = 0.01.
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Putamen right Putamen left Caudate n. right Caudate n. left Striatum right Striatum left
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Percentage loss of DAT bindling values calculated with respect to a group of 15 healthy subjects (see Table S1). The DAT binding values of the striatum were used to
identity the relative STN— and MC— or STN+ and MC+. We used the whole striatum, rather than its motor part (ie., the putamen), as the boundaries between the
putamen and the caudate nucleus are uncertain in SPECT images. One subject (L., wues) was not willng to perform a SPECT, and STN— or MC— and STN+ or MC+
were based on UPDRS-ll score as indicated by §. The clinically most affected hand (higher UPDRS scores) always corresponded to the striatum with less nigro-striatal
dopaminergic innervation. The Al was calculated as the relative change of BPyp (see Table S1): Al = ((BPyp striatum ipsiateral — BPyp striatum contralateral)/(BPyp
striatum ipsiateral + BPyy striatum contralateral)) x 200. In this case, contralateral refers to the side opposite to the clinically most affected hemibody. For healthy subjects,
we considered the average striatal binding of left and right, which did not significantly difer in al subjects. Al, asymmetry index; DAT, dopamine reuptake transporter;
BPyp, non-displaceable binding potential; L, left; MC, motor cortex; R, right; SPECT, single-photon computed tomography: STN, subthalamic nucieus; UPDRS-I, Unified
Parkinson Disease Rating Scale motor part. *Indicates the four patients (ie., wue2, 5, 9 and 11) who were able to complete the motor task (i.e., with both hands in the
required amount of time, please refer to “Task and Experimental Design” in the “Materials and Methods Section”).
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UPDRS-lll meds-off “Total hemibody-score right 20 13 12 22
Total hemibody-score left 10 19 22 13

Tremor subscore right 4 0 0 0
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Rigidity-bradykinesia subscore left 10 18 21 13

UPDRS-IIl meds-on Total hemibody-score right 13 10 0 1
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Tremor subscore right 3 0 0 0
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UPDRS-Ii subscores of the four subjects who compléted the study protocol. We found  strong lateralization of clinical symptoms. In meds-off condltion, the medan
UPDRS- I score of the most and least affected hemibodies were 22 (range 19-22) and 12 (range 10-13) respectively. UPDRS-I, Unifled Parkinson Disease Rating Scale
motor part.
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Spectral power of the neuronal oscilltions in the beta frequency range (13-35 Hz) was computed in each subject who completed the study protocol for both the STN
and task (i.e., movement with the right and left hand). “IPSI" and “CONTRA" refer to movement performed with the hand ipsilateral or contralateral to the examined STN
(STN— or STN4). “~" (MC— and STN—) and *+" (MC+ and STN) refer instead to the side with less and more striatal dopaminergic innervation or the more and less
clinically affected hemibody (for wue0S). MC, motor cortex; STN, subthalamic nucleus.
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wuel1 63.93 31.75% 37.01 3857 63.93 3857+ 37.01 3175 37.01 6393* 3857 3175
B MC- MC+ MC- MC+ MC— MC+ MC- MC+ MC— MC— MC+ MC+
CONTRA  CONTRA 1Ps| 1Pst CONTRA 1Ps| 1PsI CONTRA 1PSI CONTRA 1Pst CONTRA
wue02 3245 26.84 19.67 2264 3245 2264 19.67 26.84 19.67 32.45* 2264 2684
wue05 55.88 57.13 4254 63.77* 55.88 63.77 4254 57.13 4254 55.88 63.77 57.13
wue09 56.76 59.31 31.75 57.39% 56.76 57.39 31.76 59.31* 31.75 56.76* 57.39 59.31
wuelt 60.57 34.75% 36.08 63.80% 60.57 63.80 36.08 3475 36.03 60.57* 63.80 34.75¢

Signiicant differences considering separately the STN (4) and the MC (B) for all the six possible comparisons. Brain structures are distinguished with regards to stratal
dopaminergic innervation loss and clinical severty. In each cel, we show the average rebound value, expressed as percentage of relative power change (see also
Figure 1 and Figure S6, Supplementary Material, Resuts). As in Table 3, “IPSI” and *CONTRA' refer to movement performed with the hand ipsiteral or contralateral to
the examined STN (STN— or STN). “~" (MC— and STN—) and “+” (MC+ and STN+) refer instead to the side with less and more striatal dopaminergic innervation or the
more and less clinically affected hemibody (for wue05). MC, motor cortex; STN, subthalamic nucleus. *Indicates significance at p < 0.05 between each comparison (e.g.
STN=conea VS. STN+conta)-
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Subject Gender  Ageat Disease duration LEDD UPDRS pre-DBS  UPDRS pre-DBS LEDD UPDRS post-DBS
surgery (year)  atsurgery (year) pre-DBS (mg)  meds-off (score)  meds-on (score) post-DBS (mg) meds-off, stim-on

(score)
wue2* male 65 10 1100 40 23 800 19
wue3 male 61 18 2725 40 9 600 13
wueb* male 67 17 1050 49 24 500 13
wueB male 51 11 1133 a7 12 180 9
wue? male 61 10 650 43 24 220 19
wued* male 55 19 1200 50 1 730 16
wuel!*  female 53 1" 1300 55 4 460 9

Demographic and clinicalinformation. Before surgery participants were tested after overight witharawal of all dopaminergic medications (meds-off). To evaluate the effect
of levodopa (meds-on), the patient had tumedinto a good quality “on-state" upon receiving 1-1.5-times the levodopa-equivalent of the preoperative morming dose. After
surgery, al patients were evaluated in meds-off condition but under chronicaly effective STN stimulation (meds-off, stim-or). *Inicates the four patents (ie., wue2, 5,
9:and 11) who were able to complete the motor task (.., with both hands in the required amount of time, please refer to “Task and Experimental Design” in the “Materials
and Methods Section”). DBS, deep brain stimulation; LEDD, levodopa equivalent daily dose; STN, subthalamic nucleus; UPDRS-JI, Unified Parkinson Disease Reting
Scale motor part.
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