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Abstract

Background—Deep Brain Stimulation (DBS) of the subthalamic nucleus or globus pallidus 

internus is used to treat the motor symptoms of Parkinson’s disease. The former can worsen 

impulsive and compulsive behaviors after controlling for the reduction of dopaminergic 

medications. However, the effect of pallidal DBS on such behaviors in PD patients is less clear.

Objective/Hypothesis—We hypothesized that greater stimulation spread to the pallidum with 

prefrontal connectivity would reduce motor impulsivity.

Methods—Seven Parkinson’s patients with stable globus pallidus internus DBS settings for 3 

months, disease duration of 13 ±1.3 years, and Montreal Cognitive Assessment of 26.8 ±1.1 each 

had two stimulation settings defined based on reconstructions of lead placement and volume of 

tissue activation targeting either a dorsal or ventral position along the DBS electrode but still 

within the globus pallidus internus. Subjects performed a stop signal reaction time task with the 

DBS turned off vs. on in each of the defined stimulation settings, which was correlated with the 

degree of stimulation effect on pallidal subregions.
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Results—A shorter distance between the volume of tissue activation and the right prefrontally-

connected GPi correlated with less impulsivity on the stop signal reaction time task (r=0.69, 

p<0.05). Greater volume of tissue activation overlap with the non-prefrontally-connected globus 

pallidus internus was associated with increased impulsivity.

Conclusion—These data can be leveraged to optimize DBS programming in PD patients with 

problematic impulsivity or in other disorders involving impulsive behaviors such as substance use 

disorders.
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INTRODUCTION

In addition to the motor symptoms of Parkinson’s disease (PD), dopaminergic denervation 

of the basal ganglia-thalamo-cortical circuitry results in non-motor dysfunctions involving 

mood, cognition, and behavior [1, 2]. Dopamine replacement, especially the use of 

dopamine agonists, is associated with the potential development of impulse control disorders 

(ICD) like hypersexuality and gambling [3]. Treatment of ICD’s can be difficult given 

patients’ reliance on dopamine replacement therapy for optimal motor function.

With progression of PD, deep brain stimulation (DBS) of the subthalamic nucleus (STN) or 

globus pallidus internus (GPi) is considered in some patients to manage worsening motor 

symptoms. In many patients, DBS also improves medication-related complications like 

dyskinesia and ICD by reducing the levodopa equivalent daily dose (LEDD) [4]. However, 

when controlling for the reduction of LEDD, STN DBS was shown to worsen impulsive 

behaviors across multiple measures [5–9], the degree of which correlates with frontostriatal 

connectivity [10]. The effects of GPi DBS on impulsivity are less clear, and understanding 

these effects could have direct clinical implications for programming PD patients with 

existent GPi DBS and comorbid ICD, especially those whose LEDD requirement is not 

reduced post-DBS.

Human imaging and primate tracing studies illustrate that the GPi is composed of 

contiguous subregions that maintain functional and anatomic segregation in “parallel 

processing loops” throughout the cortico-basal ganglia-thalamo-cortical networks involving 

various cortical regions [11, 12]. The posterolateral GPi (i.e., sensorimotor GPi) receives 

inputs from the dorsolateral striatum and is functionally connected to the sensorimotor 

cortical areas, while the anteromedial GPi (PFC-GPi) receives inputs from the ventral and 

dorsomedial striatum and is functionally connected to the prefrontal cortical areas. Several 

reported cases of anterior GPi lesions suggest a role of the anterior GPi in regulating 

impulsivity and motivation [13, 14]. Further, case series in patients with Tourette’s 

Syndrome, a disorder of motivated movement and its inhibition [15], treated with GPi DBS 

for refractory tics showed better efficacy when DBS leads were placed in the PFC-GPi, 

compared to sensorimotor-GPi, the latter being the gold standard target for movement 

disorders with GPi DBS [16].
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Given the differential GPi connectivity profile, the role of the prefrontal cortex in 

impulsivity [17–19], the DBS results from Tourette’s Syndrome studies [16, 20–22], and 

the potential role of anterior GPi lesions in motivational disorders [13, 14], we hypothesized 

that GPi DBS reduces impulsivity when the field of stimulation involves the anterior PFC-

GPi, and as such, we predicted that in patients with PD implanted with GPi DBS, closer 

proximity of stimulation to the PFC-GPi correlates with reduced motor impulsivity. As 

an accepted measure to evaluate prepotent response inhibition across numerous behavioral 

disorders [23–26], and particularly as a marker for motor impulsivity [27, 28], Stop Signal 

Reaction Task (SSRT) was adopted to observe the association between motor impulsivity 

and stimulation effect.

METHODS

Participant Subjects and Screening

Seven patients (5 males, 2 females) meeting Movement Disorders Society Criteria 

for Clinically Established Parkinson’s disease and followed in the Johns Hopkins 

Neuromodulation and Advanced Therapies Clinic were included in the study. To meet the 

inclusion criteria, subjects had to be implanted with bilateral GPi DBS, had stable settings 

for at least 3 months, and were fluent in English. We excluded potential participants who 

had a history of severe cognitive impairment (MoCA <21) or had a known severe reaction 

to having DBS turned off for minutes to 2 hours. Subjects were also excluded if either GPi 

DBS lead position did not allow for two non-overlapping volumes of tissue activation (VTA) 

of superior (dorsal) and inferior (ventral) stimulation settings.

DBS Stimulation Parameters

Recruited subjects had either directional (Abbott St Jude 6173™) or omnidirectional leads 

(Medtronic 3387™). Lead location was reconstructed from post-operative CT images co-

registered to pre-operative T1 volumetrically acquired MRI images using the MATLAB 

toolbox Lead DBS [29]. MRI and CT scans were normalized to MNI ICBM 2009b 

Nonlinear Asymmetric atlas and FEM-based volume of tissue activation (VTA) was created. 

The position of the reconstructed leads relative to PFC-GPi was determined using a 

normative atlas [30]. Figure 1A illustrates the lead localizations across participants using 

a Lead Group toolbox [31]. The active clinically programmed contact location, polarity, 

and settings varied across subjects. The DBS pulse-width ranged between 60 and 90 msec, 

frequency 130 to 150 Hz, and stimulation intensity 2 to 5 mV / mA.

Subjects underwent behavioral testing with three experimental conditions (Figure 1B, E): 

1) DBS-ON-ventral condition where the most inferior contact within the GPi was activated 

(Figure 1B-left), 2) DBS-ON-dorsal where the most superior contact within the GPi was 

activated (Figure 1B-right), and 3) DBS-OFF. The order of different DBS conditions was 

pseudorandomized. The ventral and dorsal stimulation settings were chosen to maximize 

spatial distinction between ventral and dorsal VTAs which were used in the correlations 

with the behavioral measures [30]. Overlap between ventral and dorsal VTA was avoided. 

Due to the typical trajectory of GPi DBS electrodes, the dorsal VTA was typically more 

anterior than the ventral VTA. During the testing sessions, patients were slowly ramped up 
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to the goal amplitude as determined by the VTA modeling, with a consistent frequency of 

130 Hz and pulse width of 60 μsec across all participants in all experimental conditions. 

The amplitude ramp was stopped just below the threshold of any reported side effects from 

stimulation.

Experimental paradigm

Participants underwent testing with three experimental conditions (DBS-OFF, DBS-ON-

ventral, and DBS-ON-dorsal) across two separate visits, 1–2 weeks apart, and two sessions 

per visit (Figure 1E). Each visit was scheduled for 5 hours and included one DBS-OFF 

session and one DBS-ON (ventral or dorsal) session (2.5 hours per session). The DBS-OFF 

session was repeated between visits to control for variation in baseline behavioral function 

across testing days. The order of DBS-ON-ventral vs. DBS-ON-dorsal across visits was 

chosen at random.

The subjects arrived at 08:00 after withholding their dopamine replacement medications 

overnight and took their Levodopa and dopamine agonist medications at the prescribed dose 

under direct observation. Subjects were tested in the medication “on” state to control for the 

effect of dopamine replacement and isolate the effect of stimulation and to avoid distraction 

from the task by intolerable motor symptoms in the med-OFF, DBS-OFF state. A clinician 

activated the DBS settings determined by VTA modeling for each testing session with the 

testing research assistant out of the room and if there were immediate side effects, reduced 

the voltage or amplitude to below the side effect threshold. The unblinded clinician left 

the testing room for the entire testing session but remained nearby in case intolerable side 

effects occurred. A 30 min wash-in or wash-out period followed DBS adjustments (Figure 

1E). Patients did not eat during the sessions but were allowed to drink water and to take their 

medications as prescribed to avoid a wearing-off effect. The subjects and testing research 

assistant were blinded to the stimulation condition.

Stop Signal Reaction Time Task

Stimuli were presented on a computer monitor using e-Prime software (version 2.0, 

Psychology Software Tools, Sharpsburg, PA). Each trial began with a black fixation cross 

centered on a white background. After 500 msec, a black square (Go Signal) appeared 

equiprobably to either the right or the left side of the cross. Subjects responded accordingly 

by pressing either the left or right arrow key with the right hand, regardless of handedness 

or motor symptom asymmetry, corresponding to the side the square appeared. On 25% 

of the trials, the black square turned red (stop signal) after a variable delay (stop signal 

delay, SSD). SSD was varied using a dynamic tracking staircase procedure [24, 32]. The 

SSD value was selected from one of four staircases which started with SSD values of 

100,150, 200, and 250 msec. If the subject failed to stop after a stop signal, the delay 

was made 50 msec smaller making it easier to inhibit the response on the following stop 

signal trial. If the subject stopped successfully, the delay was made 50 msec longer on the 

following stop signal trial. The subjects underwent testing in 3 blocks per session, where 

each block consisted of 32 stop trials and 96 go trials (total 128 trials/block). Each staircase 

moved 8 times within each block (4 staircases for 32 stop trials). The staircases were 

independent but randomly interleaved, meaning that each particular stop trial pertained to 
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one particular staircase, but the order of staircases was randomized on a trial-by-trial basis. 

This arrangement allowed a stopping probability close to 50% by the end of the experiment.

Analysis of Stop Signal Reaction Time

The Stop Signal Reaction Time (SSRT) for each session was calculated using the 

convergence method [17, 32]. SSRT was calculated for one block and averaged between 

the three blocks/session. For each block, SSRT was calculated as mean Go reaction time 

(average of reaction time on all correct go trials in the block) minus mean SSD of all 

4 staircases after convergence (each staircase SSD was the mean of the last 3 or 4 SSD 

values in that staircase, when stopping probability was close to 50%). SSRT for each session 

was the average SSRT of the 3 blocks. The SSRT served as a marker of inhibitory control 

such that higher SSRT corresponded to reduced efficiency of inhibiting a prepotent motor 

response, one component of the multifactorial construct of impulsivity.

Distance Metrics between VTA and PFC-GPi

The reconstruction of lead locations revealed that all leads were placed in the posterior 

sensorimotor-GPi (Figure 1A), and VTA simulations showed little to no-overlap of VTAs 

with the PFC-GPi, which prevented volumetric overlap assessment of VTA with PFC-

GPi across the entire group. However, the anterior position of the PFC-GPi relative to 

sensorimotor-GPi and the antero-posterior angle of lead implantation provided a spatial 

distribution of the VTAs (dorsal and ventral) relative to PFC-GPi. Acknowledging that the 

volume boundaries of VTA correspond to a specific electric field threshold (0.2 V/mm) [33, 

34], and that the activation threshold of axons is highly variable based on tissue properties 

[35] such that neural tissue beyond the defined VTA is still impacted by smaller electric 

fields, we measured the distance between each VTA and the PFC-GPi centroid with the 

assumption that shorter vs. longer distances between the VTA and PFC-GPi correlate with 

stronger vs. weaker effects of DBS on the PFC-GPi subregion (Figure 1C). The centroid 

coordinate of the PFC-GPi was evaluated as the arithmetic mean of all spatial coordinates 

comprising its volume. The distance was measured as the minimum Euclidean distance 

formed between the centroid coordinate of the PFC-GPi among the coordinates comprising 

the surface of the VTA (Figure 1C).

Volumetric overlap between VTA and GPi

The volumetric overlap between the VTA and overall GPi was calculated using a built-in 

function in the Lead DBS toolbox, which calculates the individual volumes of surface 

triangulation of VTA and GPi, and subsequently extracts the volume of the intersecting 

region (Figure 1D). While the VTA estimation was not validated by another method, prior 

studies in Parkinson’s disease [36, 37], essential tremor [38], and dystonia [39] have shown 

a good correlation between VTA overlap with target structure and clinical outcomes.

Data Analysis

One-way ANOVA was used to assess for differences in variance of GO-RT, SSRT, and 

SSD between the three stimulation conditions (OFF, ON-ventral, and ON-dorsal) regardless 

of VTA location. Because Go-RT and SSRT values are measured twice in the DBS OFF 
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condition, once at each study visit, the average values of the two OFF-condition Go-RT 

and SSRT values were reported. The correlation between GO-RT or SSRT and the distance 

between the VTA and PFC-GPi or volume overlap between VTA and GPi was evaluated 

with Spearman’s Rho coefficient using GraphPad Prism (version 9.1.0). Outliers were 

identified using Grubb’s test with α=0.05. One data point in the volume overlap analysis 

was excluded as an extreme outlier. Statistical significance was set at p<0.05. Data are 

presented as mean ± S.E.M.

RESULTS

Demographics of study participants

The average age of the participants was 62.6 years, with a mean disease duration of 13 years, 

mean duration of DBS implantation of 12.1 months, and mean UPDRS Part III score 32.6 

(on medications with clinically optimized DBS-ON) (Table 1). The stimulation settings used 

for DBS-ventral and DBS-dorsal conditions for each participant are reported in Table 3. The 

Montreal Cognitive Assessment (MoCA) was performed during clinically optimized DBS 

settings. The subjects had minimal to no cognitive impairment during their participation in 

the study.

Go-Reaction Time

There was no overall difference in the Go-Reaction Time (GO-RT), a measure of proactive 

response initiation, between the DBS-OFF vs. DBS-ON conditions (Table 2). However, 

the distance between right PFC-GPi centroid and VTA was significantly correlated with 

the change in GO-RT between DBS-ON and OFF conditions (r = 0.77, p < 0.005, Figure 

2A). These results indicate that a shorter distance between VTA and PFC-GPi, which likely 

causes stronger electric fields in the PFC-GPi, correlates with faster GO-RT during the 

SSRT task. This correlation was specific to the right hemisphere as there was no correlation 

between left PFC-GPi centroid and VTA (r = 0.06, p = 0.83) (Figure 2A).

To examine the DBS effect of non-PFC GPi on GO-RT, we evaluated the correlation 

between volumetric overlap of VTA and overall GPi (since there was minimal to no overlap 

of VTA with PFC-GPi). The volumetric overlap of VTA and left GPi was positively 

correlated with GO-RT (r = 0.58, p < 0.05, Figure 2B). No significant correlation was 

observed with the right GPi (r = 0.46, p = 0.12, Figure 2B). These results suggest that DBS 

of a larger volume of the sensorimotor GPi is correlated with slower motor initiation. Of 

note, there was no correlation of response accuracy (successfully stopping when a stop cue 

was presented) with the distance between VTA and PFC-GPi or volumetric overlap of VTA 

with GPi in either hemisphere.

Stop-Signal Reaction Time

SSRT represents the degree of reactive inhibition following a cue. A longer SSRT 

indicates that a stop signal must be presented closer to the Go signal to allow the subject 

to successfully inhibit their response and suggests increased impulsivity (worse motor 

inhibition). On the other hand, a shorter SSRT indicates the subject is able to inhibit their 

response even when the stop signal is presented late and suggests reduced impulsivity.
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Overall, there was no difference in SSRT between the three DBS conditions when the VTA 

location was not accounted for (Table 2). Given the role of prefrontal-striatal circuits in 

impulsivity, 14 we tested the effects of the distance between PFC-GPi and VTA on SSRT. 

The right PFC-GPi distance from the VTA surface was positively correlated with the change 

in SSRT between the DBS-ON and OFF settings (r = 0.69, p <0.05, Figure 3A). There was 

no such correlation in the left hemisphere (r = 0.09, p = 0.75, Figure 3A). These results 

suggest that motor impulsivity is greater the more distant the VTA is from the PFC-GPi 

and lower the closer the VTA is to the PFC-GPi. Regression analysis reveals an X intercept 

of ~4.5mm with negative SSRT difference before that and positive difference after. These 

results indicate that when the VTA surface is less than the 4.5 mm from the PFC-GPi 

centroid, DBS will likely result in reduced impulsivity. On the other hand, at distances >4.5 

mm, DBS results in increased impulsivity.

To test the specificity of these findings relating right PFC-GPi DBS to impulsivity, we tested 

the relationship of non-PFC-GPi DBS with SSRT performance. Given the large overlap of 

VTA with non-PFC GPi, we measured the volumetric overlap of VTA and non-PFC GPi 

(instead of distance metrics), and correlated it to the difference in SSRT between DBS-ON 

and OFF. We observed a positive correlation for left GPi with SSRT (left: r = 0.73, p < 0.05, 

Figure 3B) and a strong trend for the same association between right GPi and SSRT (r = 

0.53, p = 0.06), suggesting that greater overlap between VTA and non-PFC GPi results in 

increased impulsivity. These results support the specificity of the potential role of PFC GPi 

stimulation in reducing impulsivity.

DISCUSSION

We have shown that while holding dopamine replacement therapy constant, GPi stimulation 

closer to the GPi subregion with prefrontal connectivity correlates with shorter SSRT, 

indicating an improvement in motor impulsivity. This correlation between SSRT and the 

degree of stimulation effect was specific to the PFC-GPi in that a larger volume of tissue 

activation in the posterior GPi (i.e., the non-PFC-GPi) reversed this association. We believe 

these results will have important implications for future studies of the effects of lead location 

on non-motor DBS outcomes in PD patients and could be translated to other disorders 

involving motor impulse control such as Tourette’s syndrome and substance use disorders.

Worsening impulsivity and inducing Impulse Control Disorders (ICDs) are two major 

complications of dopamine replacement therapy in PD patients. After STN DBS 

implantation, dopamine replacement is usually reduced. However, the interplay between 

the intrinsic disease impact and the effects of DBS and ensuing medication reduction on 

impulsivity is complex. While many patients with STN DBS show nearly 50% reduction 

of LEDD following STN DBS [40], with an associated improvement of dyskinesia [41–

43] and ICD [4, 44–47], other patients continue to require high doses of dopaminergic 

medications as reflected in their unchanged LEDD [48]. The ICD prevalence does not 

improve in patients who do not show reduced LEDD post-DBS [4]. Importantly, STN DBS 

was shown to worsen impulsive behaviors across multiple measures after controlling for 

the reduction of dopamine replacement dosage [5–9]. As such, in patients whose LEDD 

remains unchanged post-DBS, STN DBS increases hyperdopaminergic behaviors like ICD 

Moussawi et al. Page 7

Brain Stimul. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and Dopamine Dysregulation Syndrome (DDS), which is reminiscent of the exacerbation of 

dyskinesia in those patients. Alternatively, some DBS centers target the GPi due to better 

cognitive side effects profile and improved mood outcomes compared to STN DBS [48–50]. 

GPi DBS directly mitigates dyskinesia in PD patients without requiring LEDD reduction 

[51]. Therefore, GPi DBS may be used in patients with significant dyskinesias who cannot 

tolerate LEDD reduction lest this causes worsening apathy and axial symptoms [52]. Our 

finding of reduced impulsivity being association with VTA’s that are closer in proximity to 

the PFC-GPi vis-à-vis the previously reported increased impulsivity with STN DBS mirrors 

the contrasting effects of sensorimotor GPi vs. STN stimulation on dyskinesia, when LEDD 

is unchanged [4, 10].

Our results show that effects of GPi DBS on impulsivity are more nuanced than STN DBS 

and vary with the VTA in relation to the PFC-GPi subregion. The correlation between 

stimulation effect on motor impulsivity and the proximity of stimulation to PFC-GPi 

was localized to the right hemisphere, which is consistent with prior literature on the 

neurocircuitry of motor impulsivity [53]. Reactive inhibition, as in the SSRT task, has been 

repeatedly shown to depend on the right dorsolateral PFC, including the precentral gyrus, 

pre-supplementary motor area, and inferior frontal gyrus [18, 19, 54, 55].

While increased stimulation of PFC-GPi was associated with reduced impulsivity, it was 

also associated with faster motor initiation as indicated by reduced Go-RT. This latter effect 

is consistent with prior literature showing that DBS stimulation of PFC connected circuits 

reduces reaction time [56]. This is likely due to improved attention processes and cognitive 

control during tasks that emphasize speed of motor initiation [56–61].

To determine whether this correlation is specific to stimulation of the PFC-GPi vs. 
other pallidal subregions, we showed that increased VTA overlap with non-PFC GPi was 

associated with the opposite outcome (i.e., greater overlap is correlated with increased 

impulsivity). One explanation is that a larger overlap between VTA and non-PFC-GPi 

translates to reduced stimulation effect on the PFC-GPi, and therefore increased impulsivity. 

Alternatively, it is possible that DBS of the premotor-GPi causes functional inhibition 

of the pallidal GABAergic neurons, which results in disinhibition of the downstream 

thalamocortical circuits and increased activation of the premotor cortex, thus increasing 

the tendency of the motor cortex to generate a response. Lastly, the effect of a larger VTA 

overlap non-PFC-GPi could be confounded by extent of VTA overlap with GPe, the effects 

of which on impulsive behaviors remain largely unexplored.

While trying to leverage the unique opportunity DBS offers in causing reversible lesion-like 

effects to explore behavioral-anatomic relationships, this approach has some limitations. For 

example, the experimental paradigm involved simultaneous bilateral stimulation in either 

ventral or dorsal positions within the GPi. We did not test the stimulation effect of each 

hemisphere independently. To optimize the experimental design and capture behavioral 

responses in the same medication state (“on” medications), we asked participants to arrive 

to the office on testing days in the “off” state. Testing each hemisphere independently would 

have required two more testing visits, which adds significant burden to participants. Another 

limitation of this study is the correlational nature of the results as opposed to demonstrating 
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a causal relationship between PFC-GPi stimulation and reduced impulsivity. The DBS 

electrodes in all the participants were localized to the sensorimotor GPi, and therefore, 

establishing a causal relationship cannot be attained considering the opposite correlational 

patterns we observed between stimulating PFC- vs. non-PFC GPi. However, case studies of 

anterior GPi lesions suggest a causal role of PFC-GPi in regulating impulsive behaviors [13, 

14]. Further, data from Tourette’s syndrome patients implanted with PFC-GPi DBS provide 

supportive evidence regarding PFC-GPi DBS effects on reducing impulsivity – PFC-GPi 

DBS in the treatment of refractory Tourette’s, which is strongly associated with impulsivity 

[62], has been shown to be more efficacious than sensorimotor-GPi DBS [20–22].

While the number of patients enrolled in this study was small, each patient contributed 

two data points (ventral vs. dorsal electrode contact). That the study detected a correlation 

between stimulation intensity and behavioral outcome in a small cohort speaks to the 

strength of this structure-function association. The rigor of the data analysis and conclusion 

was reflected in the specificity of main finding to the right hemisphere, which is consistent 

with the SSRT literature [18, 19, 53–55]. Overall, the main hypothesis of this study, that 

stimulation of PFC-GPi reduces impulsivity compared to sensorimotor-GPi DBS, is ideally 

best tested in a study design where both GPi areas are directly implanted with DBS leads, 

which allows for direct comparison. While our findings may motivate this approach in future 

research, our goal was to leverage the placement of GPi leads targeting motor parkinsonism 

to explore effects on a non-motor GPi region of interest and potentially generate data to 

support this approach.

The primary motivation behind our study was to understand the distinctive effects of DBS of 

the different GPi subregions on regulating impulsivity. Our findings support the hypothesis 

that right PFC-GPi DBS reduces impulsivity. Future clinical studies could be performed to 

test whether comorbid ICD mitigation is possible without a substantial LEDD reduction 

following PFC-GPi DBS and whether this region could be targeted for other disorders 

involving impulsive behaviors.
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Highlights:

• Exact location of stimulation within the GPi can modulate motor impulsivity

• GPi stimulation closer to right anterior GPi reduced motor impulsivity

• Larger overlap of stimulation field with left posterior GPi worsened motor 

impulsivity
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Figure 1. DBS Stimulation Parameters and Experimental Paradigm
(A) DBS lead localization in all subjects. Green = GPi. Blue = GPi subregion with prefrontal 

cortex connectivity; PFC-GPi). Red = active clinical contact. (B) Simulated Volumes of 

Tissue Activation (VTA) in the “ventral” (left) and “dorsal” (right) conditions. Impact of 

stimulation measured with either distance of VTA surface to PFC-GPi centroid (C) or VTA 

overlap with target (D). (E) Experimental design with 3 DBS conditions: OFF, ON-dorsal, 

ON-ventral.
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Figure 2. Go-Reaction Time and PFC-GPi Stimulation
Correlation between Go-Reaction Time (GO-RT) and DBS volume of tissue activation 

(VTA). (A) Shorter distance between the right PFC-GPi centroid and VTA is correlated with 

shorter GO-RT during the SSRT task. (B) Greater volumetric overlap between VTA and left 

GPi correlates with longer GO-RT during the SSRT task. Cartoons in each panel illustrate 

the metrics used in the correlation analysis (see Figure 1 C, D for details). Left and Right 

indicate left vs. right hemisphere DBS. r = Spearman’s correlation coefficient. * indicates 

significance (p <0.05).
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Figure 3. Stop-Signal Reaction Time and PFC-GPi Stimulation
Correlation between SSRT and DBS volume of tissue activation (VTA). (A) Shorter distance 

between the right PFC-GPi centroid and VTA is correlated with lower SSRT and reduced 

motor impulsivity. (B) Greater volumetric overlap between VTA and left GPi correlates with 

longer SSRT and increased impulsivity. Cartoons in each panel illustrate the metrics used in 

the correlation analysis (see Figure 1 C, D for details). Left and Right indicate left vs. right 

hemisphere DBS. r = Spearman’s correlation coefficient. * indicates significance (p <0.05).
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Table 1.

Demographic information of study participants

Characteristic Patients (n = 7)

Age (Years) 62.7 ± 2.7

Disease Duration (Years) 13.0 ± 1.3

Duration of DBS Implantation (Months) 12.1 ± 1.5

MDS - UPDRS III Scale 32.6 ± 5.7

Handedness * Right (5), Left (1)

Montreal Cognitive Assessment (MoCA)* 26.8 ± 1.1

MDS-UPDRS III Scale was obtained in the medication “on” state and with clinical DBS settings. Data are presented as mean ± S.E.M.

*
Handedness and MoCA result of one study participant are unknown. Data are presented as mean ± S.E.M
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Table 2.

Stop signal reaction time task performance

DBS-OFF DBS-ON ventral DBS-ON dorsal p-value

GO-RT (ms) 766 ± 26 728 ± 50 710 ± 51 0.57

Failed stop RT (ms) 569 ± 33 553 ± 40 591 ± 22 0.65

Overall SSD (ms) 325 ± 12 290 ± 25 295 ± 29 0.41

SSD after Convergence (ms) 380 ± 39 387 ± 38 430 ± 19 0.41

Response Accuracy (%) 79 ± 3 72 ± 6 73 ± 6 0.47

Go Discrimination Error (%)

Go Omission Error (%) 15 ± 6 7 ± 1 10 ± 7 0.62

Probability of Stopping After Convergence (%) 46 ± 4 44 ± 4 44 ± 3 0.91

SSRT (ms) 335 ± 14 348 ± 26 323 ± 19 0.69

Go-RT = mean correct go reaction time; Failed stop RT = mean RT on failed stop trials; Overall SSD = mean stop signal delay in all stop trials; 
SSD after convergence = mean stop signal delay in stop trials after convergence; Response accuracy = % correct trials (stop and go trials); Go 
omission error = % omission error on go trials; probability of stopping after convergence = probability of stopping on stop trials after convergence; 
SSRT = mean stop signal reaction time (Go-RT – SSD after convergence), calculated for each subject then averaged. Data are presented as mean ± 
S.E.M.
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