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Abstract

Frontal-basal ganglia circuitry dysfunction caused by Parkinson’s disease impairs important
executive cognitive processes, such as the ability to inhibit impulsive action tendencies.
Subthalamic Nucleus Deep Brain Stimulation in Parkinson’s disease improves the reactive
inhibition of impulsive actions that interfere with goal-directed behavior. An unresolved question
is whether this effect depends on stimulation of a particular Subthalamic Nucleus subregion. The
current study aimed to 1) replicate previous findings and additionally investigate the effect of
chronic versus acute Subthalamic Nucleus stimulation on inhibitory control in Parkinson’s disease
patients off dopaminergic medication 2) test whether stimulating Subthalamic Nucleus subregions
differentially modulate proactive response control and the proficiency of reactive inhibitory
control. In the first experiment, twelve Parkinson’s disease patients completed three sessions of the
Simon task, Off Deep brain stimulation and medication, on acute Deep Brain Stimulation and on
chronic Deep Brain Stimulation. Experiment 2 consisted of 11 Parkinson’s disease patients with
Subthalamic Nucleus Deep Brain Stimulation (off medication) who completed two testing
sessions involving of a Simon task either with stimulation of the dorsal or the ventral contact in the
Subthalamic Nucleus. Our findings show that Deep Brain Stimulation improves reactive inhibitory
control, regardless of medication and regardless of whether it concerns chronic or acute
Subthalamic Nucleus stimulation. More importantly, selective stimulation of dorsal and ventral
subregions of the Subthalamic Nucleus indicates that especially the dorsal Subthalamic Nucleus
circuitries are crucial for modulating the reactive inhibitory control of motor actions.
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1. Introduction

The potential dissociation of functional subterritories within the STN has generated
considerable clinical interest and sparked debate. Clinically, the ability to direct high-
frequency electrical stimulation to targeted STN substructures holds promise as a flexible
intervention to simultaneously treat a wider range of motor, cognitive, and emotional deficits
that emerge in Parkinson’s disease. The debate centers on the notion of functional
subdivisions in the STN. Some anatomical and connectivity studies suggest that the
distribution of prefrontal inputs to STN maintains topographical segregation along the
dorsolateral to ventromedial STN axis that follows, respectively, a motor (e.g., primary
motor, pre-motor, supplementary motor) to cognitive (e.g., dorsolateral prefrontal cortex) to
limbic (e.g., orbitofrontal cortex) gradient (Haynes and Haber, 2013). Others have
questioned the fidelity of topographically defined STN subregions by pointing to the diffuse
overlap of prefrontal inputs across the STN structure (Keuken et al., 2012). Contributing to
this debate are a limited set of pioneering studies in Parkinson’s disease that tested the
functional architecture of STN substructures by contrasting behavioral effects of stimulating
electrode contacts situated relatively more dorsal or more ventral along the lead wire
targeting STN (Greenhouse et al., 2011, 2013; Hershey et al., 2010). While these studies
have disclosed dissociable behavioral effects along the dorsal-ventral axis, most have been
restricted by the confounding influence of dopaminergic medications in Parkinson’s disease,
use of electrodes and stimulation parameters chosen clinically for motor symptom control
that inevitably produce large fields of tissue activation, and limited specification of electrode
positioning, including electrodes often positioned outside of the STN.

The goal of this investigation was to address some of these limitations while testing the
hypothesis that stimulating dorsal and ventral STN substructures produces dissociable
effects on two critical components of executive cognitive control, proactive impulse control
and reactive inhibitory control. These forms of cognitive control are separable
experimentally and have been linked to frontal-basal ganglia circuitries (Aron et al., 2007;
Forstmann et al., 20084, b, c; Jahfari et al., 2011; Gillan et al., 2011; Holl et al., 2013; van
den Wildenberg et al., 2010; Worbe et al., 2011). Studies show their compromise in
Parkinson’s disease and their modulation by dopamine pharmacotherapy (Wylie et al.,
2009a, b, 2010a, b, 2012a, b, 2013). These control mechanisms are crucial for navigating
dynamic, action-oriented environments that may trigger conflicting, undesired, or impulsive
response tendencies. A proactive impulse control mechanism provides a first line of defense
against strong motor impulses by governing the motor system’s global susceptibility to
acting on initial response impulses. Poor proactive impulse control leads to higher rates of
fast, impulsive action errors in conflict situations. Even when impulsive responses activated
in the motor system fail to trigger an overt response error, they directly interfere with the
speed of selecting a desired action. In this situation, a reactive inhibitory control/ mechanism
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is engaged to suppress the interference from the activated response impulse (Aron and
Poldrack, 2006; Ballanger et al., 2009; Botvinick et al., 2001; Cavanagh et al., 2012;
Forstmann et al., 2008a, b, c; Frank, 2006; Mansfield et al., 2011; Ridderinkhof et al., 2004;
Wylie et al., 2010a, b; Zaghloul et al., 2012).

The STN has been postulated as a key node in both cognitive control circuitries, and data
point to STN involvement when making proactive adjustments in response and decision
thresholds as well as in situations eliciting reactive inhibitory control (Frank et al., 2006,
2007; Kolomiets et al., 2001; Nambu et al., 2002; Wylie et al., 2010a, b). Human
Parkinson’s disease studies investigating the effects of STN DBS using clinically-
determined electrodes and stimulation parameters and studies of STN-lesioned animals
frequently report an increase in fast, premature response errors, suggesting that proactive
impulse control may be lowered or disrupted (Eagle and Baunez, 2010; Frank et al., 2006,
2007; Campbell et al., 2008; Ballanger et al., 2009; Hershey et al., 2004; Jahanshahi et al.,
2000; Witt et al., 2004). Moreover, Hershey et al. (2010) suggested that stimulating the STN
through a more ventrally situated electrode contact using clinical stimulation parameters
induced an increase in impulsive commission errors in a go/no-go task. STN DBS applied
using clinically-derived stimulation parameters also appears to modulate reactive inhibitory
control mechanisms engaged to inhibit activated but undesired actions (van den Wildenberg
et al., 2006; Wylie et al., 2010a, b; Swann et al., 2011; Mirabella et al., 2012). In a prior
study of dopamine-medicated Parkinson’s patients, we reported that STN DBS using clinical
parameters produced both patterns of effects by inducing greater susceptibility to acting on
strong initial impulses (i.e., poorer proactive impulse control), but conversely improving the
proficiency of reactive inhibitory control engaged to suppress interference from these
impulses (Wylie et al., 20103, b).

In the current investigation, we conducted two critical follow-up experiments. The first
involved a replication of STN DBS effects (using clinically-defined electrode and
stimulation parameters) on proactive impulse control and reactive inhibitory control that we
reported previously, but this time patients performed withdrawn from their dopaminergic
medications. In the second experiment, we tested the dissociable effects of stimulating in
dorsal versus ventral STN on proactive impulse control and reactive inhibitory control. \We
recruited a new sample of PD patients withdrawn from dopaminergic medications and
mapped their bilateral DBS contacts a priori to dorsal and ventral STN subregions to ensure
electrode contacts were embedded within (or intersecting) the STN structure. We then
applied more focused stimulation parameters to restrict the projected field of tissue
activation to the dorsal or to the ventral STN subregion in separate testing sessions. Given
our finding that clinically-determined DBS, which typically utilizes contacts situated more
dorsally along the electrode lead and STN, improves reactive inhibitory control, we
predicted that the improvement in the proficiency of inhibitory control would be greatest
when stimulating a relatively dorsal STN subregion compared to a relatively ventral STN
subregion. Confirmation of this pattern would provide new evidence that dorsal STN
circuitries play a direct role in reactive inhibitory motor control processes. Given a suggested
link between impulsive errors and stimulation of a relatively ventral STN contacts reported
by Hershey et al. (2010), we predicted that stimulating a ventral STN subregion might lead
to poorer proactive impulse control revealed by higher rates of fast impulsive errors.
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2. Experiment 1
2.1. Methods

2.1.1. Participants—~Parkinson’s disease participants (n =12) were recruited from the
Movement Disorders Clinic at Vanderbilt University Medical Center, and healthy controls
(n=22) were recruited from community advertisement or as qualifying family members of
Parkinson’s disease participants. All participants met the following exclusion criteria: no
history of (i) neurological condition (besides Parkinson’s Disease); (ii) bipolar affective
disorder, schizophrenia, or other psychiatric condition known to compromise executive
cognitive functions; or (iii) severe mood disorder determined by questionnaire and interview;
or (iv) medical condition known to interfere with cognition (e.g., diabetes, heart condition,
pulmonary disease). Parkinson’s disease.

patients were treated with bilateral STN DBS (Activa PC Medtronic neurostimulator,
Medtronic Inc., Minneapolis, Minnesota) for at least 6 months and exhibited a clinically
effective and stable response to it. The surgical procedure for STN DBS utilized standard
stereotactic techniques with microelectrode recordings for electrophysiological localization
reported previously (Konrad et al., 2011). All patients were prescribed dopaminergic
medications, but completed cognitive performance in an OFF state after withdrawing from
their dopaminergic medications (levodopa > 24 h; agonist > 48 h). Parkinson’s disease
motor symptoms were graded using the Unified Parkinson’s Disease Rating Scale 111 motor
subscore across stimulation states. Dopamine medication dosages were converted to
levodopa equivalent daily dose (LEDD) values (Weintraub et al., 2006).

All Parkinson’s disease patients performed at a level on the Mini-Mental Status Examination
(MMSE; Folstein et al., 1975) or Dementia Rating Scale 2 (DRS-2, Jurica & Leitten, 2001)
that ruled out dementia but permitted very mild to minimal gross cognitive difficulties
(MMSE scores 225, DRS-2 scores > 129). Healthy controls all scored greater than a 26 on
the MMSE (mean =29.4, std error =.19). All participants reported stable mood functioning
and the absence of major depression during a clinical interview, but we allowed
endorsements of mild to low moderate symptoms of depression on the Center for
Epidemiological Studies Depression (Radloff, 1977) questionnaire or Beck Depression
Inventory (Beck et al., 1961). All participants had corrected-to-normal vision. They all
provided informed consent prior in full compliance with the standards of ethical conduct in
human investigation as regulated by Vanderbilt University.

2.1.2. Experimental task and procedures—We administered the Simon task and
applied the Dual-Process Activation-Suppression conceptual-analytic framework to isolate
measures of proactive impulse control and reactive inhibitory control (Ridderinkhof, 2002;
van den Wildenberg et al., 2010). In our computerized version of the Simon task,
participants make speeded reactions based on the color of a circle that appears to the left or
to the right of a central fixation point. When a circle appears in a particular visual half-field,
an impulse to respond with the hand to the same side is activated automatically. If the color
of the circle also calls for a response with that same hand, reactions are both fast and highly
accurate. However, if the automatic impulse is opposite the hand signaled by the circle’s
color, conflict is produced leading to higher rates of fast, impulsive errors and heightened
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interference with the speed of issuing the correct response. A detailed description of our task
stimuli and parameters can be found elsewhere (Wylie et al., 2010a, b). Briefly, participants
used handheld response grips to register left or right thumb button presses to a series of blue
or green colored circles that appeared one at a time to the left or to the right of a central
fixation point on the screen. Participants were instructed to respond to the color of the circle
based on a predetermined mapping between the color of the circle and a response hand (e.g.,
green circle=right-thumb press; blue circle=left-thumb press). The mappings between colors
and response hands were counterbalanced across participants, but preserved across testing
sessions within individuals. A circle remained on the screen until a response was issued or
1200 ms elapsed, either of which triggered the onset of the next trial.

Participants were encouraged to respond as quickly and as accurately as possible to the
circle when it appeared. To elicit the Simon effect, two trial types manipulated the
correspondence between the spatial location of the circle (i.e., to the left or to the right of
fixation) and the response signaled by its color. For Corresponding trials, the circle appeared
to the side of fixation that matched the response side signaled by the color of the stimulus
(e.g., a green circle calling for a right-hand response appeared to the right side of fixation).
For Non-corresponding trials, the circle appeared on the side of fixation opposite the side of
the response signaled by the circle’s color (e.g., a green circle calling for a right-hand
response appeared on the left side of fixation). Cs and Nc trial types were presented
randomly, but with equal probability, within each block of trials. Across both experiments,
participants completed 60 practice trials followed by 240 experimental trials (i.e., 4 blocks
of 60 trials) equally divided among Cs and Nc trial types.

HC participants completed one session of the Simon task. Parkinson’s disease participants
completed three sessions of the task corresponding to different DBS states. All patients
arrived to the experimental study in a dopamine medication withdrawn state but with DBS
turned on using optimal clinical parameters (Table 2). In a first session, patients completed a
block of practice trials, and then performed the task without any interruption or changes to
their DBS settings, which we will refer to as the chronic DBS condition. After the cognitive
testing, the UPDRS was administered. Next, the DBS device was completely turned off for
30 min. Previous work suggests that this time period accounts for the majority of changes in
motor response and is sufficient to find effects on inhibitory control (Temperli et al., 2003;
Lopiano et al., 2003; Waldau et al., 2011; Wylie et al., 2010a, b). Patients were then
assigned, in a counterbalanced manner, to either an off DBS session or to an acute DBS
session, with the latter representing resumption of clinically optimized DBS but after DBS
had been interrupted and turned off. Before starting experimental testing in the acute DBS
session, a 30-min wait period was implemented subsequent to turning on the stimulation.
The purpose of this design was to rule out differences that might be attributable to
interrupted versus uninterrupted DBS effects, that is inevitable in designs counterbalancing
on versus off DBS conditions. Our design attempts to ensure that any experimental effects
are not solely attributable to an interruption of DBS confound. All three sessions were
completed on the same day with rest breaks provided between sessions.

2.1.3. Statistical techniques—Reaction time latencies for Cs and Nc trials faster than
180 ms (i.e., anticipatory reactions) and slower than 3 standard deviations of the mean

Neuropsychologia. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

van Wouwe et al.

Page 6

within each condition and judged as clear outliers following visual inspection were
excluded, but accounted for fewer than 1% of trials across participants (see Wylie et al.,
2010a). Mean RT and square-root transformed accuracy rates were computed for each level
of Correspondence to analyze mean Simon interference costs on RT and on accuracy.

As reported previously (Wylie et al., 2010a, b), the DPAS model provided the conceptual
and analytical framework to uncover the temporal dynamics of response activation and
suppression by means of distributional analyses. Global RT measures and even mean
interference effects are often non-disclosing of specific cognitive control demands
(Mirabella et al., 2012; van den Wildenberg et al., 2006, Swann et al., 2011) and have been
shown to mask group effects on Flanker and Simon tasks (Wylie et al., 20093, b, 20103, b).

To implement the distributional analyses, single-trial RT data for each participant were rank-
ordered from fastest to slowest and then divided into 7 equal-sized bins (i.e. each bin
contains the same number of trials). CAFs for errors and delta plots for RT were computed
from these data. For CAFs, the data from all trials, both correct and incorrect, were
separated by correspondence. Mean accuracy rates were calculated for each bin and plotted
as a function of the mean RT for each bin. According to the DPAS model, the strength of
capture by the incorrect response impulse is reflected by the proportion of fast, impulsive
errors that are easily visualized and measured in plots of accuracy rates against RT (i.e., a
Conditional Accuracy Function) for each level of Correspondence (Kornblum et al., 1990;
van den Wildenberg et al., 2010; Wylie et al., 2010a,). Accuracy rates from the fastest RT
bin of the CAFs for Nc trials are the most sensitive measures of an individual’s proactive
control over initial response impulses (see van den Wildenberg et al., 2010).

For the delta plots, the Simon effect (RTnc — RTc, correct trials only) was calculated for
each bin and plotted as a function of the mean RT for each bin. Similar to the CAFs, each
bin contains an equal number of trials. In the absence of any inhibitory control, we would
predict positive-going delta slopes (i.e., a linear, proportional increase in the difference
between two experimental conditions across the RT distribution; Luce, 1986). According to
the Dual-Process Activation-Suppression (DPAS) model, the violation of this pattern leads
to the inference of an inhibitory mechanism engaged to suppress the interference
(Ridderinkhof, 2002). The DPAS also asserts that the proficiency of inhibitory control is
most evident at the slow end of the RT distribution because it takes time for this control to
build up after it has been triggered by the conflicting response impulse. Plotting the
magnitude of the Simon interference effect (RT Nc trials minus RT Cs trials) as a function of
response speed (i.e., a delta plof) yields a pattern of increasing interference across fast to
intermediate response latencies that is followed by a dramatic and statistically deviant
reduction (c.f., Luce, 1986) in interference toward the slow end of the distribution (Proctor et
al., 2011).

The DPAS model asserts that the slope of the interference reduction at the slowest segment
of the delta plot (i.e. slope between the last two bins) provides the most sensitive metric of
the proficiency of inhibitory control over conflicting motor impulses, an assertion supported
empirically across several studies using both non-clinical and clinical populations (Burle et
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al., 2002; Ridderinkhof et al., 2005; Bub et al., 2006; Wijnen and Ridderinkhof, 2007; Wylie
etal., 2009a, b, 2010a, b, 2005; for review, see van den Wildenberg et al., 2010).

The first set of analyses compared Parkinson’s disease participants in their dopamine
withdrawn state (i.e., “off” DBS, “off” dopamine state) and HC participants on mean
interference effects (RT, accuracy), impulse capture (CAF), and proficiency of inhibitory
control (delta plot) using separate repeated-measures ANOVAS and #tests as appropriate.
The second set of analyses focused on Parkinson’s disease participants and tested the effects
of DBS State (OFF, Chronic ON, Acute ON) on these measures.

2.1.4. Results

2.1.4.1. Analysis of sample demographics. Table 1 shows that HC and Parkinson’s disease
patients were similar in age, education, and gender distribution (all ps > .1). Table 2 shows
clinical stimulation settings for Experiment 1 and 2.

Performance of Parkinson’s disease Patients “Off” DBS and “Off” Dopamine
Medications Versus HC

2.1.4.1.1. Mean interference effects on RT and accuracy (Fig. 1a and b): Overall,
Parkinson’s disease patients in their withdrawn (i.e., off DBS and off medication) state were
107 ms slower to respond than HCs, but equally as accurate ([PD vs. HC: RT 588 vs. 481
ms; Accuracy 96.49 vs. 96.82%] Group: RT, A1,32) =22.42, p < .001; Accuracy, H1,32) =.
1, p=.74). A robust Simon effect was produced across participants, which was revealed by
reactions that averaged 37 ms slower and 2.5% less accurate for Nc compared to Cs trials,
(Correspondence. RT, K1,32) =153.72, p< .001); Accuracy, A1,32) =12.74, p< .01). The
magnitude of the overall Simon effect on RT and accuracy was similar across Parkinson’s
disease patients (38 ms) and HCs (37 ms), (PD: 2.1%; HC: 2.9%), (GroupxCorrespondence:
RT, A1,32) =.01, p=.93; Accuracy, A1,32) =.28, p=.60).

2.1.4.1.2. Response capture by incorrect action impulses (Fig. 2): Consistent with the
DPAS model, the CAF plot (Fig. 2a) shows that most errors occurred on the fastest reactions
in the Nc condition, suggesting that the impulsive response captured the motor system
sufficiently to produce overt response errors. Analysis of the fastest bin of trials confirmed a
higher percentage of fast impulsive errors on Nc compared to Cs trials (Correspondence,
H1,32)=18.96, p < .001) which did not differ across Groups (GroupxCorrespondence, F
(1,32) =1.04, p=.32). Within the conceptual framework of the DPAS model, this indicates
that the strength of capture by incorrect response impulses was similar across Parkinson’s
disease and HC groups.

2.1.4.1.3. Suppressing interference from action impulses (Fig. 3): The slope of interference
reduction (i.e., final delta plot slope) used to infer the proficiency of inhibitory control was
significantly less steep, and in fact a positive slope, for Parkinson’s disease patients (/77=.03)
compared to a steeply negative slope for HCs (/m=-.30) #32) =3.18, p< .01). According to
the DPAS model, this suggests that Parkinson’s disease patients withdrawn from dopamine
medications and from DBS were less effective at inhibiting interference from action
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impulses compared to HCs, a finding that replicates several prior studies of Parkinson’s
disease (van Wouwe et al., 2016; Wylie et al., 2012a, b).

Performance of PD Participants in “Off”, “Chronic On”, and “Acute On” DBS
States

2.1.4.1.4. Mean interference effects on rt and accuracy (Fig. 1): Overall, reaction times
(RTs), but not response accuracies, varied by DBS state, with c¢hronic and acute STN DBS
states producing a similar, roughly 45 ms, speeding of RTs compared to the DBS off state
(DBS State: RT, H2,22)=7.07, p< .01; Accuracy, R2,22)=.49, p=.62). A robust Simon
effect was produced across all STN DBS states, which was revealed by reactions that were,
on average, 28 ms slower and 2.5% less accurate for Nc compared to Cs trials,
(Correspondence. RT, A1,11)=38.56, p < .001; Accuracy, A1,11)=8.86, p< .05). The
magnitude of the Simon effect on mean RT and on mean accuracy rates did not vary as a
function of STN DBS state (DBS State x Correspondence. RT, H2,22)=1.42, p=.26;
Accuracy, A2,22)=.41, p=.67).

2.1.4.1.5. Response capture by incorrect action impulses (Fig. 2): A focused analysis on
the fastest bin of accuracy rates confirmed that the higher percentage of fast impulsive errors
on Nc compared to Cs trials (Correspondence F (1,11) =15.57, p < .01) was similar across
DBS states (DBS State, H2,22) =2.59, p=.1; DBS State x Correspondence, H2,22)=.31, p=.
73). Within the conceptual framework of the DPAS model, these results suggest that the
strength of impulse capture by incorrect responses was unaffected by STN DBS states in the
current investigation. Visual inspection suggests that RTs in the first bin are different across
DBS State, therefore we applied a post-hoc analysis to check this. Patients Off DBS were
significantly slower (398 ms) in comparison to participants with chronic (345 ms, A1,11)
=15.6, p<.01) and acute DBS (350 ms, A1,11) =12.0, p< .01), independent of
Correspondence, DBS State x Correspondence, H2,22)=.28, p=.76).

2.1.4.1.6. Suppressing interference from action impulses (Fig. 3): The proficiency of
reactive inhibitory control (i.e., slope of interference reduction in final delta plot segment)
was significantly improved (i.e., more steeply negative) in the Chronic (m=-.24,
AH1,11)chronic-off = 8.88, p<.05) and in the Acute STN DBS state (m=-.22, DBS State,
A1,11) acute-off = 5.5, p < .05) compared to the OFF state (177 =.03). According to the DPAS
model, these patterns confirm that Parkinson’s disease patients were more effective at
suppressing interference from action impulses when STN DBS was ON compared to OFF, a
finding that replicates prior findings in dopamine medicated Parkinson’s disease patients.

3. Experiment 2

3.1. Methods

3.1.1. Participants—We recruited a new sample of Parkinson’s disease participants
(n=11) who had bilateral STN DBS implants. We used identical recruitment and inclusion/
exclusion criteria, informed consent procedures, and dopamine medication withdrawal
procedures as outlined in Experiment 1.

Neuropsychologia. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

van Wouwe et al.

Page 9

3.1.2. DBS contact registration and selection procedures—Each patient had pre-
operative MRI (T1 and T2) acquisitions of the brain as well as a delayed post-operative CT
acquired approximately one month after surgery. Typical CT images were acquired at kKVp
=120V, exposure 350 mAs and 512x512 pixels. In-plane resolution and slice thickness were
approximately .5 mm and .75 mm, respectively. MRI T1 (TR 7.9 ms, TE 3.8 ms,
256x256x170 voxels, with typical voxel resolution of 1x1x1 mm3) were acquired using the
SENSE parallel imaging technique (T1W/3D/TFE) from Philips on a 3 T scanner. MRI T2
(TR 3000 ms, TE 80 ms, 512x512x45 voxels, with typical voxel resolution of .47x.47x2
mm3) were acquired using the SENSE parallel imaging technique (T2W/TSE) from Philips
on a 3 T scanner. Using the CranialVault Explorer software (D’Haese et al., 2012), the
implants and individual contacts were automatically localized and manually checked. The
PREOP MRiIs as well as the POSTOP CT were also aligned to each other using fully-
automatic intensity-based rigid registration techniques available in CRAVE. This enabled
visualization of the implants and individual contacts on the anatomical MRI images of the
patient. The average inter-rate difference (between two experts) in localization of contacts on
the implants from the POSTOP CT after automatic localization was .4 mm (SD =.08 mm)
agreement. The PREOP MRI was aligned to the CranialVault atlas using fully-automatic
intensity-based non-linear image registration technique available in CRAVE (Rohde et al.,
2003). This enabled automatic atlas-based segmentation of the STN in the patient (D’Haese
et al., 2005, Pallavaram et al., 2015, 2009). The segmented STN visualized on the patient T1
and T2 MRI scans was further divided along the dorsolateral and ventromedial axis (along
the lines of the subdivision defined by Haynes and Haber, 2013). By analyzing the implant
in every case with respect to the segmented STN, patients were recruited for the study whose
bilateral leads contained at least one contact centered in the dorsal and one contact centered
in the ventral subregion of the STN, see Fig. 4 for the electrode contacts embedded in dorsal
and ventral regions of the STN and Fig. 5 for visualization of the STN subregions at
different planes. For a comparison between experiments with respect to electrode locations,
see Fig. 6, which shows the cluster of clinically active electrode contacts embedded in the
STN from the subjects with available MRI and CT data (8) from Experiment 1.

Experimental Design and Procedure Participants performed the Simon task twice, once
while DBS was applied to dorsal STN contacts bilaterally and once while DBS was applied
to ventral STN contacts bilaterally. The patients were kept blind to the simulation conditions
in each session. After the cognitive testing, the UPDRS was administered. The order of
stimulation in dorsal versus ventral STN was counterbalanced across patients, and a 30-min
waiting period was inserted after each programming change, before the first session and in
between sessions. Typical clinical settings use parameters that inevitably produce large
stimulation fields. Here we equated stimulation across patients using a constant current of .4
mA while holding stimulation frequency at 130 Hz and pulsewidth of 60 ps. This setting was
chosen to provide (to the extent possible) uniform current density across subregions and
patients. The aim was to restrict the estimated field of neural tissue activation in order to
provide greater selectivity in stimulating subregions. Based on Butson & Mclntyre (2008) a
stimulation amplitude of approximately .4 mA (with an average clinical impedance of 1 kQ)
would result in a radius of the volume of activated tissue (VTA) of about 1.3 mm. Note that
the center to center distance from electrode contacts is 2 mm (i.e. 1.5 mm contacts spaced .5
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mm apart). A VTA with 1.3 mm radius would thus lead to minimal overlap in activated
tissue between neighboring electrode points, see Fig. 7a and b for an example of the
estimated VTA with average clinical stimulation settings for experiment 1 in comparison to
the experimentally controlled VTA of experiment 2. Table 3 provides the contact points that
were stimulated as part of the dorsal and ventral stimulation condition, separate for left and
right electrodes. Summarized, the combination of selecting contacts a priori that were
situated in relatively dorsal and ventral STN subregions and focusing the stimulation in
those regions provided higher fidelity stimulation in distinct STN subregions.

3.1.3. Statistical analyses—We compared the within-subject effect of stimulating dorsal
and ventral STN subregions on mean interference effects (RT, accuracy), impulse capture
(CAF), and proficiency of inhibitory control (delta plot) using repeated-measures ANOVAS
and #tests as appropriate.

3.1.4. Results

3.1.4.1. Analysis of sample demographics: Table 1 shows age, education, gender
distribution, and key clinical characteristics for experiment 2. Table 2 shows clinical
stimulation settings for both experiments.

Within-Subject Comparison of Stimulation Effects in Dorsal Versus Ventral STN.

3.1.4.1.1. Mean interference effects on RT and accuracy (Fig. 8): RTs, but not response
accuracy, varied by DBS stimulation region, with ventral STN stimulation producing
significantly faster RTs than dorsal STN stimulation (DBS Subregion.: RT, K1,10)=6.31, p
<.05; Accuracy, A1,10)=3.38, p=.1). A robust Simon effect was produced across both
stimulation sites, which was revealed by reactions that averaged 50 ms slower and 4.2% less
accurate for Nc compared to Cs trials (Correspondence: RT, H1,10)=134.8, p< .001;
Accuracy, A1,11)=6.41, p < .05). The magnitude of the Simon effect on mean RT and on
mean accuracy rates did not vary as a function of the Subregion that was stimulated
(Subregion x Correspondence: RT, H1,10)=1.25, p=.92; Accuracy, A1,10)=.32, p=.58).

3.1.4.1.2. Response capture by incorrect action impulses (Fig. 9): The analysis of the
fastest bin of accuracy rates revealed the expected higher percentage of fast impulsive errors
on Nc than on Cs trials (Correspondence, F(1,10) =9.7, p < .05), a pattern that did not vary
by the stimulated subregion (Subregion (R1,10) =.24, p=.64; Subregion x Correspondence,
A1, 10)=.30, p=.60). This indicates that the strength of impulse capture by incorrect
responses was not directly modulated by focused stimulation in dorsal versus ventral STN
subregions.

3.1.4.1.3. Suppressing interference from action impulses (Fig. 10): The proficiency of
inhibitory control revealed by slope reduction of interference at the tail end of the delta plot
was significantly more negative-going when DBS was applied to the dorsal STN subregion
(m =-.24) compared to stimulation of the ventral STN subregion (/m=.04, #10)=2.61, p<.
05). These patterns show that Parkinson’s disease patients were more effective at inhibiting
interference from action impulses with targeted stimulation in the dorsal as opposed to the
ventral STN.
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4. Discussion

We replicated and extended previous findings by demonstrating that DBS applied using
clinical settings improves reactive inhibitory control of response impulses in Parkinson’s
disease patients withdrawn from the influence of dopamine medications. Moreover, we
showed that selectively stimulating the dorsal as opposed to the ventral STN substructure is
responsible for this effect. This provides new evidence that dorsal STN circuitries play a key
role in the suppression of motor impulses.

4.1. Effects of DBS STN on proactive impulse control (impulse capture)

We reported previously that Parkinson’s disease patients ON STN stimulation demonstrated
poorer proactive impulse control (i.e., increased /mpulse capture) compared to OFF
stimulation, and several other studies of STN DBS across a variety of reaction time
paradigms have shown increased impulsive errors (Wylie et al., 2010a, b; Campbell et al.,
2008; Ballanger et al., 2009; Hershey et al., 2004; Jahanshahi et al., 2000; Witt et al., 2004).
Although clinical DBS did not increase impulsive errors relative to HC, DBS significantly
sped up RTs and made patients relatively (but not significantly) more error prone than
without DBS. Thus, the direction of these results is in line with previous findings in
Parkinson’s disease and with human imaging studies suggestive that DBS modulates
circuitry linking pre-supplementary motor area and STN, which lowers response thresholds
and induces a shift in speed-accuracy tradeoffs (Forstmann 2008a, b, c; Frank et al., 2007;
Ballanger et al., 2009, Wylie et al., 2010a, b). A prior study found increases in response
commission errors in a go/no-go paradigm when directing stimulation to a relatively more
ventral contact, but DBS was applied at clinical settings and to contacts often outside of the
STN structure (Hershey et al., 2004). While we addressed some of these issues, we did not
observe differences in fast impulsive error rates when focusing DBS in dorsal versus ventral
STN subregions.

One potentially relevant confound across studies is uncertainty regarding the interactive
effects of dopaminergic medication and STN stimulation, other stimulation parameters that
might affect proactive impulse control but we did not control for in the current experiment,
like the laterality of electrode positioning, and the frequency settings of stimulation which
require further investigation. Variability in STN DBS-induced impulsive errors also depends
on the prepotency of the go reaction and the time pressure to make decisions, further
pointing to a role for STN DBS in adjusting response and decision thresholds (Georgiev et
al., 2016; Jahanshahi et al., 2015). Future studies manipulating speed-accuracy instructions
or the probabilities of corresponding and non-corresponding Simon task trials combined
with dorsal and ventral stimulation could provide further insight about the role of DBS to
STN subregions in modulating proactive control of strong response impulses.

4.2. Effects of DBS STN on reactive inhibitory control

STN DBS applied using clinical settings significantly improved the proficiency of reactive
inhibitory control in a group of Parkinson’s disease patients withdrawn from dopaminergic
medications. This replicates previous studies of DBS in medicated Parkinson’s disease
patients on several reactive inhibitory control measures, that is, clinical DBS both improved
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selective suppression of irrelevant motor impulses in the Simon task (Wylie et al., 2010a, b)
as well as global action cancelation as measured by the Stop task (Mirabella et al., 2012;
Swann et al., 2011; van den Wildenberg et al., 2006).

While a limitation is that long-term dopaminergic therapy on inhibitory control circuitry
cannot be addressed in this study, the replicated effect in the absence of dopamine
replacement therapy strengthens the hypothesis that STN DBS directly modulates inhibitory
control circuitries. In sum, our findings provide strong support that improved selective
suppression with clinical STN stimulation is not a by-product of interrupted stimulation
effects or of dopamine medication state.

Most importantly, we show that focusing stimulation to a dorsal STN subregion has the
direct and dramatic effect of improving the proficiency of inhibiting interference from
impulsive responses. Stimulating a ventral STN subregion showed minimal suppression of
interference.

A limitation is that we did not measure cognitive or motor performance in an OFF DBS state
in Experiment 2. However, note that ventral STN stimulation showed a suppression pattern
similar to DBS OFF states from Experiment 1 and our prior study (Wylie et al., 2010a, b).
Unlike what would be expected according to performance pattern in the OFF state in
experiment 1, ventral stimulation induced faster instead of slower RTs compared to dorsal
stimulation. Faster RTs have been previously associated with reduced suppression, however,
the overall pattern of performance with ventral versus dorsal STN stimulation does not seem
to be explained by a global shift in the speed-accuracy trade off since fast impulsive errors
and RTs in the fastest portion of the distributions were similar across stimulation conditions
(Wylie et al., 20094, b; van Wouwe et al., 2014).

With respect to the absence of UPDRS scores in the OFF state in Experiment 2; UPDRS
scores in dorsal and ventral stimulation both seem fairly close to the OFF state of
Experiment 1, which suggest that STN subregion stimulation did not improve motor
symptoms. Although this limits the clinical application of the settings used in Experiment 2,
it does not exclude linking STN subregions to inhibitory action control. Dissociations
between motor networks and other functions (emotion) have been found by Campbell et al.
(2012) who showed that there were no consistent relations between DBS related
improvements in UPDRS and mood. Similarly, in Experiment 1, we found no correlations
between improvement in UPDRS improvement and action control from OFF to ON state
(OFF-Chronic, r=-.39, p=.3; OFF-Acute, r=-.36, p=.35).

The findings from Experiment 2 implicate circuitry intersecting the dorsal STN
subterritories as playing a critical role in selective response inhibition of strong motor
impulses. The relatively dorsal STN substructure is innervated by projections from
prefrontal cortical areas (e.g., pre-supplementary motor area, inferior frontal cortex) that
have been associated previously with inhibitory control broadly (action cancelation and
suppression of conflicting responses) as well as reactive inhibition of response impulses in
the Simon task (Forstmann, 2008a, b, ¢). Recent studies suggest that modulatory effects of
DBS on cognitive control circuitries might involve complex changes in STN firing rates and
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oscillatory activities. Increased firing rates in STN have been timed to inhibitory motor
control in inhibition paradigms (Schmidt et al., 2013). Zavala et al. (2015) proposed recently
that oscillatory activity in theta and beta frequency bands reflecting communication between
frontal cortex (Medial Prefrontal Cortex and Inferior Frontal Cortex) and STN play
important roles, respectively, in delaying responses in times of conflict and stopping or
terminating actions. Similarly, Accolla et al. (2016) proposed that beta oscillatory activity
may be differentially expressed and functionally distinct across STN subregions. In
particular, source localization showed that beta oscillatory was significantly higher at dorsal
in comparison to ventral STN DBS lead contacts. The dorsal STN also showed connectivity
with motor, premotor, prefrontal areas, whereas the more ventral area was linked to
hippocampus and amygdala. Thus, there may also be distinct STN subregions and
neurophysiological patterns that correspond to the improved reactive inhibitory control as
reported in the current study. Establishing links between inhibitory control of selective
action impulses versus global action cancelation as measured by Zavala et al. (2015) and
Accolla et al., (2016) and neurophysiological patterns in distinct STN subregions awaits
future investigation.

In conclusion, we provide direct evidence that stimulating the STN, and specifically the
dorsal substructure, improves the proficiency of inhibiting response impulses. As advances
in DBS technology allow for more precise stimulation and even closed-loop stimulation
capabilities, mapping out linkages between motor and cognitive processes and stimulation
parameters (e.g., subregions, oscillatory bands, etc.) is critical for expanding our treatment
of PD and related basal ganglia disorders.
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Fig. 1.

Mean RTs (1 A) and accuracy rates (1B) on corresponding (Cs) and non-corresponding (Nc)
trial types for healthy controls and Parkinson’s disease participants in off state and on
chronic and acute STN stimulation. Error bars reflect standard error of the means.
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Fig. 2.
Conditional accuracy functions for corresponding (Cs, 2 A) and non-corresponding (Nc, 2B)

trial types for healthy controls and Parkinson’s disease participants in off state and on
chronic and acute STN stimulation. Errors are predominantly associated with the fastest
reaction times on non-corresponding (Nc) trials, a pattern that does not vary between groups
(PD and HC) or across stimulation states. Note that each bin represents the same number of
trials, averaged across the subjects in each subgroup.
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Fig. 3.

RT delta plots for healthy controls and Parkinson’s disease participants in off state and on
chronic and acute STN stimulation. Each bin contains the same number of trials, averaged
across the subjects in each subgroup. HC show initial increase in interference followed by a
drastic suppression of interference (i.e., large negative delta slope) at the slow end of the
distribution. PD participants in off state show markedly less proficient suppression of

interference from action impulses.
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Fig. 4.
Distribution of the electrode contacts used, and projected volume of tissue activation with .4

mA, 130 Hz and 60 ps, for dorsal (red) and ventral (green) stimulation of the STN. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Neuropsychologia. Author manuscript; available in PMC 2018 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

van Wouwe et al.

Fig. 5.
Subdivision of the STN in dorsal (yellow) and ventral (purple) to determine contact

localization at different planes. Visualizations were projected on Coronal (A), Sagittal (B)
and Axial plane (C) and a 3D volume (D). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 6.

Cluster of clinically active electrode contacts embedded in the STN from a subset of subjects
(n=8) from Experiment 1. Visualizations were projected on Coronal (A), Sagittal (B) and
Axial plane (C) and a 3D volume (D).
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Fig. 7.
Example of the estimated VTA with average clinical stimulation settings from Experiment 1

(A) and the experimentally controlled VTA of Experiment 2 (B).
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Mean RTs (A) and accuracy rates (B) on corresponding (Cs) and non-corresponding (Nc)
trials types for Parkinson’s disease participants on dorsal and ventral STN stimulation. Error

bars reflect standard error of the means.
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Conditional accuracy functions for corresponding (Cs, A) and non-corresponding (Nc, B)
trial types for Parkinson’s disease participants on dorsal and ventral STN stimulation. Errors
are predominantly associated with the fastest reaction times on non-corresponding (Nc)
trials, a pattern that does not vary as a function of STN subregion stimulation.
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RT delta plots for Parkinson’s disease (PD) participants on dorsal and ventral STN
stimulation. The reduced proficiency of suppressing interference on ventral stimulation is
significantly improved in with dorsal stimulation (i.e., a larger negative-going delta slope at

the slow end of the distribution).
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Table 1

Demographic Data (means and standard error) for the PD patients and healthy controls.

HC (n=22) PDexp1l(n=12) PDexp2(n=11)
Sample Size (N) 22 12 11
Age (years) 63.9(1.6)  59.3(2.9) 58.9(2.6)
Gender (M: F)** 12:10 8:4 6:5
Education (years) 14.5(.7) 13.7(.6) 13.7(.7)
MM SE 29.4(.2) 28.9 (.35) 28.6 (.4)
CESD 7 14.9 (2.5)
BDI-II - 9.8 (1.7)
LEDD - 670.9(184.9) 500.9 (127.8)
Disease Duration (years) + - 11.8(1.8) 129 (1.7)
UPDRSdorsal - - 30.9 (2.8)
UPDRS ventral - - 30.1(3.4)

UPDRS chronic
UPDRS acute
UPDRS OFF

25.0 (3.76) n=9
24.11 (3.69) n=9
31.66 (3.99) n=9

MMSE=Mini Mental State Examination, CESD=Center for Epidemiologic Studies Depression Scale, BDI-1I1=Beck Depression Inventory II,
UPDRS=Unified Parkinson’s Disease Rating Scale Motor, LEDD=Levodopa Daily Dosis
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Clinical stimulation settings (means and standard error) for PD patients in experiment 1 and experiment 2.

PDexp 1 PD exp 2

DBS Settings
Sample Size (N)
L eft

Voltage(V)
Frequency (Hz)
Pulsewidth (ms)
Right
Voltage(V)
Frequency (Hz)

Pulsewidth (ms)

12 11
2.3(.2) 2.6(3)
155.3(8.8)  125.5(2.8)

86.1(6.4)  59(4.8)

2.5(.3) 2.4(.3)
129.4(12.0) 125.5(2.8)
951(8.9)  61.7(5.6)
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Contacts positions included in dorsal and ventral stimulation, separate for left and right electrode. Left and
right hemisphere lead positions range from 0 to 3 (ventral to dorsal).

Subject ID  Ventral contact Dorsal contact

Left  Right Left Right
PDO1 2 2 3 3
PDO2 2 2 3 3
PDO03 1 1 2 2
PDO04 0 0 1 1
PDO5 0 2 2 3
PDO06 1 2 2 3
PDO7 0 0 2 2
PDO8 0 0 1 1
PDO09 2 1 3 2
PD10 1 1 2 2
PD11 1 1 2 2
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