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Stimulation of Subthalamic Nuclei Restores a Near
Normal Planning Strategy in Parkinson’s Patients
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Abstract

A fundamental function of the motor system is to gather key information from the environment in order to implement
behavioral strategies appropriate to the context. Although several lines of evidence indicate that Parkinson’s disease affects
the ability to modify behavior according to task requirements, it is currently unknown whether deep brain stimulation (DBS)
of the subthalamic nucleus (STN) affects context-related planning. To explore this issue, we asked 12 Parkinson'’s patients
with bilateral STN DBS and 13 healthy subjects to execute similar arm reaching movements in two different paradigms: go-
only and countermanding tasks. In the former task patients had to perform speeded reaching movements to a peripheral
target. In contrast, in the countermanding task participants had to perform the same reaches unless an infrequent and
unpredictable stop-signal was shown during the reaction time (RT) indicating that they should withhold the ongoing action.
We compared the performance of Parkinson'’s patients in different DBS conditions. We found that patients with both DBS-
ON behaved similarly to healthy subjects, in that RTs of no-stop trial increased while movement times (MTs) decreased with
respect to those of go-only-trials. However, when both DBS were off, both RTs and MTs were longer in no-stop trials than in
go-only trials. These findings indicate that bilateral DBS of STN can partially restore the appropriate motor strategy
according to the given cognitive contexts.
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Introduction Nonetheless, unlike controls, patients showed a substantial slowing
and variability of MTs when they had to change a pre-planned
action. Thus it appears that, during the invalid condition, PD
patients react normally to the appearance of the target, but when
an unexpected change of the planned action is required the motor
plan has to be completed during the execution phase.

Recently, Mirabella, Pani & Ferraina [13] tackled the issue of
adaptive changes of motor planning from a novel perspective.
They compared RTs and MTs of reaching movements executed
either during an RT task, in which participants were required to
reach toward peripheral targets (go-only trials), or during
a countermanding task. In the latter case, participants had to
perform the same reaches (no-stop trials) as those required in the
go-only task wunless a stop signal was presented. In this
circumstance, participants had to withhold the ongoing movement
(stop trials). As expected, the awareness of the presence of the stop
signal induced a lengthening of RTs of no-stop trials with respect
to those of go-only trials [13-17]. However, at the same time, MT's
of no-stop trials significantly decreased, probably because the
increased length of RTs allowed subjects to fully process
movement parameters (e.g. the position of the target) during this
epoch. In contrast, in go-only trials the instruction to move as
quickly as possible had the effect of speeding up RTs even though
some movement parameters had not yet completely computed.

Parkinson’s disease (PD) patients show great impairments when
they face increasing cognitive and motor task demands. For
instance, PD patients take longer to perform a given movement
within a sequence than to perform the same movement alone [1],
they show longer pauses between successive movement segments
[2-5] and they also show slower movement in the later elements of
a sequence [2,6] than do healthy subjects.

A plausible reason to explain these findings is that PD affects the
ability to plan and change behavior according to task contingen-
cies. Classically, changes in planning have been associated with
changes in RT length (e.g. [7-9]); however, it has been shown that,
under certain conditions, subjects might adopt a strategy whereby
programming continues during movement execution (e.g. [10,11]).

Online planning strategies have been shown in PD patients by
Leis et al. [12], exploiting a precue paradigm. In this task, a cue
predicted the correct direction for the execution of a reaching
movement in 80% of the cases (valid condition) and the wrong
direction in the remaining 20% (invalid condition). In the invalid
condition the target appeared at the uncued location, and to make
the appropriate movement subjects needed to modify the action
they were preparing. Leis et al. [12] found that PD patients
exhibited longer RTs than healthy subjects, although RTs
increased similarly in the two groups for the invalid condition.
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Thus it is likely that some additional processing has to take place
during action execution, increasing the length of M Ts. Clearly this
strategy represents an optimization of costs versus benefits because
shorter RTs are compensated by longer MT's and vice versa. All in
all the study of Mirabella, Pani & Ferraina [13] showed for the first
time that proactive control (i.e. a control over response execution
in anticipation of known task demands) influences not only the
length of the RTs, as already known, but also the duration of the
MTs.

Exploiting the same paradigms but with a different aim (i.e.
assessing the role of STN in inhibitory control), Mirabella et al.
[18] found that RTs of no-stop trials of PD patients were slower
than those of go-only trials, but the slowing was not modulated by
the DBS state. On the other hand, as the inhibitory control is
improved in the DBS-ON condition it was concluded that, at least
in this experimental context, STN seems to play a selective role in
response inhibition. However, given our previous results [13] we
wondered whether, and possibly how, proactive adjustments of
MTs could be affected by the DBS.

Materials and Methods

Participants

Fifteen participants diagnosed with idiopathic PD, and sub-
sequently treated with bilateral STN DBS complemented by
dopaminergic medication, were recruited from the outpatients of
the IRCCS Neuromed Hospital.

Patients did not present severe sensory deficits, overt signs of
dementia, or severe tremor or rigidity of the right arm. All patients
were screened for dementia both before the surgery and before the
administration of our task, using the mini-mental state examina-
tion (MMSE). On average before surgery the score of the MMSE
was higher than just before our examination (29.3%£0.35 wvs
28.4%0.31; paired t-test t(11)=2.4, p<<0.05). However, in both
instances the MMSE values were well above the level indicating
cognitive impairments, i.e. 24 [19]. They did not take medication
overnight prior to the study and thus, at the time of testing, were in
the off-state [20]. All tests were performed 60 minutes after any
DBS was switched off or on, so that they were tested in near-steady
motor status [21-23]. Three patients were unable to complete the
study because the bilateral cessation of DBS caused severe
impairment of their motor abilities. Clinical features of the
remaining patients are reported in Table 1 (see Table S1 in File
Slfor a comparison of clinical data of patients immediately before
surgery and at the time of the experiment). The surgical technique
for implantation of the DBS electrodes has been described
previously [18]. Quadripolar electrodes (model 3389; Medtronic
Ltd) were used in all patients. Post-surgical reconstruction of the
position of the quadripolar lead with respect to STN was
performed according to a previously described localization method
[24,25], and locations of active electrode contacts are reported in
Table 2.

In addition, 13 healthy control subjects (three females, 10 males;
age range 55-68 vyears; mean age 60.7%x1.3 (SEM); (-test
t(23)=0.21, p=10.83) with normal or corrected-to-normal vision
were also tested.

All participants were right-handed and signed informed consent
in accordance with the Declaration of Helsinki of 1964, and all
procedures were approved by the local ethics board of the
Neuromed hospital.

Apparatus

Subjects were seated in a darkened and silent room, in front of
a 17-inch PC monitor (LCD, refresh rate 75 Hz, 640x480
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resolution) on which visual stimuli, consisting of red circles
(2.4 cd/m? with a diameter of 2.8 cm against a dark background
of uniform luminance (<0.01 c¢d/m?), were presented. The PC
monitor was equipped with a touch screen (MicroTouch; sampling
rate 200 Hz) for touch-position monitoring. A non-commercial
software package, CORTEX, was used to control stimulus
presentation and to collect behavioral responses. The temporal
arrangements of stimulus presentation were synchronized with the
monitor refresh rate.

Behavioral Tasks

Participants performed, always with the right (dominant) arm,
similar reaching movements in two different cognitive paradigms :
a) a go-only task and b) a countermanding task ([13,26]; Fig. 1).
The two tasks were presented in separate blocks and the order of
presentation was counterbalanced across participants. Resting
periods were allowed between blocks whenever requested.

All trials began with the appearance of a stimulus at the center
of the display and subjects were required to touch and hold it for
500-800 ms. Thereafter, in go-only trials, the central stimulus
disappeared and, simultaneously, a red circle target appeared (go-
signal) at 15 cm to the right of the central stimulus. To make
a correct response, subjects had to perform a speeded reaching
movement toward the peripheral target and hold it for 300 ms
(Fig. 1).

The countermanding task (Fig. 1) consisted of a random mix of
67% no-stop trials and 33% stop trials. No-stop trials were
identical to go-only-trials. Stop trials differed from the no-stop-
trials because at a variable delay (stop signal delay; SSD) after the
presentation of the go-signal the central stimulus reappeared (stop
signal), indicating that subjects should inhibit their movements.
Trials in which subjects successfully withheld the movement were
defined as stop-success trials and those in which they moved were
defined as stop-failure trials. Auditory feedback was given for
correct responses and error trials were not repeated.

The length of the SSDs was dynamically changed using
a staircase procedure [27-29] in order to allow participants to
succeed in cancelling the response in about 50% of the stop trials.
The SSD duration varied from one stop trial to the next according
to the behavioral performance: if subjects succeeded in halting
their response then the SSD increased by three refresh rates
(39.9 ms); otherwise the SSD decreased by the same amount of
time. The staircase started from an SSD of 119.7 ms. Both the
incremental step and the starting point of the staircase have been
chosen following pilot studies which indicated that these values
were appropriate for quickly obtaining the desired amount of
inhibition in stop trials.

Before starting the countermanding task, subjects were
informed that in some stop trials they would not be able to
cancel the movement and that they should not be troubled by
this. We stressed the importance of reaching the peripheral
target as fast as possible. In addition, to discourage participants
from slowing down responses in order to cancel their move-
ments more easily, a) we verbally informed them that the
probability of stopping would approximate to 50%, irrespective
of whether they were postponing their response or not; b) we
set an upper RT limit for no-stop trials which meant that,
whenever RTs were longer than 800 ms, no-stop trials were
signaled as errors during task performance but were kept for the
final analysis (overreach trials).We adopted this strategy because
we wanted to put a time pressure on participants, but we did
not want to truncate the distributions of the RTs. To avoid this
inconvenience we allowed subjects to wait longer than 800 ms
but as soon as they detached their index finger from the
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touchscreen we aborted the trial. Parkinson’s patients performed
the tasks in four experimental conditions: a) both DBS-OFF; b)
both DBS-ON; ¢) DBS-L-ON; d) DBS-R-ON. Stimulation
conditions were counterbalanced across patients and adminis-
tered in two different experimental sessions occurring on
different days. In each condition patients were required to
complete four blocks of 60 trials (240 trials); overall each subject
performed 960 trials. Before starting the task, about 50 practice
trials were given for familiarizing subjects with the apparatus.
Age-matched healthy subjects performed a single counter-

Table 1. Clinical data of PD patients with bilateral implantation of DBS participating in the experiment.
Years since Years since Hoehn & L Dopa eq/ Side of
Age Sex diagnosis surgery Yahr (ON) Kg Onset UPDRS 3

ON ON Right  ON Left OFF
1 54 M 24 3 1 400 left 15 19 21 24
2 67 M 17 5 1 890 right 30 35 36 43
3 53 F 16 1 1 920 right 21 33 31 50
4 64 F 8 2 2 720 left 34 40 38 355
5 53 M 15 5 1 304 right 12 15 17 225
6 64 M 22 4 2 920 left 28 36 34 46
7 61 M 17 3 2 1050 right 21 36 35 33
8 64 M 23 4 1 150 right 12 155 19 22
9 55 M 22 4 1 640 left 6 14 12 18
10 66 M 16 5 2 640 right 14 30 23 34
1 66 M 20 2 3 450 right 18.5 235 20.5 245
12 56 M 15 2 3 880 left 16.5 27 255 29.5
Mean 60.2 17.9 3.3 1.7 663.7 19.0 26.0 27.0 31.8
(SEM) (1.6) (1.3) (0.4) (0.2) (82.2) (2.4) (2.4) (2.7) (2.9)
For each patient sex, age, years since diagnosis, years since the implantation of the second DBS electrode, Hoehn & Yahr scores (indicating the relative level of disability
due to PD disease) in the “ON" phase, L-dopa equivalents/kg, side of onset of symptoms and the Unified Parkinson’s Disease Rating Scale part 3 (UPDRS3, indicating the
patient’s motor symptoms) in each DBS condition and without medications, rated by a neurologist (NM) before starting the task, are given.
doi:10.1371/journal.pone.0062793.t001

manding block consisting of 240 trials. In addition, all
participants were required to complete one block of 75 go-
only trials.

Data Analysis

As all salient results about movement inhibition are perfectly in
line with those of Mirabella et al. [18] and they are not relevant
for the present paper, we will not deal with them (with respect to
the previous paper we added two more patients).
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Table 2. For each patient the position of active electrodes, amplitude, pulse and frequency of stimulation are shown separately for
the right (R) and the left (L) hemisphere.
Patient Active electrodes Amplitude (Volt) Pulse (microsec) Frequency (Hz)
R L R L R L R L
1 STNd STNV™, STNd 7% 32 35 60 60 185 185
2 Zi Zi 2.1 3.8 920 920 185 185
3 STNd STNv 35 33 60 60 185 185
4 Zi STNd®, zi O 32 3.5 60 60 185 185
5 STNd STNv 37 33 60 60 185 185
6 STNv Zi 3.6 33 60 60 185 185
7 STNv, STNd STNv, STNv 35 3.5 60 60 185 185
8 STNd, STNv STNv, SNr 3.6 2.6 60 60 185 185
9 STNv Zi 3.8 43 920 20 185 185
10 Zi STNv 3 3.2 60 60 185 185
11 STNv STNd 4 45 60 60 185 185
12 Zi STNv 26 3.2 60 60 185 185
Active electrodes indicated by a star have a bipolar configuration, with cathode (+) and anode (—); all other electrodes have a monopolar configuration. Abbreviations:
SNr, Substantia Nigra pars reticulata; STNd, dorsal subthalamic nucleus; STNv, ventral subthalamic nucleus; Zi, zona incerta.
doi:10.1371/journal.pone.0062793.t002
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Figure 1. Temporal sequence of the visual displays for no-stop and stop trials in the countermanding reaching task. Temporal
sequence of the visual displays for each task. All trials began with the appearance of a central stimulus. The subject had to reach and hold it with the
index of the right (dominant) hand for a variable period of 500-800 ms. In the go-only task and in the no-stop trials of the countermanding task, the
central stimulus disappeared and, simultaneously, a target appeared to the right, acting as a go-signal. Subjects were instructed to perform a speeded
reaching movement toward the peripheral target. Randomly, in the 33% of trials of the countermanding task (stop trials), the central stimulus (stop
signal) reappeared at variable delays after the go signal (SSDs), indicating that the subject should cancel the pending movement. If subjects executed
the reaching movement the trial was scored as a stop-failure trial (not shown). The dotted circle (which was not visible to the subjects) indicates the

size of the tolerance window for the touches (3.5 cm diameter).
doi:10.1371/journal.pone.0062793.g001

We defined the RT as the time elapsing from the appearance of
the go-signal to the finger detaching from the touch-screen. MT
was defined as the elapsed time between the detaching from the
central target and touching the peripheral target.

Whenever ANOVAs were employed, Mauchley’s test evaluated
the sphericity assumption and, where appropriate, correction of
the degrees of freedom was made according to the Greenhouse—
Geisser procedure. When needed, post hoc tests (pairwise compar-
1sons) with Bonferroni correction were employed.

Results

Effectiveness of DBS on Motor Symptoms

Motor symptoms in each DBS condition and without medica-
tion were scored exploiting the Unified Parkinson’s Disease Rating
Scale part 3 (UPDRS3). To determine whether and when STN
DBS produced significant improvements we ran a one-way
repeated-measures ANOVA with DBS condition as factor. We
found a main effect (F[1.8] =25.8, p<0.001). Pairwise compar-
isons demonstrated that the UPDRS3 score was significantly lower
in the DBS-ON condition than in all the other conditions
(ps<<0.001) and that the UPDRS3 in the DBS-R-ON condition
was lower than in the DBS-OFF condition (p<<0.05).
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Adaptation of RTs and MTs to the Experimental Context

It is known that PD symptoms usually become apparent
primarily on one side of the body (e.g. [30]) and this motor
symptom asymmetry is associated with asymmetric dopaminergic
degeneration in the brain (e.g. [31]). Given that it has been
hypothesized that, in humans, voluntary inhibition of arm
movements relies upon a right-lateralized frontal-basal ganglia—
thalamic pathway [32], as a first step in our analyses we split our
patients according to the side of onset of symptoms. To assess
whether the asymmetric nigral cell loss produced differential
effects on a patient’s performance, we plotted the cumulative
distributions of RTs and of MTs of go-only versus no-stop trials
separately for right-onset (n=7) and for left-onset PD patients
(n=>5). As shown in Fig. 2, the two groups of patients had similar
behavior in the DBS-ON condition (patients always exhibited
longer RTs and shorter MTs in no-stop trials than in go-only
trials) and in the DBS-OFF condition (patients always had longer
RTs and MTs in no-stop trials than in go-only trials). In the DBS-
L-ON and DBS-R-ON conditions, while the lengthening of RTs
in no-stop trials was always significant, MTs showed different
patterns. Clearly in right-onset PD patients, MTs of no-stop-trials
did not differ from those recorded during go-only trials. However,
in left-onset patients in both DBS condition there was a tendency
for MTs of no-stop trials to be shorter than MT’s of go-only trials.
This tendency reached significance for the DBS-R-ON condition
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Figure 2. Reaction times (RTs) and movement times (MTs) for reaching movements in Parkinson’s patients with right- and left-side
body onset of the disease. A. Cumulative distributions of RTs and MTs. These distributions were obtained by considering separately, according to
laterality of onset of motor symptoms, the single RTs and MTs of no-stop and of go-only trials of subjects with right-body onset(n=7; upper row)
with left-body onset of the disease (n=5; lower row). Bold lines represent RTs, dotted lines represent MTs. For each condition the p-value of
Kolmogorov-Smirnov test is given, both for RTs and for MTs. B. Histograms of average RTs (upper row) and of MTs (lower row) of no-stop and go-only

trials in each DBS condition. Bars represent the standard error of the mean.

doi:10.1371/journal.pone.0062793.9g002

but not for the DBS-L-ON condition. Nevertheless, these results
suggest that a unilateral stimulation of STN might produce
a different effect according to the side of onset disease.

An obvious limitation of the present analysis is the low number
of patients within each group, so further studies are needed to
confirm this finding. As a consequence, in the following sections
we will report and discuss only the results for the two conditions
(.e. DBS-ON and DBS-OFF) in which patients exhibited
congruent behavioral patterns.

Figure 3 and Table 3 illustrate the main findings of the present
study. Data from single participants are combined to create
cumulative distributions of RTs and of MTs of go-only versus no-
stop trials at the population level (Fig. 3A and B). As expected, the
two experimental paradigms had opposite effects on RTs and MTs
of healthy controls [13]. In fact, they exhibited longer RTs and
shorter MTs in no-stop trials than in go-only trials (Fig. 3A;
Kolmogorov—Smirnov test, ps<<0.0001). Qualitatively, PD patients
in the DBS-ON condition showed a similar pattern (Kolmogorov—-
Smirnov test, ps<<0.0001; Fig. 3B, left panels). However, in the
DBS-OFF condition both RTs and MTs were longer in no-stop
trials than in go-only trials (Kolmogorov—Smirnov test,
ps<<0.0001; Fig. 3B, right panel).

A two-way repeated-measures-ANOVA (factors: DBS condition
and RT no-stop trials/go-only trials) showed that, on average,
RTs of PD patients were shorter when executing go-only trials
than when executing no-stop trials (RT no-stop trials/go-only
trials: I [1,11]=67.7, p<0.0001; see Fig. 3C). However, RTs did
not differ across DBS conditions (F [1,11]=0.31, p=0.59;
interaction was also not significant: F [1,11]=0.43, p=0.84).
The same analysis performed on MTs (two-way repeated-
measuressANOVA; factors: DBS condition and MT no-stop
trials/go-only trials; see also Fig. 3D) revealed that M T's of no-stop
and go-only trials were not different (MT no-stop trials/go-only
trials, F [1,11] =0.39, p=0.54), but they differed according to the
DBS state (DBS condition, F [1,11]=10.3, p<<0.01). The in-
teraction (I [1,11]=6.54, p<<0.05) better explained this result,
revealing that while MTs of go-only trials did not differ between
the DBS conditions, MTs of no-stop-trials were significantly faster
in the DBS-ON than in DBS-OFF condition (pairwise compar-
isons, p<<0.05).

RTs and MTs of control subjects were compared with those of
PD patients in each DBS condition, using four two-way-ANOVAs
with group (control subjects and PD patients in a given DBS state)
and trial type (go-only and no-stop trials) as factors. As reported in
Table 4, RTs of go-only trials were always longer than those of no-
stop trials. Additionally we also found that RTs of no-stop trials
were longer in control subjects than in PD patients both in the
DBS-ON and DBS-OFF conditions (pairwise comparisons,
ps<0.05). The comparison of MTs between controls and PD
patients in the DBS-ON condition showed that i) the former were
overall faster than the latter, i) MTs of go-only trials were shorter
than those of no-stop trials. Also PD patients with DBS OFF had
longer MTs than healthy participants. However, while controls
had longer MTs in go-only trials than in no-stop trials (pairwise
comparisons, p<<0.01), PD patients with DBS OFF showed the
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opposite relationship, i.e. MTs in no stop trials were longer than
those of go-only trials (pairwise comparisons, p<0.05).

In order to take into account the contribution of each subject,
we considered how many participants exhibited a simultaneous
decrease in RTs and increase in MT's in no-stop trials with respect
to go-only trials (‘context effect’). As shown in Fig. 4A, 10 out of 13
controls (76.9%) exhibited a context effect. In one control (7.7%),
RTs and MTs were simultaneously longer in no-stop trials
(‘reversed MT effect’). In the DBS-OFF condition seven out of 12
(58.3%) patients had both RTs and MTs longer in no-stop trials,
while only two of them (16.7%) had a context effect. This picture
changed dramatically in the DBS-ON condition: 75% of patients
(nine out of 12) showed a context effect.

To quantify the relative changes in RTs and M T’ across the two
experimental paradigms, we computed the percentage difference
of the average values of these two parameters in no-stop trials with
respect to go-only-trials (Table 3), from the following formula:

PercentageDifference =
RT(orMT)no—stop - RT(OrMT)go—only £ 100
RT(OrMT)no-stop

Positive values indicate an increase in a given parameter in no-
stop trials with respect to go-only-trials, and vice versa.

The change in RTs was much larger than that in MTs, both in
controls and in PD patients independently of the DBS state
(Fig. 4B). The amount of increase in RTs in no-stop-trials across
DBS conditions was the same (paired t-test, t [11]=0.24,
p=0.81). In contrast, the MT percentage change across the
DBS conditions was significant (paired t-test t [11]=2.42,
p<<0.05).

Next, we compared the RT percentage change in control
subjects with the corresponding values at each DBS condition
using t-tests. We found that the percentage increase in RTs in no-
stop trials with respect to go-only trials of healthy participants were
larger than in all DBS conditions (DBS-OFF, t [23] =3, p<<0.01;
DBS-ON, t [23] =2.2, p<<0.05). Similarly, the MT percentage
decrease was also always larger in healthy subjects than in PD
patients (DBS-OFF, t [23]=4.6, p<0.0001; DBS-ON, t
[23]=2.57, p<<0.05).

Finally, in order to check whether there was a relationship
between the clinical evaluation of motor symptoms and the
behavioral parameters, we measured RTs and MTs of no-stop
trials and go-only trials and computed separate linear correlations
of the RTs and MTs with the UPDRS3 score of each patient. The
correlations were never significant (see Fig. S1 in File SI).

Accuracy

As it is known that faster MTs result in a loss of accuracy [33]
we estimated the percentage of correct responses of PD patients in
each DBS condition and for each trial type (Table 3). As we did
not found any significant effect (two-way repeated-measures-
ANOVA, factors: DBS conditions F [1,11]=0.21, p=0.66; trial
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Figure 3. Reaction times (RTs) and movement times (MTs) for reaching movements across the populations of Parkinson’s patients
and control subjects. A. Cumulative distribution of RTs (solid lines) and MTs (dotted lines) of healthy subjects (n=13) for go-only (grey) and no-
stop trials (black). B. Cumulative distributions of RTs (solid lines) and MTs (dotted lines) of DBS patients (n=12) in DBS-ON and DBF-OFF conditions for
both go-only (grey lines) and no-stop (black lines) trials. For each condition the p-value of Kolmogorov-Smirnov test is given, both for RTs and for
MTs. C. Histograms of average RTs of no-stop and go-only trials in DBS-ON and DBF-OFF conditions. Bars represent the standard error of the mean. D.
Histograms of average MTs of no-stop and go-only trials in each DBS-ON and DBF-OFF conditions. Bars represent the standard error of the mean.
doi:10.1371/journal.pone.0062793.g003

Table 3. Summary of behavioral measurements for Parkinson’s patients in each DBS condition and for healthy controls in no-stop
trials and in go-only trials.

DBS-ON DBS-OFF Age- Matched CTRL
RT no-stop trials (ms) 504.3+36.1 487.9+354 611+38.6
RT go-only trials (ms) 324.6:19.1 315.9%17.1 324.1%15.7
MT no-stop trials (ms) 583.9+53.9 797.3%67.2 342.2+18.9
MT go-only trials (ms) 623.9+60.7 734.9%57.2 417.7:16.3
RT (Percentage difference) 57.8£10.9 54.29+6.9 89.7+9.3
MT (Percentage difference) —5.5+3.1 8.9+4.5 —17.9+3.6
Accuracy in no-stop trials 0.86+0.03 0.89+0.03 0.860.03
Accuracy in go-only trials 0.93+0.02 0.90+0.03 0.97+0.01
Percentage of overreaches among no-stop trials 0.06:0.02 0.03+0.01 0.1+0.003
Percentage of overreaches among go-only trials 0.0010.001 0.003+0.002 0.003+0.002

In all cases the average values £SEM are reported. Accuracy was computed as the percentage of correct responses with respect to the sum of correct plus incorrect
responses. Incorrect trials were either those in which subjects touched the target outside the tolerance window or those whose RTs exceeded the upper RT (overreach
trials). The percentage of overreach trials was computed with respect to the sum of correct plus incorrect responses.

doi:10.1371/journal.pone.0062793.t003
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Table 4. Results of the two-way ANOVAs on the RTs and MTs with group (control subjects, CTRL, versus PD patients in each DBS

Group Trial type Group*Trial type

F(df) Sig. F(df) Sig. F(df) Sig.
RTs CTRL vs. DBS-ON F(1,23)=23 0.14 F(1,23)=110.6 <0.0001 F(1,23)=5.8 <0.05
RTs CTRL vs. DBS-OFF F(1,23)=3.3 0.08 F(1,23)=138.5 <0.0001 F(1,23)=87 <0.01
MTs CTRL vs. DBS-ON F(1,23)=15.4 <0.001 F(1,23)=26.9 <0.0001 F(1,23)=25 0.12
MTs CTRL vs. DBS-OFF F(1,23)=41.7 <0.0001 F(1,23)=0.13 0.73 F(1,23)=13.9 <0.001

doi:10.1371/journal.pone.0062793.t004

type, F [1,11]=2.91, p=0.12; interaction, F [1,11]=1.32,
p=0.28), we concluded that accuracies were very similar across
experimental conditions.

F-values, degrees of freedom (df) and significance value (Sig.) are reported for both main factors and interactions.

subjects were aware that in the latter task a stop signal could
sometimes appear during movement preparation, indicating that
the pending action should be suppressed. The presence of the stop

Finally we compared the accuracy of control subjects with that
of PD patients in each DBS condition with the corresponding
values at each DBS condition, using two-way-ANOVAs with
group (control subjects and PD patients in a given DBS state) and
trial type (go-only and no-stop trials) as factors. As reported in
Table 5, the accuracy of healthy subjects was never significantly
different from that of PD patients. However, subjects were more
accurate when performing go-only trials than no-stop trials.

Table 5. Results of the two-way ANOVAs on the accuracy
with group (control subjects, CTRL, versus PD patients in each
DBS state) and trial type (go-only versus no-stop trials) as
factors.

Group*Trial
Group Trial type type
Discussion F(df) Sig. F(df) Sig.  F(df) Sig.

We have shown for the first time, to our knowledge, that the
bilateral stimulation of STN can partially restore a planning
strategy appropriate to the context in which PD patients are
embedded, i.e. qualitatively similar to that of healthy subjects [13].
We compared similar arm reaching movements executed in a go-
only task with those executed in a countermanding task. In both
cases we stressed the importance of moving as fast as possible, but

CTRL vs. DBS-ON
CTRL vs. DBS-OFF

F(1,23)=0.3 0.58 F(1,23)=17.5 <0.0001F(1,23)=1.3 0.26
F(1,23)=0.7 042 F(1,23)=8.7 <0.01 F(1,23)=3.4 0.07

F-values, degrees of freedom (df) and significance value (Sig.) are reported for
both main factors and interactions.
doi:10.1371/journal.pone.0062793.t005
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Figure 4. Magnitude and modulation of the context effect. (see Results for more details) A. Percentage of PD patients (in each DBS state) and
healthy subjects showing simultaneously a significant increase in reaction times (RTs) and a significant decrease in movements times (MTs) in no-stop
trials with respect to go-only-trials (black bars), and a significant lengthening of both RTs and MTs in no-stop-trials with respect to go-only trials (gray
bars). B. Percentage change (+SEM) for both RTs (black bars) and MTs (grey bars) of no-stop-trials with respect to go-only trials in PD patients (in
each DBS state) and control subjects.

doi:10.1371/journal.pone.0062793.9g004
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signal creates a conflict on all no-stop trials because, despite the
instructions, subjects spontaneously tend to delay movement
initiation to wait for the possible occurrence of a stop signal. In
healthy subjects this conflict had opposing effects on RTs and MTs
of reaching movements when compared with a situation in which
similar movements were performed in a task without intermingled
stop signals [13]. Probably the delaying of no-stop movement
initiation has the side-effect of allowing the coding of a full motor
program, speeding up MTs. In the go-only trials the absence of
a brake allows a shortening of RTs at the cost of leaving some
details of the motor program uncompleted, so that the planning
must be completed during the movement. Data collected both on
healthy subjects [11,13,34,35] and on PD patients [12] support the
idea that an action plan can be updated beyond the initiation
phase.

In our opinion turning off both DBS decreases the ability to
orchestrate movements according to the context in which PD
patients act. It has been shown that PD patients, either with or
without dopaminergic medication, fail to exhibit appropriate
context-dependent adjustments to standing postural control aimed
at reducing the risk of a fall when their balance is challenged by
a threat [36,37]. In particular, we believe that the absence of STN
stimulation might cause an improper evaluation of movement
energy costs. Recently, Mazzoni, Hristova & Krakauer [38]
reached a similar conclusions. They asked PD patients and healthy
controls to move their arm to a previously specified target at
different speeds a given number of times. Both groups were able to
make the required movements with the same accuracy, but PD
patients had to make significantly more trials before reaching the
required number of repetitions. As the accuracy of patients was the
same as that of controls, Mazzoni, Hristova & Krakauer [38]
concluded that the loss of dopamine did not cause bradykinesia
through a speed—accuracy trade-off, but rather affected decision-
making through a faulty evaluation of the costs of movements.
This interpretation might be valid even in our experiments, as we
also did not find a difference in no-stop trial accuracy across DBS
conditions. It is likely that these effects occur because DBS
switches off pathological activity in the STN and imposes a new
type of discharge endowed with beneficial influences [39].

Neural Basis of Contextual Effects

Previously we found that STN DBS improved inhibitory control
but did not affect RTs of reaching movements [18]. Thus we
suggested that STN seemed to play a selective role in response
inhibition. Now, as we have found a modulation of MTs as
a function of the DBS state, we can extend our previous
conclusions to include this new finding.

The role of the STN and the mechanisms through which DBS
exerts clinical effects are hotly debated. In fact, while DBS of STN
seems to improve volitional inhibition ([18,40,41] but see [42] for
a different view) it has also been shown to increase impulsive
behavior [43,44]. These paradoxically discrepant findings might
be explained by impulse and inhibitory control underlying goal-
directed behavior being regulated by two different circuits which
both include the STN, impulse control passing through the pre-
SMA/SMA [45] and inhibitory control passing through the right
IFG [32,45]. Support for this view comes from the study by Wylie
et al [46], who administrated a version of the Simon task to PD
patients with STN DBS. Patients were asked to make left or right
key-presses to the appearance of a blue or a green circle,
respectively (relevant stimulus dimension). Circles could be
presented either in the left or right visual field (irrelevant stimulus
dimension). As expected, irrelevant stimulus information elicited
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a strong response impulse which interfered with the response when
it was incongruent with the relevant stimulus information (i.e.
when a blue circle appeared in the right visual field) and vice versa.
Wylie et al. [46] analyzed both the accuracy and size of the Simon
effect (ie. the difference in the response speed between in-
congruent and congruent trials) separately at each bin of the RT
distribution. They found that, in the fastest bins, patients were
more accurate in the DBS-OFF than the DBS-ON condition,
indicating that STN stimulation increased the impulsiveness of the
fastest responses. However, in the slowest bins STN stimulation
significantly reduced the Simon effect, indicating that the in-
hibitory control needed to suppress response impulses driven by
the irrelevant stimulus dimension was improved. Thus it is possible
that, in our task conditions, bilateral STN DBS might simulta-
neously improve inhibitory control and strategic planning in
a context-dependent manner acting through parallel circuits.

A similar context-dependent effect has been observed in the
oculomotor system. Stuphorn & Schall [47] showed that
microstimulation of the supplementary eye fields of behaving
monkeys influences saccade generation in an adaptive way. The
delivery of subthreshold microstimulation during no-stop trials
delayed the saccade generation, while the same stimulation
reduced RTs in the context of a visually guided saccade task (1.e.
in blocks without stop signals). This is adaptive because, in the
context of a countermanding task, slower saccades have a higher
probability of being cancelled if a stop signal is presented, while in
the context of a go-only task faster saccades allowed the monkeys
to quickly obtain juice rewards. The fact that in our case the
stimulation influenced MTs instead of RTs might be due to the
different nature of reaching movements and saccades. Saccades
are ballistic movements, i.e. they have a “point of no return” after
which movement preparation is no longer controllable. Different
arm movements can be stopped at any point along their path
[48,49] and, as a consequence, their planning can be modified
even during the execution phase.

Interestingly, STN DBS does not affect the amount of
lengthening of RTs of no-stop-trials with respect to those of go-
only-trials [18]. However, slowing down of no-stop trials is altered
by PD, given that patients react faster than age-matched controls.
Evidently this form of proactive control depends upon damage to
the striatum and/or to the connected circuitry, which are known
to be critical for this function [50,51]. At the same time our data
reveal that another aspect of proactive control which takes place
during the countermanding task, namely the shortening of MTs of
no-stop-trials, is affected by STN DBS. Therefore it is possible that
overall proactive preparation of actions relies on two different
circuits, one passing through the striatum and the other passing
through STN.

Supporting Information
File S1 Supporting table and figure.
(DOC)

Acknowledgments

We thank all patients for their participation in the study.

Author Contributions

Selected and recruited patients: GC NM. Revised the manuscript and gave
helpful suggestions: GC SI NM. Conceived and designed the experiments:
GM. Performed the experiments: GG FL. Analyzed the data: GM SI.
Wrote the paper: GM.

May 2013 | Volume 8 | Issue 5 | €62793



References

1.

20.

21.

22.

Benecke R, Rothwell JC, Dick JP, Day BL, Marsden CD (1987) Disturbance of
sequential movements in patients with Parkinson’s disease. Brain 110 (Pt 2):

361-379.

. Agostino R, Berardelli A, Formica A, Accornero N, Manfredi M (1992)

Sequential arm movements in patients with Parkinson’s disease, Huntington’s
disease and dystonia. Brain 115 (Pt 5): 1481-1495.

. Rand MK, Van Gemmert AW, Stelmach GE (2002) Segment difficulty in two-

stroke movements in patients with Parkinson’s disease. Exp Brain Res 143: 383~
393.

Stelmach GE, Worringham CJ, Strand EA (1987) The programming and
execution of movement sequences in Parkinson’s disease. Int J Neurosci 36: 55—

65.

. Weiss P, Stelmach GE, Hefter H (1997) Programming of a movement sequence

in Parkinson’s disease. Brain 120 (Pt 1): 91-102.

Smiley-Oyen AL, Lowry KA, Kerr JP (2007) Planning and control of sequential
rapid aiming in adults with Parkinson’s discase. ] Mot Behav 39: 103-114.
Sternberg S, Monsell S, Knoll RL, Wright CE (1978) The latency and duration
of rapid movement sequence: comparison of speech and typewriting. 117-152.

. Klapp ST (1996) Reaction time analysis of central motor control. 13-35.
. Henry FM, Rogers DE (1960) Increased response latency for complicated

movements and a “memory drum” theory of neuromotor reaction. Research
Quarterly 31: 448-458.

. Rosenbaum DA, Hindorfl V, Munro EM (1987) Scheduling and programming

of rapid finger sequences: tests and elaborations of the hierarchical editor model.
J Exp Psychol Hum Percept Perform 13: 193-203.

. Khan MA, Lawrence GP, Buckolz E, Franks IM (2006) Programming strategies

for rapid aiming movements under simple and choice reaction time conditions.

Q J Exp Psychol (Hove ) 59: 524-542.

. Leis BC, Rand MK, Van Gemmert AW, Longstaff MG, Lou JS, et al. (2005)

Movement precues in planning and execution of aiming movements in
Parkinson’s disease. Exp Neurol 194: 393-409.

. Mirabella G, Pani P, Ferraina S (2008) Context influences on the preparation

and execution of reaching movements. Cogn Neuropsychol 25: 996-1010.

. Logan GD (1981) Attention, automacity, and the ability to stop a speeded choice

response. 205-222.

. Mirabella G, Pani P, Paré¢ M, Ferraina S (2006) Inhibitory control of reaching

movements in humans. Exp Brain Res 174: 240-255.

. Verbruggen F, Logan GD (2009) Proactive adjustments of response strategies in

the stop-signal paradigm. J Exp Psychol Hum Percept Perform 35: 835-854.

. Zandbelt BB, Vink M (2010) On the role of the striatum in response inhibition.

PLoS One 5: ¢13848—.

. Mirabella G, Iaconelli S, Romanelli P, Modugno N, Lena F, et al. (2012) Deep

Brain Stimulation of Subthalamic Nuclei Affects Arm Response Inhibition In
Parkinson’s Patients. Cereb Cortex 22: 1124-323.

. Mungas D (1991) In-office mental status testing: a practical guide. Geriatrics 46:

54-8, 63, 66.

Moro E, Scerrati M, Romito LM, Roselli R, Tonali P, et al. (1999) Chronic
subthalamic nucleus stimulation reduces medication requirements in Parkinson’s
disease. Neurology 53: 85-90.

Lopiano L, Torre E, Benedetti F, Bergamasco B, Perozzo P, et al. (2003)
Temporal changes in movement time during the switch of the stimulators in
Parkinson’s disease patients treated by subthalamic nucleus stimulation. Eur
Neurol 50: 94-99.

Temperli P, Ghika J, Villemure JG, Burkhard PR, Bogousslavsky J, et al. (2003)
How do parkinsonian signs return after discontinuation of subthalamic DBS?
Neurology 60: 78-81.

Sturman MM, Vaillancourt DE, Shapiro MB, Metman LV, Bakay RA, et al.
(2008) Effect of short and long term STN stimulation periods on parkinsonian
signs. Mov Disord 23: 866-874.

Stancanello J, Romanelli P, Modugno N, Cerveri P, Ferrigno G, et al. (2006)
Atlas-based identification of targets for functional radiosurgery. Med Phys 33:
1603-1611.

Stancanello J, Muacevic A, Sebastiano F, Modugno N, Cerveri P, et al. (2008)
3T MRI evaluation of the accuracy of atlas-based subthalamic nucleus

identification. Med Phys 35: 3069-3077.

. Mirabella G, Pani P, Ferraina S (2009) The presence of visual gap affects the

duration of stopping process. Exp Brain Res 192: 199-209.

. Levitt H (1971) Transformed up-down methods in psychoacoustics. ] Acoust Soc

Am 49:Suppl.

PLOS ONE | www.plosone.org

10

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

44.

46.

47.

48.

49.

50.

51.

DBS, Strategic Planning and Cognitive Context

. Osman A, Kornblum S, Meyer DE (1986) The point of no return in choice

reaction time: controlled and ballistic stages of response preparation. J Exp

Psychol Hum Percept Perform 12: 243-258.

. Osman A, Kornblum S, Meyer DE (1990) Does motor programming necessitate

response execution? J Exp Psychol Hum Percept Perform 16: 183-198.

Toth C, Rajput M, Rajput AH (2004) Anomalies of asymmetry of clinical signs
in parkinsonism. Mov Disord 19: 151-157.

Eidelberg D, Moeller JR, Dhawan V, Sidtis JJ, Ginos JZ, et al (1990) The
metabolic anatomy of Parkinson’s disease: complementary [18F] fluorodeox-
yglucose and [18F] fluorodopa positron emission tomographic studies. Mov
Disord 5: 203-213.

Aron AR, Durston S, Eagle DM, Logan GD, Stinear CM, et al. (2007)
Converging evidence for a fronto-basal-ganglia network for inhibitory control of
action and cognition. J Neurosci 27: 11860-11864.

Fitts PM (1954) The information capacity of the human motor system in
controlling the amplitude of movement. J Exp Psychol 47: 381-391.

Adam JJ, Nieuwenstein JH, Huys R, Paas FG, Kingma H, et al. (2000) Control
of rapid aimed hand movements: the one-target advantage. J Exp Psychol Hum
Percept Perform 26: 295-312.

. Vindras P, Viviani P (2005) Planning short pointing sequences. Exp Brain Res

160: 141-153.

Brown LA, Doan JB, Whishaw I1Q, Suchowersky O (2007) Parkinsonian deficits
in context-dependent regulation of standing postural control. Neurosci Lett. 418:
292-7.

Doan JB, Whishaw IQ, Pellis SM, Suchowersky O, de Bruin N, et al. (2010)
Challenging context affects standing reach kinematics among Parkinson’s disease
patients. Behav Brain Res. 214: 135-41.

Mazzoni P, Hristova A, Krakauer JW (2007) Why don’t we move faster?
Parkinson’s disease, movement vigor, and implicit motivation. ] Neurosci 27:
7105-7116.

Garcia L, D’Alessandro G, Bioulac B, Hammond C (2005) High-frequency
stimulation in Parkinson’s disease: more or less? Trends Neurosci. 28: 209-216.
Swann N, Poizner H, Houser M, Gould S, Greenhouse I, et al. (2011) Deep
brain stimulation of the subthalamic nucleus alters the cortical profile of response
inhibition in the beta frequency band: a scalp EEG study in Parkinson’s disease.

J Neurosci 31: 5721-5729.

van den Wildenberg WP, van Boxtel GJ, van der Molen MW, Bosch DA,
Speelman JD, et al. (2006) Stimulation of the subthalamic region facilitates the
selection and inhibition of motor responses in Parkinson’s disease. J Cogn
Neurosci 18: 626-636.

Ray NJ, Jenkinson N, Brittain J, Holland P, Joint C, et al. (2009) The role of the
subthalamic nucleus in response inhibition: evidence from deep brain
stimulation for Parkinson’s disease. Neuropsychologia. 47: 2828-2834.

. Frank M]J, Samanta J, Moustafa AA, Sherman SJ (2007) Hold your horses:

impulsivity, deep brain stimulation, and medication in parkinsonism. Science
318: 1309-1312.

Cavanagh JF, Wiecki TV, Cohen MX, Figueroa CM, Samanta J, et al. (2011)
Subthalamic nucleus stimulation reverses mediofrontal influence over decision
threshold. Nat Neurosci 14: 1462-1467.

. Forstmann BU, Dutilh G, Brown S, Neumann J, von Cramon DY, et al. (2008)

Striatum and pre-SMA facilitate decision-making under time pressure. Proc Natl
Acad Sci U S A 105: 17538-17542.

Wylie SA, Ridderinkhof KR, Elias W], Frysinger RC, Bashore TR, et al. (2010)
Subthalamic nucleus stimulation influences expression and suppression of
impulsive behaviour in Parkinson’s disease. Brain 133: 3611-3624.

Stuphorn V, Schall JD (2006) Executive control of countermanding saccades by
the supplementary eye field. Nat Neurosci 9: 925-931.

De Jong R, Coles MG, Logan GD, Gratton G (1990) In search of the point of no
return: the control of response processes. J Exp Psychol Hum Percept Perform
16: 164-182.

Scangos KW, Stuphorn V' (2010) Medial frontal cortex motivates but does not
control movement initiation in the countermanding task. J Neurosci 30: 1968—
1982.

Zandbelt BB, Vink M (2010): On the role of the striatum in response inhibition.
PLoS One 11: e13848.

Zandbelt BB, van Buuren M, Kahn RS, Vink M (2011) Reduced proactive
inhibition in schizophrenia is related to corticostriatal dysfunction and poor
working memory. Biol Psychiatry 70: 1151-1158.

May 2013 | Volume 8 | Issue 5 | €62793



