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Early-Stage Parkinson’s Patients Show Selective Impairment
in Reactive But Not Proactive Inhibition
Veronica Di Caprio, MA,1 Nicola Modugno, MD, PhD,1 Christian Mancini, MA,2 Enrica Olivola, MD,1 and
Giovanni Mirabella, PhD1,2*

2

1
Istituto di Ricovero e Cura a Carattere Scientiﬁco (IRCCS) Neuromed, Pozzilli (IS), Italy
Department of Anatomy, Histology, Forensic Medicine & Orthopedics, Sapienza University, Rome, Italy

A B S T R A C T : Background: It is well known that a deﬁcit in inhibitory control is a hallmark of Parkinson’s disease (PD). However, inhibition is not a unitary construct,
and it is unclear whether patients in the early stage of the
disease (Hoehn and Yahr stage 1) exhibit a deﬁcit in outright stopping (reactive inhibition), a deﬁcit in the ability
to shape their response strategies according to the context (proactive inhibition), or both.
Objective: We assessed whether PD patients at Hoehn and
Yahr stage 1 show a global or selective impairment in inhibitory control. As it has been suggested that inhibition relies
upon a right-lateralized pathway, we tested whether leftdominant PD patients suffered from a more severe deﬁcit in
this executive function than right-dominant PD patients.
Methods: Via a reaching stop-signal task, we assessed
both proactive and reactive inhibition in 17 left-dominant
PD and 17 right-dominant PD patients and in 24 agematched participants.

Decision making is driven by the evaluative representations of possible future scenarios.1,2 However, given
that the outcomes of actions cannot be fully predicted,
decisions bear a certain degree of uncertainty. Sometimes, actions must be stopped on the ﬂy to avoid catastrophic consequences because of the occurrence of
random events. Therefore, response inhibition represents a key component of executive control, which
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Results: We found that reactive inhibition was more
impaired in PD patients than in healthy participants.
However, proactive inhibition was not affected. Furthermore, we found no differences between left-dominant PD
and right-dominant PD patients.
Conclusions: For the ﬁrst time, we found evidence for a
deﬁcit of reactive inhibition in the early-stage PD patients
in the absence of evidence for deﬁcits in proactive inhibition. These ﬁndings have clinical relevance as they provide critical insights on the time course of the disease. In
addition, we conﬁrmed, on a population of PD patients
at Hoehn and Yahr stage 1, previous results showing
that the onset of the disease does not affect inhibition.
© 2019 International Parkinson and Movement Disorder
Society
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allows behavioral ﬂexibility in a continually changing
world.
It is well known that patients with Parkinson’s disease (PD) experience a severe deﬁcit in inhibitory control3-9 (for a review, see ref. 10, which dramatically
impacts their ability to pursue future-oriented goals.
Given its importance, it has been posited that response
inhibition performance could be a sensitive outcome
measure for diagnosis and progression of PD.11
However, at present there are some major gaps in
our knowledge of how inhibitory control changes
according to the stage and the features of PD. First,
with only 1 exception,12 there are no studies on PD
patients in the earliest stage of the disease. In the study
by Vriend and colleagues,12 20 drug-naïve PD patients
(de novo) were tested with a stop-signal task during
functional magnetic resonance imaging scanning. Only
1 component of inhibitory control, that is, reactive inhibition (the ability to stop a response outright when a

Movement Disorders, Vol. 35, No. 3, 2020

409

D I

C A P R I O

E T

A L

stop instruction is presented) was measured, and the
behavioural performance of patients was not signiﬁcantly different with respect to that of age-matched
healthy controls. These results cannot be considered
conclusive as the number of trials was rather low, and
proactive inhibition, that is, the ability to ﬂexibly adapt
the motor strategy according to constraints embedded
in the current context, was not measured. Second, there
is another salient aspect that has been overlooked in
the vast majority of previous work (see ref. 6 for an
exception). In a great number of cases, cardinal symptoms (rigidity, bradykinesia, resting tremor, and postural changes) of PD develop unilaterally either on the
left or the right side of the body.13,14 Motor symptoms
become bilateral at later stages of the disease. The unilateral onset of PD is a result of the asymmetric depletion of dopaminergic cells in the substantia nigra pars
compacta, which affects the functioning of the hemisphere contralateral to the predominantly affected
side of the body.15,16 Because it has been hypothesized
that inhibitory control of manual movements relies
on a right-lateralized frontal−basal ganglia–thalamic
pathway,17 it follows that lateralized PD patients are
an ideal population in which to test the role of the
right hemisphere in action countermanding. Recently,
Mirabella and colleagues6 compared inhibitory performance of right-dominant and left-dominant PD patients
(RPD and LPD, respectively) in the middle stage of the
disease (Hoehn and Yahr stages 2 or 3), and they did
not ﬁnd any difference in either reactive or proactive
inhibition between LPD and RPD patients even though
the patients were impaired with respect to healthy controls. The authors concluded that inhibition does not
rely solely on the right hemisphere but on cooperation
between the 2 hemispheres.6 An objection to this result
is that the absence of difference in inhibitory control
between RPD and LPD patients could be ascribed to
the fact that even though symptoms in these patients
were pronounced asymmetric, both hemispheres were
affected.
Hence, the aim of the present work is twofold. First,
we want to assess whether reactive, proactive, or both
types of inhibition are already affected at the very early
stage of PD. Second, we want to retest whether LPD
patients have a worse inhibitory control than RPD
patients using a population of patients whose symptoms are limited to 1 side of the body.
To achieve these goals, we gave a reaching version of
the stop-signal task to PD patients at Hoehn and Yahr
stages 1 or 1.5, that is, with motor symptoms restricted
either to the left or to the right side of the body, and to
age-matched and education-matched healthy participants to collect normative data. The stop-signal task
consists of a pseudorandom intermix of trials. In most
of them, the participants have to execute an action to
respond to go-signals (no-stop trials), whereas in a
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minority of trials they have to suppress the preplanned
action if a stop-signal follows the go-signal (stop trial).
The reaching-arm version of this task allows the simultaneous assessment of reactive and proactive inhibition.6,18 The former is quantiﬁed by the time it takes to
cancel an action, the stop-signal reaction time (SSRT),
which is estimated using the race model.19 The latter is
computed by evaluating the “context effect.”5–7,18 This
phenomenon consists of a change of motor strategy for
the execution of the same reaching-arm movement executed under 2 different contexts: when participants are
aware that unexpectedly a stop signal could be presented versus when they are aware that it would never
be shown. Operationally this comparison is realized by
contrasting the reaction times (i.e., the time to initiate a
response; reaction time [RT]) and the movement times
(i.e., the time to execute the motor response; movement
time [MT]) of arm reaches during no-stop trials versus
those measured during the execution of the same movements in the context of a simple RT task (go-only trial).
It has been repeatedly shown that in healthy participants, go-only trials RTs are shorter and MT are longer
than in no-stop trials.18 In contrast, in advanced PD
patients5,6 or patients with unilateral deep brain
stimulation,7 this optimization of costs and beneﬁts
(shorter RTs are compensated by longer MTs and vice
versa) is impaired. This seems to be a very sensitive tool
for assessing proactive control (but see ref. 20 for an
alternative experimental design).
We hypothesized that reactive inhibition at the early
stage of PD would be selectively impaired while proactive inhibition would be preserved because PD patients
in this stage should be less cognitively impaired than in
later stages of the disease. On the grounds of our previous results,6,7 we do not foresee any differences
between RPD and LPD patients.

Materials and Methods
Participants
From the outpatients of the Parkinson’s unit of the
Istituto di Ricovero e Cura a Carattere Scientiﬁco
(IRCCS) Neuromed Hospital, we recruited 34 idiopathic
PD patients with lateralized motor symptoms (Hoehn
and Yahr stages 1 or 1.5). Half of them had left-sided
symptoms, and the other half had right-sided symptoms. In both groups, 10 were drug-naïve, whereas
7 were under stable treatment with the administration
of levodopa and dopamine agonists (see Tables S1 and
S2 of Supplemental Data 1). All patients were righthanded as assessed by the Edinburgh Handedness
Inventory21 and had normal or corrected-to-normal
vision. Patients were excluded if they showed (1) presence of severe sensory deﬁcits or any other neurological disease besides PD, as assessed by a standard
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neurological examination; (2) overt signs of dementia
(Mini-Mental State Examination <24) and/or severe
tremor; or (3) symptoms of impulse control disorder22
(as it has been shown that PD patients with impulse control disorder are signiﬁcantly faster at stopping initiated
motor actions than PD patients without impulse control
disorder symptoms23). Motor symptoms were rated
using the Uniﬁed Parkinson’s Disease Rating Scale part
3 (UPDRS3). Demographic and clinical characteristics
across the 2 groups of patients did not statistically differ
(see Table 1 and Supplemental Data 1).
Finally, to have a baseline measure of inhibitory control, we enrolled 24 healthy right-handed participants
with normal or corrected-to-normal vision and without
a history of neurological diseases. The average age of
the controls and their education were not statistically
signiﬁcantly different from those of the 2 groups of PD
patients (Table 1).
All participants provided written informed consent.
All the procedures were approved by the Institutional
Ethics Committee of IRCCS Neuromed Hospital and
were performed following the ethical standards laid
down in the Declaration of Helsinki. Data will be freely
available from the Open Science Framework platform
(https://osf.io/tyc43/).

Tasks
Both PD patients and controls performed the go-only
task and the reaching version of the stop-signal task previously described.7 (Those patients on dopaminergic drugs
were always tested in on therapy.) The go-only task was
an RT task aimed at measuring RTs and MTs of reachingarm movements in a context in which the participants
knew that they would never be required to cancel a pending action (Fig. 1). In go-only trials, the participants had
to reach and hold a central stimulus until it disappeared
and, simultaneously, a peripheral target appeared 18.6
degrees of visual angle to the right (go-signal). To give a
correct response, participants had to reach the target as
quickly as possible and to hold it until they heard an
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acoustic signal, which was presented at a variable delay of
300 to 400 milliseconds (in step of 50 milliseconds). The
stop-signal task consisted of a pseudorandom mix of nostop and stop trials (Fig. 1). No-stop trials were the same
as go-only trials, whereas in stop trials the central stimulus
reappeared at a variable delay after the go-signal (stopsignal delay [SSD]) before the onset of the movement acting as the stop-signal. In this instance, the participants
were instructed to cancel the preplanned movement
response toward the peripheral target. The length of the
SSD was changed using a staircase procedure depending
on the stopping performance24 with a 50% performance
criterion. If participants succeeded in inhibiting the
response, then stopping was made more difﬁcult by
increasing the SSD by 39.9 milliseconds (3 refresh rates);
otherwise, the SSD decreased by the same amount of time.
The starting value of the SSD was 119.7 milliseconds
(9 refresh rates).
As people automatically tend to postpone their
response to make inhibition on stop trials easier, we
verbally informed participants that the probability of
stopping would approximate to 50%, irrespective of
their strategy. We also impose a maximum RT for
no-stop trials, that is, whenever the RTs were >800
milliseconds, no-stop trials were aborted (overreach
trial). Overreach trials were kept for the ﬁnal analysis
to avoid cutting the right tail of the RT distribution,
and on average they accounted for 3.6%, 3.8%, and
4.8% of the total no-stop trials in RPD patients, LPD
patients, and controls, respectively.
Importantly, whereas controls performed the 2 tasks
using the right (dominant) arm, the patients also performed them using the left arm. Sessions in which the
patients used the right arm were counterbalanced with sessions in which they had to employ the left arm. In the left
version of the task, the peripheral target appeared on the
horizontal plane to the left of the central stimulus. All of
the participants completed 4 blocks of 108 stop-signal trials (432 trials) and about 90 go-only trials with the dominant arm. Patients performed the same amount of trials
using the left arm. Therefore, each patient performed

TABLE 1. Demographic and clinical features of participants

RPD
LPD
Controls

Age

Education,
y

Handedness

57.6 (6.8)
61.6 (5.6)
58.8 (6.9)

13.3 (3.3)
11.8 (3.8)
13.2 (4.6)

87.6 (12.5)
90 (11.7)
86.7 (13.7)

Hoehn
& Yahr

UPDRS3,
total

UPDRS3, limbs of
affected side

LEDD, mg

MMSE

Months since
diagnosis

1 (0)
1.1 (0.2)

14 (3.9)
14.9 (5.1)

10.5 (3.6)
12.3 (4)

200.3 (172.3)
140.7 (100.8)

27 (1.8)
28.2 (2.1)

17.1 (10.2)
15.3 (10.7)

For each group, the average value ( standard deviation) of age, years of education, and handedness (measured according to Olﬁed 1971)21 are given. In addition,
just for RPD and LPD, the average value ( standard deviation) of Hoehn & Yahr scores (indicating the stage of Parkinson’s disease), total score of the UPDRS3 (for
those patients who were under pharmacological treatment, the UPDRS3 was measured after the assumption of the habitual dose of levodopa), partial score of the
UPDRS3 related to the limbs of the affected side, LEDD (the value refers to those patients that were not drug naïve), MMSE score, and months since diagnosis are
provided. The ages of control participants and their education were not statistically signiﬁcantly different from those of Parkinson’s disease patients (see Table S3,
Supplemental Data 1). None of the clinical features of RPD patients differed from those of LPD patients (see Table S3, Supplemental Data 1).
UPDRS3, Uniﬁed Parkinson’s Disease Rating Scale part 3; LEDD, levodopa equivalent daily dose; MMSE, Mini-Mental Examination; RPD, right-dominant
Parkinson’s disease patients; LPD, left-dominant Parkinson’s disease patients.

Movement Disorders, Vol. 35, No. 3, 2020

411

D I

C A P R I O

E T

A L

FIG. 1. Experimental tasks (go-only and stop-signal task). Participants were seated in a silent room so that their eyes were about 40 cm away from the
touchscreen and they could comfortably reach the stimuli projected on the touchscreen (MicroTouch, 3M, Saint Paul, MN, USA; sampling rate 200 Hz).
The go-only task consisted of only 1 type of trial (go-only), whereas the stop-signal task consisted of a pseudorandom mix of no-stop (67%) and stop
trials (33). All trials began with the appearance of a central stimulus, which participants had to reach and hold with the index of the right (dominant) arm
for a variable period of 500–800 milliseconds (patients also performed the task with the left arm). Successively, the central stimulus disappeared, and a
target appeared 18.6 degrees of visual angle (dva) to the right (or to the left, when patients employed the left arm), acting as a go-signal. In the go-only
and the no-stop trials, participants had to reach and hold the peripheral target for 300–400 milliseconds. In contrast, in the stop trials, the central stimulus (stop-signal) reappeared at a variable delay after the go signal (stop-signal delay, SSD), and participants were instructed to suppress the preplanned
movement. To score a success, participants had to keep the index ﬁnger on the stop signal for 300–400 milliseconds. Otherwise, the trial was scored
as a failure. Correct responses were signaled by auditory feedback. The dotted circle (blind to the participants) indicates the size of the tolerance window for the touches (5 dva of diameter). CORTEX, a free, noncommercial software package, was used to control stimulus presentation and to collect
behavioral responses. Visual stimuli consisted of red circles (2.434 cd/m2) with a diameter of 4 dva presented against a dark background of uniform
luminance (<0.01 cd/m2). The temporal arrangements of stimulus presentation were synchronized with the personal computer monitor (17-inch,
cathode-ray tube noninterlaced) refresh rate (75 Hz, 640 × 480 resolution).
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~1040 trials. Resting periods were allowed between blocks
whenever requested. Before starting the task, ~50 practice
trials were given to familiarize the participants with the
apparatus.

speed of inhibition (SSRT) were accurate (Table 2 and
Supplemental Data 3).

Data Analyses

As shown in Table 2 and Figure 2A, the average
SSRTs of PD patients were longer than the average
SSRT of controls. A 1-way ANOVA (levels: RPD, LPD,
and controls) revealed a main effect, and the following
post hoc tests showed that controls inhibit their movement signiﬁcantly faster than both RPD and LPD
patients (Table 3). In contrast, the SSRT of RPD and
LPD patients was similar. The values of the BF10 provided further support for the null hypotheses, strengthening the conclusion that RPD and LPD patients do not
show signiﬁcant differences in reactive inhibition.

RTs, MTs, and the SSRTs were taken as behavioral
parameters. RTs were computed as the time interval
between the go-signal presentation and the onset of
movement. MTs were computed as the time interval
between the movement onset and the moment in which
the peripheral target was touched. Trials with RTs
shorter/longer than the mean  3 standard deviations
(SDs) were considered outliers and discarded. Overall,
1.8%, 1.6%, and 1.1% of the data were eliminated in
RPD patients, LPD patients, and controls, respectively.
Reactive inhibition was measured via the SSRT,19,25
which was estimated using the integration method as
this method provides the best estimate when proactive
slowing occurs26 (Supplemental Data 2). Proactive inhibition was assessed by comparing the RTs and the MTs
of no-stop trials versus those of go-only trials.18
We assessed the assumption of normality of the distributions of RTs, MTs, and SSRTs using the Shapiro-Wilk test.
As this assumption was satisﬁed in all cases but 2 (i.e., the
RTs of go-only trials of LPD and controls), we employed
different types of analysis of variance (ANOVA) to assess
changes in RTs, MTs, and SSRTs given that parametric
tests are more robust than the corresponding nonparametric tests. Bonferroni corrections were applied for all multiple comparisons. For each ANOVA, we quantiﬁed the
effect size in terms of the partial eta-squared (ηp2; values of
0.01, 0.058, and 0.139 indicate small, medium, and large
effects, respectively), whereas for the t test we quantiﬁed it
using Cohen’s d (values of 0.2, 0.5, and 0.8 indicate small,
medium, and large effects, respectively). To quantify the
strength of null hypotheses, we calculated the Bayes factors (BF10) with an r scale of 0.70727 (BF10 values <0.33
and <0.1 provide moderate and robust support, respectively, for a null hypothesis compared to the alternative
hypothesis). Finally, cumulative distributions of RTs and
MTs in no-stop and go-only trials were compared using
2-sample Kolmogorov-Smirnov tests. χ2-tests were used to
determine whether there were signiﬁcant differences
between the occurrences of the context effects.

Results
First, we assessed whether (1) the staircase algorithm
worked similarly well in our populations of patients
and controls and (2) the assumption about the stochastic independence between the go process and the stop
process19,25 was fulﬁlled. As both conditions were satisﬁed, we concluded that our estimates of the overall

Reactive Inhibition: PD Patients Have Longer
SSRTS Than Controls

Proactive Inhibition: No Difference Between PD
Patients and Controls
Proactive inhibition was measured quantifying the
context effect following both a within-subject approach
and 2 different population approaches.6,7
First, we assessed the occurrence of the context effect
in each participant checking whether the individual
cumulative distributions of RTs and MTs were signiﬁcantly different via the 2-sample Kolmogorov-Smirnov
test. After that, we computed the percentage of participants who exhibited a simultaneous decrease in RTs
and increase in MTs in no-stop trials with respect to
go-only trials. As shown in Figure 2B, the percentage of
TABLE 2. Summary of behavioral values for RPD and LPD
patients and controls during the stop-signal task and the
go-only task when the right arm was employed

Mean SSD
P (failure)
SSRT
RT no-stop trials
RT stop-failure
trials
RT go-only trials
MT no-stop trials
MT go-only trials
Accuracy go-only
trials
Accuracy no-stop
trials

RPD

LPD

Controls

256.6  90.2
0.51  0.06
239  22.8
505.1  89.4
399.4  76.9

239.9  83.6
0.52  0.06
241.4  21.8
492.4  85.9
397.9  56.9

257.5  99.8
0.50  0.03
220.0  26.1
499.51  94.8
406.44  84.8

272.8  48.8
594.3  130
658.8  123.1
0.92  0.04

257.5  42.8
490  97.7
563.1  112.1
0.87  0.08

305.39  87
425.36  104.3
495.78  132.3
0.92  0.08

0.90  0.10

0.91  0.06

0.90  0.08

Accuracy is deﬁned as the ratio between the number of trials correctly executed and the total number of trials delivered, given by the sum of trials correctly executed, trials in which participants missed the target, trials in
participants remained still on the central stimulus for more than 2 seconds,
and trials in which they did not hold the central stimulus or the target for the
requested amount of time. In all cases the average value across the samples
( standard deviation) is reported.
RPD, right-dominant Parkinson’s disease patients; LPD, left-dominant
Parkinson’s disease patients; SSD, stop-signal delay; SSRT, stop-signal
reaction time; RT, reaction time; MT, movement time; P (failure) probability of
failing to perform a stop trial.
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FIG. 2. Inhibitory control for right-dominant PD patients (RPD; n = 17), left-dominant PD patients (LPD; n = 17), and controls (CTRL; n = 24) when the
right arm was employed. (A) Reactive inhibition. Box plots of stop signal reaction times (SSRT). (B) Proactive inhibition: context effect in each participant (within-subject approach). Percentage of age-matched controls, RPD patients, and LPD patients showing either (1) simultaneously a signiﬁcant
increase in reaction times (RTs) and a signiﬁcant decrease in movement times (MTs) in no-stop trials with respect to go-only trials (“context”), (2) a signiﬁcant lengthening of both RTs and MTs in no-stop trials with respect to go-only trials (“reversed context”), or (3) a signiﬁcant increase in RTs in nostop trials with respect to go-only trials, but MTs of no-stop trials were not different from those of go-only trials (“no context”). (C) Proactive inhibition:
cumulative distributions (population approach). Cumulative distributions of RTs (solid lines) and MTs (dotted lines) of controls for go-only trials (gray)
and no-stop trials (black). These cumulative distributions were obtained by collapsing together the cumulative distributions of RTs and MTs of no-stop
and go-only trials of single participants. The P value of the 2-sample Kolmogorov–Smirnov test is reported. (D) Same representation as in (C) for RPD
patients and (E) for LPD patients. (F) Proactive inhibition: average values of RT and MT (population approach). Box plot of RTs and (G) of MTs of nostop and go-only trials in controls, RPD patients, and LPD patients. In all box plots, the boundary of the box closest to 0 indicates the ﬁrst quartile, a
thick black line within the box marks the median, and the boundary of the box farthest from 0 indicates the third quartile. Whiskers indicate values 2.2
times the interquartile range below the ﬁrst quartile and above the third quartile. Outliers are represented by crosses.

participants showing a context effect (70.8%) was not
signiﬁcantly different from either that of RPD patients
(76.5%, χ2[1] = 0.64, P = 0.42) or that of LPD patients
(76.5%, χ2[1] = 0.64, P = 0.42). Furthermore, the percentage of occurrences in RPD and LPD patients was
the same. Second, to evaluate the context effect at the
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population level, we combined data from single participants to create cumulative population distributions of
RTs and MTs of go-only trials and no-stop trials. As
Figure 2C–E shows, qualitatively the 2 experimental
paradigms had opposite effects on RTs and MTs in all
3 groups of participants given that all had signiﬁcantly
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TABLE 3. Results of the statistical analysis of SSRT, RT, and MT across RPD, LPD, and controls when the right arm was
employed
P Values

Effect Size

BF10

F2,55 = 5.03
t39 = 2.4
t39 = 2.76
t32 = −0.32

0.01
0.047
0.02
1

ηp2 = 0.15
d = 0.77
d = 0.88
d = 0.11

5.45
2.86
5.52
0.34

F2,55 = 0.88
F1,55 = 340.6
F2,55 = 1.37

0.42
<0.001
0.26

ηp2 = 0.03
ηp2 = 0.86
ηp2 = 0.05

0.12
<0.001
0.28

F2,55 = 11.49
F1,55 = 36.18
F2,55 = 0.044
t39 = 4.56
t39 = 1.99
t32 = 2.69

<0.001
<0.001
0.96
<0.001
0.053
0.01

ηp2 = 0.29
ηp2 = 0.39
ηp2 = 0.002
d = 1.44
d = 0.63
d = 0.92

<0.001
5.98
0.14
389.6
1.46
4.63

Value of Parameters

One-way ANOVA: group (RPD, LPD, controls)
Main effect: group
Post hoc test: RPD vs. controls
Post hoc test: LPD vs. controls
Post hoc test: RPD vs. LPD
Two-way ANOVA (factors: group [RPD, LPD, and controls]; trial
type [RT no-stop trials, RT go-only trials])
Main effect: group
Main effect: trial type
Interaction: group × trial type
Two-way ANOVA (group [RPD, LPD, and controls]; trial type [MT
no-stop trials, MT go-only trials])
Main effect: group
Main effect: trial type
Interaction: group × trial type
Post hoc test: RPD vs. controls
Post hoc test: LPD vs. controls
Post hoc test: RPD vs. LPD

Post hoc tests (pairwise comparisons) had an adjusted alpha level corrected according to Bonferroni. Statistically signiﬁcant results are reported in bold and
italics. Bayes factors report the ratio between the null versus the alternative hypothesis (BF10), ηp2, Cohen’s d.
SSRT, stop-signal reaction time; RT, reaction time; MT, movement time; RPD, right-dominant Parkinson’s disease patients; LPD, left-dominant Parkinson’s disease patients; ANOVA, analysis of variance.

longer RTs and shorter MTs in no-stop trials than in
go-only trials (2-sample Kolmogorov-Smirnov test, all
P < 0.0001). Finally, we compared the average values
of RTs and MTs via 2-way mixed-design ANOVAs
(between-subjects factor, group [controls, RPD, LPD];
within-subjects factor, trial type [RT/MT no-stop trials,
RT/MT go-only trials]). We found that the RTs of nostop trials were signiﬁcantly longer than those of goonly trials (Table 3). No other effects were found
(Fig. 2F). The analysis of MTs showed both the main
effect of trial type and group (Table 3). The former
result was because of the fact that participants had longer MTs when executing go-only trials than when performing no-stop trials (Fig. 2G). The latter effect was
because RPD patients were signiﬁcantly slower than
LPD patients and controls.
If the context effect truly represents an optimization
of the motor strategy and not a simple speed−accuracy
tradeoff phenomenon,28 that is, the fact that faster
responses tend to induce more errors, then accuracy
during no-stop trials have to be similar to that of goonly trials. This was the case (Table 2 and Supplemental Data 4).
These results suggest that proactive inhibitory control
did not differ across participants.

Reactive Inhibition Does Not Differ Among PD
Patients With and Without Dopaminergic
Treatment
As reported previously, both in the LPD and RPD
groups, 7 patients of 17 were under dopaminergic treatment. As it has been suggested that dopaminergic treatment

improves inhibitory control in early-stage PD patients, but
not in moderate to advanced patients,29 we assessed
whether those patients of our sample who were under drug
therapy had a better reactive inhibition with respect to
drug-naïve patients. As reported in Supplemental Data
6, we did not ﬁnd any difference between treated and
untreated patients. Therefore, the deﬁcit in reactive inhibitory control does not seem to be related to the administration of medications.

Inhibitory Control Does Not Change According
to the Arm Employed for Task Execution
To probe further the hypothesis of the hemispheric
lateralization of inhibition, we tested the following predictions: if inhibitory control is right-lateralized, it follows that RPD patients, who have the left and not the
right hemisphere compromised, should exhibit better
inhibitory control over both right and left arm movements than LPD patients. To this end, we compared
reactive and proactive inhibition across both arms and
the 2 groups of PD patients. As shown in Supplemental
Data 5, we did not ﬁnd any difference either between
RPD and LPD patients or between the arm used in the
task. Thus, at least in right-handed PD patients, at the
behavioral level there are no overt signs of right lateralization of inhibitory control.

Correlations Between Behavioral Parameters of
the Stop-Signal Task and the UPDRS3 Score
To assess whether symptom severity, measured on
the UPDRS3, correlates with behavioral parameters
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characterizing the performance in the stop-signal task
(i.e., the SSRTs, the RTs, and the MTs), we computed the
values of the Spearman’s correlation coefﬁcient. We did
not ﬁnd any signiﬁcant correlation (not shown). This is
probably because the items of the UPDRS3 scores measure motor skills such as speech, tremor, rigidity, leg
movements, and the stability of posture, which are poorly
or not related to the feature measured with the experimental paradigm employed in this study.

Discussion
We found a selective deﬁcit of inhibitory control in
early-stage PD patients, as they exhibit an impairment
of reactive inhibition with respect to healthy controls
but, at the same time, patients have an intact proactive
inhibition. In our opinion, as we discuss next, these
results might potentially be exploited in the postdiagnostic phase by clinicians to assess the course of
the disease. We conﬁrmed once again the absence of
hemispheric specialization of inhibitory control in PD
patients with unilateral symptoms.

Early-Stage PD Is Characterized by the
Selective Impairment of Inhibitory Control
Components
Our ﬁndings indicate that the 2 neuropsychological
domains of inhibitory control, reactive and proactive inhibition, have different sensitivity to dopaminergic degeneration. In the early stage of the disease, PD patients are less
capable of stopping an action outright. However, they
keep the ability to shape their behavioral strategies
according to the available contextual cues. This might
have high relevance for assessing the clinical progression
of the disease. In everyday life, proactive control is tuned
to one’s short-range, medium-range, and long-range goals,
which are retrieved from long-term memory according to
the current needs. Being able to manage these needs allows
a person to feel self-conﬁdent and less anxious in most situations. Consistent with this reasoning, it has been
claimed that proactive inhibition plays a key role in psychiatric disorders such as anxiety and depression, whereas
deﬁcits in reactive inhibition could be more involved in diseases characterized by poor urge control.30 In the ﬁrst
stages of PD, patients exhibit decreased motor control, but
they are less likely to develop anxiety or depression, 2 psychiatric disorders that frequently occur in the more
advanced phase.31,32 The impairment of proactive control
could represent the primary trigger for developing such
disorders, and it might be used as a biomarker signaling
the beginning of the more advanced phase of the disease.
In principle, this could help the clinician to set the
appropriate drug therapy. Clearly, to make an accurate
prediction about proactive inhibition it is essential to
have a reliable tool for measuring it. In our view, the
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experimental approach exploited here has such a feature
because it does not conﬂate inhibitory control with other
executive functions such as working memory or attention
as other task do, for example, the conditional stop task.33
However, these considerations are hampered by the fact
that our performance-based measures did not correlate
with the scores of the UPDRS3 scale, and we did not collect questionnaire-based measures of impulsivity. Therefore, on the one hand, the link between the clinical
features of the disease and our measures of inhibitory control must be taken cautiously. On the other hand, it is
known that the correlation between questionnaire-based
impulsivity and performance-based measures tend to
be poor.34,35 In our opinion, this is because rating
scales are based on a verbal description of behaviors,
whereas performance-based tests capture implicit/automatic aspects of cognitive processes associated with movement control. If this intuition is proven to be correct, then
performance-based measures might represent a better tool
for assessing at least some clinical aspects of the disease
than standard clinical ratings. Surely further studies are
needed to test these hypotheses.
Another noteworthy feature of our results is that even
though reactive inhibition of PD patients in the early
stages is compromised with respect to controls, their
average SSRT (mean = 240.2 milliseconds, SD = 21.9
milliseconds) is shorter, that is, participants were more
proﬁcient in outright stopping than were more
advanced PD patients (Hoehn and Yahr stages ~2.3;
mean = 258.2 milliseconds, SD = 39.7 milliseconds6)
and unilateral deep brain stimulation patients either in
ON or OFF stimulation (mean = 256.1 milliseconds,
SD = 34.4 milliseconds7).
In conclusion, we found evidence that the impairment
of inhibitory control in PD patients has a progression.
In the early stages, the deﬁcit in reactive inhibition is
milder than in the most advanced stage, whereas proactive inhibition is intact.

Inhibitory Control Is Not Right Lateralized in PD
Patients
The unilateral development of motor symptoms is a distinctive feature of PD13,14 (for reviews, see refs. 36 and
37). However, whether RPD and LPD patients have different cognitive proﬁles is still a matter of debate. Some have
found a correlation between the side of motor onset and a
speciﬁc pattern of cognitive proﬁles,38 whereas some
others claimed a lack of difference in cognitive symptoms
between RPD and LPD in the earliest stages, suggesting
that eventual differences emerge with disease progression.39,40 These studies, however, are based on clinical
scales and questioners, and this might limit the generalizability of their results. The most consistent performancebased evidence suggest that RPD patients tend to have a
speciﬁc impairment in some language domains,36 whereas

I N H I B I T I O N

LPD patients show visuospatial impairments41,42 and
impaired vocal emotion processing.43,44 All of these functions have clear lateralization in healthy subjects,
suggesting that lateralized PD patients represent a good
model to assess whether inhibitory control relies on a
right-lateralized network.17 We hypothesized that, if this
was the case, than LPD patients should be more impaired
than RPD patients in both proactive and reactive inhibition. Although it has already been shown that this is not
the case,6,7 previous ﬁndings were based on PD patients in
whom both hemispheres were affected, although the
symptoms were still very asymmetric. This objection motivated the present study in which we fully conﬁrmed the
absence of signiﬁcant differences between RPD and LPD
with unilateral symptoms, that is, patients with major or
exclusive damage of the left or right hemisphere, respectively. As both groups of patients were less skilled than
healthy controls in reactive inhibition, and as it has been
shown that bilateral4,45 but not unilateral deep brain stimulation7 restores reactive inhibitory control to a nearnormal level, we concluded that this executive function
requires the cooperation of both hemispheres.

Conclusions
Our ﬁndings shed light on the evolution in time of
the inhibitory deﬁcit in PD. We suggest that these features could potentially provide critical insights into the
state of the disease. We conﬁrmed our previous results
showing no difference in inhibitory control between
LPD and RPD patients,6,7 hence indicating that, at least
in these patients, this executive function relies on the
cooperation between the 2 hemispheres.4,5
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