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Abstract
Dopaminergic deficiency in Parkinson’s disease (PD) has been associated with underactivation of the supplementary motor 
area and a reduction of voluntary actions. In these patients, awareness of intention to act has been shown to be delayed. 
However, delayed awareness of intention to act has also been shown in patients with hyperdopaminergic states and an excess 
of unwilled movements, as in Tourette’s, and in patients with functional movement disorders. Hence, the role of dopamine in 
the awareness of intention and action remains unclear. 36 PD patients were tested ON and OFF dopaminergic medication and 
compared with 35 healthy age-matched controls. In addition, 17 PD patients with subthalamic deep brain stimulation (DBS) 
were tested ON medication and ON and OFF stimulation. Participants judged either the moment a self-generated action was 
performed, or the moment the urge to perform the action was felt, using the “Libet method”. Temporal judgments of intention 
and action awareness were comparable between unmedicated PD patients and controls. Dopaminergic medication boosted 
anticipatory awareness of both intentions and actions in PD patients, relative to an unmedicated condition. The difference 
between ON/OFF DBS was not statistically reliable. Functional improvement of motor ability in PD through dopaminergic 
supplementation leads to earlier awareness of both intention, and of voluntary action.
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Introduction

The initiation of voluntary actions relies on a well-organized 
network of neural structures that evaluate the salience of a 
selected motor program and allow its timely execution (Hag-
gard 2008). In neurological disorders, different pathologies 
can disrupt this process and thereby lead to motor deficits 
related to inappropriate execution timing. For example, 
lesions of the dorsolateral prefrontal cortex have been asso-
ciated with the inability to inhibit (pre-potent) actions (Aron 
et al. 2004), whereas acute structural damage of the supple-
mentary motor area (SMA) will typically lead to a disruption 
or even complete loss of the capacity to generate voluntary 
motor output (Brugger et al. 2015). Slowness of action ini-
tiation, a defining feature of Parkinson’s disease (PD), results 
from reduced dopaminergic availability in the nigrostriatal 
pathway, characteristic of the neurodegenerative process in 
PD (Berardelli et al. 2001).

Several studies have linked deficits in voluntary action to 
reduction in basal ganglia–cortical drive as a result of dopa-
mine deficiency in PD (Magrinelli et al. 2016). For example, 
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the build-up of the Readiness Potential was found to be 
reduced and delayed in PD patients, compared to healthy vol-
unteer controls (Berardelli et al. 1989; Marsden et al. 1995). 
Interestingly, this physiological signal has also been widely 
associated with the subjective experience of intention and voli-
tion. For example, Libet et al. showed that the subjective expe-
rience of the intention to move followed the gradual build-up 
of the Readiness Potential (Libet 1983). Therefore, one might 
expect that the reduced physiological drive in action initiation 
circuits in PD might be accompanied by an altered subjective 
experience of volition. However, clinical experience does not 
clearly favor this view—patients typically express the wish to 
move, but lack the motor capacity to do so—and indeed, the 
relation between the timing of the Readiness Potential and the 
timing of conscious intention to act remain unclear (Matsu-
hashi and Hallett 2008).

One previous study reported that PD patients show signifi-
cant delays in the awareness of their intention to act (Tabu et al. 
2015). However, the study sample was relatively small (n = 13 
for each group: patients and controls) and detailed effects of 
disease severity and dopaminergic state (medication ON/OFF) 
could not be examined. Indeed, disease severity was heteroge-
neous in the patient group (Hoehn and Yahr stages 1–4) and 
all patients were examined in dopaminergic OFF condition 
only. Further, intention awareness is also delayed in hyper-
kinetic movement disorders––including Tourette syndrome 
(Baek et al. 2017; Edwards et al. 2011; Moretto et al. 2011), 
a disorder putatively characterized by a hyperdopaminergic 
state (Maia and Conceicao 2018)––challenging the idea that 
late awareness of intention is a direct and specific consequence 
of dopamine deficiency. The exact role of dopamine in the 
awareness of intentions thus remains unclear.

In the present study, we sought to explore temporal judg-
ments of intention and action awareness in a large sample of 
PD patients and age-matched healthy controls. We specifically 
investigated the influence of PD pathology and dopaminergic 
intervention. An additional group of PD patients with sub-
thalamic deep brain stimulation (DBS) was also examined to 
assess the effects of stimulation. There were two key hypoth-
eses. First, if delayed intention awareness is a general feature 
of pathology, then patients OFF intervention should show 
delayed awareness relative to healthy controls (Tabu et al. 
2015). Second, improvement of motor performance via resto-
ration of dopaminergic availability through pharmacology or 
functional intervention (DBS) should influence awareness of 
intention and of action.

Methods

Participants

This experiment conformed to the Declaration of Helsinki 
and was approved by the Hamburg Ethics Committee. All 
participants agreed to participate in the study and signed 
a consent form. They all reported normal or corrected 
to normal vision and hearing. In total, 40 medicated PD 
patients (medication group: 27 males) with a mean age of 
58 ± 8 (standard deviation; SD) and further 20 PD patients 
with DBS (DBS group: 13 males) and a mean age of 65 ± 7 
(SD) attending the Department of Neurology of the Uni-
versity Medical Centre Hamburg-Eppendorf agreed to par-
ticipate and were included in the study. Thirty-five healthy, 
age-matched [10 males, 59 ± 10 years (mean age ± SD)] 
volunteers were also included in the study and served as 
a control group.

Inclusion criteria for patients were a diagnosis of PD 
according to the Movement Disorders Society clinical 
diagnostic criteria and stable treatment and clinical con-
dition for at least 4 weeks prior to the study (Postuma 
et al. 2015). For all patients, the following demographic 
and clinical data were collected: Hoehn and Yahr disease 
severity score (Hoehn and Yahr 1967), motor impairment 
in both OFF and ON medication conditions according 
to the Unified Parkinson’s Disease Rating Scale Part 3 
motor examination (UPDRS-III), and levodopa (l-dopa) 
and dopamine-agonist (DA) equivalent daily dose (LEDD; 
Tomlinson 2010) and impulsive behavior according to the 
Questionnaire for Impulsive–compulsive Behavior Disor-
ders in Parkinson’s disease (QUIP-RS; Weintraub et al. 
2012). For all participants, the Montreal Cognitive Assess-
ment (MOCA; Nasreddine et al. 2005) was employed to 
assess overall cognitive function and the Multiple Features 
Target Cancellation (MFCT; Marra et al. 2013) for selec-
tive visual attention. All participants completed the Beck 
Depression Inventory (BDI-II; Beck et al. 1996).

Exclusion criteria for all groups were any major concur-
rent neurological or psychiatric disorders (no exclusions), 
a MOCA score < 26 (one exclusion was made in the DBS 
group) or a BDI-II score of 16 or more (three exclusions 
were made in the medication group and two exclusion 
were made in the DBS group). One participant in the med-
ication group was excluded due to a self-declared inability 
to understand the task. We, therefore, analyzed data from 
36 medication patients, 17 DBS patients and 35 controls.
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Procedure

Participants were seated at a standard computer keyboard 
and screen. They fixated a clock with a single rotating 
hand. The clock diameter was 20 mm and the hand rotated 
every 2560 ms. At a time of their choosing, but after 
waiting for at least one full clock rotation, participants 
pressed the space bar. The clock continued to rotate for 
a random interval (between 1500 and 2500 ms) and then 
stopped. According to condition, participants were then 
prompted to judge the position of the clock hand either at 
the moment they pressed the space bar (M judgment), or 
at the moment they first experienced the urge to press the 
space bar (W judgment). Participants reported their judg-
ments verbally and the experimenter entered the number 
using the keyboard.

At the start of the experiment, participants completed 
a short training block of each type of trial. This training 
block was repeated until participants were confident with 
the task. Participants then completed eight blocks of ten 
trials each. W and M judgments were assessed in half the 
blocks each, in pseudorandom order.

Control participants completed the experiment and 
underwent the clinical assessment only once. Patients 
completed the experiment twice, once while OFF inter-
vention (medication or DBS) and once while ON. Medica-
tion OFF was defined as a withdrawal of all dopaminergic 
medication for at least 12 h. For a medication ON condi-
tion, patients were given an individually adapted dose of 
water-soluble l-dopa (Madopar LT) based on the previ-
ously determined dose needed to achieve “best medica-
tion ON” and limited by a maximum of 300 mg to avoid 
overdosing and dyskinesias. Medication group patients 
arrived at the experiment having not taken their prescribed 
medication for a period of at least 12 h. The experiment 
was then run for the first time, after which the patients 
underwent the clinical assessments. Patients were then 
administered medication and waited half an hour before 
undergoing a second clinical assessment and then complet-
ing the experiment again.

Intervention state was counterbalanced in the DBS 
group. The required waiting time for the DBS to change 
state (active/inactive) was set at half an hour. Due to the 
severity of motor deficits of participants with DBS, ON/OFF 
manipulation involved only DBS, leaving ongoing medica-
tion status unaffected (also see Online Resource 1).

All stimuli were presented using LabView 2012 (National 
Instruments, Austin, TX). To determine if there were any 
differences in the time of movement onset between patients 
and controls and within patients (OFF and ON medication), 
electromyogram (EMG) recordings were taken from the first 
dorsal interosseus muscle. EMG data were analyzed using 
AcqKnowledge (Biopac Systems Inc. CA, USA).

Analysis

The dependent variable was calculated by subtracting the 
W or M judgment from the actual time of the space bar 
press, as captured by the program, and analyzed by factorial 
ANOVAs.

Our analyses were chosen to test separately the effects 
of pathology and intervention. First, to test for an effect 
of pathology, data from healthy participants and patients 
OFF medication were submitted to a 2 × 2 between-subject 
ANOVA with factors task (W or M judgment) and group 
(patient or control). We then tested for effects of intervention 
separately for medication and for DBS, with two within-sub-
ject ANOVAs with factors state (OFF/ON) and task (W/M).

EMG data from patients on medication and healthy con-
trols were time-locked to the button press and averaged 
across all trials. The resulting curves were visually inspected 
for the time of movement onset by two independent research-
ers blind to the experimental aims and conditions. These 
results were then averaged across researchers to receive final 
estimates of movement onset for each participant.

Results

Clinical characteristics of our studied sample are presented 
in Table 1. Change from OFF/ON due to dopaminergic 
supplementation or DBS was associated with a significant 
improvement of motor function as captured by the UPDRS-
III as confirmed by individual repeated-measures t tests 
(medication group: t(35) = 14.55, p < 0.00001; DBS group: 
t(16) = 7.3, p < 0.00001).

EMG analysis

There was a significant positive correlation of movement 
onset estimates across researchers (r = 0.75, p < 0.01). Anal-
ysis of these estimates showed that the moment of action 
onset prior to button presses did not differ significantly 
in PD patients between ON and OFF medication states 
(t(62) = 0.015, p = 0.98, BF01 = 3.91). There was also no sig-
nificant difference between onset times between patients 
OFF medication and healthy controls (t(64) = 1.14, p = 0.26, 
BF01 = 2.28, see Online Resource 2). We, therefore, pro-
ceeded to analyze awareness of action and intentions on the 
assumption that the neural precedents of the physical move-
ment were comparable across all participants.

First, we examined whether W and M judgments in the 
PD medication group OFF medication differed from healthy 
controls. ANOVA yielded a significant main effect of task, 
with W judgments earlier than M judgments (F(1,138) = 44.43, 
p < 0.001, �2

p
 = 0.24, BF01 =  < 0.001). There was no signifi-

cant effect of group (F(1,138) < 0.001, p = 0.995, �2
p
 < 0.001, 
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BF01 = 5.81) and no interaction (F(1,138) = 0.26, p = 0.61, 
�
2

p
 = 0.001, BF01 = 3.46) (Fig. 1a). There was, therefore, 

no evidence that PD patients performed any differently to 
healthy controls. There was no correlation of either M and 
W judgments with disease severity in OFF (UPDRS-III). 
(M: r = − 0.11, p = 0.51; W: r = 0.05, p = 0.79).

Second, for the PD medication group, we examined the 
effects of dopamine (OFF/ON state) on W and M judgments 
using a within-subject ANOVA. A significant main effect of 
task was found, with W judgments earlier than M judgments 
(F(1,35) = 31.2, p < 0.001, �2

p
 = 0.41, BF01 < 0.001). There was 

also a significant effect of medication state (F(1,35) = 5.24, 
p = 0.028, �2

p
 = 0.01, BF01 = 2.04) but no interaction 

(F(1,35) = 0.61, p = 0.44, �2
p
 < 0.001, BF01 = 4.1), suggesting 

that patients perceived both W and M events as occurring 
earlier while on dopaminergic supplementation (Fig. 1b). 
There was no correlation between the difference in M and 

W judgments (M–W) in the ON state and applied dopamine 
dose to achieve medication ON (r = − 0.03, p = 0.86).

Finally, we controlled whether DBS (DBS ON/DBS OFF) 
plays a specific role in W- and M-judgments. Here, within-
subject ANOVA showed a strong effect of task, with W judg-
ments earlier than M judgments (F(1,16) = 18.13, p < 0.001, 
�
2

p
 = 0.4, BF01 < 0.001), but there was no significant effect of 

state (F(1,16) = 1.66, p = 0.22, �2
p
 = 0.01, BF01 = 2.56) and no 

interaction (F(1,16) = 0.16, p = 0.69, �2
p
 = 0.01, BF01 = 2.98) 

(Fig. 1c). There was, therefore, no evidence that PD patients 
perceive the timing of their intentions and actions differently 
while ON than OFF DBS. Note, however, that the pattern 
of results is numerically similar to that of the medication 
group.

Table 1   Clinical characteristics

BDI Beck Depression Inventory, DBS deep brain stimulation, ICD impulse control disorder, MED medication, MOCA Montreal Cogni-
tive Assessment, NA not applicable, QUIP Questionnaire for Impulsive-Compulsive Disorders in Parkinson’s Disease, SD standard deviation, 
UPDRS Unified Parkinson’s Disease Rating Scale
a applied dopamine dose to achieve medication ON

Variable Medication group (N = 36) DBS group (N = 17) Control group (N = 35)

Age,mean (SD), years 57.50 (8.33) 65.29 (7.28) 58.71 (10.41)
Sex, No. (%)
 Female 9 (25) 4 (23.53) 25 (71.43)
 Male 27 (75) 13 (76.47) 10 (28.57)

MOCA, mean (SD) 28.03 (1.30) 28.24 (1.60) 28.29 (1.36)
BDI-II, mean (SD) 6.44 (3.62) 6.41 (4.42) 3.57 (3.79)
Disease duration, mean (SD), years 5.19 (3.23) 12.18 (5.47) NA
Hoehn and Yahr Stage, mean (SD) 1.94 (0.53) 2.35 (0.46)
UPDRS part III MED/DBS OFF, mean (SD) 26.25 (9.90) 33.03 (14.97)
UPDRS part III MED/DBS ON, mean (SD) 17.17 (7.06) 19.18 (11.15)
Dopamine dose, mean (SD), mga 194.44 (50.40) NA
ICD, mean (SD) 6.67 (5.71) 4.31 (4.94)
QUIP, mean (SD) 10.47 (8.74) 9.13 (8.75)

Fig. 1   Perceived time of intentions (W) and actions (M) relative to 
actual movement onset comparing: a PD patients OFF medication 
and healthy controls. b PD patients OFF and ON medication. The 

OFF data is the same as in (a). c PD patients OFF and ON DBS. 
Error bars represent standard errors
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Discussion

The results obtained in these experiments suggest that 
temporal judgments of intention and action awareness are 
comparable between PD patients and healthy controls. 
Furthermore, dopaminergic supplementation leads to a 
more anticipatory awareness of both intentions and actions 
in PD patients.

Previous research suggested that diminished dopamin-
ergic drive to frontal areas reduces the capacity to make 
self-generated movements (Aron et al. 2004; Marsden 
et  al. 1995). Similar results were recently reported in 
rodents (da Silva et al. 2018). Further, dopaminergic inter-
ventions have been shown to increase readiness potential 
(RP) amplitude (Berardelli et al. 2001). In line with this, 
we found a main effect of ON versus OFF intervention, 
with no interaction with intervention type (DBS or medi-
cation), or judgment type (M, W).

The absence of any significant difference in temporal 
judgments between PD patients and healthy controls aligns 
with clinical experience. Despite motor impairments, the 
intention to move is typically unaltered in patients, even 
if the translation of intention into action may be impaired 
(Nutt et al. 2011). Our data support this observation with 
an implicit measurement, which may avoid some of the 
cognitive biases that can influence explicit self-reports 
(Bandura 1989; Metcalfe and Greene 2007). Addition-
ally, we found that PD patients were able to monitor the 
temporal aspects of movement preparation and execution 
with comparable precision to healthy controls.

These results are in contrast to Tabu et al. (2015), who 
found that awareness of intention was delayed in PD, while 
awareness of action itself was not. This discrepancy may 
be due to factors that differed between the two studies. As 
an example, the age of participants and the severity of PD 
may have influenced performance (participants in Tabu’s 
study were roughly 10  years older and more severely 
affected compared to our patient sample). A difference in 
temporal judgments may become more readily detected as 
disease severity increases, or simply with age. However, 
our data do not support this hypothesis, as no correlation 
between either W or M judgments and disease severity was 
observed in our sample of 36 patients with PD.

We found a clear effect of dopaminergic medication. 
Patients made significantly earlier W and M judgments 
while ON medication than while OFF. The observed shift in 
perception may reflect a hyper-dopaminergic state in patients 
tested ON medication. Since dopamine has strong effects on 
both attention and time perception (Meck 2005), a general 

change in perceived event timing might be expected when 
available dopamine is increased.

We did not find evidence for an effect of DBS on per-
ceived time of events. This may be due to the continued 
presence of dopaminergic medication in the DBS group, 
which could be interpreted as a ceiling effect driven by 
medication since DBS patients also received dopaminergic 
medication. In addition, the variability of timing estimates 
across individual patients was higher in the DBS group than 
in either of the other two groups. Thus, we cannot make 
strong claims about the effect of DBS on action awareness 
in PD. Numerically, the effects of DBS and dopaminergic 
medication were comparable.

Our data could be interpreted in two ways. First, the ear-
lier timing of awareness after intervention could reflect a 
change in perceptual detection of movement-related pro-
cesses. Alleviating the motor symptoms of PD via dopamin-
ergic supplementation may have resulted in a neural envi-
ronment where the signals driving voluntary action emerge 
more readily from the general motor noise. These signals 
would thus become more detectable: participants might stra-
tegically lower a perceptual threshold for detecting these 
signals, without risking increased false positives. Alterna-
tively, dopaminergic medication might change the way the 
participants use the clock to report the perceptual detection 
of these signals. According to the “prior entry” phenomenon 
(Spence et al. 2001), an attended event appears to happen 
earlier than an unattended event. Thus, if medication boosted 
attention to internal movement-related signals, W and M 
times would shift earlier, as we have found. Increasing atten-
tion to the clock would have the opposite effect.

Moore et al. (2010) reached somewhat similar conclu-
sions from a study testing PD patients in a different experi-
mental paradigm. Using an “intentional binding” task 
(Haggard et al. 2002; for a review, see Moore and Obhi 
2012) to measure the sense of agency for voluntary actions 
and their outcomes, they found an effect of dopamine on 
the perceived times of both actions (a button press) and 
their subsequent effects (a tone). Participants reported that 
the perceived time of the tone was shifted towards the time 
of the button press, and that the perceived time of the but-
ton press was shifted towards the time of the tone it pro-
duced. This binding effect was comparable to healthy con-
trols for PD patients OFF medication, but was significantly 
stronger for PD patients ON medication. These results are 
consistent with the interpretations of the present study, i.e. 
a dopamine boost might strengthen signal detection, and/
or cause a shift of attention to internal processes, rather 
than external events. However comparing the two stud-
ies requires caution, as the experimental paradigms are 
slightly different, as are the theoretical constructs. Here 
we have studied the experiences of volition and action, 
rather than the experience of control over external events.
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Our study faces some limitations. First, the DBS group 
was small (n = 17) compared to the medicated group 
(n = 36), and indeed for DBS no changes were made in 
concomitant intake of dopaminergic medication. Ideally, 
patients would have been investigated in complete OFF 
(medication/DBS) with sole manipulation of DBS. How-
ever, advanced PD precluded this possibility as indeed 
the severity of motor deficits precluded complete with-
drawal from all interventions for this experimental condi-
tion. Therefore, we cannot exclude a ceiling effect in the 
DBS group due to concomitant dopaminergic medication. 
Second, medicated patients always completed the experi-
ment while OFF medication first, and then again while ON 
medication. This leads to a potential confound between 
the medication factor and the order of testing. As dopa-
minergic medication takes time to achieve full efficacy 
or to diminish after cessation, this confound could only 
have been eliminated by running two separate experimen-
tal sessions in counterbalanced order with a rest stop of 
at least 24 h. To maintain a large sample size and reduce 
drop-out rates, we opted for a single-day testing. Indeed, 
order-related factors, such as fatigue, or loss of attention 
cannot, therefore, be ruled out as alternative explanations 
for the effects observed. However, the fact that inattentive-
ness has been previously associated with late rather than 
early W judgements strongly argues against this possibility 
(Cleeremans and Caspar 2015; Ganos et al. 2015).

We conclude that functional improvement of motor 
function through dopaminergic supplementation in PD is 
associated with a boost of both intention awareness and 
action awareness.
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