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Abstract
Essential tremor (ET) is a movement disorder characterized primarily by action tremor which affects the regulation of 
movements. Disruptions in cerebello-thalamocortical networks could interfere with cognitive control over actions in ET, 
for example, the ability to suppress a strong automatic impulse over a more appropriate action (conflict control). The cur-
rent study investigated whether ET impacts conflict control proficiency. Forty-one ET patients and 29 age-matched healthy 
controls (HCs) performed a conflict control task (Simon task). Participants were instructed to give a left or right response 
to a spatially lateralized arrow (direction of the arrow). When the action signaled by the spatial location and direction of the 
arrow were non-corresponding (induced conflict), the inappropriate action impulse required suppression. Overall, ET patients 
responded slower and less accurately compared to HCs. ET patients were especially less accurate on non-corresponding 
conflict (Nc) versus corresponding (Cs) trials. A focused analysis on fast impulsive response rates (based on the accuracy 
rate at the fastest reaction times on Nc trials) showed that ET patients made more fast errors compared to HCs. Results sug-
gest impaired conflict control in ET compared to HCs. The increased impulsive errors seen in the ET population may be a 
symptom of deficiencies in the cerebello-thalamocortical networks, or, be caused by indirect effects on the cortico-striatal 
pathways. Future studies into the functional networks impacted by ET (cortico-striatal and cerebello-thalamocortical path-
ways) could advance our understanding of inhibitory control in general and the cognitive deficits in ET.

Keywords Essential tremor · Cognitive control · Movement disorder · Cerebellum · Conflict control

Introduction

Essential tremor (ET) is a common neurological movement 
disorder characterized by an action tremor that interferes 
with the smooth execution of movements (Bagepally et al. 
2012; Benito-Leon and Louis 2006; Benito-Leon et al. 2015; 
Cerasa et al. 2010). This disruptive tremor has been linked to 
alterations in cerebello-thalamocortical network activity as 
evidenced by neuroimaging studies and neurosurgical inter-
ventions targeting thalamic structures that ameliorate action 
tremor (e.g., thalamotomy, deep brain stimulation, focused 
ultrasound) (Benito-Leon et al. 2019; Buijink et al. 2015; 
Cerasa and Quattrone 2016; Cernera et al. 2019). Compro-
mised cerebello-thalamocortical circuitries are increasingly 
associated with changes in executive cognition, neuropsy-
chological studies disclose mild to moderate deficits among 
ET patients across a range of broad measures of executive 
functions, including verbal and visual working memory, 
Stroop interference, and set-shifting (Bhalsing et al. 2014; 
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Troster et al. 2002; Passamonti et al. 2011; Janicki et al. 
2013).

Given the unique motor control deficits in ET, recent 
studies have focused on how disruption to cerebello-thalam-
ocortical circuitries in ET alter the proficiency of execu-
tive cognitive systems involved specifically in the control 
of actions (action control) (Brunamonti et al. 2014; Hughes 
et al. 2019). Using the stop-signal task (SST), a well-estab-
lished paradigm that allows quantification of the latency to 
initiate and inhibit reactions, ET patients showed both slower 
reactions to stimulus events as well as slower stopping when 
presented with a sudden change in stimulus events. Thus, 
ET patients not only suffer from slower ability to initiate 
their actions, but also from diminished ability to control and 
cancel their actions when attempting to do so intentionally.

While ET is typically attributed to atrophy and abnormal 
function in cerebello-thalamocortical circuitry (Bhalsing 
et al. 2014), stopping proficiency has been shown to rely on 
prefrontal-basal ganglia-thalamic circuits (e.g., inferior fron-
tal cortex (IFC), pre-supplementary motor area (Pre-SMA), 
subthalamic nucleus, caudate nucleus, anterior insula, (Aron 
et al. 2016; Cai et al. 2014; Swick et al. 2011). Thus, ET may 
have directly altered frontal-striatal stopping control circuit-
ries, or indirectly interfered with both cerebello-thalamocor-
tical and frontal-striatal circuitries at the common node (e.g., 
the thalamus). In both cerebello-thalamocortical and frontal-
striatal pathways, the thalamus provides a critical node that 
connects cortical and subcortical structures (subthalamic 
nucleus, globus pallidus, cerebellum) (O’Muircheartaigh 
et al. 2015; Sun et al. 2018). Aberrant activity in the thala-
mus may underlie the expression of oscillatory tremor asso-
ciated with cerebello-thalamocortical networks as well as 
deficits in action control attributed to frontal-basal ganglia 
circuitries.

In the current investigation, we examined the effect of 
ET on executive action control; specifically, the suppression 
of undesired, impulsive, or conflicting response tendencies 
termed conflict control. We used the Simon conflict task 
(Simon 1969, 1990) to create conflict between a fast-activat-
ing response impulse and a goal-driven alternative response. 
The Simon conflict task has been used extensively to study 
the dynamics of motor impulse activation and suppression 
in clinical populations, including movement disorders (e.g., 
Parkinson’s Disease Laurent et al. 2018; van Wouwe et al. 
2016, 2014), and in studies of the underlying neural sys-
tems involved in impulse control (Forstmann et al. 2011; 
Forstmann van den Wildenberg et al. 2008a, b; Georgiou-
Karistianis et al. 2007). Distributional analytic methods have 
been developed to extract and quantify impulse activation 
and suppression dynamics, providing tools to determine the 
effects of neurological disease on (1) the strength of the ini-
tial activation of an action impulse (impulse capture), (2) 
the reactive inhibitory control engaged to suppress these 

impulses (impulse suppression) (Kornblum et al. 1990; van 
den Wildenberg et al. 2010; Wylie Ridderinkhof Bashore 
et al. 2010a, b).

Given that ET is clinically expressed by unintentional 
activations in the motor system, we predicted stronger acti-
vation of unintentional impulses that would be reflected by 
increased rates of fast impulsive action errors compared to 
healthy controls. In line with ET-related deficit in the ability 
to intentionally inhibit ongoing actions, we also tested the 
prediction that ET patients would show reduced proficiency 
in their ability to suppress interference from unwanted action 
impulses.

Methods

Participants

The study included 41 patients diagnosed clinically with ET 
by a board-certified neurologist using published diagnostic 
criteria (Bhatia et al. 2018) and 29 age-matched healthy con-
trols (HC’s). ET patients were recruited from the Movement 
Disorders Clinic in the Department of Neurology at Vander-
bilt University Medical Center, and HC participants were 
recruited through community advertisement (see Table 1 
for demographic information). Prior to participation in any 
procedures, all participants completed informed consent in 
full compliance with the ethical guidelines for investigation 
in human subjects according to the Internal Review Board 
(IRB) regulations at Vanderbilt University.

All participants had normal or corrected to normal vision 
and were excluded from the study if they had any pre-exist-
ing health conditions associated with significant cognitive 
impact that might confound study performance, including 
(1) a diagnosed neurological disease or condition other than 
ET (2) a health history inclusive of diagnoses and/or treat-
ments capable of impacting cognitive function (e.g., a sleep 
disorder, untreated or severe psychiatric disorder, diabetes, 
cancer, etc.).

Participants with ET provided demographic data and 
completed the Mini Mental-State Examination (MMSE) 
(Folstein et al. 1975) and the Beck Depression Inventory 
(BDI) (Beck 1996). The MMSE was used to screen for 
and exclude anyone with severe gross cognitive deficits or 
potential indication of early dementia (< 25). In this sample, 
scores fell in the healthy range (see Table 1). The purpose of 
the BDI was to screen for and exclude anyone with severe 
untreated depression (see Table 1). ET participants also 
received a motor severity evaluation using the Washington 
Heights-Inwood Genetic Study of ET (Louis et al. 1997) 
or the Fahn-Tolosa-Marin (FTM) rating scale (Fahn et al. 
1993), motor scores are available for a subset of the patients 
(n = 24). ET patients remained on current medications 
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during the study (e.g., anti-epileptic drugs, beta-blockers, 
antidepressants).

Experimental tasks and procedures

The Simon task was administered on a 15.5- inch windows-
based laptop computer placed approximately one meter from 
the participant just below eye level at a comfortable view-
ing angle. Participants were instructed to focus their atten-
tion on a fixation point (small black square against a light 
gray background) at the center of the screen and to respond 
as quickly and accurately as possible to the direction of a 
series of arrows that appeared one at a time either to the 
immediate left or right of the fixation point along the hori-
zontal plane. An arrow appearing in either visual half-field 
(length = 2.1 cm; visual angle = 1.4 degrees; edge-to-edge 
separation between arrow and fixation point = 0.6 cm) could 
point to the left or to the right.

Using handheld response grips in each hand, partici-
pants were instructed to simply make a left or right thumb 
response corresponding to the arrow direction (i.e., press 
left to a left-pointing arrow; press right to a right-pointing 
arrow) as fast and as accurately as possible. When an arrow 
appeared to the left or right of fixation, it remained on the 
screen until the participant either made a response or a reac-
tion time (RT) limit of 1000 ms (ms) was reached, upon 
which the arrow was extinguished and a variable intertrial 
interval of 750–1250  ms elapsed before another arrow 
appeared. The fixation point remained on the screen at all 
times. Thus, each trial was defined by a fixation point that 
after a variable intertrial interval was, followed by the pres-
entation of the imperative arrow until a response was issued 
or the time limit elapsed.

The critical independent variable was the relationship 
between the direction of the arrow and the side of fixation 
to which the arrow appeared (Stimulus Correspondence). A 
corresponding (Cs) trial occurred when the arrow pointed 
to the same side as it appeared (e.g., a left-pointing arrow 
appeared to the left of fixation). A non-corresponding trial 
(Nc) occurred when the direction the arrow pointed con-
flicted with the side of fixation to where it appeared (e.g., a 
left-pointing arrow appeared to the right of fixation). There 
is extensive literature supporting reactions to Nc trials are 
both slower and more error prone as compared to reactions 
to Cs trials, the magnitude of this cost is the Simon effect.

Participants completed 16 practice trials followed by 3 
blocks of 104 experimental trials (312 in total). The trials in 
each block were equally counterbalanced by side of response 
(equal numbers of required left and right responses) and by 
stimulus correspondence (Cs and Nc trials occurred with 
equal probabilities), but the order of trials was random.

Statistical techniques

Statistical analyses focused on the effects of group (ET, 
HC) and stimulus correspondence (Cs, Nc) on two criti-
cal aspects of performance: (1) mean reaction times (ms) 
and accuracy rates (%), and (2) distributional performance 
patterns captured in delta plots and conditional accuracy 
functions. Before analyzing, trials associated with RTs 
faster than 150 ms (anticipatory guesses) or slower than 3 
standard deviations above the mean within each condition 
were excluded from analysis as outliers, which accounted 
for fewer than 1% of trials. Accuracy rates were square 
root-transformed to approximate a normal distribution 
but were reported in text, tables, and graphs as non-trans-
formed rates for ease of interpretation. Mean RTs and 

Table 1  Demographics, 
neuropsychological variables, 
and motor scores (means and 
standard deviation) for the ET 
patients and aged matched 
controls

Variables with data available for a subset of subjects have this added between brackets (ET: HC)
*p < 0.05
MMSE mini mental state examination, BDI beck depression inventory, FTM Fahn-Tolosa-Marin, WHIGET 
Washington heights-inwood genetic study of ET

Group Between group statistics

ET (n = 41) OHC (n = 29)

Age (years) 69.19 (6.68) 67.91 (10.21) F (1.68) = 0.397
Sex (M:F) 24 M/17F 13 M/16F X2 = 0.142
Education (years) (ET 35: HC 29) 14.03 (2.86) 15.79 (3.62) F (1.62) = 4.741*
MMSE 28.85 (1.37) 29.62 (0.78) F (1.68) = 7.39*
BDI (ET 37) 8.43 (8.15)
Disease duration (years) (ET 38) 23.35 (14.78)
FTM left (ET 21) 13.76 (6.63)
FTM right (ET 21) 14.14 (5.92)
WHIGET right (ET 3) 12.67 (5.51)
WHIGET left (ET 3) 14 (7.21)
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accuracy rates were computed for each participant to sub-
mit to a repeated measures analysis of variance to deter-
mine the effects of group and stimulus correspondence.

Distributional patterns of effects, as prescribed by the 
dual process activation-suppression (DPAS) model, pro-
vides quantitative insights into two temporally distinct 
cognitive processes that unfold during conflict processing 
(van Wouwe et al. 2016; van Wouwe et al. 2017; Wylie 
Ridderinkhof Elias et al. 2010a, b; Wylie et al. 2009a, 
b):(1) the strength of initial activation of the incorrect 
(fast) action impulse (impulse capture) (2) the proficiency 
of the inhibitory control engaged to suppress the interfer-
ing action impulse (impulse suppression). To quantify the 
strength of impulse capture, accuracy rates were plotted 
across 6 successive bins of the reaction distribution (from 
slowest to fastest reactions) (i.e., a conditional accuracy 
function, CAF) for each level of Correspondence (Korn-
blum et al. 1990; van den Wildenberg et al. 2010; Wylie 
Ridderinkhof Bashore et  al. 2010a, b). A fast-action 
impulse is produced in the hand that is on the side of the 
location of the arrow, the stronger the initial activation, the 
higher the percentage of fast impulsive errors on Nc trials. 
Thus, strength of incorrect action impulses is quantified by 
the accuracy rate on Nc trials associated with the fast bin 
of the RT distribution (van den Wildenberg et al. 2010).

According to the DPAS model, the initial activation of an 
incorrect response impulse is counteracted by the engage-
ment of a suppression mechanism to reduce the interference 
produced by this activation (Ridderinkhof 2002). This sup-
pression process can be visualized and quantified by plot-
ting the size of the Simon effect on RTs (i.e., the cost to RT 
on Nc compared to Cs trials) across the entire RT distribu-
tion, i.e. a delta plot (Luce 1986; Proctor et al. 2011). On 
early segments of the RT distribution when reactions are 
fast, there is strong interference produced by the incorrect 
impulse activation because there has not been enough time 
to build up suppression. However, as suppression builds 
over time, the delta plot reveals a significant reduction in 
the magnitude of interference and most often a reversal and 
reduction in interference at longer latency reactions (i.e., 
evident at the slow end of the RT distribution) (Ridderink-
hof 2002). The slope of the interference reduction between 
the latest bins of the delta plot describes the proficiency of 
suppression; leveling, or negative-going, slopes are associ-
ated with better inhibition of the action impulse (van den 
Wildenberg et al. 2010).

Our next set of analyses focused on determining the 
effects of group on the strength of impulse capture (i.e., 
accuracy rates from the fasted response time bin of the 
conditional accuracy function), and on the proficiency of 
impulse suppression (i.e., the slope between the final two 
bins of the delta plot. We used a repeated measures anal-
ysis of variance to test the effects of group and stimulus 

correspondence on impulse capture and a one-way ANOVA 
to determine the effect of group on the final delta slope.

Finally, for a subset of patients with available data, we 
correlated clinical measures (age, disease duration and 
motor score) with the delta slopes and impulse capture.

Results

Mean simon effects

Figure 1a, b and Table 2 show respectively the mean RTs 
and accuracy rates by Group and Correspondence. Table 3 
includes an overview of the statistics. Overall, ET patients 
and HCs demonstrated robust Simon effects on RT and 
accuracy rates. Reactions on Nc conflict trials were slower 
(683 ms) and less accurate (93%) compared to Cs trials 
(584 ms, 98%) (Correspondence, RT: F (1,68) = 297.06, 
p < 0.001, η2 = 0.81; Acc: F (1,68) = 79.36, p < 0.001, 
η2 = 0.54). Responses were generally slower and less accu-
rate among ET patients (666 ms, 94%) compared to HCs 

Fig. 1  Mean RTs (A) and accuracy rates (B) on corresponding (Cs) 
and noncorresponding (Nc) trial types for ET patients and HC. Error 
bars reflect standard error of the mean
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(560 ms, 97%), (Group, RT: F (1,68) = 36.5, p < 0.001, 
η2 = 0.35, Acc: F (1,68) = 5.29 p < 0.05, η2 = 0.07). However, 
the Simon effect on accuracy, but not RT, was more pro-
nounced among ET patients compared to HCs, (Correspond-
ence × Group, Acc: F (1,68) = 4.58, p < 0.05, η2 = 0.06; RT: 
F (1,68) = 3.45, p = 0.07, η2 = 0.05). That is, the reduction 
in accuracy produced by the conflict on Nc trials was larger 
for ET patients (Fig. 1).

Distributional analyses

Impulse capture

Figure 2 shows the conditional accuracy function plotting 
accuracy rates across the RT distribution separately by 
group and for Cs and Nc trials. It is visibly evident that the 
errors on the Simon task are focused on the fastest reac-
tion on Nc trials. Comparing the rates of errors at the fast-
est bin shows a significantly higher error rate on fast Nc 
(80% accuracy) trials compared to fast Cs (98% accuracy) 
trials (Correspondence, RT: F (1,68) = 61.94, p < 0.001, 
η2 = 0.48). More fast errors are committed by ET patients 
(86% accuracy) than by HCs (93% accuracy), irrespective of 
correspondence, (Group, F (1,68) = 7.0, p < 0.05, η2 = 0.09). 
However, the increase in fast errors on Nc conflict trials 
compared to Cs trials is significantly more pronounced for 
ET patients compared to HCs (ET: Nc = 74%, Cs = 97%; HC: 
Nc = 86%, Cs = 99% correct) (Correspondence × Group, F 
(1,68) = 4.85, p < 0.05, η2 = 0.07). This pattern is consistent 

with stronger activation and capture by unintentional reac-
tion impulses in ET.

Impulse suppression

Figure 3 shows delta plots depicting the Simon effect across 
the RT distribution for each group. The plots for both groups 
show an early steep increase in interference effects that level 
off toward the middle and tail end of the delta plot. This lev-
eling off is consistent with suppression. Notably, comparing 
the slope between the final segments of the delta plot does 
not indicate differences in the proficiency of suppression 
between ET and controls (Group, F (1,68) = 0.35, p = 0.56, 
η2 = 0.005).

Correlations

For the subset of patients with an FTM rating (n = 21), we 
correlated the total FTM score with impulsive error rates, 
the delta slopes and RTs on conflict trials. There were no sig-
nificant correlations, rs < 0.15, ps > 0.63. We also correlated 

Table 2  Means and standard errors for the conflict control variables 
in ET patients and aged matched controls

Group

ET (n = 41) OHC (n = 29)

Cs RT (ms) 633 (11) 534 (13)
NC RT (ms) 699 (12) 586 (14)
Cs Accuracy (% correct) 97.4 (0.01) 98.5 (0.01)
NC Accuracy (% correct) 91.3 (0.01) 94.7(0.01)
Final delta slope 0.06 (0.04) 0.02 (0.05)
First bin accuracy Cs (% correct) 97 (0.01) 99.3 (0.01)
First bin accuracy NC (% correct) 74.4 (0.03) 85.7 (0.03)

Table 3  F-values for main and interaction effects on Simon accuracy 
and reaction times

*p < 0.05 **p < 0.001

Accuracy RT

Group 5.29* 36.5**
Correspondence 79.36** 297.06**
Group × correspondence 4.58* 3.45

Fig. 2  Conditional accuracy functions for corresponding (A, Cs) and 
non-corresponding (B, Nc) trial types for ET patients and HC
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disease duration, depression (bdi score) and age (separately 
for ET and HC) with the action control measures. Disease 
duration and depression were not associated with impulsive 
errors, slopes or conflict RTs in ET, rs < 0.21, ps > 0.20. Age 
was significantly linked to slower RTs in conflict trials in 
both HCs (r = 0.41, p = 0.03) and ET (r = 0.37, p = 0.02).

Discussion

The current investigation tested predictions about the effects 
of ET and, by association, the effects of cerebello-cortico-
thalamic circuitry dysfunction on the activation and sup-
pression of unintended action impulses. Using the combined 
framework of the Simon conflict task and the DPAS model, 
ET patients and HCs produced expected Simon effects on 
RTs and accuracy rates. In both groups, responses were both 
slower and less accurate on conflict (Nc) trials compared to 
trials where there was no conflict (Cs). Conditional accuracy 
functions provided more detail and exposed a pronounced 
increase in impulsive errors on conflict trials associated with 
the fastest segments of the RT distribution compared to HCs. 
Based on DPAS reasoning, ET patients experienced greater 
difficulty restraining strong, unintended reactive impulses 
from being expressed in overt movement. Notably, this 
enhanced susceptibility to acting on strong impulses was 
not due to strategic tradeoffs between speed and accuracy, 
as RTs among ET patients were generally slower than HCs.

Contrary to one of our hypotheses, the proficiency of 
impulse suppression, as reflected in the reduction in the rise 
of the interference effect at the slowest RTs (i.e., delta plot), 
was similar among ET and HC groups, even though the mag-
nitude of interference and the slope increase across the dis-
tribution appear higher in ET. Despite the visual appearance 
of a difference between groups, the variability of the late 

delta plot slope may have been too high to confidently detect 
a difference. One limitation of the study was an incomplete 
availability of a single tremor rating scale. Linking clinical 
tremor ratings to action control measures could be helpful 
in understanding the variability in suppression among ET 
patients in future studies.

These results add to a growing body of evidence that 
ET has an effect on action control beyond tremor. Previous 
investigations on inhibitory stopping control in ET patients 
have found slowed action initiation and a reduced ability to 
stop actions intentionally (Brunamonti et al. 2014; Hughes 
et al. 2019). Experimental studies of other cognitive con-
trol measures like the Attentional Network Task have also 
observed differences in performance in ET populations. 
Pauletti et al. (Pauletti et al. 2015, 2013) reported that ET 
patients showed increased slowing to task conditions that 
required cognitive control relative to healthy controls. Our 
current work extends these findings by showing that ET 
disrupts the ability to restrain unintended action impulses. 
Underlying this susceptibility may be a lowered threshold 
for triggering motor actions or stronger activation of inci-
dental motor urges. Future studies could advance our under-
standing of this effect by manipulating speed or accuracy 
requirements in a conflict task or by using event-related 
brain potentials to characterize the magnitude and timing 
of the lateralized motor potential associated with incorrect 
response activations in conflict tasks.

Potential neural mechanism

Impulse (or conflict) control has been linked to the frontal-
basal ganglia neural circuitry including the dorsomedial pre-
frontal cortex (dmPFC), anterior cingulate cortex (ACC), 
pre-supplementary motor area (preSMA), right inferior fron-
tal cortex (rIFC), striatum, and subthalamic nucleus (Bot-
vinick et al. 2004; Cavanagh et al. 2012; Cavanagh et al. 
2011; Forstmann, Jahfari, et al. 2008a, b; Forstmann, van 
den Wildenberg, et al. 2008a, b; Ridderinkhof et al. 2004). 
DmPFC and ACC are thought to detect (motor) conflict and 
activate the STN via the hyperdirect pathway (Wiecki and 
Frank 2013; Zavala et al. 2015). The STN subsequently 
increases GPi’s activity thereby inhibiting the thalamus and 
motor output, thus pausing or stopping the motor system to 
allow for more time to select the correct action (Frank 2006).

Although ET pathology has been associated with abnor-
mal signaling in cerebello-thalamic-cortical circuitries and 
degradation of cerebellar gray and white matter (Cerasa 
and Quattrone 2016; Hett et al. 2021), gray matter volume 
loss in cortical areas like the ACC and rIFC (Bhalsing 
et al. 2014) could potentially explain a reduced ability to 
detect conflict in ET and result in motor impulsivity. Alter-
natively, cerebello-thalamocortical networks could play a 
larger role in impulse control than what is currently been 

Fig. 3  RT delta plots for ET patients and HC. Each bin contains the 
same number of trials, averaged across the subjects in each subgroup
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shown, because conflict control has traditionally been more 
closely investigated in frontal-striatal networks deficiencies 
like Parkinson’s disease (Alderson et al. 2007; Jahanshahi 
et al. 2015; Manza et al. 2017; van Wouwe et al. 2016; Wylie 
et al. 2009a). Parkinson’s disease and dopaminergic medica-
tion mostly impacted impulse suppression (van Wouwe et al. 
2016; Wylie et al. 2012), whereas impulse capture is not 
always consistently modulated by PD (dependent on disease 
severity), dopaminergic medication (van Wouwe et al. 2016; 
Wylie et al. 2012, 2009a) or STN modulation (van Wouwe 
et al. 2017).

Alternatively, evidence from studies in patients with cer-
ebellar damage has suggested that cerebellar dysfunction 
might also lead to motor impulsivity by reducing error-based 
performance monitoring (Peterburs et al. 2015; Schweizer 
et al. 2007). Likewise, imaging studies on error detection 
and the ability to adjust performance (Hirose et al. 2014; 
Ide and Li 2011) have suggested that cortico-cerebellar net-
works play a role in cognitive control (cerebellum, thalamus, 
ventrolateral PFC, rIFC). Thus, cerebellar dysfunction and 
impaired cortico-cerebellar circuits could account for the 
increase in impulsive errors in ET.

Future neuroimaging studies should aim to investigate 
how cerebello-thalamocortical network dysfunction in ET 
relates to action impulsivity. Specifically, imaging studies 
exploring structural and functional changes related to impul-
sivity could help disassociate involvement of cerebellar ver-
sus cortical-striatal dysfunction related to conflict control in 
ET. A thalamic stimulation study may also reveal the degree 
to which these networks can be influenced through stimula-
tion and whether that translates to increased conflict control.

Clinical relevance

Neuropsychological studies have previously pointed at 
executive control deficits in ET (Bhalsing et al. 2014; Jan-
icki et al. 2013; Passamonti et al. 2011; Troster et al. 2002). 
The current work, combined with other studies on cogni-
tive control (Pauletti et al. 2015, 2013; Brunamonti et al. 
2014; Hughes et al. 2019), confirms that ET entails more 
than clinical motor symptoms, the present study goes beyond 
these broad executive deficits by showing specific difficulties 
with the control over actions in ET. Clinically, these findings 
could translate to recommendations for cognitively demand-
ing situations in which pressure, conflicting information, or 
even conflicting emotions might benefit from deliberate 
slowing to avoid making impulsive errors.

Limitations

There are a few relevant limitations in the current study. 
First, ET patients remained on their regular medications 
during the study and medication details were not available 
for the complete dataset. These medications aim to help 
suppress action tremor, so patients in the treated state may 
not be fully expressing action control deficits, however, it 
is unknown how some of these medications may impact 
action control processes. Future experimental designs 
should consider testing patients off medication or stand-
ardize intake across patients of specific types of medica-
tions that may impact performance and control for it in the 
analysis. Second, we did not have a measure of anxiety 
included in our study which could have biased attention 
and thereby task performance. Given the generally higher 
rates of anxiety in ET patients (Janicki 2013), including 
an anxiety scale would be recommended for future studies.

Also, it is important to point out that we studied an 
older group of ET patients, which may be limited in gen-
eralizing to younger patients with ET. The reduction of 
Simon interference as expressed in the delta plot was 
not as dramatic as depicted in other clinical studies with 
Parkinson’s Disease patients and older healthy controls 
(Laurent et al. 2018). This could be a reflection of the rela-
tively older participants in this study as inhibitory control 
skills are known to diminish with age (Kawai et al. 2012; 
West 1996). A clinically relevant limitation was the incon-
sistent use of a single tremor rating scale, which limited 
the analyses between conflict control and clinical motor 
impairments to a subset of patients.

Conclusion

The current study demonstrates that ET patients are more 
susceptible to acting on strong response impulses evoked 
unintentionally in the motor system. These findings point 
to alterations in cortico-striatal activity induced directly 
by ET pathological processes or indirectly by alterations 
at the thalamic node that interfaces both cortico-striatal 
and cerebello-cortical circuitries.

Acknowledgements The study was supported by CTSA award No. 
UL1 TR002243 from the National Center for Advancing Translational 
Sciences. Its contents are solely the responsibility of the authors and 
do not necessarily represent official views of the National Center for 
Advancing Translational Sciences or the National Institutes of Health.

Data availability Anonymized data will be available on reasonable 
request by a qualified investigator.



1964 Experimental Brain Research (2022) 240:1957–1966

1 3

Declarations 

Conflict of interest On behalf of all authors, the corresponding author 
states that there is no conflict of interest.

References

Alderson RM, Rapport MD, Kofler MJ (2007) Attention-deficit/hyper-
activity disorder and behavioral inhibition: a meta-analytic review 
of the stop-signal paradigm. J Abnorm Child Psychol 35(5):745–
758. https:// doi. org/ 10. 1007/ s10802- 007- 9131-6

Aron AR, Herz DM, Brown P, Forstmann BU, Zaghloul K (2016) 
Frontosubthalamic circuits for control of action and cognition. J 
Neurosci 36(45):11489–11495. https:// doi. org/ 10. 1523/ JNEUR 
OSCI. 2348- 16. 2016

Bagepally BS, Bhatt MD, Chandran V, Saini J, Bharath RD, Vasudev 
MK, Prasad C, Yadav R, Pal PK (2012) Decrease in cerebral and 
cerebellar gray matter in essential tremor: a voxel-based morpho-
metric analysis under 3T MRI. J Neuroimaging 22(3):275–278. 
https:// doi. org/ 10. 1111/j. 1552- 6569. 2011. 00598.x

Beck AT, Steer RA, Brown GK (1996) Manual for the Beck Depres-
sion Inventory-II. San Antonio, TX: Psychological Corporation.

Benito-Leon J, Louis ED (2006) Essential tremor: emerging views of a 
common disorder. Nat Clin Pract Neurol 2(12):666–678. https:// 
doi. org/ 10. 1038/ ncpne uro03 47 (quiz 662p following 691)

Benito-Leon J, Louis ED, Romero JP, Hernandez-Tamames JA, Man-
zanedo E, Alvarez-Linera J, Bermejo-Pareja F, Posada I, Rocon 
E (2015) Altered functional connectivity in essential tremor: a 
resting-state fMRI study. Med (Baltimore) 94(49):e1936. https:// 
doi. org/ 10. 1097/ MD. 00000 00000 001936

Benito-Leon J, Serrano JI, Louis ED, Holobar A, Romero JP, Povalej-
Brzan P, Kranjec J, Bermejo-Pareja F, Del Castillo MD, Posada IJ, 
Rocon E (2019) Essential tremor severity and anatomical changes 
in brain areas controlling movement sequencing. Ann Clin Transl 
Neurol 6(1):83–97. https:// doi. org/ 10. 1002/ acn3. 681

Bhalsing KS, Upadhyay N, Kumar KJ, Saini J, Yadav R, Gupta AK, Pal 
PK (2014) Association between cortical volume loss and cognitive 
impairments in essential tremor. Eur J of Neurol 21(6):874–883. 
https:// doi. org/ 10. 1111/ ene. 12399

Bhatia KP, Bain P, Bajaj N, Elble RJ, Hallett M, Louis ED, Raethjen 
J, Stamelou M, Testa CM, Deuschl G, Tremor Task Force of the 
International P, and Movement Disorder S (2018) Consensus 
statement on the classification of tremors from the task force on 
tremor of the international parkinson and movement disorder soci-
ety. Mov Disord 33(1):75–87. https:// doi. org/ 10. 1002/ mds. 27121

Botvinick MM, Cohen JD, Carter CS (2004) Conflict monitoring and 
anterior cingulate cortex: an update. Trends Cogn Sci 8(12):539–
546. https:// doi. org/ 10. 1016/j. tics. 2004. 10. 003

Brunamonti E, Chiricozzi FR, Clausi S, Olivito G, Giusti MA, Moli-
nari M, Ferraina S, Leggio M (2014) Cerebellar damage impairs 
executive control and monitoring of movement generation. PLoS 
One 9(1):e85997. https:// doi. org/ 10. 1371/ journ al. pone. 00859 97

Buijink AW, van der Stouwe AM, Broersma M, Sharifi S, Groot PF, 
Speelman JD, Maurits NM, van Rootselaar AF (2015) Motor net-
work disruption in essential tremor: a functional and effective 
connectivity study. Brain 138(Pt 10):2934–2947. https:// doi. org/ 
10. 1093/ brain/ awv225

Cai W, Ryali S, Chen T, Li CS, Menon V (2014) Dissociable roles 
of right inferior frontal cortex and anterior insula in inhibitory 
control: evidence from intrinsic and task-related functional parcel-
lation, connectivity, and response profile analyses across multiple 
datasets. J Neurosci 34(44):14652–14667. https:// doi. org/ 10. 1523/ 
JNEUR OSCI. 3048- 14. 2014

Cavanagh JF, Wiecki TV, Cohen MX, Figueroa CM, Samanta J, 
Sherman SJ, Frank MJ (2011) Subthalamic nucleus stimulation 
reverses mediofrontal influence over decision threshold. Nat 
Neurosci 14(11):1462–1467. https:// doi. org/ 10. 1038/ nn. 2925

Cavanagh JF, Figueroa CM, Cohen MX, Frank MJ (2012) Frontal 
theta reflects uncertainty and unexpectedness during exploration 
and exploitation. Cereb Cortex 22(11):2575–2586. https:// doi. 
org/ 10. 1093/ cercor/ bhr332

Cerasa A, Quattrone A (2016) Linking essential tremor to the cer-
ebellum-neuroimaging evidence. Cerebellum 15(3):263–275. 
https:// doi. org/ 10. 1007/ s12311- 015- 0739-8

Cerasa A, Passamonti L, Novellino F, Salsone M, Gioia MC, Morelli 
M, Paglionico S, Giofre L, Arabia G, Quattrone A (2010) 
Fronto-parietal overactivation in patients with essential tremor 
during stroop task. Neuroreport 21(2):148–151. https:// doi. org/ 
10. 1097/ WNR. 0b013 e3283 35b42c

Cernera S, Okun MS, Gunduz A (2019) A review of cognitive out-
comes across movement disorder patients undergoing deep brain 
stimulation. Front Neurol 10:419. https:// doi. org/ 10. 3389/ fneur. 
2019. 00419

Fahn S, Tolosa E, Marín C (1993) Clinical rating scale for tremor. 
Parkinson’s Dis Mov Disord 2:271–280

Folstein MF, Folstein SE, McHugh PR. (1975) “Mini-mental state” 
a practical method for grading the cognitive state of patients for 
the clinician. J Psychiatr Res 12(3) 189–198 http:// www. ncbi. 
nlm. nih. gov/ pubmed/ 12022 04

Forstmann BU, Jahfari S, Scholte HS, Wolfensteller U, van den Wil-
denberg WP, Ridderinkhof KR (2008a) Function and structure 
of the right inferior frontal cortex predict individual differ-
ences in response inhibition: a model-based approach. J Neu-
rosci 28(39):9790–9796. https:// doi. org/ 10. 1523/ JNEUR OSCI. 
1465- 08. 2008

Forstmann BU, van den Wildenberg WP, Ridderinkhof KR (2008b) 
Neural mechanisms, temporal dynamics, and individual differ-
ences in interference control. J Cogn Neurosci 20(10):1854–
1865. https:// doi. org/ 10. 1162/ jocn. 2008. 20122

Forstmann BU, Tittgemeyer M, Wagenmakers EJ, Derrfuss J, 
Imperati D, Brown S (2011) The speed-accuracy tradeoff in the 
elderly brain: a structural model-based approach. J Neurosci 
31(47):17242–17249. https:// doi. org/ 10. 1523/ JNEUR OSCI. 
0309- 11. 2011

Frank MJ (2006) Hold your horses: a dynamic computational role 
for the subthalamic nucleus in decision making. Neural Netw 
19(8):1120–1136. https:// doi. org/ 10. 1016/j. neunet. 2006. 03. 006

Georgiou-Karistianis N, Sritharan A, Farrow M, Cunnington R, 
Stout J, Bradshaw J, Churchyard A, Brawn TL, Chua P, Chiu 
E, Thiruvady D, Egan G (2007) Increased cortical recruitment 
in Huntington’s disease using a Simon task. Neuropsychologia 
45(8):1791–1800. https:// doi. org/ 10. 1016/j. neuro psych ologia. 
2006. 12. 023

Hett K, Lyu I, Trujillo P, Lopez AM, Aumann M, Larson KE, Hedera P, 
Dawant B, Landman BA, Claassen DO, Oguz I (2021) Anatomical 
texture patterns identify cerebellar distinctions between essential 
tremor and Parkinson’s disease. Human Brain Mapp 42(8):2322–
2331. https:// doi. org/ 10. 1002/ hbm. 25331

Hirose S, Jimura K, Kunimatsu A, Abe O, Ohtomo K, Miyashita Y, 
Konishi S (2014) Changes in cerebro-cerebellar interaction during 
response inhibition after performance improvement. Neuroimage 
99:142–148. https:// doi. org/ 10. 1016/j. neuro image. 2014. 05. 007

Hughes S, Claassen DO, van den Wildenberg WPM, Phibbs FT, 
Bradley EB, Wylie SA, van Wouwe NC (2019) Action control 
deficits in patients with essential tremor. J Int Neuropsychol Soc 
25(2):156–164. https:// doi. org/ 10. 1017/ S1355 61771 80010 54

Ide JS, Li CS (2011) A cerebellar thalamic cortical circuit for error-
related cognitive control. Neuroimage 54(1):455–464. https:// doi. 
org/ 10. 1016/j. neuro image. 2010. 07. 042

https://doi.org/10.1007/s10802-007-9131-6
https://doi.org/10.1523/JNEUROSCI.2348-16.2016
https://doi.org/10.1523/JNEUROSCI.2348-16.2016
https://doi.org/10.1111/j.1552-6569.2011.00598.x
https://doi.org/10.1038/ncpneuro0347
https://doi.org/10.1038/ncpneuro0347
https://doi.org/10.1097/MD.0000000000001936
https://doi.org/10.1097/MD.0000000000001936
https://doi.org/10.1002/acn3.681
https://doi.org/10.1111/ene.12399
https://doi.org/10.1002/mds.27121
https://doi.org/10.1016/j.tics.2004.10.003
https://doi.org/10.1371/journal.pone.0085997
https://doi.org/10.1093/brain/awv225
https://doi.org/10.1093/brain/awv225
https://doi.org/10.1523/JNEUROSCI.3048-14.2014
https://doi.org/10.1523/JNEUROSCI.3048-14.2014
https://doi.org/10.1038/nn.2925
https://doi.org/10.1093/cercor/bhr332
https://doi.org/10.1093/cercor/bhr332
https://doi.org/10.1007/s12311-015-0739-8
https://doi.org/10.1097/WNR.0b013e328335b42c
https://doi.org/10.1097/WNR.0b013e328335b42c
https://doi.org/10.3389/fneur.2019.00419
https://doi.org/10.3389/fneur.2019.00419
http://www.ncbi.nlm.nih.gov/pubmed/1202204
http://www.ncbi.nlm.nih.gov/pubmed/1202204
https://doi.org/10.1523/JNEUROSCI.1465-08.2008
https://doi.org/10.1523/JNEUROSCI.1465-08.2008
https://doi.org/10.1162/jocn.2008.20122
https://doi.org/10.1523/JNEUROSCI.0309-11.2011
https://doi.org/10.1523/JNEUROSCI.0309-11.2011
https://doi.org/10.1016/j.neunet.2006.03.006
https://doi.org/10.1016/j.neuropsychologia.2006.12.023
https://doi.org/10.1016/j.neuropsychologia.2006.12.023
https://doi.org/10.1002/hbm.25331
https://doi.org/10.1016/j.neuroimage.2014.05.007
https://doi.org/10.1017/S1355617718001054
https://doi.org/10.1016/j.neuroimage.2010.07.042
https://doi.org/10.1016/j.neuroimage.2010.07.042


1965Experimental Brain Research (2022) 240:1957–1966 

1 3

Jahanshahi M, Obeso I, Rothwell JC, Obeso JA (2015) A fronto-stri-
ato-subthalamic-pallidal network for goal-directed and habitual 
inhibition. Nat Rev Neurosci 16(12):719–732. https:// doi. org/ 
10. 1038/ nrn40 38

Janicki SC, Cosentino S, Louis ED (2013) The cognitive side of 
essential tremor: what are the therapeutic implications? Thera-
peutic Adv Neurological Disord 6(6):353–368. https:// doi. org/ 
10. 1177/ 17562 85613 489591

Kawai N, Kubo-Kawai N, Kubo K, Terazawa T, Masataka N (2012) 
Distinct aging effects for two types of inhibition in older adults: 
a near-infrared spectroscopy study on the Simon task and the 
flanker task. Neuroreport 23(14):819–824. https:// doi. org/ 10. 
1097/ WNR. 0b013 e3283 578032

Kornblum S, Hasbroucq T, Osman A (1990) Dimensional overlap: 
cognitive basis for stimulus-response compatibility–a model and 
taxonomy. Psychol Rev 97(2):253–270. https:// doi. org/ 10. 1037/ 
0033- 295x. 97.2. 253

Laurent R, van Wouwe NC, Turchan M, Tolleson C, Phibbs F, Brad-
ley E, van den Wildenberg W, Wylie SA (2018) Motivational 
sensitivities linked to impulsive motor errors in Parkinson’s dis-
ease. J Int Neuropsychol Soc 24(2):128–138. https:// doi. org/ 10. 
1017/ S1355 61771 70007 41

Louis ED, Ottman R, Ford B, Pullman S, Martinez M, Fahn S, 
Hauser WA (1997) The washington heights-inwood genetic 
study of essential tremor: methodologic issues in essential-
tremor research. Neuroepidemiology 16(3):124–133. https:// 
doi. org/ 10. 1159/ 00010 9681

Luce RD (1986) Response times: their role in inferring elementary 
mental organization. Oxford University Press, New York

Manza P, Amandola M, Tatineni V, Li CR, Leung HC (2017) 
Response inhibition in Parkinson’s disease: a meta-analysis of 
dopaminergic medication and disease duration effects. NPJ Par-
kinsons Dis 3:23. https:// doi. org/ 10. 1038/ s41531- 017- 0024-2

O’Muircheartaigh J, Keller SS, Barker GJ, Richardson MP (2015) 
White matter connectivity of the thalamus delineates the func-
tional architecture of competing thalamocortical systems. Cereb 
Cortex 25(11):4477–4489. https:// doi. org/ 10. 1093/ cercor/ 
bhv063

Passamonti L, Novellino F, Cerasa A, Chiriaco C, Rocca F, Matina MS, 
Fera F, Quattrone A (2011) Altered cortical-cerebellar circuits 
during verbal working memory in essential tremor. Brain 134(Pt 
8):2274–2286. https:// doi. org/ 10. 1093/ brain/ awr164

Pauletti C, Mannarelli D, Locuratolo N, Vanacore N, De Lucia MC, 
Mina C, Fattapposta F (2013) Attention in essential tremor: evi-
dence from event-related potentials. J Neural Transm (Vienna) 
120(7):1061–1068. https:// doi. org/ 10. 1007/ s00702- 012- 0924-6

Pauletti C, Mannarelli D, De Lucia MC, Locuratolo N, Curra A, Mis-
sori P, Marinelli L, Fattapposta F (2015) Selective attentional 
deficit in essential tremor: evidence from the attention network 
test. Parkinsonism Relat Disord 21(11):1306–1311. https:// doi. 
org/ 10. 1016/j. parkr eldis. 2015. 08. 035

Peterburs J, Thurling M, Rustemeier M, Goricke S, Suchan B, Tim-
mann D, Bellebaum C (2015) A cerebellar role in performance 
monitoring—evidence from EEG and voxel-based morphometry 
in patients with cerebellar degenerative disease. Neuropsychologia 
68:139–147. https:// doi. org/ 10. 1016/j. neuro psych ologia. 2015. 01. 
017

Proctor RW, Miles JD, Baroni G (2011) Reaction time distribution 
analysis of spatial correspondence effects. Psychon Bull Rev 
18(2):242–266. https:// doi. org/ 10. 3758/ s13423- 011- 0053-5

Ridderinkhof KR (2002) Micro- and macro-adjustments of task 
set: activation and suppression in conflict tasks. Psychol Res 
66(4):312–323. https:// doi. org/ 10. 1007/ s00426- 002- 0104-7

Ridderinkhof KR, Ullsperger M, Crone EA, Nieuwenhuis S (2004) 
The role of the medial frontal cortex in cognitive control. Science 
306(5695):443–447. https:// doi. org/ 10. 1126/ scien ce. 11003 01

Schweizer TA, Oriet C, Meiran N, Alexander MP, Cusimano M, Stuss 
DT (2007) The cerebellum mediates conflict resolution. J Cogn 
Neurosci 19(12):1974–1982. https:// doi. org/ 10. 1162/ jocn. 2007. 
19. 12. 1974

Simon JR (1969) Reactions towards the source of stimulation J Exp 
Psychol 81(1):174–176

Simon JR (1990) The effects of an irrelevant directional cue on human 
information processing. In: Proctor RW, & Reeve TG(eds) stim-
ulus-response compatibility: an integrated perspective. North-
Holland, pp 31–86

Sun C, Wang Y, Cui R, Wu C, Li X, Bao Y, Wang Y (2018) Human 
thalamic-prefrontal peduncle connectivity revealed by diffusion 
spectrum imaging fiber tracking. Front Neuroanat 12:24. https:// 
doi. org/ 10. 3389/ fnana. 2018. 00024

Swick D, Ashley V, Turken U (2011) Are the neural correlates of stop-
ping and not going identical? Quantitative meta-analysis of two 
response inhibition tasks. Neuroimage 56(3):1655–1665. https:// 
doi. org/ 10. 1016/j. neuro image. 2011. 02. 070

Troster AI, Woods SP, Fields JA, Lyons KE, Pahwa R, Higginson CI, 
Koller WC (2002) Neuropsychological deficits in essential tremor: 
an expression of cerebello-thalamo-cortical pathophysiology? Eur 
J Neurol 9(2):143–151. https:// doi. org/ 10. 1046/j. 1468- 1331. 2002. 
00341.x

van den Wildenberg WP, Wylie SA, Forstmann BU, Burle B, Hasb-
roucq T, Ridderinkhof KR (2010) To head or to heed? Beyond 
the surface of selective action inhibition: a review. Front Hum 
Neurosci 4:222. https:// doi. org/ 10. 3389/ fnhum. 2010. 00222

van Wouwe NC, van den Wildenberg WP, Claassen DO, Kanoff K, 
Bashore TR, Wylie SA (2014) Speed pressure in conflict situ-
ations impedes inhibitory action control in Parkinson’s disease. 
Biol Psychol 101:44–60. https:// doi. org/ 10. 1016/j. biops ycho. 
2014. 07. 002

van Wouwe NC, Kanoff KE, Claassen DO, Spears CA, Neimat J, van 
den Wildenberg WP, Wylie SA (2016) Dissociable effects of dopa-
mine on the initial capture and the reactive inhibition of impulsive 
actions in Parkinson’s disease. J Cogn Neurosci 28(5):710–723. 
https:// doi. org/ 10. 1162/ jocn_a_ 00930

van Wouwe NC, Pallavaram S, Phibbs FT, Martinez-Ramirez D, Nei-
mat JS, Dawant BM, D’Haese PF, Kanoff KE, van den Wilden-
berg WPM, Okun MS, Wylie SA (2017) Focused stimulation of 
dorsal subthalamic nucleus improves reactive inhibitory control 
of action impulses. Neuropsychologia 99:37–47. https:// doi. org/ 
10. 1016/j. neuro psych ologia. 2017. 02. 016

West RL (1996) An application of prefrontal cortex function theory to 
cognitive aging. Psychol Bull 120(2):272–292. https:// doi. org/ 10. 
1037/ 0033- 2909. 120.2. 272

Wiecki TV, Frank MJ (2013) A computational model of inhibitory con-
trol in frontal cortex and basal ganglia. Psychol Rev 120(2):329–
355. https:// doi. org/ 10. 1037/ a0031 542

Wylie SA, van den Wildenberg WP, Ridderinkhof KR, Bashore TR, 
Powell VD, Manning CA, Wooten GF (2009a) The effect of Par-
kinson’s disease on interference control during action selection. 
Neuropsychologia 47(1):145–157. https:// doi. org/ 10. 1016/j. neuro 
psych ologia. 2008. 08. 001

Wylie SA, van den Wildenberg WP, Ridderinkhof KR, Bashore TR, 
Powell VD, Manning CA, Wooten GF (2009b) The effect of 
speed-accuracy strategy on response interference control in Par-
kinson’s disease. Neuropsychologia 47(8–9):1844–1853. https:// 
doi. org/ 10. 1016/j. neuro psych ologia. 2009b. 02. 025

Wylie SA, Ridderinkhof KR, Bashore TR, van den Wildenberg WP 
(2010a) The effect of Parkinson’s disease on the dynamics of 
on-line and proactive cognitive control during action selection. 
J Cogn Neurosci 22(9):2058–2073. https:// doi. org/ 10. 1162/ jocn. 
2009. 21326

Wylie SA, Ridderinkhof KR, Elias WJ, Frysinger RC, Bashore TR, 
Downs KE, van Wouwe NC, van den Wildenberg WP (2010b) 

https://doi.org/10.1038/nrn4038
https://doi.org/10.1038/nrn4038
https://doi.org/10.1177/1756285613489591
https://doi.org/10.1177/1756285613489591
https://doi.org/10.1097/WNR.0b013e3283578032
https://doi.org/10.1097/WNR.0b013e3283578032
https://doi.org/10.1037/0033-295x.97.2.253
https://doi.org/10.1037/0033-295x.97.2.253
https://doi.org/10.1017/S1355617717000741
https://doi.org/10.1017/S1355617717000741
https://doi.org/10.1159/000109681
https://doi.org/10.1159/000109681
https://doi.org/10.1038/s41531-017-0024-2
https://doi.org/10.1093/cercor/bhv063
https://doi.org/10.1093/cercor/bhv063
https://doi.org/10.1093/brain/awr164
https://doi.org/10.1007/s00702-012-0924-6
https://doi.org/10.1016/j.parkreldis.2015.08.035
https://doi.org/10.1016/j.parkreldis.2015.08.035
https://doi.org/10.1016/j.neuropsychologia.2015.01.017
https://doi.org/10.1016/j.neuropsychologia.2015.01.017
https://doi.org/10.3758/s13423-011-0053-5
https://doi.org/10.1007/s00426-002-0104-7
https://doi.org/10.1126/science.1100301
https://doi.org/10.1162/jocn.2007.19.12.1974
https://doi.org/10.1162/jocn.2007.19.12.1974
https://doi.org/10.3389/fnana.2018.00024
https://doi.org/10.3389/fnana.2018.00024
https://doi.org/10.1016/j.neuroimage.2011.02.070
https://doi.org/10.1016/j.neuroimage.2011.02.070
https://doi.org/10.1046/j.1468-1331.2002.00341.x
https://doi.org/10.1046/j.1468-1331.2002.00341.x
https://doi.org/10.3389/fnhum.2010.00222
https://doi.org/10.1016/j.biopsycho.2014.07.002
https://doi.org/10.1016/j.biopsycho.2014.07.002
https://doi.org/10.1162/jocn_a_00930
https://doi.org/10.1016/j.neuropsychologia.2017.02.016
https://doi.org/10.1016/j.neuropsychologia.2017.02.016
https://doi.org/10.1037/0033-2909.120.2.272
https://doi.org/10.1037/0033-2909.120.2.272
https://doi.org/10.1037/a0031542
https://doi.org/10.1016/j.neuropsychologia.2008.08.001
https://doi.org/10.1016/j.neuropsychologia.2008.08.001
https://doi.org/10.1016/j.neuropsychologia.2009b.02.025
https://doi.org/10.1016/j.neuropsychologia.2009b.02.025
https://doi.org/10.1162/jocn.2009.21326
https://doi.org/10.1162/jocn.2009.21326


1966 Experimental Brain Research (2022) 240:1957–1966

1 3

Subthalamic nucleus stimulation influences expression and sup-
pression of impulsive behaviour in Parkinson’s disease. Brain 
133(Pt 12):3611–3624. https:// doi. org/ 10. 1093/ brain/ awq239

Wylie SA, Claassen DO, Huizenga HM, Schewel KD, Ridderinkhof 
KR, Bashore TR, van den Wildenberg WP (2012) Dopamine ago-
nists and the suppression of impulsive motor actions in Parkinson 
disease. J Cogn Neurosci 24(8):1709–1724. https:// doi. org/ 10. 
1162/ jocn_a_ 00241

Zavala B, Zaghloul K, Brown P (2015) The subthalamic nucleus, oscil-
lations, and conflict. Mov Disord 30(3):328–338. https:// doi. org/ 
10. 1002/ mds. 26072

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1093/brain/awq239
https://doi.org/10.1162/jocn_a_00241
https://doi.org/10.1162/jocn_a_00241
https://doi.org/10.1002/mds.26072
https://doi.org/10.1002/mds.26072

	Essential tremor impairs the ability to suppress involuntary action impulses
	Abstract
	Introduction
	Methods
	Participants
	Experimental tasks and procedures
	Statistical techniques

	Results
	Mean simon effects
	Distributional analyses
	Impulse capture
	Impulse suppression
	Correlations


	Discussion
	Potential neural mechanism
	Clinical relevance
	Limitations

	Conclusion
	Acknowledgements 
	References




