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ABSTRACT: Background: Although functional neuro-
logical movement disorders (FMD) are characterized by
motor symptoms, sensory processing has also been
shown to be disturbed. However, how the integration of
perception and motor processes, essential for the control
of goal-directed behavior, is altered in patients with FMD
is less clear. A detailed investigation of these processes
is crucial to foster a better understanding of the patho-
physiology of FMD and can systematically be achieved
in the framework of the theory of event coding (TEC).
Objective: The aim was to investigate perception–action
integration processes on a behavioral and neurophysio-
logical level in patients with FMD.
Methods: A total of 21 patients and 21 controls were
investigated with a TEC-related task, including concomi-
tant electroencephalogram (EEG) recording. We focused
on EEG correlates established to reflect perception–
action integration processes. Temporal decomposition
allowed to distinguish between EEG codes reflecting
sensory (S-cluster), motor (R-cluster), and integrated
sensory–motor processing (C-cluster). We also applied
source localization analyses.

Results: Behaviorally, patients revealed stronger binding
between perception and action, as evidenced by difficul-
ties in reconfiguring previously established stimulus–
response associations. Such hyperbinding was paralleled
by a modulation of neuronal activity clusters, including
reduced C-cluster modulations of the inferior parietal
cortex and altered R-cluster modulations in the inferior
frontal gyrus. Correlations of these modulations with
symptom severity were also evident.
Conclusions: Our study shows that FMD is characterized
by altered integration of sensory information with motor
processes. Relations between clinical severity and both
behavioral performance and neurophysiological abnormali-
ties indicate that perception–action integration processes
are central and a promising concept for the understanding
of FMD. © 2023 The Authors. Movement Disorders publi-
shed by Wiley Periodicals LLC on behalf of International
Parkinson and Movement Disorder Society.

Key Words: functional neurological disorder; functional
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Functional neurological movement disorders (FMD)
are frequent and disabling.1 Despite their heterogeneous
phenomenology,2 some common clinical and

neurophysiological characteristics have been described,
including variability and distractibility of clinical signs,
impaired motor metacognition,3 and altered sense of
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agency.4,5 Although FMDs are per definition defined as a
motor/movement disorder, evidence has accumulated that
sensory processing and perception–motor integration are
also disturbed.6-8 For instance, in patients with functional
tremor9 and functional dystonia,10 tactile temporal dis-
crimination thresholds were increased compared to
healthy controls9 independent of the affected body side.
These findings, suggesting altered processing of afferent
sensory information in patients with FMD, were substan-
tiated by results of a modeling approach based on sensory
temporal discrimination data indicating altered quality
and rate in the accumulation of sensory information in
these patients.6 Moreover, in patients with functional
weakness the tonic vibration reflex and its perception
were reduced, suggesting that attenuation of propriocep-
tion plays a role in abnormal movements/postures and
presumably also an altered sense of agency in these
patients.11 In addition, in a force-matching paradigm,
physiological sensory attenuation,12 that is, the reduction
in the perceived intensity of self-induced as compared to
externally generated force, was reduced in patients with
FMD.13 This suggests that patients with FMD were more
accurate in using sensory information to inform motor
force compared to healthy controls.13 Akin to this, there
was a loss of the physiological reduction in the amplitude
of sensory-evoked potentials at the onset of self-generated
movements in patients with FMD.14 Moreover, in an
action–effect binding paradigm, FMD patients were more
accurate than healthy controls in perceiving the actual
time of a self-initiated key press and a subsequent tone,
ie, showed less temporal compression.7

Physiological sensory attenuation and temporal com-
pression appear to be relevant for perceiving movements
as self-generated, and as a corollary, a lack of these phe-
nomena is associated with defective agency for
movement,8,15 which has indeed been documented in
patients with FMD.16,17 Within the so-called “agency
network,” the temporoparietal junction is an important
hub for aligning feedforward and feedback information,
with abnormal activation during action authorship per-
ception being documented in patients with FMD.16,18

Taking a conceptual view on these findings, a predic-
tive coding framework proposed that in patients with
FMD19 there is a down-weighting of “bottom-up” sen-
sory information in favor of “top-down” predictions
(prior beliefs, feedforward information), reducing the
quality and relevance of sensory information (feedback
information) available to the individual.6 This was also
shown in a study investigating patients with FMD in a
visual probabilistic reasoning task.20 FMD patients
used less visual information before making a decision.20

Crucially, whether altered sensory processing has a
direct effect on higher-level cognitive functions involved
in the control of goal-directed behavior in patients with
FMD is unclear. Clarifying this point is of central
importance not only for the understanding of goal-

directed behavior in everyday situations21 but also
against the background that influential accounts on the
interrelation of sensory and motor processes—such as
ideomotor theory22—have long been stating a close
connection between sensory and motor processes as a
prerequisite of cognitive control. The theory of event
coding (TEC)23 and its recent extension in the form of
the binding and retrieval in action control (BRAC)
framework24 specifying how perception is related to
motor processes are relevant to better understand the
interrelation of sensory and motor processes in FMD
and thus add to the predictive coding model. Of note,
the TEC framework has already been proven useful to
provide a suitable conceptualization of Gilles de la
Tourette syndrome.25

According to TEC and BRAC, sensory and motor
processes affect each other because perceived stimulus
features and motor processes are closely integrated
(bound) with each other in so-called “event files.”26 An
event file is reactivated if a particular feature of a stimu-
lus is repeated. This can cause difficulties in executing
the correct motor response if the response required is
different from a response that was previously bound
with the identical stimulus or if a different stimulus
requires the same response. There are numerous studies
observing this basic pattern across a wide range of dif-
ferent experimental paradigms27-29 and the idea that
the recent past shapes the current behavior routes in
theories from the 1980s (Logan’s instance theory30).
Note further that predictive coding approaches and
TEC/BRAC do not compete with each other. Instead,
one could say that these frameworks complement each
other, in that predictive coding models focus on how a
sense of agency when generating movements can be
achieved and on TEC/BRAC providing further detailed
information on sensory–motor integration. TEC-inspired
experimental approaches are, therefore, a stringent test to
whether there is an altered perception–motor coupling in
patients with FMD.
In the present study, we combined a TEC paradigm

with concomitant electroencephalogram (EEG) record-
ing and analysis using novel EEG signal decomposition
(ie, residue iteration decomposition [RIDE]31) to exam-
ine whether sensory–motor integration processes and
their neurophysiological basis are altered in FMD. Of
note, in response to selection tasks, the event-related
component P3 has been suggested to reflect processes
mediating stimulus evaluation and response selec-
tion,32-35 and the same has been shown to be the case
for the RIDE-decomposed data.36-38 The TEC frame-
work, and the event file concept in particular, addresses
these stimulus–response association processes in the
“binding” concept. Therefore, the P3 is a suitable
marker of stimulus–response translation processes
referred to as event files in the TEC framework. More-
over, previous studies have shown that only after
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applying EEG signal decomposition with the goal to
distinguish between codes in the EEG signal reflecting
purely sensory (S-cluster), purely motor (R-cluster), and
integrated sensory–motor codes (C-cluster) is a reliable
examination of perception–motor integration possi-
ble.36 We also used source localization methods to
examine which functional neuroanatomical structures
are associated with FMD-associated changes in
perception–motor integration.
In view of the aforementioned results suggesting

increased sensory processing in patients with FMD,13,14,20

and given the close interrelations of sensory and motor
processes in ideomotor theory and TEC, we hypothesized
that perception–action binding is altered in patients with
FMD compared to healthy controls, reflected in difficulties
to reconfigure previously established perception–action
connections. Based on findings in healthy participants on
the neurophysiological and functional neuroanatomical
implementation of perception–action bindings,36,37,39,40 we
expected these changes in FMD to be reflected by atypical
processing in the C-cluster in the RIDE analysis with differ-
ent patterns of activation within the temporoparietal
junction.

Patients and Methods
Participants and Clinical Assessment

Twenty-one patients with FMD (N = 14 women,
mean age: 39 years, age range: 16–63 years) were rec-
ruited from the outpatient clinics of the Center for Rare
Diseases and the Department of Neurology at the Uni-
versity Medical Center Schleswig-Holstein, Lübeck, and
the Department of Neurology at the University Medical
Center Hamburg Eppendorf, Germany. Patients were
clinically diagnosed according to published diagnostic
criteria.41 Twenty-one age- and sex pairwise-matched
(�6 years) healthy controls (N = 14 women, mean age:
40 years, age range: 16–59 years) were recruited
through an announcement at the billboard of the Uni-
versity Medical Center Schleswig-Holstein, Lübeck,
Germany. Written informed consent was obtained from
all participants. The study was approved by the local
ethics committee of the University of Lübeck, Germany
(20–136). All patients were examined according to a
standardized video-recorded and video-instructed pro-
tocol based on the Simplified Functional Movement
Disorders Rating Scale (S-FMDRS).42 Videos were
rated by A.W. using the S-FMDRS.42 Detailed clinical
data are presented in Table S1.

Behavioral Task
A modified version of a stimulus–response paradigm

was used as described before.43 During the stimulus–
response paradigm, participants faced a computer
screen (Asus VG248QE, 2400, refresh rate: 144 Hz).

Each trial of the stimulus–response paradigm entailed
two subsequent responses, R1 and R2. At the start of
each trial, a rectangle comprising three vertically
aligned squares was displayed, with the middle square
comprising a leftward- or a rightward-pointing arrow-
head (Cue), which indicated the first response R1 (ie,
left or right button press depending on the orientation
of the arrowhead). The Cue was shown for 1500 ms.
Participants were instructed not to respond immediately
to the Cue but to carry out R1 as soon as the stimulus S1
occurred. S1 was shown for 500 ms, depicting a bar that
varied between trials in position (top or bottom square),
orientation (vertical or horizontal), and color (red or
green). These features of S1 were not directly relevant for
R1 (which was defined by the Cue) but, according to
TEC, served to create an association (“binding” according
to TEC) between S1 and R1. After a 2000 ms inter-
stimulus interval, S2 was shown, which again depicted a
bar that varied between trials in position (top or bottom
square), orientation (vertical or horizontal), and color
(red or green). In contrast to R1, the second response
(R2) was specified by the orientation of the bar in S2.
Participants were instructed to press the left control key
if the orientation of the bar was horizontal and to press
the right control key if the orientation of the bar was ver-
tical. Participants were instructed to respond as fast and
accurately as possible (Fig. 1).
Trials differed with stimuli (S1 and S2) being

repeated or alternated and responses (R1 and R2) being
repeated or alternated. There was either full (same posi-
tion, orientation, and color of S1 and S2) or zero fea-
ture overlap (different position, orientation, and color)
between S1 and S2, that is, stimulus repetition (full
overlap) or alternation (zero overlap). In addition, there
was either response repetition or alternation within tri-
als. TEC assumes that S1 and R1 are integrated into an
event file. Thus, if only one of the two dimensions, ie,
stimulus or response information, was repeated within
a trial but the other changed (stimulus repetition with
response alternation, or vice versa, stimulus alternation
with response repetition; referred to incompatible con-
ditions in the following), responding correctly to S2
requires unbinding/reconfiguration of the previously
established event file, ie, the S1–R1 association.
Unbinding is computationally costly and therefore
impairs performance (ie, partial repetition costs: lower
accuracy and longer response time). In contrast, in con-
ditions where correctly responding to S2 does not
require unbinding (stimulus repetition with response
repetition or stimulus alternation with response alterna-
tion; referred to as compatible conditions in the follow-
ing), performance is relatively superior (ie, full
repetition or full alternation, leading to relatively higher
accuracy and shorter response times).
After participants received instructions and a short

practice block (12 trials), they performed the main
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experiment that comprised 192 trials (48 per condition in
the 2 � 2 design, randomly presented, ie, stimulus [alter-
nation/response] � response [alternation/response]),
which were divided into 6 blocks of 32 trials each. The
intertrial interval was set randomly between 1500 and
2000 ms during which a fixation cross appeared in the
middle of the screen.
Response accuracy (percentage correct) and mean

reaction times (ms) for correct responses were deter-
mined for each condition and participant. In addition,
to account for a potential speed-accuracy tradeoff, an
established measure combining accuracy and response
times was computed—the balanced integration score
(BIS = z[accuracy] – z[response time]), where the
z-transformation refers to standardization to mean

0 and standard deviation 1, applied across all condi-
tions of all participants.44 Thus, higher values of the
BIS correspond to better performance. As a correct
response to cue/S1 was required to establish the binding
specified by the experimental design, trials with cue/S1
errors (1.8% of all trials, range: 0%–12.5% per partici-
pant) were excluded from the main analysis. Partici-
pants who performed just above chance level (accuracy:
50%) were excluded from the EEG analysis.

EEG Data Recording and RIDE
EEG recording and preprocessing was performed as

described before.45-48 Details are available in the Sup-
plementary Material. The segmented EEG data were
exported at the single-trial and single-subject levels to

FIG. 1. Schematic illustration of the stimulus–response paradigm (for details see the “Patients and Methods” section). [Color figure can be viewed at
wileyonlinelibrary.com]
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perform decomposition. In particular, temporal signal
decomposition was performed using RIDE31,49-51 in
Matlab 2019a (The MathWorks Corp., Natick, MA,
USA). RIDE initially estimates clusters using either variable
or static latency information. Then, an iteration scheme
self-optimizes the cluster solution until convergence. Three
clusters were created: S-cluster (“stimulus cluster”) based
on stimulus-related processes, such as perception and
attention; R-cluster (“response cluster”) that reflects motor
preparation and execution; and C-cluster (“central clus-
ter”) that taps into intermediate or translational processes
between stimulus and response, such as decision-making
or response selection.51 Importantly, the RIDE algorithm
and the delineation of the three clusters (S-cluster, R-
cluster, and C-cluster) are performed for each electrode
separately.49,52 In this regard, “cluster” does not refer to
a specific grouping of electrode position but to a tempo-
ral decomposition of the EEG signal. In RIDE, a cluster
refers to a pattern of activity (e.g., R-cluster = motor
response–related activity) that can be found across all
electrode sites. The decomposition requires a priori time
windows for the initial cluster estimations. The following
time windows were selected: 250–750 ms after stimulus
presentation for the C-cluster, the time window between
300 ms before and 300 ms after the response markers
for the R-cluster, and 0–500 ms after stimulus onset for
the S-cluster. The overlap between the initial search
windows for RIDE clusters is a common practice, as the
iterative comparison between cluster solutions was
designed with the assumption of simultaneous underly-
ing processes.31,49-51

Next, the waveforms and their topographies were
inspected visually in the four conditions, separately for
the three clusters. According to our expectations, event
file binding processes should be reflected by the P3
component. We base this decision on numerous find-
ings by our group and others showing that event file
processes consistently affect neurophysiological dynam-
ics in the P3 time window during both, response selec-
tion36,37,53 and response inhibition.39,54 Of note, P3
modulations were also found in other movement disor-
ders.25 To analyze the stimulus-locked P3, we selected
the centroparietal electrodes CP1 and CP2. These elec-
trodes well reflect the scalp topography plots showing a
clear centroparietal positivity and are also comparable
to the electrodes chosen in previous studies25,36,37,53 on
the P3 modulation in event file dynamics. The P3 was
maximal in the time window between 500 and 600 ms
in the healthy control sample. Because the healthy con-
trols are the “reference” to estimate possible differences
in FMD patients, this guided the choice in the time win-
dow also for the FMD patient group. Also, previous
work using this paradigm quantified the P3 to be about
500 ms.25,37 Thus, within this time interval, the mean
amplitude was quantified and extracted at the single-
subject level.

Further details on the analysis using standard low-
resolution brain electromagnetic tomography (sLORETA)55

can be found in the SupplementaryMaterial.

Statistical Analysis
Each of the dependent variables (response accuracy,

mean response time, BIS, and P3 amplitude) was ana-
lyzed using a repeated-measures analysis of variance
(ANOVA) with between-subject factor Group
(FMD/healthy controls) and within-subject factors
Stimulus (repetition/alternation), Response (repetition/
alternation), and Electrode (CP1 and CP2, for the EEG
data only). In the presence of significant binding effects
(Stimulus � Response interaction) or group differences
therein, binding effects were assessed in depth by com-
puting binding scores (difference between compatible
and incompatible conditions) separately for response
repetition and response alternation conditions.25

Potential associations between binding effects and
clinical characteristics were assessed using correlation
analyses. More details on the computation of binding
scores and correlation analyses are provided in the Sup-
plementary Materials.

Results
Clinical Characteristics

Patients with FMD in our study suffered from func-
tional gait disorder (n = 15), functional tremor (n = 8),
functional tics (n = 5), and functional jerks (n = 1). All
patients with a functional tremor also had a functional gait
disorder. The mean disorder duration was
4.43 years � 3.94 (range: 1–12), and the mean S-FMDRS
score was 9.24 � 6.05 (range: 0–26) (see Table S1 for
individual data). During participation in our study, none
of the patients had another clinically relevant psychiatric
or additional functional symptomatology.

Behavioral Data
ANOVA for the accuracy data revealed an interac-

tion of the factors Response � Stimulus [F(1, 40)
= 85.21, P < 0.001, η2p = 0.681] (Table S2A), indicating
binding processes26: when responses had to be
repeated, accuracy increased from the stimulus alterna-
tion (incompatible: 83.9%� 11.8%) to the stimulus
repetition (compatible: 95.5%�4.2%) condition and
vice versa; ie, when responses had to be alternated,
accuracy decreased from the stimulus alternation (com-
patible: 95.4%� 6.6%) to the stimulus repetition
(incompatible: 82.9%� 12.8%) condition (Fig. 2).
Thus, partial repetition cost, that is, lower accuracy rates,
occurred in incompatible conditions where previous
binding between response R1 and stimulus S1 had to be
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reconfigured. There was a main effect for the factor Group
[F(1, 40)=5.53, P=0.024, η2p =0.121] (Table S2A),
showing that overall accuracy was higher in healthy
controls compared to patients (92.0%�5.2%
vs. 86.9%�8.3%). Importantly, the three-way interac-
tion Group�Response� Stimulus was significant
[F(1, 40)= 4.54, P= 0.039, η2p = 0.102], showing that
binding effects were different between patients with
FMD and healthy controls (Table S2A). In particular,
there was an interaction of Stimulus�Response in
FMD patients [F(1, 40)=47.85, P <0.001, ηp2= 0.705]
and in healthy controls [F(1, 40)=38.71, P < 0.001,
ηp2= 0.659], with a higher effect size (ηp2) in patients
(Table S2B,C), revealing that binding effects were stron-
ger in patients compared to controls. Figure 2 visualizes
the interaction: when responses had to be repeated
(solid line), the difference between the stimulus repeti-
tion (compatible) and the stimulus alternation (incom-
patible) condition was higher in FMD patients
(15.5%�11.7%) compared to controls (7.6%� 5.8%,
P=0.018). There was no difference between groups for
the difference in the response alternation conditions
(dotted line) (P=0.247).
With regard to response time, there was an interac-

tion between the factors Response � Stimulus [F(1, 40)
= 67.37, P < 0.001, η2p = 0.627] indicating binding, but
no other effects or interactions were present
(Table S3A).
These findings are corroborated by control analyses.

First, the three-way interaction Group � Stimulus
� Response was also present for the BIS, giving equal
weights to response time and accuracy rate as behavioral
parameters [F(1, 40) = 5.58, P = 0.023, η2p = 0.123]
(Table S3B). Second, 5 participants (3 FMD patients,
2 healthy controls) performed just above chance level

(50% accuracy) in some experimental conditions. To
ensure that the reported group differences are not
merely due to poor understanding of the task, or partic-
ularly poor performance in general, we repeated all sta-
tistical analyses, including only participants with
accuracy of 60% or above in each of the four condi-
tions. This analysis confirmed the results by showing an
interaction of Group� Stimulus�Response for accu-
racy [F(1, 35)= 5.75, P=0.022, η2p = 0.141] and for

BIS [F(1, 35)= 10.04, P=0.003, η2p =0.223], reflecting
in each case more pronounced binding in FMD com-
pared to healthy controls (Table S4A–C). Third, when
subgrouping patients based on symptom localization,
that is, upper extremities affected or not, results (accu-
racy, response time, BIS, or binding scores) did not dif-
fer between groups, suggesting that behavioral finding
is not related to symptom localization but an underly-
ing problem of neural processing.

Neurophysiological Data
Statistical analyses were performed separately for the

mean amplitude data in the R-cluster and the C-cluster.
Because no P3-like waveform occurred in the S-cluster,
the S-cluster data were not analyzed.
In the R-cluster time window between 500 and

600 ms (Fig. 3), ANOVA showed a main effect for the
factor Response [F(1, 35) = 9.65, P = 0.004,
ηp2 = 0.216], with the R-cluster being smaller for alter-
nation than for repetition trials (3.12 μV/m2 � 1.17
vs. 4.73 μV/m2 � 1.04). There was a Group � Response
� Stimulus interaction [F(1, 35) = 7.91, P = 0.008,
ηp2 = 0.184], paralleling the behavioral results. No other
main or interaction effects were significant (all F < 3.04,
P > 0.09). In FMD patients, the mean amplitude of the
R-cluster P3 decreased from the stimulus alternation with
response alternation (compatible) condition to the stimu-
lus repetition with response alternation (incompatible)
condition (2.61 μV/m2 � 1.82 vs. �1.71 μV/m2 � 1.88,
P = 0.07) (Fig. 3). The source localization analysis
indicated that these effects were associated with activa-
tion differences between FMD and healthy participants
in Brodmann area BA44 (MNI coordinates X = 55,
Y = 5, and Z = 15, inferior frontal gyrus) (Fig. S1).
No significant amplitude changes were detected in
the R-cluster in healthy controls and between the
response repetition conditions in the FMD group
(P > 0.107) (Fig. 3).
Regarding the C-cluster (Fig. 4), ANOVA revealed no

significant main effects for any of the three factors of
Group, Stimulus, or Response. However, there were signifi-
cant interactions between the factors Stimulus � Response
[F(1, 35) = 4.79, P = 0.035, ηp2 = 0.120], Stimulus
� Response � Group [F(1, 35) = 13.6, P < 0.001,
ηp2 = 0.280], Stimulus � Electrode � Group [F(1, 35)
= 4.72, P = 0.037, ηp2 = 0.119], and Stimulus� Response

FIG. 2. Accuracy results. Higher accuracy in compatible (upper squares
and circles) compared to incompatible (lower squares and circles) con-
ditions. Binding as Stimulus � Response interaction was stronger in
patients compared to controls represented by a steeper axis rise.
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� Electrode � Group [F(1, 35) = 5.33, P = 0.027,
ηp2 = 0.132]. On the electrode CP2, healthy controls
showed a decrease in themean P3 amplitude from the stimu-
lus alternation with response alternation (compatible) to the
stimulus repetition with response alternation (incompatible)
condition (8.98 μV/m2 � 2.09 vs. 5.47 μV/m2 � 1.93,
P = 0.026) and a decrease from the stimulus repetition with
response repetition (compatible) to the stimulus alternation
with response repetition (incompatible) condition
(11.87 μV/m2 � 2.38 vs. 4.23 μV/m2 � 2.31, P < 0.001)
(Fig. 4). That is, the healthy controls showed binding-related
amplitude modulations in the C-cluster, which is in line with

previous findings.25,37 There were no significant binding
effects on electrode CP1 in the control group (P > 0.077)
andno binding-related amplitude changes in the FMDgroup
(P > 0.109). The source localization analysis using
sLORETA revealed that the group differences in binding
effects of the C-cluster data were associated with differential
activation in the BA40 area (MNI [Montreal Neurological
Institute] coordinates X = 65, Y = �35, and Z = 35, infe-
rior parietal cortex) for the response alternation and BA31
area (MNI coordinates X = �10, Y = �45, and Z = 35,
cingulate gyrus) for the response repetition conditions
(Fig. S1).

FIG. 3. P3 R-cluster waveforms on electrodes CP1 and CP2 as a function of stimulus and response type. Stimulus S2 was presented at 0 ms. Shaded
area is the analyzed time window. Scalp topography plots show distribution of mean activity of the four conditions. [Color figure can be viewed at
wileyonlinelibrary.com]
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Correlation Analysis
We found a positive correlation between the

S-FMDRS score and the behavioral binding effects of
the response alternation conditions. That is, stronger
binding (ie, larger accuracy differences between com-
patible and incompatible conditions) was associated
with higher S-FMDRS scores (r = 0.475, P = 0.029)
(Fig. 5A). No correlation was found between S-FMDRS
scores and the behavioral binding effects of the
response repetition conditions.
With regard to the neurophysiological data and

given the significant Group � Stimulus � Response
� Electrode interaction in the C-cluster, binding scores
were calculated separately for the electrodes CP1 and
CP2. In the R-cluster, there was no interaction with the
factor Electrode; thus, the signal of the two electrodes
was averaged. The correlation was significant in the
C-cluster between the S-FMDRS score and the response
repetition binding on CP1 (r = �0.481, P = 0.043) and
CP2 (r = �0.626, P = 0.005), respectively (Fig. 5B).
Higher binding scores, that is, positive values, represented
higher P3 amplitudes in the compatible response repeti-
tion condition compared to the incompatible response
repetition condition, as seen in healthy controls. Thus, in
patients, higher symptom severity was associated with
lower or even negative binding scores in the C-cluster
(Fig. 5B). The correlations were not significant for the
response alternation binding in the C-cluster (P > 0.928)

or between either type of behavioral binding scores and
the R-cluster-based binding measure (P > 0.072).

Discussion

This study aims for a better characterization of
perception–action integration to conceptually advance
the understanding of FMD. Using a well-established
stimulus–response EEG paradigm, we show that on a
behavioral level perception–action binding in patients
with FMD is increased as evidenced by difficulties in
reconfiguring previously bound perception–action con-
nections. On a neurophysiological level, such hyper-
binding was paralleled by a decrease in the P3 amplitude
during response alternation from compatible to incom-
patible conditions in the R-cluster. Importantly, binding
effects in healthy controls were not reflected by neuro-
physiological processes in the R-cluster but, in keeping
with previous findings, in the C-cluster.36,37,39,40 Thus, in
addition to quantitative differences between patients with
FMD and healthy controls as regards binding with
patients showing hyperbinding, there were qualitative
group differences. Patients with FMD showed altered
(increased) motor processing reflected by R-cluster modu-
lations, leading to abnormal perception–action integra-
tion. Thus, in contrast to healthy controls, in whom
stimulus–response translation processes reflected by
C-cluster modulations mediate binding on a behavioral

FIG. 4. P3 C-cluster waveforms on electrodes CP1 and CP2 as a function of stimulus and response type. Stimulus S2 was presented at 0 ms. Shaded
area is the analyzed time window. Scalp topography plots show distribution of mean activity of the four conditions. [Color figure can be viewed at
wileyonlinelibrary.com]
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level,38,56 the motor component of perception–action
integration processing is accentuated in FMD. The latter
finding does not contradict the conceptualization of
altered perception–action integration in FMD because
both sensory and motor processes (R-cluster)57,58 consti-
tute processes occurring in an event file.23 R-cluster
effects were associated with activation differences in the
inferior frontal gyrus, that is, BA44, a hub region of
inhibitory control processes to implement executive
control,59,60 which have been shown to be altered in
FMD.61

Our study also shows that translation processes
between stimulus processing and responding (C-cluster)
are affected in FMD. In fact, C-cluster effects were
associated with different activity modulations in the
inferior parietal cortex, that is, BA40, an area well
known to be relevant for event file coding.25,36,62 This
included parts of the temporoparietal junction previ-
ously shown to be abnormally active in FMD.63 Nota-
bly, patients with higher behavioral perception–action
binding scores and reduced modulations in the
C-cluster in the response repetition conditions as a sign
of dysfunctional reconfiguration processing had higher
scores in the S-FMDRS. All this suggests a direct rele-
vance of altered perception–action integration processes
for the understanding of the pathophysiology and clini-
cal phenomenology of FMD.
The present findings can be reconciled within the pre-

dictive coding framework and the mismatch between
feedforward and feedback information within the so-
called “agency network” with the temporoparietal junc-
tion as an important hub leading to altered sense of
agency as a core theme in patients with FMD.16,17 Simi-
lar to the reductions in physiological sensory attenua-
tion13 and temporal compression in FMD,7

hyperbinding along with reorganization of perception–
action integration processes shown here, that is, devia-
tions from physiological perception–action processing,
will likely lead to changes in the perception and

contextualization of movements and may contribute to
the difficulties patients with FMD have to relate (func-
tional) extra movements to other voluntarily or sponta-
neously generated movements.
Importantly, our findings extend current concepts of

FMD particularly with a view to novel treatment
approaches. FMD patients show abnormally increased
and focused attention toward their motor symptoms.41

In the present study, this might be reflected by increased
binding between perceptual stimuli and motor
responses along with difficulties in decoupling such
bindings and reconfiguring new perception–action asso-
ciations at a behavioral level. At a neurophysiological
level, it was probably reflected by a shift in cognitive
processing, that is, P3 amplitude modulations from the
C- to the R-cluster. Treatment strategies aiming at red-
irecting attention more flexibly, for example, from an
affected body region to an unaffected body part or even
toward environmental stimuli, might help to attenuate
existing perception–action bindings and to facilitate the
formation of new bindings, so that cognitive resources
can be used more effectively.64 At a behavioral level, this
might then be reflected by abnormal hyperbinding being
reduced and/or reconfiguration of perception–action
bindings becoming more efficient. At the neurophysio-
logical level, this may be paralleled by P3 amplitude
modulations in the C- rather than the R-cluster, that is,
more physiological cognitive processing.
The “motive” of increased perception–action binding

in a neuropsychiatric disorder is not unprecedented. It
has previously been shown in Tourette syndrome,
where altered sensorimotor processing is a key find-
ing.65-67 However, other than in patients with FMD, in
whom neurophysiological processing has apparently
been “shifted” or rebalanced from C-cluster to R-cluster
processing, this was not the case in patients with
Tourette syndrome. In these patients, hyperbinding was
associated with perception–action processing in the
C-cluster as in healthy controls but dysfunctional such

FIG. 5. Scatterplots depicting correlations between (A) behavioral or (B) neurophysiological binding scores (CP1 and CP2 electrodes) and clinical
scores of the Simplified Functional Movement Disorders Rating Scale (S-FMDRS). Dashed lines indicate confidence intervals (95%). [Color figure can
be viewed at wileyonlinelibrary.com]
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that behaviorally more demanding stimulus–response
processes requiring reconfiguration were less efficient.25

Collectively, these findings suggest that neurophysiolog-
ical signatures of perception–action integration pro-
cesses allow fine-grained delineation of possibly
disorder-specific underlying mechanisms in patients
with neuropsychiatric disorders within a common con-
ceptual framework, which may also turn out to be use-
ful to neurophysiologically characterize and cluster
clinical syndromes.
Although the study provides behavioral and neuro-

physiological insights that perception–action binding
(event files) is abnormally strong in FMD, further
mechanistic studies replicating and extending the cur-
rent findings are necessary, particularly because differ-
ent processes can modulate the strength of binding in
event files and how these are handled.24

In conclusion, patients with FMD show perception–
action hyperbinding associated with nonphysiological
modulation of R-cluster activity in the inferior frontal
gyrus (BA 44) and altered activation patterns of
C-cluster processes in the inferior parietal cortex
(BA40), including parts of the temporoparietal junction
that has previously shown to be abnormally active in
FMD. Because symptom severity in patients was attrib-
uted to both abnormal behavioral performance and
neurophysiological abnormalities of perception–action
integration, these processes appear to be central for the
understanding of FMD.

Acknowledgments: We thank all the participants for their time. We
thank Glenn Nielsen for permission to use the S-FMDRS in our study.
Open Access funding enabled and organized by Projekt DEAL.

Data Availability Statement
Data and analysis scripts are available upon request

from the corresponding author.

References
1. Carson A, Lehn A. Epidemiology. Handb Clin Neurol 2016;139:

47–60.

2. Lidstone SC, Costa-Parke M, Robinson EJ, Ercoli T, Stone J,
Group FGS. Functional movement disorder gender, age and pheno-
type study: a systematic review and individual patient meta-analysis
of 4905 cases. J Neurol Neurosurg Psychiatry 2022;93(6):609–616.

3. Verrel J, Chwolka F, Filevich E, et al. Impaired metacognition of
voluntary movement in functional movement disorder. Mov Disord
2023;38(3):435–443.

4. Gupta A, Lang AE. Psychogenic movement disorders. Curr Opin
Neurol 2009;22(4):430–436.

5. Thomsen BLC, Teodoro T, Edwards MJ. Biomarkers in functional
movement disorders: a systematic review. J Neurol Neurosurg Psy-
chiatry 2020;91(12):1261–1269.

6. Sadnicka A, Daum C, Meppelink AM, Manohar S, Edwards M.
Reduced drift rate: a biomarker of impaired information processing
in functional movement disorders. Brain 2020;143(2):674–683.

7. Kranick SM, Moore JW, Yusuf N, et al. Action-effect binding is
decreased in motor conversion disorder: implications for sense of
agency. Mov Disord 2013;28(8):1110–1116.

8. Stenner MP, Haggard P. Voluntary or involuntary? A neurophysio-
logic approach to functional movement disorders. Handb Clin Neu-
rol 2016;139:121–129.

9. Tinazzi M, Fasano A, Peretti A, et al. Tactile and proprioceptive
temporal discrimination are impaired in functional tremor. PLoS
One 2014;9(7):e102328.

10. Morgante F, Tinazzi M, Squintani G, et al. Abnormal tactile tempo-
ral discrimination in psychogenic dystonia. Neurology 2011;77(12):
1191–1197.

11. Tinazzi M, Marotta A, Zenorini M, Riello M, Antonini A,
Fiorio M. Movement perception of the tonic vibration reflex is
abnormal in functional limb weakness. Parkinsonism Relat Disord
2021;87:1–6.

12. Blakemore SJ, Wolpert DM, Frith CD. Central cancellation of self-
produced tickle sensation. Nat Neurosci 1998;1(7):635–640.

13. Parees I, Brown H, Nuruki A, et al. Loss of sensory attenuation in
patients with functional (psychogenic) movement disorders. Brain
2014;137(Pt 11):2916–2921.

14. Macerollo A, Chen JC, Parees I, Kassavetis P, Kilner JM,
Edwards MJ. Sensory attenuation assessed by sensory evoked poten-
tials in functional movement disorders. PLoS One 2015;10(6):
e0129507.

15. Blakemore SJ, Wolpert DM, Frith CD. Abnormalities in the aware-
ness of action. Trends Cogn Sci 2002;6(6):237–242.

16. Maurer CW, LaFaver K, Ameli R, Epstein SA, Hallett M,
Horovitz SG. Impaired self-agency in functional movement disor-
ders: a resting-state fMRI study. Neurology 2016;87(6):564–570.

17. Nahab FB, Kundu P, Maurer C, Shen Q, Hallett M. Impaired sense
of agency in functional movement disorders: an fMRI study. PLoS
One 2017;12(4):e0172502.

18. Farrer C, Franck N, Georgieff N, Frith CD, Decety J, Jeannerod M.
Modulating the experience of agency: a positron emission tomogra-
phy study. Neuroimage 2003;18(2):324–333.

19. Edwards MJ, Adams RA, Brown H, Parees I, Friston KJ. A Bayesian
account of ’hysteria’. Brain 2012;135(Pt 11):3495–3512.

20. Parees I, Kassavetis P, Saifee TA, et al. ’Jumping to conclusions’ bias
in functional movement disorders. J Neurol Neurosurg Psychiatry
2012;83(4):460–463.

21. Diamond A. Executive functions. Annu Rev Psychol 2013;64:
135–168.

22. Shin YK, Proctor RW, Capaldi EJ. A review of contemporary ideo-
motor theory. Psychol Bull 2010;136(6):943–974.

23. Hommel B, Musseler J, Aschersleben G, Prinz W. The theory of
event coding (TEC): a framework for perception and action plan-
ning. Behav Brain Sci 2001;24(5):849–878. discussion 878–937.

24. Frings C, Hommel B, Koch I, et al. Binding and retrieval in action
control (BRAC). Trends Cogn Sci 2020;24(5):375–387.

25. Kleimaker M, Takacs A, Conte G, et al. Increased perception-action
binding in Tourette syndrome. Brain 2020;143(6):1934–1945.

26. Colzato LS, Warrens MJ, Hommel B. Priming and binding in and
across perception and action: a correlational analysis of the internal
structure of event files. Q J Exp Psychol 2006;59(10):1785–1804.

27. Elsner B, Hommel B. Effect anticipation and action control. J Exp
Psychol Hum Percept Perform 2001;27(1):229–240.

28. Henson RN, Eckstein D, Waszak F, Frings C, Horner AJ. Stimulus-
response bindings in priming. Trends Cogn Sci 2014;18(7):376–384.

29. Moeller B, Frings C. Binding processes in the control of nonroutine
action sequences. J Exp Psychol Hum Percept Perform 2019;45(9):
1135–1145.

30. Logan GD. Toward an instance theory of automatization. Psychol
Rev 1988;95(4):492.

31. Ouyang G, Herzmann G, Zhou C, Sommer W. Residue iteration
decomposition (RIDE): a new method to separate ERP components
on the basis of latency variability in single trials. Psychophysiology
2011;48(12):1631–1647.

10 Movement Disorders, 2023

W E I S S B A C H E T A L

 15318257, 0, D
ow

nloaded from
 https://m

ovem
entdisorders.onlinelibrary.w

iley.com
/doi/10.1002/m

ds.29458 by Z
entrale H

ochschulbibliothek L
uebec, W

iley O
nline L

ibrary on [14/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



32. Verleger R, Gorgen S, Jaskowski P. An ERP indicator of processing
relevant gestalts in masked priming. Psychophysiology 2005;42(6):
677–690.

33. Verleger R, Grauhan N, Smigasiewicz K. Effects of response delays
and of unknown stimulus-response mappings on the oddball effect
on P3. Psychophysiology 2016;53(12):1858–1869.

34. Verleger R, Hamann LM, Asanowicz D, Smigasiewicz K. Testing the S-R
link hypothesis of P3b: the oddball effect on S1-evoked P3 gets reduced by
increased task relevance of S2. Biol Psychol 2015;108:25–35.

35. Verleger R, Schroll H, Hamker FH. The unstable bridge from stimu-
lus processing to correct responding in Parkinson’s disease.
Neuropsychologia 2013;51(13):2512–2525.

36. Opitz A, Beste C, Stock AK. Using temporal EEG signal decomposi-
tion to identify specific neurophysiological correlates of distractor-
response bindings proposed by the theory of event coding.
Neuroimage 2020;209:116524.

37. Takacs A, Zink N, Wolff N, Munchau A, Muckschel M, Beste C.
Connecting EEG signal decomposition and response selection pro-
cesses using the theory of event coding framework. Hum Brain
Mapp 2020;41(10):2862–2877.

38. Verleger R, Metzner MF, Ouyang G, Smigasiewicz K, Zhou C. Test-
ing the stimulus-to-response bridging function of the oddball-P3 by
delayed response signals and residue iteration decomposition
(RIDE). Neuroimage 2014;100:271–280.

39. Prochnow A, Bluschke A, Weissbach A, et al. Neural dynamics of
stimulus-response representations during inhibitory control.
J Neurophysiol 2021;126(2):680–692.

40. Takacs A, Muckschel M, Roessner V, Beste C. Decoding stimulus-
response representations and their stability using EEG-based multi-
variate pattern analysis. Cereb Cortex Commun 2020;1(1):tgaa016.

41. Gasca-Salas C, Lang AE. Neurologic diagnostic criteria for func-
tional neurologic disorders. Handb Clin Neurol 2016;139:193–212.

42. Nielsen G, Ricciardi L, Meppelink AM, Holt K, Teodoro T,
Edwards M. A simplified version of the psychogenic movement dis-
orders rating scale: the simplified functional movement disorders rat-
ing scale (S-FMDRS). Mov Disord Clin Pract 2017;4(5):710–716.

43. Eggert E, Takacs A, Munchau A, Beste C. On the role of memory
representations in action control: neurophysiological decoding
reveals the reactivation of integrated stimulus-response feature repre-
sentations. J Cogn Neurosci 2022;34(7):1246–1258.

44. Liesefeld HR, Janczyk M. Combining speed and accuracy to control
for speed-accuracy trade-offs(?). Behav Res Methods 2019;51(1):
40–60.

45. Kayser J, Tenke CE. On the benefits of using surface Laplacian (cur-
rent source density) methodology in electrophysiology. Int J Psycho-
physiol 2015;97(3):171–173.

46. Nunez PL, Pilgreen KL, Westdorp AF, Law SK, Nelson AV. A visual
study of surface potentials and Laplacians due to distributed neocor-
tical sources: computer simulations and evoked potentials. Brain
Topogr 1991;4(2):151–168.

47. Perrin F, Pernier J, Bertrand O, Echallier JF. Spherical splines for
scalp potential and current density mapping. Electroencephalogr
Clin Neurophysiol 1989;72(2):184–187.

48. Tenke CE, Kayser J. Generator localization by current source den-
sity (CSD): implications of volume conduction and field closure at
intracranial and scalp resolutions. Clin Neurophysiol 2012;123(12):
2328–2345.

49. Ouyang G, Sommer W, Zhou C. A toolbox for residue iteration
decomposition (RIDE)—A method for the decomposition, recon-
struction, and single trial analysis of event related potentials.
J Neurosci Methods 2015;250:7–21.

50. Ouyang G, Sommer W, Zhou C. Updating and validating a new
framework for restoring and analyzing latency-variable ERP compo-
nents from single trials with residue iteration decomposition (RIDE).
Psychophysiology 2015;52(6):839–856.

51. Ouyang G, Zhou C. Characterizing the brain’s dynamical response
from scalp-level neural electrical signals: a review of methodology
development. Cogn Neurodyn 2020;14(6):731–742.

52. Wolff N, Muckschel M, Beste C. Neural mechanisms and functional
neuroanatomical networks during memory and cue-based task
switching as revealed by residue iteration decomposition (RIDE) based
source localization. Brain Struct Funct 2017;222(8):3819–3831.

53. Dilcher R, Beste C, Takacs A, et al. Perception-action integration in
young age—a cross-sectional EEG study. Dev Cogn Neurosci 2021;
50:100977.

54. Chmielewski WX, Beste C. Stimulus-response recoding during inhib-
itory control is associated with superior frontal and para-
hippocampal processes. Neuroimage 2019;196:227–236.

55. Pascual-Marqui RD, Esslen M, Kochi K, Lehmann D. Functional
imaging with low-resolution brain electromagnetic tomography
(LORETA): a review. Methods Find Exp Clin Pharmacol 2002;24-
(Suppl C):91–95.

56. Ouyang G, Hildebrandt A, Sommer W, Zhou C. Exploiting the
intra-subject latency variability from single-trial event-related poten-
tials in the P3 time range: a review and comparative evaluation of
methods. Neurosci Biobehav Rev 2017;75:1–21.

57. Mielke E, Takacs A, Kleimaker M, et al. Tourette syndrome as a
motor disorder revisited—evidence from action coding. NeuroImage
Clin 2021;30:102611.

58. Takacs A, Bluschke A, Kleimaker M, Munchau A, Beste C. Neuro-
physiological mechanisms underlying motor feature binding
processes and representations. Hum Brain Mapp 2021;42(5):1313–
1327.

59. Aron AR, Robbins TW, Poldrack RA. Inhibition and the right infe-
rior frontal cortex: one decade on. Trends Cogn Sci 2014;18(4):
177–185.

60. Bari A, Robbins TW. Inhibition and impulsivity: behavioral and
neural basis of response control. Prog Neurobiol 2013;108:44–79.

61. van Wouwe NC, Mohanty D, Lingaiah A, Wylie SA, LaFaver K.
Impaired action control in patients with functional movement disor-
ders. J Neuropsychiatry Clin Neurosci 2020;32(1):73–78.

62. Petruo VA, Stock AK, Munchau A, Beste C. A systems neurophysi-
ology approach to voluntary event coding. Neuroimage 2016;135:
324–332.

63. Voon V, Gallea C, Hattori N, Bruno M, Ekanayake V, Hallett M.
The involuntary nature of conversion disorder. Neurology 2010;
74(3):223–228.

64. Weissbach A. Metacognitive Therapy and Neuro-Physiotherapy as a
Treatment for Functional Movement Disorders—a Randomized,
Observer-Blinded Feasibility Trial. clinicaltrials.gov; 2022. https://
clinicaltrialsgov/ct2/show/NCT05323344. Accessed September
14, 2022.

65. Belluscio BA, Jin L, Watters V, Lee TH, Hallett M. Sensory sensitiv-
ity to external stimuli in Tourette syndrome patients. Mov Disord
2011;26(14):2538–2543.

66. Biermann-Ruben K, Miller A, Franzkowiak S, et al. Increased sen-
sory feedback in Tourette syndrome. Neuroimage 2012;63(1):
119–125.

67. Schunke O, Grashorn W, Kahl U, et al. Quantitative sensory testing
in adults with Tourette syndrome. Parkinsonism Relat Disord 2016;
24:132–136.

Supporting Data

Additional Supporting Information may be found in
the online version of this article at the publisher’s
web-site.

Movement Disorders, 2023 11

P E R C E P T I O N – A C T I O N I N T E G R A T I O N I N F U N C T I O N A L M O V E M E N T D I S O R D E R

 15318257, 0, D
ow

nloaded from
 https://m

ovem
entdisorders.onlinelibrary.w

iley.com
/doi/10.1002/m

ds.29458 by Z
entrale H

ochschulbibliothek L
uebec, W

iley O
nline L

ibrary on [14/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://clinicaltrials.gov
https://clinicaltrialsgov/ct2/show/NCT05323344
https://clinicaltrialsgov/ct2/show/NCT05323344


SGML and CITI Use Only
DO NOT PRINT

Author Roles

Design: C.B., A.M., C.F., J.V., A.W.
Execution: J.M., A.W., F.S.
Clinical recruitment and diagnoses: A.W., T.P., S.Z., A.M., T.B.
Data analysis and interpretation: A.T., C.B., B.P., J.V., A.M., A.W., C.F., J.F.
Writing: A.M., A.W., C.B., A.T., J.F.
Editing of the final version: all authors.

Full financial disclosures of all authors for the preceding 12 months

A.W.

Stock ownership in medically related fields None
Intellectual property rights None
Consultancies None
Expert testimony None
Advisory boards None
Employment University Medical Center Schleswig-Holstein,

Campus Lübeck
Partnerships None
Inventions None
Contracts None
Honoraria None
Royalties None
Patents None
Grants The German Research Foundation (DFG,

WE5919/2-1, WE 5919/4-1, and FOR2698/2), the
Dystonia Medical Research Foundation, and an
Edmond J. Safra Career Development Award from
The Michael J. Fox Foundation (MJFF-022062)

Other None

J.M.

Stock ownership in medically related fields None
Intellectual property rights None
Consultancies None
Expert testimony None
Advisory boards None
Employment None
Partnerships None
Inventions None
Contracts None
Honoraria None
Royalties None
Patents None

 15318257, 0, D
ow

nloaded from
 https://m

ovem
entdisorders.onlinelibrary.w

iley.com
/doi/10.1002/m

ds.29458 by Z
entrale H

ochschulbibliothek L
uebec, W

iley O
nline L

ibrary on [14/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Grants None
Other None

J.V.

Stock ownership in medically related fields None
Intellectual property rights None
Consultancies None
Expert testimony None
Advisory boards None
Employment University Medical Center Schleswig-Holstein,

Campus Lübeck
Partnerships None
Inventions None
Contracts None
Honoraria None
Royalties None
Patents None
Grants None
Other None

A.T.

Stock ownership in medically related fields None
Intellectual property rights None
Consultancies None
Expert testimony None
Advisory boards None
Employment Technical University Dresden, Dresden, Germany
Partnerships None
Inventions None
Contracts None
Honoraria None
Royalties None
Patents None
Grants None
Other None

F.C.

Stock ownership in medically related fields None
Intellectual property rights None
Consultancies None
Expert testimony None
Advisory boards None
Employment None
Partnerships None
Inventions None
Contracts None
Honoraria None
Royalties None
Patents None
Grants None

 15318257, 0, D
ow

nloaded from
 https://m

ovem
entdisorders.onlinelibrary.w

iley.com
/doi/10.1002/m

ds.29458 by Z
entrale H

ochschulbibliothek L
uebec, W

iley O
nline L

ibrary on [14/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Other None

J.F.

Stock ownership in medically related fields None
Intellectual property rights None
Consultancies None
Expert testimony None
Advisory boards None
Employment University Medical Center Schleswig-Holstein,

Campus Lübeck
Partnerships None
Inventions None
Contracts None
Honoraria None
Royalties None
Patents None
Grants Deutsche Forschungsgemeinschaft (DFG, FOR

2698)
Other None

T.P.

Stock ownership in medically related fields None
Intellectual property rights None
Consultancies None
Expert testimony None
Advisory boards None
Employment University Medical Center Schleswig-Holstein,

Campus Lübeck
Partnerships None
Inventions None
Contracts None
Honoraria None
Royalties None
Patents None
Grants None
Other None

S.Z.

Stock ownership in medically related fields None
Intellectual property rights None
Consultancies None
Expert testimony None
Advisory boards Biomarin
Employment University Medical Center Hamburg-Eppendorf
Partnerships None
Inventions None
Contracts None
Honoraria Merz Pharmaceuticals
Royalties None
Patents None

 15318257, 0, D
ow

nloaded from
 https://m

ovem
entdisorders.onlinelibrary.w

iley.com
/doi/10.1002/m

ds.29458 by Z
entrale H

ochschulbibliothek L
uebec, W

iley O
nline L

ibrary on [14/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Grants German Research Foundation, European Commis-
sion, Werner Otto Foundation, Arbeitskreis Botu-
linumtoxin

Other None

T.B.

Stock ownership in medically related fields None
Consultancies None
Advisory boards Ipsen Pharma, AbbVie/Allergan, Merz Pharmaceuticals
Partnerships None
Honoraria Ipsen Pharma, AbbVie/Allergan, Merz Pharmaceuticals
Grants German Research Foundation (DFG FOR 2698)
Intellectual property rights None
Expert testimony None
Employment University Medical Center Schleswig-Holstein, Campus

Lübeck
Contracts None
Royalties None
Other None

C.F.

Stock ownership in medically related fields None
Intellectual property rights None
Consultancies None
Expert testimony None
Advisory boards None
Employment University of Trier, Trier, Germany
Partnerships None
Inventions None
Contracts None
Honoraria None
Royalties None
Patents None
Grants German Research Foundation (DFG FOR2790),

McDonnel Network Grant (Oxford), Spanish
Ministry of Economy and Competitiveness,
Nikolaus-Koch Foundation, German Federal Min-
istry of Economics and Technology (BMWi)

Other None

B.P.

Stock ownership in medically related fields None
Intellectual property rights None
Consultancies None
Expert testimony None
Advisory boards None
Employment University of Trier, Trier, Germany
Partnerships None
Inventions None
Contracts None

 15318257, 0, D
ow

nloaded from
 https://m

ovem
entdisorders.onlinelibrary.w

iley.com
/doi/10.1002/m

ds.29458 by Z
entrale H

ochschulbibliothek L
uebec, W

iley O
nline L

ibrary on [14/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Honoraria None
Royalties None
Patents None
Grants German Research Foundation (DFG, FOR2698,

FOR2790)
Other None

C.B.

Stock ownership in medically related fields None
Intellectual property rights None
Consultancies None
Expert testimony None
Advisory boards None
Employment Technical University Dresden, Dresden, Germany
Partnerships None
Inventions None
Contracts None
Honoraria Genzyme, Bayer, Novartis, Teva
Royalties None
Patents None
Grants German Research Foundation (DFG): FOR 2698, FOR 2790,

SFB 940, SFB TRR 265
Other None

A.M.

Stock ownership in medically related fields None
Consultancies PTC Therapeutics
Advisory boards German Tourette Syndrome Association, Alliance of Patients with

Chronic Rare Diseases
Partnerships None
Honoraria Desitin, Teva, Takeda
Grants Support from foundations: Possehl-Stiftung (Lübeck,

Germany), Margot und Jürgen Wessel Stiftung (Lübeck,
Germany), Tourette Syndrome Association (Germany), Inter-
essenverband Tourette Syndrom (Germany), CHDI, Damp-
Stiftung (Kiel, Germany)
Academic research support: Deutsche Forschungsgemeinschaft

(DFG): projects 1692/3-1, 4-1, SFB 936, and FOR 2698 (project
numbers 396914663, 396577296, and 396474989); European
Reference Network–Rare Neurological Diseases (ERN–RND;
project ID no.: 739510)

Intellectual property rights None
Expert testimony None
Employment University of Lübeck; University Medical Center Schleswig-

Holstein, Campus Lübeck
Contracts None
Royalties Royalties for the book Neurogenetics (Oxford University Press)
Other Commercial research support: Pharm Allergan, Ipsen, Merz

Pharmaceuticals, Actelion

 15318257, 0, D
ow

nloaded from
 https://m

ovem
entdisorders.onlinelibrary.w

iley.com
/doi/10.1002/m

ds.29458 by Z
entrale H

ochschulbibliothek L
uebec, W

iley O
nline L

ibrary on [14/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	 Perception-Action Integration Is Altered in Functional Movement Disorders
	Patients and Methods
	Participants and Clinical Assessment
	Behavioral Task
	EEG Data Recording and RIDE
	Statistical Analysis

	Results
	Clinical Characteristics
	Behavioral Data
	Neurophysiological Data
	Correlation Analysis

	Discussion
	Acknowledgments
	Data Availability Statement

	References


