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A B S T R A C T   

Background: Functional movement disorders, a common cause of neurological disabilities, can occur with het-
erogeneous motor manifestations including functional weakness. However, the underlying mechanisms related 
to brain function and connectivity are unknown. 
Objective: To identify brain connectivity alterations related to functional weakness we assessed network centrality 
changes in a group of patients with heterogeneous motor manifestations using task-free functional MRI in 
combination with different network centrality approaches. 
Methods: Task-free functional MRI was performed in 48 patients with heterogeneous motor manifestations 
including 28 patients showing functional weakness and 65 age- and sex-matched healthy controls. Functional 
connectivity differences were assessed using different network centrality approaches, i.e. global correlation, 
eigenvector centrality, and intrinsic connectivity. Motor symptom severity was assessed using The Simplified 
Functional Movement Disorders Rating Scale and correlated with network centrality. 
Results: Comparing patients with and without functional weakness showed significant network centrality dif-
ferences in the left temporoparietal junction and precuneus. Patients with functional weakness showed increased 
centrality in the same anatomical regions when comparing functional weakness with healthy controls. Moreover, 
in the same regions, patients with functional weakness showed a positive correlation between motor symptom 
severity and network centrality. This correlation was shown to be specific to functional weakness with an 
interaction analysis, confirming a significant difference between patients with and without functional weakness. 
Conclusions: We identified the temporoparietal junction and precuneus as key regions involved in brain con-
nectivity alterations related to functional weakness. We propose that both regions may be promising targets for 
phenotype-specific non-invasive brain stimulation.   

1. Introduction 

Functional weakness (FW) is a common motor presentation in func-
tional movement disorders (FMD) that often persists and causes 

significant disabilities (Stone et al., 2010). It can be present with or 
without other symptoms such as tremor, dystonia, gait disorders, and 
myoclonus (Espay et al., 2018a; Stone and Aybek, 2016). Like other FMD 
symptoms, FW is inconsistent, i.e. characterized by a fluctuation of 
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weakness severity over time and discordant performance between clinical 
assessment. It is clinically incongruent with any known neurological 
disease (Espay et al., 2018a) and the underlying neuropathological 
mechanisms are unclear. Thus, in order to shed more light on potential 
FW-related alterations of brain function, the aim of the current paper is to 
identify functional brain connectivity changes related to FW in a group of 
FMD patients using functional magnetic resonance imaging (fMRI). 

Current neurobiological models of FMD symptoms are based on 
predictive coding of perception and movement control (Edwards and 
Bhatia, 2012; Van den Bergh et al., 2017). These models suggest that 
functional symptoms arise from the development of abnormal “priors” 
or predictions, the expression of which is driven by an abnormal allo-
cation of attention. A key assumption of this proposed mechanism is that 
the same basic computational phenomenon can account for functional 
symptoms across motor, sensory, and interoceptive domains (Baizabal- 
Carvallo et al., 2019; Edwards and Bhatia, 2012). These views have been 
reflected in a trans-diagnostic approach to find common mechanisms in 
phenotypically heterogeneous cohorts/groups of patients with func-
tional neurological disorder (Perez et al., 2021). However, only a few 
studies have aimed at identifying subtype-specific changes, such as 
differences between mobile and fixed functional dystonia (Canu et al., 
2020; Tomic et al., 2020) or between FMD and dissociative seizures 
(Sojka et al., 2021). 

Different aspects of abnormal motor control (e.g. movement 
conceptualization, intention, or execution), that are assumed to play a 
role across FMD variants, have only been addressed in a small number of 
functional imaging studies investigating specific subpopulations of pa-
tients (de Lange et al., 2007; Hassa et al., 2016; Maurer et al., 2016; 
Nahab et al., 2017; van Beilen et al., 2011; Voon et al., 2011; Voon et al., 
2010b). Thus, it remains unclear whether the different motor manifes-
tations of FMD have underlying neuroanatomic and neurophysiological 
commonalities or whether they differ. Neural correlates specific to FW 
are unknown but could involve brain areas that are implicated in: motor 
control (i.e. impaired movement initiation or motor inhibition); sensory 
processing (i.e. abnormal pattern of sensory feedback); or areas involved 
in top-down, higher-order regulatory processes, perception of self- 
agency, or other self-referential processes (Baizabal-Carvallo et al., 
2019). 

FMD with abnormal movements have features of voluntary move-
ments but are perceived as involuntary. In contrast to functional 
abnormal movements, FW is associated with a reduced range of motion 
or complete absence of movement despite voluntary effort to execute it 
(Hallett, 2010). Therefore, we hypothesized that FW may be related to a 
different self-referential network not directly linked to the sense of 
agency. In particular, we assumed that the parietal nodes of the default 
mode network (DMN) could play a role in FW, since this network is 
involved in the generation of complex internal models of various aspects 
of self-perception (Igelstrom and Graziano, 2017; Yeshurun et al., 2021). 
We therefore hypothesized that disruption within the parietal lobe may 
play a major role in distinguishing FW from no-FW FMD subjects. In 
order to further investigate the pathophysiological mechanisms of FW, 
we used task-free fMRI in combination with different network centrality 
approaches. 

The approach of task-free (also often called “resting-state”) fMRI was 
established in order to investigate correlations between fMRI time 
courses (Biswal et al., 1995). It was concluded that correlations of low 
frequency fluctuations and thus correlations between the fMRI signals of 
different brain regions reflect functional connectivity. Later it was 
shown that these correlations are altered with ageing (Dennis and 
Thompson, 2014; Ferreira and Busatto, 2013) and different movement 
disorders, e.g. in Parkinson’s disease (Mueller et al., 2018; Tahmasian 
et al., 2015; Wolters et al., 2019), in essential tremor (Li et al., 2021; 
Mueller et al., 2017; Wang et al., 2018), and also in FMD (Maurer et al., 
2016; Nahab et al., 2017). Note that there are various methods for 
investigating brain connectivity alterations using resting-state fMRI 
with graph theory approaches (Bassett and Bullmore, 2006; Bullmore 

and Sporns, 2009; Margulies et al., 2010). The aim of the current study 
was to detect FW-related alterations within the major hubs of functional 
brain connectivity. It is known from other movement disorders as e.g. 
Parkinson’s disease that disease pathology is related to changes within 
the topography of the hubs of functional brain connectivity which can be 
assessed by network centrality (Lou et al., 2015; Mueller et al., 2019; 
Mueller et al., 2017). Therefore, we used various centrality approaches 
to investigate changes within network hubs relating to FW including the 
approach of intrinsic connectivity (Martuzzi et al., 2011) but also 
eigenvector centrality (Lohmann et al., 2010). The comparison between 
different centrality approaches is very interesting from a methodological 
point of view as there is a general debate about the reliability of brain 
connectivity measures with resting-state fMRI (Holiga et al., 2018). We 
expected similar findings with all network centrality measures as we 
hypothesize a major effect of FW on the key nodes of functional brain 
networks. 

To assess FW-related brain connectivity alterations, we used 
different variations of network centrality, namely, global correlation 
(GCOR) (Whitfield-Gabrieli and Nieto-Castanon, 2012), eigenvector 
centrality (EC) (Lohmann et al., 2010), and intrinsic connectivity (ICC) 
(Martuzzi et al., 2011). These network centrality approaches allowed us 
to describe the importance of network nodes and determine the role of 
various brain regions within brain networks in FW. Specifically, we 
analyzed brain connectivity differences between FMD patients with and 
without FW. In order to characterize centrality changes that are specific 
to FW and to contextualize findings as inside or outside the normal 
range, we also assessed centrality differences between patients with FW 
and healthy controls. Finally, as the evidence for neural correlates of 
motor symptom severity in FMD is generally lacking, we further 
searched for a potential relationship between brain connectivity and 
symptom severity, assessed with the Simplified FMD Rating Scale 
(SFMDRS) (Nielsen et al., 2017). We hypothesized that FW-specific 
brain regions would be detected by centrality measurements that 
would also reflect symptom severity. 

2. Methods 

2.1. Participants 

Forty-eight patients with clinically definite FMD according to Gupta 
and Lang criteria (Gupta and Lang, 2009) (37 females, age 45.3 ± 9.7 
years, mean ± SD) with heterogeneous motor phenotypes were 
compared to 65 control subjects (41 females, 46.0 ± 9.4 years, denoted 
as CON). The FMD diagnosis was established following a detailed clin-
ical interview and an examination by an experienced movement disor-
ders specialist (TS) based on positive signs of inconsistence and 
incongruency with other neurological disorders, also in accordance with 
the criteria of the Diagnostic and Statistical Manual of Mental disorders 
(DSM-5) (APA, 2013; Daum et al., 2014; Edwards and Bhatia, 2012; 
Espay and Lang, 2015). All patients exhibited non-paroxysmal motor 
symptoms. For all controls, a complete medical history was obtained and 
a full neurological examination was performed showing no signs of a 
neurological disorder. To provide a naturalistic control group that could 
account for common psychiatric comorbidities found in FMD, controls 
with clinically salient depression, anxiety, and/or with a current pre-
scription of an antidepressant use were also included. Clinically salient 
depression and anxiety are defined as presence of symptoms of depres-
sion and/or anxiety most of the day affecting most or all activities. 
Depression and anxiety were assessed with the Beck Depression In-
ventory (BDI) and the State-Trait Anxiety Inventory (STAI) (Beck et al., 
1961; Spielberger, 1983). The demographic data and basic clinical in-
formation are provided in Table 1. 

For each FMD patient we evaluated and classified symptoms as 
functional weakness (FW) and abnormal movements involving tremor, 
dystonia, myoclonus, or gait disorder. Thereafter, the group of all FMD 
patients was then divided into two subgroups; patients with FW 
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(denoted as FW) and patients without FW (denoted as no-FW, see Table 1 
for further details). Patients with abnormal movements and concomitant 
FW were included in the FW group. For all patients, motor symptom 
severity was further assessed using the Simplified Functional Movement 
Disorder Rating Scale (SFMDRS) (Nielsen et al., 2017). The presence or 
absence of abnormal movement at each of seven body regions was 
recorded and rated according to symptom severity and duration, along 
with gait and speech severity and duration (maximum score: 54). Note 
that the SFMDRS was only published in March 2017 (Nielsen et al., 
2017), and therefore, a subset of 15 patients was assessed retrospec-
tively from video recordings of neurological examinations acquired at 
the inclusion to the study. The video-recordings included a complete 
neurological examination including assessment of rule-in signs demon-
strating inconsistency of abnormal movements and weakness. In all 
patients who were assessed retrospectively, the medical report 
describing the complete neurological examination (both positive and 
negative findings) was reviewed to ensure that all present motor features 
were documented in the video-recording and rated. All neurological 
assessments and SFMDRS ratings (including those from video re-
cordings) were performed by the same examiner (TS). 

All data were collected between September 2014 and February 2021. 
On the day of MRI data acquisition all participants also completed STAI 
(Spielberger, 1983). Concomitant medication with psychotropic effects 
were recorded in all subjects. Antidepressants are known to affect brain 
connectivity (McCabe and Mishor, 2011), therefore the intake of psy-
chotropic drugs was taken into account in data analysis (see below). 
Twenty patients and 15 control subjects were on antidepressant treat-
ment. The study was approved by the ethics committee of the General 
University Hospital in Prague (approval number 26/15 grant) and all 
participants gave their written informed consent to participate in the 
study. All procedures conformed to the Declaration of Helsinki. 

2.2. Image acquisition 

Functional MRI was obtained using a 3-T MAGNETOM Skyra scanner 
(Siemens Healthineers, Erlangen, Germany) using a 32-channel head 
array receive coil with the Syngo MR E11 software and a T2*-weighted 
gradient-echo echo-planar imaging (EPI) sequence (repetition time 2 s; 
echo time 30 ms; flip angle 90◦). The following image dimensions were 
used: acquisition matrix 64×64 pixels, in-plane resolution 3×3 mm2, 30 
axial slices with a slice thickness of 3 mm (0.45 mm gap), ascending slice 
order, nominal image resolution 3×3×3.45 mm3. For every participant, 
304 functional volumes were acquired resulting in a total scanning time 
of 10 min and 8 s. For all subjects, image acquisition was performed in 
the so-called “resting-state”. Participants were instructed to fixate on a 
visual red crosshair, remain still and awake, and not think of anything in 
particular. Note that all participants were scanned with the same scan-
ning sequence, i.e. the scanning sequence was not changed during the 
period of data acquisition. 

2.3. Image pre-processing 

All resting-state fMRI data sets were processed using the CONN 
toolbox rev. 20b (Whitfield-Gabrieli and Nieto-Castanon, 2012) and 
SPM12 rev. 7771 (Wellcome Centre for Human Neuroimaging, Univer-
sity College London, UK) with Matlab 9.10 R2021a (The MathWorks, 
Inc.). Pre-processing was performed using the default pipeline within 
the CONN toolbox including realignment for motion correction and 
unwarping to correct for EPI distortions (using the SPM’s realign and 
unwarp module with the six translational and rotational parameters), 
slice-time correction, and normalization to the Montreal Neurological 
Institute (MNI) space, based on the unified segmentation approach 
(Ashburner and Friston, 2005) that includes image co-registration, tis-
sue classification, and bias correction to be combined within the same 
generative model. Thereafter, spatial filtering was applied using a 
Gaussian kernel with 8-mm full width at half maximum. Image pre- 
processing also included denoising that was performed within the 
CONN toolbox. To correct for nuisance signal fluctuations, a regression 
analysis was computed using the scan-to-scan changes in global signal 
and the framewise displacement timeseries (FD) obtained by the CONN 
toolbox. Note that FD is very sensitive to identify small movements due 
to the lower floor in the signal (Power et al., 2012). Pre-processing was 
finalized using detrending and high-pass filtering using 0.015 Hz to 
achieve a baseline correction. 

2.4. Centrality group analysis 

For each participant global correlation (GCOR) and intrinsic con-
nectivity (ICC) (Martuzzi et al., 2011) was computed within the CONN 
toolbox (Whitfield-Gabrieli and Nieto-Castanon, 2012). In addition, we 
computed a further centrality measure, namely eigenvector centrality 
(EC) (Lohmann et al., 2010), using the Lipsia software (Lohmann et al., 
2001). To obtain the EC, a similarity matrix was computed using the 
correlation coefficient between all fMRI time courses. In order to use a 
similarity matrix with non-negative elements, we added the number one 
to all correlations (the ‘ADD’ approach (Wink et al., 2012)) and further 
used a new correlating metric ‘RLC’ that offers a similarity matrix with 
non-negative entries (Lohmann et al., 2018). Here, ‘RLC’ stands for 
‘ReLU correlation’ based on the Rectified Linear Unit (ReLU) that is 
widely used in the context of artificial neural networks (Nair and Hinton, 
2010). Note that both EC approaches ADD and RLC are programmed in a 
memory-efficient way and can be used with high resolution imaging 
data (Lohmann et al., 2018). 

As global signal regression might introduce spurious correlations and 
thus affect our centrality results (Colenbier et al., 2020; Liu et al., 2017), 
image pre-processing was performed twice with and without nuisance 
regression, and GCOR was computed with both pipelines. 

After computing all four types of network centrality (GCOR, ICC, EC- 
ADD, EC-RLC), group analyses were performed using SPM12 with the 

Table 1 
Demographic data of patients and healthy controls*.   

CON FMD P FW no-FW P        

N 65 48  28 20  
female/male† 41/24 37/11  0.15 24/4 13/7  0.16 
age (years)+ 46.0 ± 9.4 45.3 ± 9.7  0.68 44.2 ± 8.8 46.7 ± 10.9  0.38 
psychotropic drugs yes/no† 15/50 21/27  0.025 13/15 8/12  0.77 
STAI+ 39.7 ± 10.9 48.8 ± 13.1  <0.001 49.1 ± 12.1 48.3 ± 14.6  0.85 
BDI+ 8.2 ± 10.0 19.1 ± 13.9  <0.001 19.3 ± 13.9 18.8 ± 14.3  0.91 
disease onset (years)+ 38.6 ± 10.7  37.0 ± 9.0 40.8 ± 12.5  0.23 
disease duration (years)+ 5.6 ± 5.3  6.4 ± 6.2 4.5 ± 3.5  0.22 
SFMDRS+ 12.1 ± 7.7  13.3 ± 7.5 10.4 ± 7.7  0.20 

*The table lists demographic data and statistical group comparisons between patients with functional movement disorder (FMD) and healthy controls (CON), and 
between FMD patients with and without functional weakness (FW and no-FW). STAI − State-trait anxiety inventory; BDI – Beck depression inventory; SFMDRS −
Simplified FMD rating scale; †Fisher’s exact test (two-tailed); +Independent samples t-test with equal variances (two-tailed). 
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general linear model and a full factorial design implemented with the 
three groups (FW, no-FW, CON). The use of antidepressant/anxiolytic 
medication was included as an additional factor. The model also 
included age, sex, and STAI as additional nuisance covariates. For pa-
tients, we also included disease onset and disease duration to control the 
inhomogeneity within the subgroups of patients. After the parameter 
estimation, a statistical analysis was performed using T-contrasts in 
order to investigate centrality differences between groups. As we were 
primarily interested in FW, we computed the contrasts between FW and 
no-FW, between FW and CON, and between FW and no-FW+ (where no- 
FW+ denotes the joint group of participants without FW: no-FW-patients 
and healthy controls). In addition, we also computed the contrast be-
tween no-FW and CON. The resulting statistical parametric maps were 
assessed using a cluster-defining threshold of P < 0.001. Significant 
clusters were obtained with P < 0.05 including a correction for multiple 
comparisons with family-wise error (FWE) correction at cluster-level 
(Flandin and Friston, 2019; Friston et al., 1994; Worsley et al., 1996). 

In order to further investigate network centrality alterations in terms 
of functional connectivity between brain regions, seed-based connec-
tivity analysis was performed with the CONN toolbox using seed regions 
obtained with the GCOR measure and the FW > noFW+ contrast with a 
threshold of P < 0.0001. For each seed-region, seed-based correlation 
maps were obtained for each subject, and significant FW vs. no-FW+

group differences were detected using the same statistical approach as 
used with the network centrality analysis. 

2.5. Simplified FMD rating scale correlations with centrality measures 

In addition to group analyses investigating brain connectivity dif-
ferences between participants with and without FW, we also studied 
potential correlations between SFMDRS and brain connectivity within 
both the FW and no-FW groups. To identify a potential group difference 
with respect to the correlation between SFMDRS and brain connectivity, 
we assessed the interaction between both factors ‘SFMDRS’ and 
‘GROUP’ (FW/no-FW) with all four centrality measures (GCOR, ICC, EC- 
RLC, and EC-ADD), using the same model as with the group compari-
sons, including the SFMDRS as a covariate of interest. Here, the SFMDRS 
covariate was implemented to model an interaction between SFMDRS 
and GROUP. Subsequent statistical analysis was performed using the 
same statistical threshold as was used with the group comparisons, i.e. 
resulting statistical parametric maps were assessed using a cluster- 
defining threshold of P < 0.001, and significant clusters were obtained 
with P < 0.05 using correction for multiple comparisons with family- 
wise error (FWE) correction at cluster-level (Flandin and Friston, 
2019; Friston et al., 1994; Worsley et al., 1996). After the interaction 
analysis, post-hoc tests were performed within the FW and no-FW 
groups separately, to assess potential positive or negative correlations 
between SFMDRS and the four centrality measures. 

2.6. Motion effects 

Due to motion-induced signal fluctuations, head motion can bias the 
connectivity analysis and resulting connectivity values (Parkes et al., 
2018; Satterthwaite et al., 2012). This could be a particular problem if 
the degree of motion-related artifacts were to vary between patients and 
controls, or between FW and no-FW patients. Therefore, we checked for 
differences in head motion between these groups by computing the 
framewise displacement (FD) calculated as the sum of the absolute 
values of the differential of the realignment estimates (Power et al., 
2012). For input we used the translational and rotational motion pa-
rameters obtained by SPM’s motion correction. For the whole series of 
304 functional images, the motion between volumes was characterised 
using 303 FD values for each subject. Finally, for each subject, all FD 
time courses were characterised by the mean FD, the maximum FD, and 
the number of FD values exceeding 1 mm. 

2.7. Visualisation 

Figures showing orthogonal brain slices were generated using the 
Mango software v4.1 (Research Imaging Institute, University of Texas 
Health Science Center at San Antonio) with the ‘Build Surface’ option 
and the ‘Cut Plane’ feature. Finally, statistical parametric maps were 
imported using the ‘Add Overlay’ function. Dot-plots and contrast esti-
mates were directly obtained from SPM12. 

2.8. Data availability 

Datasets analyzed during the current study are available on reason-
able request. All data will be anonymized. Functional MRI data will be 
available in pre-processed fashion in the NIfTI format without any 
personal metadata. All individual brain connectivity maps and all sub-
sequent statistical analyses using SPM12 are publicly available in the 
Mendeley Data repository “Centrality and seed-based correlation maps 
obtained with functional MRI” (Mueller et al., 2022) https://doi.org/10 
.17632/w35fvmtnf2.1. 

3. Results 

3.1. Clinical phenotypes 

Twenty-eight patients exhibited FW, 15 of them presented with pure 
FW, and 13 with a mixed phenotype combining FW and other types of 
FMD (tremor, dystonia, myoclonus, or gait disorder). Twenty patients 
showed no signs of FW (only positive symptoms of FMD). Thirty patients 
manifested a combined phenotype (e.g. tremor and dystonia, FW and 
myoclonus). Between the FW and no-FW groups there were no signifi-
cant differences in age, sex, STAI, BDI, SFMDRS, disease onset, disease 
duration, or antidepressant/anxiolytic medication (see Table 1). Note 
that we found a significant correlation between STAI and BDI in patients 
(R = 0.87, P < 0.001) and controls (R = 0.83, P < 0.001). 

3.2. Centrality group analysis 

When investigating centrality differences between patients with and 
without FW, using the contrast FW > no-FW, we obtained very consis-
tent results with all four centrality measures. We obtained a significant 
cluster in the left temporoparietal junction (TPJ) with GCOR and both 
measures of EC (Table 2A; Fig. 1A). This result was also obtained with 
ICC using an uncorrected threshold. In addition to the left TPJ, the 
comparison FW > no-FW revealed another significant cluster in the 
precuneus with both GCOR and EC-ADD (Table 2A; Fig. 1A). This result 
was also obtained with EC-RLC and ICC when using an uncorrected 
threshold. 

Looking at the contrast FW > CON, we again obtained a significant 
centrality difference in the left TPJ with GCOR, EC-RLC, and ICC 
(Table 2B; Fig. 1B; Fig. 2), and with EC-ADD using an uncorrected 
threshold (Fig. 2C). We also obtained a significant centrality difference 
in the precuneus with all four centrality measures. Thus, we found the 
same anatomical brain regions with both comparisons FW > no-FW 
(Table 2A; Fig. 1A) and FW > CON (Table 2B; Fig. 1B). Looking at FW >
no-FW+ using the extended no-FW+ group including all participants 
from both groups no-FW and CON, we received a robust finding in the 
left TPJ and in the precuneus with all four centrality measures (Table 2C; 
Fig. 1C). 

Investigating GCOR with and without nuisance regression showed 
only subtle differences between both analyses. Skipping the regression 
analysis during pre-processing, we received the same FW-related GCOR 
increase using the contrasts FW > no-FW, FW > CON, and FW > no- 
FW+ (compare Fig. 1 and Supplementary Figure S1). 

We also looked at the inverse contrasts relating to a diminished 
network centrality in FW compared to the other groups, however, the 
contrast FW < no-FW did not show any significant centrality results. 
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However, the comparison FW < CON showed a significant centrality 
decrease in the supplementary motor area (SMA) with ICC and both 
measures of EC (Table 3A; Fig. 3B). The same region was found with 
GCOR using an uncorrected threshold. Moreover, we also found a sig-
nificant cluster in the right insula with all four centrality measures 
(Table 3A; Fig. 3B). Note that neither cluster (the SMA and the right 
insula) showed up for the FW < no-FW contrast with any of the cen-
trality measures (Fig. 3A). Which raises the question of whether these 
findings really relate to FW. 

In order to further elaborate a potential diminished centrality in 
FMD, we looked at the comparison between all FMD patients and 
healthy controls, i.e. FMD < CON. Interestingly, this comparison showed 
centrality differences in the same anatomical brain regions as obtained 
with FW < CON: The comparison FMD < CON showed the same cluster 
in the SMA obtained using GCOR and ICC (Table 3B; Fig. 3C), and with 
both EC measures at an uncorrected level. Further, the comparison FMD 
< CON also revealed the right insula using an uncorrected level. Thus, 
both comparisons FMD < CON and FW < CON led to the same findings, 
and no results were obtained with FW < no-FW. 

Albeit the primary goal of this study was aimed at FW and the 
comparison between FW with both groups no-FW and CON, we also 
looked at potential centrality differences between no-FW and CON. 
Investigating the contrast no-FW > CON, we did not find any significant 
result with all four centrality measures. The inverse contrast no-FW <
CON showed a significant difference in the posterior cingulate cortex 
with the centrality measures GCOR and EC-ADD (see Supplementary 
Figure S2). The same cluster was found with EC-RLC without FWE- 
correction, but no cluster was found with ICC even when using an un-
corrected threshold. 

In addition to network centrality group differences described above, 
we also investigated seed-based correlation using the left TPJ and the 

precuneus as seed regions. Investigating seed-based correlation maps 
with the FW > no-FW+ contrast, we obtained an FW-related connec-
tivity increase between both seeds and the middle temporal gyrus (MTG) 
(Supplementary Figure S3). With the left TPJ as seed region, we also 
found an FW-related connectivity increase between left TPJ and pre-
cuneus, and between left TPJ and left cerebellum. Note that we did not 
obtain any significant functional connectivity decrease (using the FW <
no-FW+ contrast) with both seed-regions. 

3.3. Simplified FMD rating scale correlations 

To investigate the relationship between brain connectivity and the 
clinical severity of the FW patients, we studied potential correlations 
between SFMDRS and network centrality across the whole brain. To test 
for potential group differences (FW vs. no-FW) with respect to a corre-
lation between SFMDRS and brain network centrality, we used a GLM 
implementing the interaction between the factors SFMDRS and GROUP 
(FW/no-FW). Here, we obtained a significant result in the left TPJ using 
GCOR and both measures of EC (Table 4B; Fig. 4C). We also obtained 
this result with ICC when using an uncorrected threshold. 

To further investigate which group was driving the obtained inter-
action, post-hoc tests were performed to investigate a potential positive 
or negative correlation between SFMDRS and network centrality within 
each group separately. Within the group of FW patients, we observed a 
significant positive correlation between SFMDRS and network centrality 
in the left TPJ with GCOR and both eigenvector centrality measures EC- 
RLC and EC-ADD (Table 4A; Fig. 4A). This result was also obtained with 
ICC using an uncorrected threshold. For the FW patients, we also ob-
tained a significant positive correlation in the precuneus with all four 
centrality measures (Table 4A; Fig. 4A). Note that this correlation 
analysis revealed the same cluster pattern as obtained with the group 

Table 2 
Brain network centrality increase in functional weakness (FW)*.     

cluster-level peak-level    

PFWE k P T Z x y z 

A: FW > no-FW TPJ GCOR  0.011 230  0.001  4.34  4.14  − 44  − 58  32 
EC-RLC  0.002 327  <0.001  4.77  4.52  − 44  − 58  32 
EC-ADD  0.004 292  <0.001  4.50  4.28  − 44  − 58  32 
ICC  0.372 67  0.048  3.64  3.52  − 36  − 60  36 

Precuneus GCOR  0.009 238  0.001  4.45  4.24  − 8  − 62  32 
EC-RLC  0.052 157  0.006  4.51  4.30  − 10  − 60  30 
EC-ADD  0.024 201  0.003  4.76  4.51  − 10  − 60  30 
ICC  0.189 95  0.022  3.74  3.61  0  − 68  32 

B: FW > CON TPJ GCOR  0.036 171  0.004  4.54  4.32  − 42  − 68  34 
EC-RLC  0.027 189  0.003  4.61  4.38  − 42  − 66  32 
EC-ADD  0.080 141  0.009  4.34  4.14  − 44  − 66  32 
ICC  <0.001 618  <0.001  5.66  5.37  − 40  − 68  34 

Precuneus GCOR  0.017 207  0.002  4.23  4.05  − 14  − 56  38 
EC-RLC  0.011 234  0.001  4.10  3.93  − 8  − 58  36 
EC-ADD  0.015 225  0.002  4.21  4.03  − 14  − 56  38 
ICC  <0.001 625  <0.001  4.70  4.46  0  − 56  36 

C: FW > no-FW+ TPJ GCOR  0.002 330  <0.001  4.59  4.37  − 42  − 58  32 
EC-RLC  <0.001 433  <0.001  4.84  4.58  − 44  − 58  32 
EC-ADD  0.001 372  <0.001  4.59  4.37  − 42  − 58  32 
ICC  <0.001 471  <0.001  4.65  4.42  − 40  − 70  34 

Precuneus GCOR  0.001 355  <0.001  4.84  4.58  − 8  − 62  32 
EC-RLC  0.003 311  <0.001  4.60  4.37  − 10  − 60  30 
EC-ADD  0.003 323  <0.001  4.86  4.60  − 8  − 62  32 
ICC  <0.001 632  <0.001  4.35  4.16  0  − 64  30 

*(A:) Comparing between patients with and without functional weakness (A: FW > no-FW), we obtained increased brain network centrality in the left temporoparietal 
junction (TPJ) and the precuneus with global correlation (GCOR) and eigenvector centrality (EC-RLC and EC-ADD, respectively). Intrinsic connectivity (ICC) showed 
centrality differences in the same regions with an uncorrected threshold (shown in italics). (B:) Comparing FW patients with healthy controls (B: FW > CON) revealed 
the same centrality differences as obtained with comparison to the no-FW patients, however, in contrast to (A:), significant results were also obtained with ICC. (C:) 
Comparing FW patients with all participants showing no FW (C: FW > no-FW+) showed again the same centrality differences obtained with both comparisons (A:) and 
(B:). Significant differences were obtained with P < 0.05 using family-wise error (FWE) correction at cluster-level. Non-significant differences are shown in italics. PFWE 
– P-value after FWE correction at cluster-level; k – size of cluster in voxels; x, y, z – coordinates in mm. 
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Fig. 1. Brain network centrality increase with functional weakness (FW) using global correlation (GCOR). Significant GCOR differences were found in the precuneus 
and in the left temporoparietal junction (TPJ) with both comparisons between patients with and without FW (A: FW > no-FW), and between FW patients and healthy 
controls (B: FW > CON). The same result was obtained when comparing FW patients with all participants showing no FW (C: FW > no-FW+ ). Bar plots show contrast 
estimates for the maximum voxel in the left TPJ and the precuneus. Significant results are shown in red with P < 0.05 using family-wise error (FWE) correction at 
cluster-level (see Table 2 for all 4 centrality measures). x, y, z – coordinates in mm; L – left; R – right. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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Fig. 2. Brain network centrality increase in functional weakness (FW) compared to healthy controls (CON). Significant centrality alterations were found in the 
precuneus and the left temporoparietal junction (TPJ) with all four centrality measures: global correlation (A: GCOR), intrinsic connectivity (D: ICC), and both 
measures of eigenvector centrality with two different approaches handling the negative correlations (B: EC-RLC and C: EC-ADD, respectively). Note that the left and 
the right TPJ was found with ICC. Significant results are shown in red with P < 0.05 using family-wise error (FWE) correction at cluster-level (see also Table 2). The 
blue color shows the result with EC-ADD using an uncorrected threshold. x, y, z – coordinates in mm; L – left; R – right. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 
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comparison FW > no-FW (left TPJ, precuneus), and thus, FW patients 
with increased SFMDRS notably contribute to the group difference 
found in the FW > no-FW comparison. Note that, within the group of FW 
patients, we did not find any significant negative correlation between 
SFMDRS and network centrality with any of the four centrality 
measures. 

In the no-FW group, we did not obtain any significant positive cor-
relations between SFMDRS and network centrality with any of the four 
centrality measures (see Fig. 4B). Note that we did obtain a significant 
cluster showing a negative correlation between SFMDRS and network 
centrality with GCOR and both measures of EC, however, this cluster 
was located in the primary visual cortex. No significant negative cor-
relations were obtained in the TPJ and/or precuneus. 

To investigate the effect of nuisance regression to the relationship 
between SFMDRS and network centrality, correlation analysis was 
performed twice with GCOR obtained with and without nuisance 
regression. Skipping nuisance regression during pre-processing does not 
affect the results as we again obtained a significant positive correlation 
between SFMDRS and GCOR in the FW group (compare Fig. 4A and 
Supplementary Figure S4A). We also obtained a significant interaction 
between the factors SFMDRS and GROUP (FW/no-FW) showing that the 
positive GCOR-SFMDRS-correlation is specific to FW (compare Fig. 4C 
and Supplementary Figure S4C). 

3.4. Motion effects 

The analysis of head motion during MR scanning yielded overall very 
subtle effects. The mean FD was below 0.5 mm for all patients and 
control subjects, with the exception of two no-FW patients showing a 
mean FD of 0.57 mm and 0.77 mm, respectively. The maximum FD was 
less than the nominal voxel size of 3 mm except in a single patient that 
showed a maximum FD of 3.1 mm. Only 210 out of 34,352 frames from 
the entire study (i.e. 113 patients × 304 image volumes) indicated single 
head movements of >1 mm, corresponding to 0.61%. Most importantly, 
there were no significant FD differences between patients and controls 
(P > 0.3 for both mean and maximum FD), and no significant FD dif-
ferences between the subgroups of FW and no-FW patients (P > 0.2 for 
both mean and maximum FD). 

4. Discussion 

In this study, we used different centrality approaches to detect sig-
nificant alterations in functional brain connectivity within functional 
networks specific to FW in a heterogeneous group of FMD patients. Our 
major findings were:.  

1. With all four different centrality measures, we consistently found an 
increased interconnectedness of both the left TPJ and the precuneus 
in FW patients when compared to the no-FW group, and when 
compared to the group of controls. 

2. When comparing FW and no-FW patients, we did not find any cen-
trality decrease with FW. However, comparing FW patients with 
healthy controls revealed a brain network centrality decrease in the 
insula and in the SMA. Interestingly, a similar pattern was found 
when comparing all FMD patients with healthy controls.  

3. Within the group of FW patients, a significant positive correlation 
between SFMDRS and TPJ centrality was observed with global cor-
relation (GCOR) and both measures of eigenvector centrality. 
Importantly, this correlation was not found in no-FW group, and a 
significant group difference (i.e. an interaction between the factors 
GROUP and SFMDRS) was found in the left TPJ. 

Using a task-free paradigm and whole-brain analysis, this study 
provides evidence for the involvement of the TPJ and the precuneus in 
the context of FW as a specific motor manifestation of FMD. The pos-
terior part of the TPJ and the precuneus are higher-order association 
cortices which have been hypothesized to be dysfunctional in FMD 
(Baizabal-Carvallo et al., 2019). Importantly, both regions are also part 
of the DMN (Buckner and DiNicola, 2019). Thus, in agreement with our 
hypothesis, our findings suggest that hyperconnectivity of the posterior 
parietal or the DMN regions may constitute a biomarker of FW. Addi-
tional confirmation of the DMN significance in the FW pathophysiology 
also comes from our seed-based correlations (see Supplementary Figure 
S3) showing increased connectivity within the areas of this network. In 
line with this observation, a previous resting-state fMRI study reported 
an increased functional connectivity strength only in the DMN in pa-
tients with pure FW compared to controls (Monsa et al., 2018). How-
ever, further (including motor task-based fMRI) studies comparing pure 

Table 3 
Brain network centrality decrease in functional movement disorders*.     

cluster-level peak-level    

PFWE k P T Z x y z 

A: FW < CON SMA GCOR  0.067 142  0.007  4.17  4.00  6  14  46 
EC-RLC  0.004 290  <0.001  4.65  4.42  6  14  46 
EC-ADD  0.037 178  0.004  4.40  4.20  6  14  46 
ICC  <0.001 397  <0.001  4.78  4.53  − 2  14  40 

Insula GCOR  0.008 246  0.001  4.06  3.90  52  6  − 12 
EC-RLC  0.010 239  0.001  4.24  4.06  52  14  − 12 
EC-ADD  0.025 197  0.003  3.95  3.80  46  20  − 10 
ICC  0.004 271  <0.001  4.32  4.13  50  4  − 6 

B: FMD < CON SMA GCOR  0.013 220  0.001  4.26  4.07  8  − 8  36 
EC-RLC  0.305 78  0.039  4.20  4.02  6  12  46 
EC-ADD  0.331 76  0.045  3.93  3.78  8  12  46 
ICC  0.007 244  0.001  4.60  4.37  6  12  46 

Insula GCOR  0.113 119  0.013  4.05  3.89  46  18  − 8 
EC-RLC  0.211 94  0.026  4.34  4.15  46  18  − 8 
EC-ADD  0.310 79  0.042  4.15  3.98  46  18  − 6 
ICC  0.068 138  0.007  4.36  4.16  54  18  0 

*(A:) Comparing FW patients with healthy controls (A: FW < CON), a significant brain network centrality decrease was obtained in the insula and in the supplementary 
motor area (SMA) with both measures of eigenvector centrality (EC-RLC and EC-ADD, respectively) and with intrinsic connectivity (ICC). Global correlation (GCOR) 
also showed a significant centrality decrease in the insula, however, the SMA was only found with an uncorrected threshold (shown in italics). (B:) The comparison 
between all patients with functional movement disorder (FMD) and healthy controls (B: FMD < CON) revealed a significant centrality decrease in the SMA using the 
centrality measures of global correlation (GCOR) and intrinsic connectivity (ICC). The other results were obtained without correction for multiple comparisons (see 
lines in italics). PFWE – P-value after family-wise error (FWE) correction at cluster-level; k – size of cluster in voxels; x, y, z – coordinates in mm. 
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FW with other subtypes of FMD will be necessary for confirmation on 
whether hyperconnectivity of these posterior parietal regions is a spe-
cific fingerprint of FW. 

A large body of evidence in literature further supports the role of the 
TPJ and precuneus in the FMD pathophysiology. Previous fMRI studies 
using different paradigms in FMD patients have shown abnormal ac-
tivity and functional connectivity in the TPJ and anatomically and 
functionally overlapping regions within the supramarginal gyrus, the 
angular gyrus, or the inferior parietal lobule (IPL) (Aybek et al., 2014; 
Baek et al., 2017; de Lange et al., 2010; Diez et al., 2019; Hassa et al., 
2017; Igelstrom and Graziano, 2017; Schrag et al., 2013; van Beilen 
et al., 2010; van der Kruijs et al., 2012; Voon et al., 2010b; Wegrzyk 
et al., 2018). Several of those studies have specifically implicated the 
right TPJ in abnormal self-agency in FMD patients (Baek et al., 2017; 
Maurer et al., 2016; Nahab et al., 2017; Voon et al., 2010b). In our study, 

we found an involvement of the TPJ in the pathophysiology of FW 
predominantly in the left hemisphere. While the right TPJ/IPL is a key 
structure in the self-agency network and in the right-lateralized ventral 
attentional control network implicated in stimulus-driven reorienting of 
spatial attention (Corbetta and Shulman, 2002; Nahab et al., 2011), the 
left TPJ/IPL has strong connectivity with the executive control network 
and is pivotal for configuring non-spatial and motor attention or control 
processes related to attention (Mengotti et al., 2020). Thus, our finding 
of increased connectivity of the left TPJ is consistent with our hypothesis 
that FW is not directly linked to the sense of agency. However, purely 
attentional mechanisms seem to be unlikely, given that both abnormal 
movements and FW present with clinically similar attentional effects 
such as distractibility. Bilateral TPJ seems has been implicated in 
updating and adjustments of top-down predictions (Geng and Vossel, 
2013) suggesting that these processes may be specifically involved in 

Fig. 3. Decreased brain network centrality in functional movement disorder (FMD). (A:) Comparing patients with and without functional weakness (FW), we did not 
obtain any significant centrality decrease with all centrality measures. (B:) Comparing FW patients with healthy controls (CON), a diminished intrinsic connectivity 
(ICC) was found in the supplementary motor area (SMA) and insula. (C:) Comparing all FMD patients with healthy controls, the same pattern of centrality decrease 
was obtained as shown in (B:), however, the insula was only found using an uncorrected threshold (shown in blue). Significant results are shown in red with P < 0.05 
using family-wise error (FWE) correction at cluster-level (see Table 3 for all 4 centrality measures). x, y, z – coordinates in mm; L – left; R – right. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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FW. 
Involvement of the precuneus was also reported in patients with 

various functional neurological disorders including FMD in studies using 
different motor or emotion task-based fMRI (Espay et al., 2018b; Hassa 
et al., 2017; Sojka et al., 2019; Stone et al., 2007). It has also been re-
ported in studies on self-agency in FMD patients (Baek et al., 2017; 
Nahab et al., 2017; Voon et al., 2010b) and resting state studies in 
various populations (Maurer et al., 2016) where the changes in activa-
tion or functional connectivity also involved the TPJ. Recent work has 
also investigated connectivity in FMD and has shown alterations 
including dynamic changes of functional brain connectivity in the pre-
cuneus and posterior midline (Marapin et al., 2021; Marapin et al., 
2020). 

The current neurobiological model of FMD is based on predictive 
coding (Edwards and Bhatia, 2012; Van den Bergh et al., 2017). This 
influential concept posits that the brain’s network architecture is an 
active inference generator that works according to the Bayesian 
approach to probability via a multilevel neuronal cascade. Learned be-
liefs about the world and about oneself act as top-down predictions 
explaining sensory signals that pass prediction errors up the neuronal 
hierarchy (Friston, 2010). It has also been proposed that the top-down 
dynamics of generative models detached from sensory or task-specific 
signals is closely related to the spontaneous activity in brain networks 
during resting state (Pezzulo et al., 2021). Importantly, the DMN is 
thought to lie at the top of this processing hierarchy involved in 
generating and retrieving the most complex and context-dependent 
schemas of various aspects of the self and the external environment 
(Friston, 2010; Igelstrom and Graziano, 2017; Yeshurun et al., 2021). 
The predictive coding account of FMD by Edwards and colleagues 
(Edwards et al., 2012) proposed that abnormal proprioceptive pre-
dictions related to the dynamics of movement are formed within an 
intermediate motor area (e.g. the SMA) and are afforded too much 
precision via misdirected attentional gain from higher hierarchical 
levels. The signal is propagated down the motor hierarchy, producing a 
proprioceptive prediction error peripherally that is fulfilled by move-
ment or lack of movement in FW. Prediction errors in reporting the 
unpredicted content of that movement to higher cortical areas (e.g., pre- 
SMA) are explained in terms of a symptomatic interpretation as invol-
untary movements or as failure to realize the movement that was 
intended in FW (Edwards et al., 2012). In our study, however, we found 
differences between FW and no-FW subjects in the left TPJ and the 

precuneus that are not directly involved in motor control. Therefore, in 
agreement with our hypothesis, it is conceivable that hyperconnectivity 
in these regions that are part of the DMN may reflect excessively strong 
or dysfunctional priors or schemas related to the body and the sense of 
the inability to move in FW. 

Interestingly, the comparison between FW and no-FW patients 
showed larger contrast differences than the comparison between FW 
patients and healthy controls. This connectivity pattern with normal 
subjects’ connectivity being in the middle between FW and no-FW (see 
contrast estimates in Fig. 1) seems also to favor reflection of abnormal 
predictions formation rather than attentional processes or self-agency 
abnormalities which have been mostly associated with the right TPJ 
(Baek et al., 2017; Maurer et al., 2016; Nahab et al., 2011; Voon et al., 
2010b). 

In our study, the role of the bilateral TPJ and the precuneus in FW 
pathophysiology is further supported by a complementary, within- 
subgroup approach which found a positive correlation between motor 
symptom severity and centrality and general connectivity measures in 
these regions only in FW patients, but not the no-FW group. Note that 
only one of the previous fMRI studies identified correlates of objectively 
assessed functional motor symptom severity in a small sample of FMD 
patients (Faul et al., 2020). 

Comparing patients with and without FW using all different cen-
trality measures, we did not find any significant FW-related centrality 
decrease. Comparing FW patients with healthy controls, we obtained a 
centrality decrease in the insula and in the SMA, however, due to the 
absence of this result in the comparison within patients, it is unclear 
whether this finding can be specifically related to FW. This lack of sig-
nificant difference might be due to insufficient power caused by a small 
sample size. Moreover, we found a centrality decrease in the same 
anatomical regions (insula and SMA) when comparing all FMD patients 
to healthy controls indicating that this decrease might not be specific to 
FW, and rather related more to FMD then to FW. That would be also in 
line with recent findings showing an involvement of the insula within 
multimodal integration, interoception processing, and self-agency that 
have been previously shown in different populations of FMD patients 
(Maurer et al., 2016; Perez et al., 2017; Stone et al., 2007; Voon et al., 
2011). The SMA is a key structure in voluntary movement initiation and 
its hypoactivity was previously reported in numerous studies (Aybek 
et al., 2015; Kozlowska et al., 2017; Maurer et al., 2016; Voon et al., 
2010a; Voon et al., 2011). Our data thus replicated these findings in a 

Table 4 
Positive correlation between Simplified Functional Movement Disorders Rating Scale (SFMDRS) and brain network centrality in patients with functional weakness 
(FW)*.     

cluster-level peak-level    

PFWE k P T Z x y z 

A: Correlation in FW TPJ GCOR  0.005 237  <0.001  4.75  4.14  − 46  − 62  30 
EC-RLC  0.005 242  <0.001  4.78  4.19  − 38  − 68  40 
EC-ADD  0.005 253  <0.001  4.57  4.05  − 42  − 60  32 
ICC  0.160 86  0.014  4.39  3.91  − 40  − 52  20 

Precuneus GCOR  <0.001 1328  <0.001  5.29  4.53  10  − 54  38 
EC-RLC  <0.001 1119  <0.001  6.31  5.17  12  − 56  40 
EC-ADD  <0.001 1188  <0.001  5.31  4.55  14  − 54  40 
ICC  <0.001 490  <0.001  4.94  4.30  14  − 56  40 

B: Interaction TPJ GCOR  0.002 277  <0.001  5.08  4.39  − 38  − 54  34 
EC-RLC  0.008 223  <0.001  5.27  4.52  − 38  − 54  34 
EC-ADD  0.009 227  <0.001  5.34  4.57  − 38  − 54  34 
ICC  0.091 105  0.008  4.32  3.86  − 38  − 60  38 

*(A:) Within the group of FW patients, a significant positive correlation between SFMDRS and brain connectivity was observed with global correlation (GCOR) and 
both measures of eigenvector centrality (EC-RLC and EC-ADD, respectively). Consistently with all 3 approaches, significant positive correlation was detected in the left 
temporoparietal junction (TPJ), and in the precuneus. Intrinsic connectivity (ICC) showed this positive correlation in the same regions, however, the left TPJ was only 
found with an uncorrected threshold (see line in italics). (B:) A significant interaction between the factors GROUP (FW/no-FW) and SFMDRS was found in the left TPJ 
with the centrality measures GCOR, EC-RLC, and EC-ADD. Using ICC, this interaction was only obtained with an uncorrected threshold (see line in italics). Significant 
results were obtained with P < 0.05 using family-wise error (FWE) correction at cluster-level. PFWE – P-value after FWE correction at cluster-level; k – size of cluster in 
voxels; x, y, z – coordinates in mm. 
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Fig. 4. Positive relationship between global correlation (GCOR) and the Simplified Functional Movement Disorder Rating Scale (SFMDRS) in patients with functional 
weakness (FW). (A:) Within the group of FW patients, a significant positive correlation between GCOR and SFMDRS was obtained in the precuneus and in the left and 
right temporoparietal junction (TPJ). (B:) No significant correlation was obtained in the group of patients showing no FW (no-FW). (C:) A significant interaction 
between the factors GROUP (FW/no-FW) and SFMDRS was found in the left TPJ. Significant results are shown in red with P < 0.05 using family-wise error (FWE) 
correction at cluster-level (see Table 4 for all 4 centrality measures). x, y, z – coordinates in mm; L – left; R – right. The dot-plot on the bottom shows the GCOR-values 
in the left TPJ for the FW group (in red) and for the no-FW group (in gray). The bigger dots show the fitted GCOR values within the statistical model while the smaller 
dots show the zero-mean GCOR values. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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larger and more heterogeneous sample of FMD patients and suggests 
that SMA involvement is rather less phenotype specific. 

The finding of increased connectivity of the left TPJ and the pre-
cuneus associated with the presence and severity of FW has important 
clinical implications and provides potential for new treatment ap-
proaches. Non-invasive brain stimulation techniques such as repetitive 
transcranial magnetic stimulation (rTMS) and transcranial direct cur-
rent stimulation (tDCS) have been applied over the TPJ/parietal cortex 
for treatment of different conditions including auditory hallucination, 
tinnitus, and depersonalization (Donaldson et al., 2015). It has also been 
shown that subjective and behavioral responses to self-referential tasks 
can be modulated through TMS and tDCS (Bao et al., 2021). Recent 
experiments with rTMS over the right TPJ have also shown that the self- 
agency network was amenable to neuromodulation in heathy partici-
pants and suggested that manipulation of impaired self-agency in FMD 
could be used as part of treatment (Zito et al., 2020). We propose that 
different non-invasive brain stimulation protocols should be tested 
based on the phenotypical classification and modulation of both the left 
and the right TPJ and should be studied in interventional trials. Spe-
cifically, the effects of inhibitory protocols using cathodal tDCS (Inukai 
et al., 2016) or lower frequency rTMS (Chen et al., 1997) should be 
addressed in patients with FW. However, a relative imbalance of TPJ 
activity between the two hemispheres, which was previously reported in 
functional dystonia (Schrag et al., 2013), might also play a role in the 
pathophysiology of motor FMD as it was suggested for neglect syndrome 
(Mengotti et al., 2020). Carefully selected tasks, individualized neuro-
navigation, and more targeted and focal TPJ stimulation should be a 
priority in future studies. Using neurophysiological or imaging tech-
niques either concurrently or pre-post stimulation will help to assess 
broader distributed effects of non-invasive brain stimulation (Dalong 
et al., 2021) along with behavioral outcomes. 

Note that there are various limitations of this study: The comorbidity 
of FW and abnormal movements did not allow for a direct comparison of 
more homogeneous subgroups. Further, the subjects did not undergo a 
standardized psychiatric examination/structured interview, which 
would allow for control of a potential bias resulting from different 
psychiatric comorbidities. The abnormities identified in this study may 
be disease related, compensatory, or the consequence of differences in 
unidentified predisposing vulnerabilities and comorbidities. A major 
limitation is the small sample size. The group of no-FW patients had only 
a sample size of 20 patients, and two of the no-FW patients showed 
subtle head movements during MRI data acquisition. Note that the 
method itself using “resting-state” fMRI has its own drawbacks. There-
fore, apart from this technique, future studies should also investigate 
FW-related connectivity changes using a suitable motor task using the 
approach of psychophysiological interaction (Friston et al., 1997) using 
TPJ and precuneus as seed-regions. 

5. Conclusions 

In this fMRI study comparing patients with and without FW, we 
identified an FW-associated increase of functional connectivity in the 
left TPJ and the precuneus. Further, these increases correlated with 
motor symptom severity. The TPJ and the precuneus are important 
nodes of the multisensory integration network and are known to be 
involved in self-referential processing, including self-agency and moni-
toring of one’s own performance, the integration of top-down atten-
tional control with bottom-up processing, and adjustments of top-down 
predictions. Consistent with predictive coding accounts of FMD, our 
findings suggest that alterations in these mechanisms might underly 
different motor phenotypes such as FW. Our findings have important 
implications for new treatment approaches. Future interventional trials 
using non-invasive brain stimulation techniques should consider a 
phenotype-specific pattern of functional connectivity. Specifically, 
protocols inducing inhibition of the left parietal cortex should be studied 
in presence of FW. 
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Resources. Matěj Slovák: Conceptualization, Investigation. Zuzana 
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eza Serranová: Conceptualization, Methodology, Investigation, Writing 
– review & editing, Funding acquisition, Writing – original draft, Data 
curation, Project administration, Resources. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgment 

Supported by the Czech Ministry of Health Projects AZV NU20-04- 
0332 and AZV NV19-04-00233, and by the General University Hospi-
tal in Prague MH CZ-DRO-VFN64165. This work was also supported by 
the Charles University: Cooperatio Program in Neuroscience, and by the 
Czech Ministry of Education: NPO Program Exceles - Neuroscience. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.nicl.2022.102981. 

References 

APA, 2013. Diagnostic and Statistical Manual of Mental Disorders (DSM-5®). American 
Psychiatric Publishing, Arlington, VA, p. 991. 

Ashburner, J., Friston, K.J., 2005. Unified segmentation. Neuroimage 26, 839–851. 
Aybek, S., Nicholson, T.R., O’Daly, O., Zelaya, F., Kanaan, R.A., David, A.S., 2015. 

Emotion-motion interactions in conversion disorder: an FMRI study. PLoS ONE 10, 
e0123273. 

Aybek, S., Nicholson, T.R., Zelaya, F., O’Daly, O.G., Craig, T.J., David, A.S., Kanaan, R. 
A., 2014. Neural correlates of recall of life events in conversion disorder. JAMA 
Psychiatry 71, 52–60. 

Baek, K., Donamayor, N., Morris, L.S., Strelchuk, D., Mitchell, S., Mikheenko, Y., Yeoh, S. 
Y., Phillips, W., Zandi, M., Jenaway, A., Walsh, C., Voon, V., 2017. Impaired 
awareness of motor intention in functional neurological disorder: implications for 
voluntary and functional movement. Psychol. Med. 47, 1624–1636. 

Baizabal-Carvallo, J.F., Hallett, M., Jankovic, J., 2019. Pathogenesis and 
pathophysiology of functional (psychogenic) movement disorders. Neurobiol. Dis. 
127, 32–44. 

Bao, Z., Howidi, B., Burhan, A.M., Frewen, P., 2021. Self-Referential Processing Effects of 
Non-invasive Brain Stimulation: A Systematic Review. Front. Neurosci. 15, 671020. 

Bassett, D.S., Bullmore, E., 2006. Small-world brain networks. Neuroscientist 12, 
512–523. 

Beck, A.T., Ward, C.H., Mendelson, M., Mock, J., Erbaugh, J., 1961. An inventory for 
measuring depression. Arch. Gen. Psychiatry 4, 561–571. 

Biswal, B., Yetkin, F.Z., Haughton, V.M., Hyde, J.S., 1995. Functional connectivity in the 
motor cortex of resting human brain using echo-planar MRI. Magn. Reson. Med. 34, 
537–541. 

Buckner, R.L., DiNicola, L.M., 2019. The brain’s default network: updated anatomy, 
physiology and evolving insights. Nat. Rev. Neurosci. 20, 593–608. 

Bullmore, E., Sporns, O., 2009. Complex brain networks: graph theoretical analysis of 
structural and functional systems. Nat. Rev. Neurosci. 10, 186–198. 

Canu, E., Agosta, F., Tomic, A., Sarasso, E., Petrovic, I., Piramide, N., Svetel, M., Inuggi, 
A., N, D.M., Kostic, V.S., Filippi, M., 2020. Breakdown of the affective-cognitive 
network in functional dystonia. Hum Brain Mapp 41, 3059-3076. 

Chen, R., Gerloff, C., Classen, J., Wassermann, E.M., Hallett, M., Cohen, L.G., 1997. 
Safety of different inter-train intervals for repetitive transcranial magnetic 
stimulation and recommendations for safe ranges of stimulation parameters. 
Electroencephalogr. Clin. Neurophysiol. 105, 415–421. 

K. Mueller et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.nicl.2022.102981
https://doi.org/10.1016/j.nicl.2022.102981
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0005
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0005
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0010
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0015
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0015
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0015
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0020
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0020
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0020
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0025
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0025
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0025
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0025
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0030
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0030
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0030
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0035
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0035
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0040
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0040
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0045
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0045
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0050
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0050
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0050
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0055
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0055
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0060
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0060
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0070
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0070
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0070
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0070


NeuroImage: Clinical 34 (2022) 102981

13

Colenbier, N., Van de Steen, F., Uddin, L.Q., Poldrack, R.A., Calhoun, V.D., 
Marinazzo, D., 2020. Disambiguating the role of blood flow and global signal with 
partial information decomposition. Neuroimage 213, 116699. 

Corbetta, M., Shulman, G.L., 2002. Control of goal-directed and stimulus-driven 
attention in the brain. Nat. Rev. Neurosci. 3, 201–215. 

Dalong, G., Jiyuan, L., Yubin, Z., Yufei, Q., Jinghua, Y., Cong, W., Hongbo, J., 2021. 
Cathodal Transcranial Direct Current Stimulation Over the Right Temporoparietal 
Junction Suppresses Its Functional Connectivity and Reduces Contralateral Spatial 
and Temporal Perception. Front. Neurosci. 15, 629331. 

Daum, C., Hubschmid, M., Aybek, S., 2014. The value of ’positive’ clinical signs for 
weakness, sensory and gait disorders in conversion disorder: a systematic and 
narrative review. J. Neurol. Neurosurg. Psychiatry 85, 180–190. 

de Lange, F.P., Roelofs, K., Toni, I., 2007. Increased self-monitoring during imagined 
movements in conversion paralysis. Neuropsychologia 45, 2051–2058. 

de Lange, F.P., Toni, I., Roelofs, K., 2010. Altered connectivity between prefrontal and 
sensorimotor cortex in conversion paralysis. Neuropsychologia 48, 1782–1788. 

Dennis, E.L., Thompson, P.M., 2014. Functional brain connectivity using fMRI in aging 
and Alzheimer’s disease. Neuropsychol. Rev. 24, 49–62. 

Diez, I., Ortiz-Teran, L., Williams, B., Jalilianhasanpour, R., Ospina, J.P., Dickerson, B.C., 
Keshavan, M.S., LaFrance Jr., W.C., Sepulcre, J., Perez, D.L., 2019. Corticolimbic 
fast-tracking: enhanced multimodal integration in functional neurological disorder. 
J. Neurol. Neurosurg. Psychiatry 90, 929–938. 

Donaldson, P.H., Rinehart, N.J., Enticott, P.G., 2015. Noninvasive stimulation of the 
temporoparietal junction: A systematic review. Neurosci. Biobehav. Rev. 55, 
547–572. 

Edwards, M.J., Adams, R.A., Brown, H., Parees, I., Friston, K.J., 2012. A Bayesian 
account of ’hysteria’. Brain 135, 3495–3512. 

Edwards, M.J., Bhatia, K.P., 2012. Functional (psychogenic) movement disorders: 
merging mind and brain. Lancet Neurol. 11, 250–260. 

Espay, A.J., Aybek, S., Carson, A., Edwards, M.J., Goldstein, L.H., Hallett, M., 
LaFaver, K., LaFrance Jr., W.C., Lang, A.E., Nicholson, T., Nielsen, G., Reuber, M., 
Voon, V., Stone, J., Morgante, F., 2018a. Current Concepts in Diagnosis and 
Treatment of Functional Neurological Disorders. JAMA Neurol 75, 1132–1141. 

Espay, A.J., Lang, A.E., 2015. Phenotype-specific diagnosis of functional (psychogenic) 
movement disorders. Curr Neurol Neurosci Rep 15, 32. 

Espay, A.J., Maloney, T., Vannest, J., Norris, M.M., Eliassen, J.C., Neefus, E., 
Allendorfer, J.B., Chen, R., Szaflarski, J.P., 2018b. Dysfunction in emotion 
processing underlies functional (psychogenic) dystonia. Mov. Disord. 33, 136–145. 

Faul, L., Knight, L.K., Espay, A.J., Depue, B.E., LaFaver, K., 2020. Neural activity in 
functional movement disorders after inpatient rehabilitation. Psychiatry Res. 
Neuroimaging 303, 111125. 

Ferreira, L.K., Busatto, G.F., 2013. Resting-state functional connectivity in normal brain 
aging. Neurosci. Biobehav. Rev. 37, 384–400. 

Flandin, G., Friston, K.J., 2019. Analysis of family-wise error rates in statistical 
parametric mapping using random field theory. Hum. Brain Mapp. 40, 2052–2054. 

Friston, K., 2010. The free-energy principle: a unified brain theory? Nat. Rev. Neurosci. 
11, 127–138. 

Friston, K.J., Buechel, C., Fink, G.R., Morris, J., Rolls, E., Dolan, R.J., 1997. 
Psychophysiological and modulatory interactions in neuroimaging. Neuroimage 6, 
218–229. 

Friston, K.J., Worsley, K.J., Frackowiak, R.S., Mazziotta, J.C., Evans, A.C., 1994. 
Assessing the significance of focal activations using their spatial extent. Hum. Brain 
Mapp. 1, 210–220. 

Geng, J.J., Vossel, S., 2013. Re-evaluating the role of TPJ in attentional control: 
contextual updating? Neurosci. Biobehav. Rev. 37, 2608–2620. 

Gupta, A., Lang, A.E., 2009. Psychogenic movement disorders. Curr. Opin. Neurol. 22, 
430–436. 

Hallett, M., 2010. Physiology of psychogenic movement disorders. J. Clin. Neurosci. 17, 
959–965. 

Hassa, T., de Jel, E., Tuescher, O., Schmidt, R., Schoenfeld, M.A., 2016. Functional 
networks of motor inhibition in conversion disorder patients and feigning subjects. 
Neuroimage Clin. 11, 719–727. 

Hassa, T., Sebastian, A., Liepert, J., Weiller, C., Schmidt, R., Tuscher, O., 2017. Symptom- 
specific amygdala hyperactivity modulates motor control network in conversion 
disorder. Neuroimage Clin. 15, 143–150. 

Holiga, S., Sambataro, F., Luzy, C., Greig, G., Sarkar, N., Renken, R.J., Marsman, J.C., 
Schobel, S.A., Bertolino, A., Dukart, J., 2018. Test-retest reliability of task-based and 
resting-state blood oxygen level dependence and cerebral blood flow measures. PLoS 
ONE 13, e0206583. 

Igelstrom, K.M., Graziano, M.S.A., 2017. The inferior parietal lobule and temporoparietal 
junction: A network perspective. Neuropsychologia 105, 70–83. 

Inukai, Y., Saito, K., Sasaki, R., Tsuiki, S., Miyaguchi, S., Kojima, S., Masaki, M., 
Otsuru, N., Onishi, H., 2016. Comparison of Three Non-Invasive Transcranial 
Electrical Stimulation Methods for Increasing Cortical Excitability. Front. Hum. 
Neurosci. 10, 668. 

Kozlowska, K., Griffiths, K.R., Foster, S.L., Linton, J., Williams, L.M., Korgaonkar, M.S., 
2017. Grey matter abnormalities in children and adolescents with functional 
neurological symptom disorder. Neuroimage Clin 15, 306–314. 

Li, J.Y., Suo, X.L., Li, N.N., Lei, D., Lu, Z.J., Wang, L., Peng, J.X., Duan, L.R., Jing, X., 
Yi, J., Gong, Q.Y., Peng, R., 2021. Altered spontaneous brain activity in essential 
tremor with and without resting tremor: a resting-state fMRI study. MAGMA 34, 
201–212. 

Liu, T.T., Nalci, A., Falahpour, M., 2017. The global signal in fMRI: Nuisance or 
Information? Neuroimage 150, 213–229. 

Lohmann, G., Loktyushin, A., Stelzer, J., Scheffler, K., 2018. Eigenvector centrality 
mapping for ultrahigh resolution fMRI data of the human brain. bioRxiv. 

Lohmann, G., Margulies, D.S., Horstmann, A., Pleger, B., Lepsien, J., Goldhahn, D., 
Schloegl, H., Stumvoll, M., Villringer, A., Turner, R., 2010. Eigenvector centrality 
mapping for analyzing connectivity patterns in fMRI data of the human brain. PLoS 
ONE 5, e10232. 

Lohmann, G., Muller, K., Bosch, V., Mentzel, H., Hessler, S., Chen, L., Zysset, S., von 
Cramon, D.Y., 2001. LIPSIA–a new software system for the evaluation of functional 
magnetic resonance images of the human brain. Comput. Med. Imaging Graph. 25, 
449–457. 

Lou, Y., Huang, P., Li, D., Cen, Z., Wang, B., Gao, J., Xuan, M., Yu, H., Zhang, M., Luo, W., 
2015. Altered brain network centrality in depressed Parkinson’s disease patients. 
Mov. Disord. 30, 1777–1784. 

Marapin, R.S., Gelauff, J.M., Marsman, J.B.C., de Jong, B.M., Dreissen, Y.E.M., 
Koelman, J., van der Horn, H.J., Tijssen, M.A.J., 2021. Altered Posterior Midline 
Activity in Patients with Jerky and Tremulous Functional Movement Disorders. 
Brain Connect. 11, 584–593. 

Marapin, R.S., van der Stouwe, A.M.M., de Jong, B.M., Gelauff, J.M., Vergara, V.M., 
Calhoun, V.D., Dalenberg, J.R., Dreissen, Y.E.M., Koelman, J., Tijssen, M.A.J., van 
der Horn, H.J., 2020. The chronnectome as a model for Charcot’s ’dynamic lesion’ in 
functional movement disorders. Neuroimage Clin 28, 102381. 

Margulies, D.S., Bottger, J., Long, X., Lv, Y., Kelly, C., Schafer, A., Goldhahn, D., 
Abbushi, A., Milham, M.P., Lohmann, G., Villringer, A., 2010. Resting developments: 
a review of fMRI post-processing methodologies for spontaneous brain activity. 
MAGMA 23, 289–307. 

Martuzzi, R., Ramani, R., Qiu, M., Shen, X., Papademetris, X., Constable, R.T., 2011. 
A whole-brain voxel based measure of intrinsic connectivity contrast reveals local 
changes in tissue connectivity with anesthetic without a priori assumptions on 
thresholds or regions of interest. Neuroimage 58, 1044–1050. 

Maurer, C.W., LaFaver, K., Ameli, R., Epstein, S.A., Hallett, M., Horovitz, S.G., 2016. 
Impaired self-agency in functional movement disorders: A resting-state fMRI study. 
Neurology 87, 564–570. 

McCabe, C., Mishor, Z., 2011. Antidepressant medications reduce subcortical-cortical 
resting-state functional connectivity in healthy volunteers. Neuroimage 57, 
1317–1323. 

Mengotti, P., Kasbauer, A.S., Fink, G.R., Vossel, S., 2020. Lateralization, functional 
specialization, and dysfunction of attentional networks. Cortex 132, 206–222. 

Monsa, R., Peer, M., Arzy, S., 2018. Self-reference, emotion inhibition and somatosensory 
disturbance: preliminary investigation of network perturbations in conversion 
disorder. Eur. J. Neurol. 25, 888–e862. 

Mueller, K., Jech, R., Ballarini, T., Holiga, S., Ruzicka, F., Piecha, F.A., Moller, H.E., 
Vymazal, J., Ruzicka, E., Schroeter, M.L., 2019. Modulatory Effects of Levodopa on 
Cerebellar Connectivity in Parkinson’s Disease. Cerebellum 18, 212–224. 

Mueller, K., Jech, R., Hoskovcova, M., Ulmanova, O., Urgosik, D., Vymazal, J., 
Ruzicka, E., 2017. General and selective brain connectivity alterations in essential 
tremor: A resting state fMRI study. Neuroimage Clin 16, 468–476. 

Mueller, K., Jech, R., Ruzicka, F., Holiga, S., Ballarini, T., Bezdicek, O., Moller, H.E., 
Vymazal, J., Ruzicka, E., Schroeter, M.L., Urgosik, D., 2018. Brain connectivity 
changes when comparing effects of subthalamic deep brain stimulation with 
levodopa treatment in Parkinson’s disease. Neuroimage. Clin. 19, 1025–1035. 

Mueller, K., Ruzicka, F., Slovak, M., Forejtova, Z., Dusek, P., Dusek, P., Jech, R., 
Serranova, T., 2022. Centrality and seed-based correlation maps obtained with 
functional MRI. Mendeley Data V1. https://doi.org/10.17632/w35fvmtnf2.1. 

Nahab, F.B., Kundu, P., Gallea, C., Kakareka, J., Pursley, R., Pohida, T., Miletta, N., 
Friedman, J., Hallett, M., 2011. The neural processes underlying self-agency. Cereb. 
Cortex 21, 48–55. 

Nahab, F.B., Kundu, P., Maurer, C., Shen, Q., Hallett, M., 2017. Impaired sense of agency 
in functional movement disorders: An fMRI study. PLoS ONE 12, e0172502. 

Nair, V., Hinton, G., 2010. Rectified Linear Units improve Restricted Boltzmann 
Machines. International Conference on Machine Learning (ICML), Haifa, Israel, pp. 
807-814. 

Nielsen, G., Ricciardi, L., Meppelink, A.M., Holt, K., Teodoro, T., Edwards, M., 2017. 
A Simplified Version of the Psychogenic Movement Disorders Rating Scale: The 
Simplified Functional Movement Disorders Rating Scale (S-FMDRS). Movement 
Disorders Clinical Practice 4, 710–716. 

Parkes, L., Fulcher, B., Yucel, M., Fornito, A., 2018. An evaluation of the efficacy, 
reliability, and sensitivity of motion correction strategies for resting-state functional 
MRI. Neuroimage 171, 415–436. 

Perez, D.L., Matin, N., Barsky, A., Costumero-Ramos, V., Makaretz, S.J., Young, S.S., 
Sepulcre, J., LaFrance Jr., W.C., Keshavan, M.S., Dickerson, B.C., 2017. Cingulo- 
insular structural alterations associated with psychogenic symptoms, childhood 
abuse and PTSD in functional neurological disorders. J. Neurol. Neurosurg. 
Psychiatry 88, 491–497. 

Perez, D.L., Nicholson, T.R., Asadi-Pooya, A.A., Begue, I., Butler, M., Carson, A.J., 
David, A.S., Deeley, Q., Diez, I., Edwards, M.J., Espay, A.J., Gelauff, J.M., 
Hallett, M., Horovitz, S.G., Jungilligens, J., Kanaan, R.A.A., Tijssen, M.A.J., 
Kozlowska, K., LaFaver, K., LaFrance Jr., W.C., Lidstone, S.C., Marapin, R.S., 
Maurer, C.W., Modirrousta, M., Reinders, A., Sojka, P., Staab, J.P., Stone, J., 
Szaflarski, J.P., Aybek, S., 2021. Neuroimaging in Functional Neurological Disorder: 
State of the Field and Research Agenda. Neuroimage Clin. 30, 102623. 

Pezzulo, G., Zorzi, M., Corbetta, M., 2021. The secret life of predictive brains: what’s 
spontaneous activity for? Trends Cogn. Sci. 25, 730–743. 

Power, J.D., Barnes, K.A., Snyder, A.Z., Schlaggar, B.L., Petersen, S.E., 2012. Spurious 
but systematic correlations in functional connectivity MRI networks arise from 
subject motion. Neuroimage 59, 2142–2154. 

Satterthwaite, T.D., Wolf, D.H., Loughead, J., Ruparel, K., Elliott, M.A., Hakonarson, H., 
Gur, R.C., Gur, R.E., 2012. Impact of in-scanner head motion on multiple measures of 

K. Mueller et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S2213-1582(22)00046-8/h0075
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0075
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0075
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0080
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0080
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0085
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0085
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0085
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0085
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0090
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0090
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0090
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0095
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0095
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0100
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0100
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0105
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0105
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0110
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0110
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0110
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0110
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0115
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0115
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0115
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0120
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0120
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0125
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0125
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0130
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0130
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0130
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0130
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0135
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0135
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0140
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0140
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0140
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0145
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0145
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0145
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0150
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0150
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0155
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0155
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0160
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0160
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0165
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0165
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0165
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0170
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0170
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0170
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0175
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0175
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0180
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0180
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0185
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0185
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0190
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0190
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0190
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0195
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0195
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0195
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0200
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0200
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0200
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0200
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0205
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0205
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0210
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0210
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0210
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0210
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0215
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0215
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0215
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0220
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0220
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0220
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0220
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0225
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0225
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0235
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0235
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0235
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0235
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0240
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0240
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0240
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0240
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0245
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0245
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0245
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0250
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0250
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0250
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0250
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0255
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0255
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0255
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0255
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0260
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0260
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0260
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0260
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0265
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0265
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0265
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0265
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0270
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0270
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0270
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0275
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0275
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0275
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0280
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0280
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0285
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0285
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0285
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0290
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0290
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0290
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0295
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0295
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0295
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0300
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0300
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0300
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0300
https://doi.org/10.17632/w35fvmtnf2.1
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0310
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0310
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0310
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0315
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0315
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0325
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0325
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0325
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0325
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0330
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0330
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0330
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0335
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0335
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0335
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0335
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0335
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0340
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0340
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0340
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0340
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0340
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0340
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0340
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0345
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0345
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0350
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0350
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0350
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0355
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0355


NeuroImage: Clinical 34 (2022) 102981

14

functional connectivity: relevance for studies of neurodevelopment in youth. 
Neuroimage 60, 623–632. 

Schrag, A.E., Mehta, A.R., Bhatia, K.P., Brown, R.J., Frackowiak, R.S., Trimble, M.R., 
Ward, N.S., Rowe, J.B., 2013. The functional neuroimaging correlates of 
psychogenic versus organic dystonia. Brain 136, 770–781. 

Sojka, P., Diez, I., Bares, M., Perez, D.L., 2021. Individual differences in interoceptive 
accuracy and prediction error in motor functional neurological disorders: A DTI 
study. Hum. Brain Mapp. 42, 1434–1445. 

Sojka, P., Losak, J., Lamos, M., Bares, M., Kasparek, T., Brazdil, M., Balaz, M., 
Svetlak, M., Kocvarova, J., Fialova, J., 2019. Processing of Emotions in Functional 
Movement Disorder: An Exploratory fMRI Study. Front. Neurol. 10, 861. 

Spielberger, C.D., 1983. STAI: Manual for the Stait-Trait Anxiety Inventory. Consulting 
Psychologists Press, Palo Alto.  

Stone, J., Aybek, S., 2016. Functional limb weakness and paralysis. Handb Clin Neurol 
139, 213–228. 

Stone, J., Warlow, C., Sharpe, M., 2010. The symptom of functional weakness: a 
controlled study of 107 patients. Brain 133, 1537–1551. 

Stone, J., Zeman, A., Simonotto, E., Meyer, M., Azuma, R., Flett, S., Sharpe, M., 2007. 
FMRI in patients with motor conversion symptoms and controls with simulated 
weakness. Psychosom. Med. 69, 961–969. 

Tahmasian, M., Bettray, L.M., van Eimeren, T., Drzezga, A., Timmermann, L., Eickhoff, C. 
R., Eickhoff, S.B., Eggers, C., 2015. A systematic review on the applications of 
resting-state fMRI in Parkinson’s disease: Does dopamine replacement therapy play a 
role? Cortex 73, 80–105. 

Tomic, A., Agosta, F., Sarasso, E., Petrovic, I., Basaia, S., Pesic, D., Kostic, M., 
Fontana, A., Kostic, V.S., Filippi, M., 2020. Are there two different forms of 
functional dystonia? A multimodal brain structural MRI study. Mol. Psychiatry 25, 
3350–3359. 

van Beilen, M., de Jong, B.M., Gieteling, E.W., Renken, R., Leenders, K.L., 2011. 
Abnormal parietal function in conversion paresis. PLoS ONE 6, e25918. 

van Beilen, M., Vogt, B.A., Leenders, K.L., 2010. Increased activation in cingulate cortex 
in conversion disorder: what does it mean? J. Neurol. Sci. 289, 155–158. 

Van den Bergh, O., Witthoft, M., Petersen, S., Brown, R.J., 2017. Symptoms and the 
body: Taking the inferential leap. Neurosci. Biobehav. Rev. 74, 185–203. 

van der Kruijs, S.J., Bodde, N.M., Vaessen, M.J., Lazeron, R.H., Vonck, K., Boon, P., 
Hofman, P.A., Backes, W.H., Aldenkamp, A.P., Jansen, J.F., 2012. Functional 
connectivity of dissociation in patients with psychogenic non-epileptic seizures. 
J. Neurol. Neurosurg. Psychiatry 83, 239–247. 

Voon, V., Brezing, C., Gallea, C., Ameli, R., Roelofs, K., LaFrance Jr., W.C., Hallett, M., 
2010a. Emotional stimuli and motor conversion disorder. Brain 133, 1526–1536. 

Voon, V., Brezing, C., Gallea, C., Hallett, M., 2011. Aberrant supplementary motor 
complex and limbic activity during motor preparation in motor conversion disorder. 
Mov. Disord. 26, 2396–2403. 

Voon, V., Gallea, C., Hattori, N., Bruno, M., Ekanayake, V., Hallett, M., 2010b. The 
involuntary nature of conversion disorder. Neurology 74, 223–228. 

Wang, P., Luo, X., Zhong, C., Yang, L., Guo, F., Yu, N., 2018. Resting state fMRI reveals 
the altered synchronization of BOLD signals in essential tremor. J. Neurol. Sci. 392, 
69–76. 

Wegrzyk, J., Kebets, V., Richiardi, J., Galli, S., de Ville, D.V., Aybek, S., 2018. Identifying 
motor functional neurological disorder using resting-state functional connectivity. 
Neuroimage Clin. 17, 163–168. 

Whitfield-Gabrieli, S., Nieto-Castanon, A., 2012. Conn: a functional connectivity toolbox 
for correlated and anticorrelated brain networks. Brain Connect. 2, 125–141. 

Wink, A.M., de Munck, J.C., van der Werf, Y.D., van den Heuvel, O.A., Barkhof, F., 2012. 
Fast eigenvector centrality mapping of voxel-wise connectivity in functional 
magnetic resonance imaging: implementation, validation, and interpretation. Brain 
Connect. 2, 265–274. 

Wolters, A.F., van de Weijer, S.C.F., Leentjens, A.F.G., Duits, A.A., Jacobs, H.I.L., 
Kuijf, M.L., 2019. Resting-state fMRI in Parkinson’s disease patients with cognitive 
impairment: A meta-analysis. Parkinsonism Relat Disord 62, 16–27. 

Worsley, K.J., Marrett, S., Neelin, P., Vandal, A.C., Friston, K.J., Evans, A.C., 1996. 
A unified statistical approach for determining significant signals in images of 
cerebral activation. Hum. Brain Mapp. 4, 58–73. 

Yeshurun, Y., Nguyen, M., Hasson, U., 2021. The default mode network: where the 
idiosyncratic self meets the shared social world. Nat. Rev. Neurosci. 22, 181–192. 

Zito, G.A., Anderegg, L.B., Apazoglou, K., Muri, R.M., Wiest, R., Holtforth, M.G., 
Aybek, S., 2020. Transcranial magnetic stimulation over the right temporoparietal 
junction influences the sense of agency in healthy humans. J. Psychiatry Neurosci. 
45, 271–278. 

K. Mueller et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S2213-1582(22)00046-8/h0355
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0355
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0360
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0360
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0360
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0365
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0365
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0365
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0370
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0370
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0370
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0375
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0375
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0380
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0380
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0385
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0385
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0390
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0390
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0390
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0395
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0395
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0395
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0395
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0400
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0400
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0400
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0400
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0405
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0405
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0410
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0410
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0415
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0415
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0420
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0420
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0420
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0420
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0425
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0425
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0430
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0430
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0430
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0435
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0435
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0440
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0440
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0440
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0445
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0445
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0445
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0450
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0450
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0455
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0455
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0455
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0455
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0460
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0460
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0460
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0465
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0465
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0465
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0470
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0470
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0475
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0475
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0475
http://refhub.elsevier.com/S2213-1582(22)00046-8/h0475

	Symptom-severity-related brain connectivity alterations in functional movement disorders
	1 Introduction
	2 Methods
	2.1 Participants
	2.2 Image acquisition
	2.3 Image pre-processing
	2.4 Centrality group analysis
	2.5 Simplified FMD rating scale correlations with centrality measures
	2.6 Motion effects
	2.7 Visualisation
	2.8 Data availability

	3 Results
	3.1 Clinical phenotypes
	3.2 Centrality group analysis
	3.3 Simplified FMD rating scale correlations
	3.4 Motion effects

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Acknowledgment
	Appendix A Supplementary data
	References


