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ARTICLE INFO ABSTRACT

This exploratory study set out to investigate dynamic functional connectivity (dFC) in patients with jerky and
tremulous functional movement disorders (JT-FMD). The focus in this work is on dynamic brain states, which
represent distinct dFC patterns that reoccur in time and across subjects. Resting-state fMRI data were collected
from 17 patients with JT-FMD and 17 healthy controls (HC). Symptom severity was measured using the Clinical
Global Impression-Severity scale. Depression and anxiety were measured using the Beck Depression Inventory
(BDI) and Beck Anxiety Inventory (BAI), respectively. Independent component analysis was used to extract
functional brain components. After computing dFC, dynamic brain states were determined for every subject
using k-means clustering. Compared to HC, patients with JT-FMD spent more time in a state that was char-
acterized predominantly by increasing medial prefrontal, and decreasing posterior midline connectivity over
time. They also tended to visit this state more frequently. In addition, patients with JT-FMD transitioned sig-
nificantly more often between different states compared to HC, and incorporated a state with decreasing medial
prefrontal, and increasing posterior midline connectivity in their attractor, i.e., the cyclic patterns of state
transitions. Altogether, this is the first study that demonstrates altered functional brain network dynamics in JT-
FMD that may support concepts of increased self-reflective processes and impaired sense of agency as driving
factors in FMD.
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1. Introduction

Functional neurological disorders (FND) are commonly encountered
neurological disorders, accounting for between 15 and 30% of neu-
rology outpatients depending on how they are defined (Carson et al.,
2000; Reid et al., 2002; Fink et al., 2005; Stone et al., 2010). Functional
movement disorders (FMD), a subset of FND, are defined as genuine but
incongruent with movement disorders that are regarded as “organic” in
nature (Edwards and Bhatia, 2012). Patients with FMD suffer from
weakness or involuntary movements resulting in increased disability
and suffering (Hallett, 2006). The pathophysiological basis of FMD

remains poorly understood. Given their high prevalence and significant
impact on quality of life, further investigation into the neural correlates
underlying FMD is warranted.

In recent years, the field of FMD has undergone a conceptual shift
from abandoning an uniformly psychological etiology to incorporating
neurobiological factors as key pathophysiological drivers (Czarnecki
and Hallett, 2012). Importantly, in 2012, Edwards and colleagues
proposed a neurobiological framework explaining functional motor and
sensory symptoms from a perspective of pathological prior experiences
that are modulated by attention dysregulation and altered sense of
agency (Edwards et al., 2012). Patients with FMD have a body-focused
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attentional bias, which subsequently drives abnormal perceptions or
movements. This role of attention is emphasized by the suppression of
symptoms with distraction maneuvers, a core phenomenon in FMD (van
der Stouwe et al., 2016). Sense of agency refers to the experience of
controlling one's own actions and, through them, events in the external
world (Haggard, 2017). This process is impaired in FMD, as patients
report a lack of voluntary control over their movements (Edwards et al.,
2013). Investigating the attentional process and sense of agency are
therefore pertinent endeavors in patients with FMD.

Despite advances in neurobiological theories, FMD remain con-
ceptually enigmatic, and it is thus critical to exploit new frameworks to
better understand their underlying neural basis. Resting-state func-
tional MRI (rsfMRI) is a non-invasive neuroimaging tool that can be
used to investigate the functional organization of spatially separated
brain regions, also known as functional brain networks (Biswal et al.,
1995, 2010). In this way, brain regions functionally implicated in e.g.
motor tasks, could also be identified in rest. Previous fMRI studies have
provided converging evidence that distinctive neural network aberra-
tions are involved in the pathophysiology of FMD (Cojan et al., 2009;
Voon et al., 2010; Nahab et al., 2011; van Beilen et al., 2011; Aybek
et al., 2014; Maurer et al., 2016). Key aberrations have been found in
areas associated with self-monitoring and attention such as the pre-
cuneus and posterior cingulate cortex (PCC), and in areas associated
with the sense of agency such as the temporoparietal junction (TPJ). In
addition to investigating etiological mechanisms, rsfMRI has potential
for monitoring treatment responses in FMD. For example, Espay and
colleagues have shown that clinical improvement is linked to changes
in the anterior cingulate after cognitive behavior therapy, using task-
based fMRI in patients with functional tremor (Espay et al., 2019).

So far, functional connectivity studies in FMD have used static
functional connectivity analyses, which are applied under the as-
sumption that connectivity patterns of spatially separated brain regions
remain constant over time. However, human minds are not static but
rather constantly switch between thoughts and cognitive states, and
naturally, the connectivity patterns between brain regions fluctuate
accordingly (Hutchison et al., 2013; Allen et al., 2014; Calhoun et al.,
2014). These fluctuations in functional connectivity are referred to as
dynamic functional connectivity (dFC), and the entire network of dy-
namic connections throughout the human brain as the human ‘chron-
nectome’ (Chang and Glover, 2010; Calhoun et al., 2014; van der Horn
et al., 2019).

Interestingly, already in 1899, Jean-Martin Charcot regarded FMD
as a manifestation of a ‘dynamic lesion’ which escapes our ‘present
means of investigation’ (Aybek, 2019). In this regard, the advent of the
chronnectome-framework as a novel investigational tool can be pivotal
in more aptly capturing and understanding the brain changes under-
lying the ‘dynamic lesion’ in FMD (Hutchison et al., 2013; Calhoun
et al., 2014; Lurie et al., 2020). Recently, Diez and colleagues used a
novel analysis technique called stepwise functional connectivity, which
characterizes the propagation and convergence of functional con-
nectivity across brain networks (Sepulcre et al., 2012; Diez et al., 2019).
Using stepwise functional connectivity, the authors describe candidate
neurocircuit pathways in the pathophysiology of FND, thus expanding
upon current conceptualizations surrounding the underlying nature of
FMD. It is important to note, however, that this method is still based on
static functional connectivity.

Similarly exploring new avenues of study, we endeavored to assess
fluctuations in functional connectivity by means of dFC in patients with
FMD. Our focus was on dynamic brain states, which are time-related
patterns of dFC identified with a data-driven clustering approach. Put
simply, these patterns can be thought of as prototypical functional
connectivity patterns that subjects tend to return to across time
(Calhoun et al., 2014). Similar to other neurologic diseases, such as
traumatic brain injury and stroke, it is plausible that changes in the
dynamics of brain states are related to the etiology of FMD (Bonkhoff
et al., 2019; van der Horn et al., 2019). Furthermore, it has been shown
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that in some cases different brain states transition between one another
via cyclic patterns of connectivity increases and decreases (van der
Horn et al., 2019). These cyclic patterns of brain transitions are called
attractors, which can be disrupted due to brain disorders, such as
traumatic brain injury (van der Horn et al., 2019; Vergara et al.,
2019b). The primary aim of our exploratory resting-state fMRI study is
to investigate whether the properties and behavior of dynamic brain
states differ between FMD patients and healthy controls (HC). We fur-
ther investigate whether characteristics of brain states are related to
self-reported symptom severity, anxiety, and depression in FMD pa-
tients. To the best of our knowledge, the current study is the first to
investigate resting-state dFC in patients with FMD.

2. Materials and methods
2.1. Participants

Seventeen patients with a clinical diagnosis of jerky and/or tre-
mulous FMD (JT-FMD), comprised of functional tremor and/or func-
tional jerks, were included. This sample size was chosen for feasibility
reasons. Patients were recruited from the movement disorder clinics of
the University Medical Center Groningen and the Amsterdam
University Medical Center, location AMC, the Netherlands (Dreissen
et al.,, 2019). Seventeen age-, sex-, and education-matched HC were
recruited via poster ads in the community and the internet. The diag-
nosis of functional tremor or myoclonus was confirmed by two move-
ment disorder experts (M.T. & J.H.T.M.K.) in their respective clinics
according to the current DSM-5 criteria and by using positive findings
in the history and neurological examination. Exclusion criteria were:
age < 18 years; comorbid neurological disorder; contraindications for
MRI-scanning; patients with disruptive jerky movements of the head, as
this could lead to spurious results due to head motion artefacts in the
data (Power et al., 2012); and patients using antipsychotic drugs, as
antipsychotic medications are known to affect brain activation (Lui
et al.,, 2010). One patient was using benzodiazepines at the time and
was asked to discontinue their medication one day prior to the scan. All
participants in the study provided written informed consent. The study
was approved by the medical ethics committee of the Amsterdam
University Medical Center, location AMC, the Netherlands. Study pro-
cedures were conducted according to the declaration of Helsinki. Par-
ticipants were scanned between January 2014 and November 2016.
Patients were included in a broader study (trial registration number:
NTR2478), these data will be published elsewhere to maintain trans-
parency for the presented results here.

2.2. Clinical assessment

Patients with JT-FMD self-rated symptom severity using the Clinical
Global Impression Severity (CGI-S) Scale, a 7-point Likert-item ranging
from 1 to 7 (1 = normal, I have no complaints, 7 = severe). Patients
also completed the Beck Depression Inventory (BDI) and Beck Anxiety
Inventory (BAIL Beck et al., 1961, 1988). HC did not undergo psycho-
metric testing.

2.3. Magnetic resonance imaging acquisition

Functional and structural imaging data were acquired with a 3.0
Tesla MRI scanner (Philips Intera Medical Systems, Best, the
Netherlands) using a 32-channel SENSE head coil. Participants lay
head-first supine in the scanner. An axial T1-weighted 3D turbo field
echo (T1TFE) sequence image was acquired for anatomical reference:
TR 9 ms; TE 3.5 ms; number of echoes 1; flip angle 8°; matrix
size = 256 X 256; FOV: 232 x 170 X 256 mm; voxel size
1 x 1 x 1 mm; acquisition time: 4 min 18 s. With respect to functional
imaging, 225 T2-weighted fast field single echo with echo planar
imaging (FEEPI) sequence volumes were acquired, each with 39 slices
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aligned in the anterior commissure-posterior commissure plane and
recorded in descending order: repetition time (TR) 2,000 ms; echo time
(TE) 30 ms; flip angle 70° matrix size = 64 X 62; field of view
224 x 137 X 224 mm; voxel size 3.5 mm X 3.5 mm X 3.5 mm; ac-
quisition time: 7 min and 30 s. One run was collected per participant.
All imaging data was acquired in one session. During the rsfMRI scan,
patients were instructed to remain as still as possible, including sup-
pression of involuntary movements, to keep their eyes open and look in
front of them, to remain awake and to think of nothing.

2.4. Preprocessing

Functional images were preprocessed using SPM12 (Wellcome
Department, University College London, England) in Matlab version
R2019b (MathWorks, Natick, MA, USA). Images were realigned, cor-
egistered with the anatomical scans, and normalized to MNI-space
using an EPI-template. Prior to smoothing, voxel time courses were
orthogonalized with respect to the six realignment parameters and their
first order derivatives, as well as to linear, quadratic, and cubic trends
(Vergara et al., 2017a, b). Framewise displacement (FD) was estimated
for each group, calculated as the sum of the absolute values of the
derivatives of the six realignment parameters generated in the pre-
processing step (Power et al., 2012). There were no differences in mean
FD between groups (t = 0.2294; p = 0.82; see Supplementary Fig. 1).
The first three volumes were discarded to account for T1-disequilibrium
effects. An 8 mm full width at half maximum Gaussian kernel was used
for smoothing.

2.5. Independent component analysis (ICA)

Group-ICA using a multi-objective optimization spatially con-
strained ICA (scICA) in the Group ICA of fMRI toolbox (GIFT; version
4.0b) was used to compute brain components for dFC analysis (Calhoun
et al.,, 2001; Du and Fan, 2013). Fifty-three components from the
NeuroMark framework were used as templates for scICA (Du et al.,
2019), resulting in 53 subject-specific components (each consisting of a
spatial map, and a time course) per person. These component time
courses were then used to compute connectivity matrices. This set of
neural components was grouped into the following seven functional
subdomains: auditory (AUD; 2 components), cerebellar (CER; 4 com-
ponents), cognitive control (CON; 17 components), default mode net-
work (DMN; 7 components), subcortical (SCN; 5 components), sensor-
imotor (SMN; 9 components), visual (VIS; 9 components).

2.6. Dynamic functional connectivity analyses

For a detailed description of the dFC analyses we kindly refer the
reader to our earlier work (van der Horn et al., 2019). Below follows a
brief summary of the analyses. The processing pipeline used in this
study is shown in Supplementary Fig. 2. For every participant, dFC was
computed on the components’ time courses using GIFT functions
(yielding 200 windows per subject, with each window containing
53 X 52/2 = 1378 Pearson correlations; window size: 22 TR = 44 s).
Prior to computing dFC, component time courses were despiked and
filtered using a fifth-order Butterworth bandpass filter (0.01-0.15 Hz).
Successive windows were shifted in steps of 1 TR each, which means
that windows are overlapping. Subsequently, average sliding window
correlations (ASWC; window size = 25 TR) and the first order deri-
vatives were calculated for every subject, resulting in 175 windows per
subject, with each window containing 1378 x 2 = 2756 values
(Espinoza et al., 2019; Vergara et al., 2019a). We opted for the ASWC
approach, as this requires smaller window lengths, and thus a more
accurate estimation of dFC, by reducing spurious fluctuations, as
compared to the standard sliding window correlation approach
(Vergara et al., 2019a). The first-order derivatives encompass the
connectivity changes between two contiguous windows (‘speed’ of
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connectivity change; Calhoun et al., 2014; Espinoza et al., 2019). We
included these first order derivatives in our analysis as it has been
shown that this facilitates the estimation of the optimal number of
dynamic brain states, and thus results in a higher sensitivity of finding
neuropsychiatric disease-related patterns (Espinoza et al., 2019).

To find the optimal number of clusters (k), the Davies-Bouldin and
Ray-Turi cluster validity indices were computed for a range of k (2-10)
using subject-specific local maxima in variance of the ASWC and deri-
vatives (i.e., windows showing the highest variance), resulting in an
optimal k = 4 (Vergara et al., 2020). Here, clusters represents groups of
connectivity matrices (i.e., the data points) with similar patterns of
ASWC and derivatives. Supplementary Fig. 3 shows a 2D representation
of the four dynamic brain states. The optimal number of k was also
estimated using either the total ASWC or derivatives, which both re-
sulted in k = 5. Supplementary Document 1 shows all of the results for
k = 5, which are similar to those with k = 4 in the main manuscript.

For every subject, the ASWC and derivatives were Z-scored sepa-
rately before running k-means clustering (also with regard to cluster
estimation). All windows across all subjects were then concatenated (in
a (175*34) x 2756 size matrix) and clustered (Distance
Measure = Correlation, Maximum Iterations = 4000, number of re-
plicates = 33), resulting in the assignment of a state index (1 to 4) to
every window of every subject. State indices were used to calculate the
following state-clustering measures: mean dwell time (MDT), fraction
of time spent in every state (FT), number of state transitions, and
number of visits per state. Regarding the number of transitions, also the
number of specific transitions between states (six unique combinations
in two directions = 12 possible transitions) were computed. State
transitions were examined more closely by focusing on the probability
of transitioning from one state to the other. Previous research on this
topic has shown that transitioning between dynamic functional brain
states in healthy subjects occurs in oscillatory patterns that orbit a
center of functional connectivity, patterns which are named attractors
(van der Horn et al., 2019, Vergara et al., 2019b). We explored dif-
ferences in attractors between HC and patients with JT-FMD.

2.7. Statistical analyses

For clinical measures, analyses were performed using the Statistical
Product and Service Solutions (SPSS, version 25, IBM Corp., Armonk,
NY). The normality of distribution of continuous variables was tested by
one-sample Kolmogorov-Smirnov test. Continuous variables with
normal distribution were presented as mean (standard deviation [SD]);
non-normal variables were reported as median (interquartile range
[IQR]). For demographics and clinical characteristics, student’s t tests
were used to test for any between-group differences of continuous data.
For nominal data, Chi-square tests were performed. Alpha was set at
0.05 (two-tailed). Furthermore, we ensured groups were age-, gender-,
and education-matched. Group differences in state-clustering measures
were examined using permutation tests in Matlab (two-tailed,
a = 0.05, 100,000 permutations). For state-related measures (MDT and
FT), false discovery rate (FDR) corrections were applied for multiple
testing (m = 4; Benjamini and Hochberg, 1995). Hedges’ g effect sizes
were computed using the Measures of Effect Size Toolbox in Matlab
(Hentschke and Stiittgen, 2011). Analyses of state-transition prob-
abilities rely on data of the whole group (HC or JT-FMD), and therefore
there is no subject-wise information that can be used for statistical
analyses. In addition, for the patient group Spearman correlations were
computed between CGI, BAL, and BDI scores on the one hand and dy-
namic measures on the other (a = 0.05 with FDR corrections in case of
multiple testing).
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Table 1
Patient characteristics.
JT-FMD Healthy P-value
patients controls
(n =17) (n =17)
Age, mean (SD), years 43.6 (14.4) 43.2 (14.5) 0.93
Sex, females/males 9/8 9/8 1.00
Education level, less than higher 11 7 0.17
professional education
Predominant type of symptom, 4/13 NA NA
jerks/tremor
Disease duration, mean (SD) years 4.1 (3.0) NA NA
Symptom location, extremities/axial ~ 13/4 NA NA
CGI-S Score (0-7), median (IQR) 5(2) NA NA
BDI Score (0-63), median (IQR); 7 (3.5); range NA NA
range 0-28
BAI Score (0-63), median (IQR); 13 (23); range NA NA
range 0-38

Abbreviations: JT-FMD = jerky and tremulous functional movement disorders;
CGI-S = clinical global impression-severity scale; NA = not applicable; data
are presented as the mean =+ SD unless specified otherwise.

3. Results
3.1. Demographics and clinical characteristics

Data from 17 patients with JT-FMD and 17 age-, sex-, and educa-
tion-matched HC were included in the analysis. Patient demographic
and clinical characteristics are summarized in Table 1. There were no
differences in age, sex and education level between the patient and
control groups, which was expected as the groups were matched on
these parameters (P > 0.05). We found no clinically significant de-
pression (median BDI = 7, IQR = 3.5) or anxiety (median BAI = 13,
IQR 23) in the JT-FMD patients.

3.2. Dynamic brain states

Prototypical functional connectivity patterns for the four states are
depicted in Fig. 1. As can be seen, ASWC for state 1, 3, and 4 are fairly
similar. State 1, 3, and 4 in general show high connectivity within
subdomains, with mostly negative correlations between subdomains.
State 2 was visited by six of the HC, and three of the JT-FMD group.
State 2 is characterized by positive correlations between CER, CON,
DMN, and SCN on the one hand, and between SMN and VIS on the
other. Between these two subdomains of components there were mainly
negative correlations. Differences between states 1, 3, and 4 are pre-
dominantly based on the first order derivatives of the ASWC. State 1
shows increasing functional connectivity (positive derivatives) of
components within the medial prefrontal cortex (MPFC), and to a lesser
extent in the lateral prefrontal cortices, together with decreasing pos-
terior midline connectivity. State 4 shows the opposite pattern. Fur-
thermore, when inspecting the correlation matrices, there is increasing
and decreasing connectivity between DMN and VIS, and between CON
and SMN for state 1 and 4, respectively. For DMN with SMN and CON,
the opposite seems to be true. Both state 1 and 4 show decreasing
connectivity of components within the posterior midline. State 3 shows
strongly decreasing connectivity within the occipital areas, however,
there are less clearly defined derivatives for the frontoparietal midline
areas compared to state 1 and 4. The correlation matrix shows a less
segregated derivative pattern for state 2.

3.3. State clustering analyses

In Fig. 2, the fraction of time spent in every state for HC and JT-FMD
is depicted. It can be appreciated from this figure that state 2 is the least
frequently visited state for both groups. Patients with JT-FMD spent
significantly more time in state 1 compared to HC (P = 0.0014,
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g = 1.17; Fig. 2). There was also a trend toward visiting this state more
often (P = 0.0469, g = 0.76). Regarding dwell time there was a similar,
but not statistically significant effect visible for state 1 (P = 0.0575,
g = 0.65). In addition, patients showed a trend toward dwelling less in
state 2 (P = 0.0383, g = -0.67). Furthermore, patients with JT-FMD
showed a higher number of transitions than HC (P = 0.0033, g = 1.06).

3.4. State transitions

States that transition with the highest probability into other states
form attractors, which represent cyclic patterns of functional con-
nectivity around a center (Fig. 3). In HC, the attractor is made up by
state 1 and 3, whereas in JT-FMD patients the attractor is composed of
three states (1, 3 and 4). In other words, state 4 is now incorporated in
the attractor. For HC, state 2 transitions with the highest probability
into all other states; for JT-FMD it transitions into state 1. The
Supplementary material section contains a movie showing state tran-
sitions for a patient with JT-FMD.

Regarding specific transitions, trends were observed toward more
frequent transitions from state 3 to state 1 (P = 0.0379, g = 0.8; Fig. 4),
and from state 4 to state 3 in patients with JT-FMD (P = 0.0303,
g = 0.84).

3.5. Associations between dynamic measures and self-rated symptom
severity, anxiety, and depression

No significant correlations were found between these measures.
4. Discussion

Despite recent advances in neurobiological theories, our under-
standing of the mechanisms that drive FMD remains insufficient. Thus
far, functional imaging studies conducted on FMD samples have focused
on static functional connectivity and essentially ignore the dynamics of
mental states underlying FMD. This exploratory study set out to gain
further insight in neuronal mechanisms involved in the pathophy-
siology of FMD by investigating the functional chronnectome in pa-
tients with JT-FMD using resting-state fMRI. The present study is the
first to report on resting-state dynamic functional connectivity in pa-
tients with FMD. In summary, patients with JT-FMD spent significantly
more time in a state characterized by increasing medial prefrontal and
decreasing posterior midline connectivity. Patients also more frequently
visited this state. In addition, patients transitioned more often between
dynamic brain states, exhibiting higher dynamism on multiple mea-
sures. Finally, the attractor profiles differed between groups, with pa-
tients with JT-FMD exhibiting a cyclic pattern of transitioning between
three instead of two states, in which they more strongly incorporate a
state with decreasing medial prefrontal and increasing posterior mid-
line connectivity.

The observation that patients with JT-FMD spent more time in a
state with incrementing connectivity in the medial prefrontal cortex, an
important area of the default mode network, could reflect a state of
heightened self-monitoring and self-referential processing (Amodio and
Frith, 2006; Northoff et al., 2006; Mason et al., 2007; Cojan et al., 2009;
Vuilleumier, 2014; Raichle, 2015). These results align with and corro-
borate findings from earlier studies in FMD, where the medial pre-
frontal cortex was found to be aberrantly active (Cojan et al., 2009; de
Lange et al., 2007; Hassa et al., 2016; Voon et al., 2010). Also in ac-
cordance with our findings, Kaiser and colleagues provided evidence
that depression and ruminative thinking in depression are related to
abnormal patterns of dynamic functional connectivity in the medial
prefrontal cortex (Kaiser et al., 2016). However, it should be noted that
the method used in their study is different from the one used in the
current paper, and we did not find any significant correlations between
fraction of time spent and depression scores. The finding that patients
changed states more often compared to healthy controls, and exhibited
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Fig. 1. Centroids (i.e., mean dFC or derivatives which form the center point of a cluster) for every state calculated for the entire study sample. The majority of all
windows was assigned to state 1 (33%), followed by state 3 (30%), state 4 (25%), and state 2 (12%). Rendered brain images depict the components’ t-maps weighted
by the sum of Z-scores for ASWC and derivatives for every component. Functional connections were rendered on brain surfaces using BrainNet viewer (Xia et al.,
2013). ASWC = average sliding window correlations; AUD = auditory; CER = cerebellar; CON = cognitive control; DMN = default mode network; SCN = sub-

cortical; SMN = sensorimotor; VIS = visual.

an attractor profile which additionally incorporated a state with de-
creasing frontal and increasing parietal connectivity (Fig. 3), could also
indicate a possible compensatory mechanism to overcome excessive
introspective processes necessary to breach ruminative and under-
mining attentional processes. Thus, these observations may be inter-
preted as manifestations of altered self-referential processes, which are
either causative in or in response to the development of FMD.

We acknowledge that this postulation remains to have a tentative
character. E.g., as patients were not debriefed after scanning, one might
oppose that these findings could also be due to the fact that patients
were perhaps more vigilant and thus more easily distracted compared
to the healthy controls, ultimately driving the observed differences.
Another important point to consider is that abnormal medial prefrontal
cortex activity and aberrant functional connectivity have been de-
monstrated in many neuropsychiatric and neurodegenerative disorders.
While we relate the well-recognized contribution of the medial pre-
frontal cortex (DMN) to self-referential processes and ruminative

thinking, the possible involvement of vigilance and rumination lacks
specificity. A more specific understanding of this relationship in FMD
would require a comparison to control subjects matched in terms of
depressive symptoms and to depressed subjects without a functional
movement disorder. Finally, regarding the state with increasing medial
prefrontal connectivity, increasing connectivity was also observed be-
tween the sensorimotor and cognitive domains (e.g. insula, cingulate
gyrus), which is in line with the study of Diez and colleagues (Diez
et al., 2019). In FMD, compared to HC, they found increased first link-
step functional connectivity from primary motor areas to medial motor-
related regions such as the SMA and middle cingulate cortex. Further-
more, they found increased second link-step functional connectivity to
additional multimodal integration areas such as the insula and tem-
poro-parietal junction, while more distant dorsomedial prefrontal
cortex showed stronger third link-step interconnection with the motor
cortex in patients. This pattern of increased functional connectivity was
regarded to represent aberrant integration of sensorimotor,
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Fig. 3. Attractor and transition probabilities for HC and JT-FMD. Top images show transition probabilities. Bottom images show a schematic representation of state
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interoceptive, attentional, and emotional information (Diez et al.,
2019).

Our results are consistent with concepts concerning changes in in-
ternal monitoring of action and perception underlying FMD. We pro-
pose that spending excessive time in a brain state characterized by in-
creasing (dorso)medial prefrontal connectivity, as demonstrated in the
current study, might point toward altered cognitive processes involved
in the predictions and perceptions of movement consequences. From a
Bayesian perspective, Edwards and colleagues hypothesized that func-
tional motor symptoms are caused and sustained by an imbalance be-
tween bottom-up sensory evidence and top-down sensory predictions
leading to a distorted perception of the proprioceptive consequences of
movements (Edwards et al., 2012). Cortical midline structures play an
important role in this process, which they illustrate with an example of
motor control, centered around the SMA and pre-SMA. At this level of
motor control, proprioceptive predictions are pre-eminent. Taken to-
gether with the above described findings of Diez et al. (2019), enhanced
functional interconnection with the dorsomedial prefrontal cortex
bordering the (pre-)SMA, the DMN core region implicated in our study,
may well point at the contribution of attentional predictions, i.e.,
higher-order motor predictions concerning purposeful movement going
beyond basic sensorimotor predictions (see also Baizabal-Carvallo
et al., 2019). We theorize that increased state transition frequency
found in our study may indicate an augmentation of information flow in
the dynamic neural system in an attempt to adequately align predic-
tions and perceptions. These predictions are then relayed in a top-down
direction to test if they match the initiated effector movements. Pre-
dictive neural representations of behavior have also been referred to as
‘efference copies’, or ‘corollary discharges’, which are forwarded to the
sensory system to be matched with the sensory feedback caused by the
movements (‘self-generated reafference’; Straka et al., 2018). In addi-
tion to the prefrontal cortex, the parietal cortex and cerebellum play an
important role with regards to this process (de Jong, 2019). According
to Edwards et al’s model, in FMD, abnormal prior beliefs about
movements are generated by areas that occupy intermediate steps in
the motor hierarchy, such as the SMA, and are given excessive precision
(weight) due to heightened attentional processes. Subsequently, these
abnormal beliefs override the influence of bottom-up sensory evidence
and give rise to prediction errors, which subsequently induce autono-
mous reflex-like movements at the lower (effector) levels in the motor
hierarchy. At the same time, these errors are conveyed to higher order
prefrontal areas which in turn explain them as being unintended, in
order to minimize the amount of free energy or surprise in the total
system (i.e., the difference between prediction and perception of
movement and attended action; Friston et al., 2006). Thus, according to
this model, the misinterpretation of bottom-up generated prediction
errors by higher order areas causes an abnormal sense of agency and
leads to the perception of ‘symptoms’. The observation in the current
study that patients are more likely to transition between states with
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either increasing or decreasing prefrontal connectivity might point to-
wards changes in higher order prefrontal processes underlying the
misinterpretation of prediction errors as symptoms in which attention
regulation plays an integrative role. In a complementary fashion, this
prefrontal involvement could be a manifestation of synaptic gain re-
lated to increased attention to prior beliefs. The state that was in-
corporated more strongly in the attractor in patients with JT-FMD, also
shows increasing connectivity of the precuneus, an area that is indeed
important for attention shifting. Thus, it could be hypothesized that
patients try to compensate for attention distortions by engaging this
state. Taken together, our results point toward changes in the dynamic
neural architecture underlying pathological afferent and efferent
higher-order motor processes in FMD. Because subjects were instructed
to suppress their movements, and given the role of the SMA in the in-
itiation and suppression of movements, we compared overall (static)
functional connectivity among the sensorimotor components between
patients and controls (Supplementary Fig. 4; Potgieser et al., 2014). No
significant differences were found, and therefore we believe this in-
struction did not influence our results to a large extent. We do, how-
ever, acknowledge the tentative character of our explanations. Future
task-fMRI studies that make use of dynamic functional connectivity
analyses might shed further light on the matter.

There are several strengths of our study. First, the functional
chronnectome was investigated not only by focusing on component
functional connectivity at certain points in time, but also from a first-
order-derivative-perspective, which encompasses the changes of con-
nectivity between two consecutive windows (‘speed’ of connectivity
change; (Calhoun et al., 2014; Espinoza et al., 2019). It has been shown
that including these first order derivatives facilitates the estimation of
the optimal number of dynamic brain states, and ultimately results in a
higher sensitivity of finding neuropsychiatric disease-related patterns
(Espinoza et al., 2019). Second, by including derivatives we demon-
strated that dynamic brain states seem to adhere to specific transition
sequences, called attractors, with dynamic connectivity increasing and
decreasing in orbiting patterns. In the present study we examined dif-
ferences in attractors between patients with JT-FMD and healthy con-
trols. Third, we implemented a fully automated spatially constrained
ICA (GIG-ICA) method, which has been shown to yield better perfor-
mance than existing techniques (such as single subject ICA) with re-
spect to artifact removal and spatial and temporal accuracy, providing
more reliable functional components (Du and Fan, 2013; Du et al.,
2016). We used a set of independent template components obtained
from almost 2000 healthy controls (Du et al., 2019), which circumvents
any possible bias associated with estimation of functional subunits
using the data itself. Finally, the average sliding window approach re-
duces spurious fluctuations, which allowed us to choose a smaller
window size compared to a sliding window correlation approach
(Vergara et al., 2019a).

We acknowledge that our study also has limitations. First, there was
a relatively small sample size (34 participants), which could have re-
sulted in false negative findings. However, the use of permutation sta-
tistics gives us confidence in the reported group differences. It also has
to be mentioned that in the current literature, most studies conducted in
patients with FMD consist of sample sizes smaller than 30 patients. As
there seems to be overlap across the FMD spectrum our findings are
likely to be generalizable, however, this is not a foregone conclusion
and this phenotypic heterogeneity (functional tremor and functional
myoclonus) needs to be acknowledged as a potential limitation.
Another limitation is that patients’ clinical presentations are dynamic as
well, with varying manifestations, severities, durations, and so on,
while we used singly measured severity scores for our analysis (CGI-S,
BDI, and BAI). Furthermore, we know that other factors, such as in-
attention, can also differ between FMD patients and HC and might thus
influence the results. However, currently this is the best method
available. A recent paper from the FND field acknowledges the lack of
good outcome measures for FND patients (Nicholson et al., 2020). Here,
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we considered the CGI-S scale the best score, as it reflects the patients’
subjective severity taking into account more than just the motor score.
Finally, the absence of psychometric measures in healthy controls
prevents us from drawing hard conclusions on psychometric correla-
tions.

5. Conclusion

In recent years, there has been a departure from an unwavering
psychological etiology towards neurobiological factors driving FMD.
Our study demonstrates altered brain network dynamics in JT-FMD,
that may support concepts of increased self-reflective processes and
impaired sense of agency as driving factors in FMD. Importantly, the
dFC approach we used may help find key biomarkers idiosyncratic to
FMD. Future studies should exploit the chronnectome framework across
the entire FMD spectrum to further extend and consolidate the evidence
garnered in this study.
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