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Abstract

Functional movement disorders (FMD) are a common and disabling neuropsychiatric condition,
part of the spectrum of functional neurological/conversion disorder. FMD represent one of the
most enigmatic disorders in the history of medicine. However, in the twenty years after the first
report of distinctive abnormal brain activity associated with functional motor symptoms, there
have been tremendous advances in the pathophysiologic understanding of these disorders. FMD
can be characterized as a disorder of aberrant neurocircuitry interacting with environmental and
genetic factors.

These developments suggest that research on FMD could be better served by an integrative,
neuroscience-based approach focused on functional domains and their neurobiological substrates.
This approach has been developed in ‘Research Domain Criteria’ (RDoC) project, which promotes
a dimensional approach to psychiatric disorders. Here, we use the RDoC conceptualization to
review recent neuroscience research on FMD, focusing on the domains most relevant to these
disorders. We discuss how the adoption of a similar integrative framework may facilitate the
identification of the mechanisms underlying FMD and could also have potential clinical
applicability.
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Introduction

Functional movement disorders (FMD) are a disabling neuropsychiatric condition, part of
the wide spectrum of functional neurological disorders (FND). With an annual incidence of
4-12 cases per 100,000 (Carson and Epidemiology, 2016), this spectrum of disorders
represent the second commonest category of referrals to neurology outpatient clinics after
headache (Stone et al., 2010). The clinical manifestations characterizing FMD are complex
and heterogeneous, and include symptoms affecting motor functions (hyperkinetic
movements ranging the gamut from dystonia to tremor and myoclonus, gait abnormalities),
alterations in cognitive/executive functioning processes (attention, attribution of agency,
prediction error), and perturbations in emotion regulation (emotional hyper-responsiveness)
(Espay et al., 2018a; Edwards et al., 2012). Furthermore, patients with FMD may also suffer
from other co-occurring FND, such as functional non-epileptic seizures (FNES), as well as
from comorbid ‘organic’ movement disorders (e.g., Parkinson’s disease, dystonia), and
psychiatric disorders (mood and anxiety disorders, PTSD) (Erro et al., 2016; Wissel et al.,
2018).

As with many diseases characterized by considerable within- and between-group
heterogeneity, the mechanisms and causes of FMD and other FND have been difficult to
delineate. In recent years, neuroimaging research and renewed clinical interest have
provided important insights into the neurobiological bases of these disorders, leading to a
critical shift in the approach to FMD (Espay et al., 2018a; Edwards et al., 2013). In
particular, the historically influential emphasis on emotional trauma and other stressors as
etiologic factors of FMD has been progressively replaced by a disease model grounded in
brain circuit-behavior/motor relationships (Perez et al., 2015; Ludwig et al., 2018). This shift
has prompted substantial changes in classification, diagnostic criteria and therapeutic
management of FMD (Espay et al., 2018a). However, despite these advances, we are still far
from a complete understanding of the nature of these disorders, our clinical assessment
focuses on a limited number of manifestations, we lack an integrated set of measures
capturing the broad range of FMD symptoms, and we have not yet identified disease
biomarkers, which can be useful for guiding diagnosis and evaluating treatment efficacy.

We propose that these gaps can be addressed by adopting an integrative, neuroscience-based,
transdiagnostic approach to FMD, in line with the Research Domain Criteria (RDoC)
initiative launched by the National Institute of Mental Health (NIMH) (Insel et al., 2010;
Cuthbert and Insel, 2013). The RDoC was developed to provide a heuristic research
framework aimed at improving our current understanding of heterogeneous psychiatric
“syndromes” by shifting the focus from symptoms to basic constructs that span a full range
of human behavior (i.e., from normal to abnormal) and are linked to specific neural circuits
(Insel et al., 2010; Cuthbert, 2014). These constructs can be observed across different
diagnostic categories and may be studied at different level of analysis, from genes and
molecules to physiology, behavior and self-report.

In this article, we explore how the RDoC framework might be applied to the study of FMD.
To this extent, we first provide a brief overview of the landmark developments in the history
of FMD and other FND that have impacted our understanding, classification and
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management of these disorders. We then review recent neuroscience research on FMD and
illustrate how alterations characterizing this disorder at the clinical, behavioral and circuit-
level are strongly conceptually tied to RDoC domains and constructs, including the
sensorimotor domain, the cognitive domain and the negative affect domain. We also consider
constructs relevant to FMD not yet investigated and provide suggestions for future studies.
Finally, we discuss how adopting a neuroscience-based framework may not only advance
research on FMD but may also have potential clinical applicability for phenotyping of
heterogeneity and identification of disease biomarkers.

2. Functional Movement Disorders: from a wondering uterus to neural

circuits

From the earliest medical records to the present day, FMD and other FND have represented
one of the most enigmatic and controversial disorders in the history of medicine. When first
described by the Egyptians over 4000 years ago, these disorders were attributed to abnormal
movement of the uterus, with Hippocrates ultimately coining the term “hysteria” (from the
Greek word for uterus) to describe such cases. The concept of a wondering uterus causing
functional symptoms influenced medicine for centuries, leaving little room for alternative
hypotheses [for a review see (Tasca et al., 2012; Trimble and Reynolds, 2016).

In the 16th century, Thomas Willis first introduced the idea that functional disorders were a
mental illness, although it is only around the turn of the last century that Charcot, influenced
by Briquet’s work on hysteria, and then Freud, made the revolutionary step of recognizing
FND as disorders of the mind. In particular, Freud postulated that psychological stressors
induced by traumatic events were “converted” into neurologic symptoms (a phenomenon he
ultimately described as “hysterical conversion”) (Anna, 2004). The influence of this theory
on the terminology, diagnosis, treatment and research agenda of FND has been profound and
can still be recognized: the diagnostic label of conversion disorder currently used retains the
original idea that psychological stressors trigger these disorders. Similarly, other clinical
definers, including psychogenic, psychosomatic, medically unexplained, and nonorganic,
suggested that FMD and other FND lack any biological cause or, more subtly, that patients
may be feigning their symptoms (Demartini et al., 2016). Indeed, early attempts, using
electroencephalography and later structural imaging, failed to identify brain abnormalities in
FND patients, thus reinforcing the idea that these disorders had no biological explanations.

Confined at the borderland between psychiatry and neurology, during the 20th century FMD
and other FND were largely neglected in both research and clinical service development.
This lack of interest left these disorders far behind the neurobiological understanding of
other neuropsychiatric conditions until about two decades ago, when Spence and colleagues
(Spence et al., 2000) conducted a positron emission tomography study demonstrating
abnormal activation in prefrontal areas implicated in volition in patients with functional
weakness compared to controls with simulated weakness. These findings were confirmed in
a subsequent study (Stone et al., 2007), which identified distinct patterns of functional
activation in cortical and subcortical motor areas between patients and actors instructed to
mimic weakness. These pioneering studies led to a tectonic shift in the approach to FND
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since they clearly indicated that patients were not faking their symptoms and that brain
activation abnormalities were associated with functional neurological symptoms.
Consequently, the research interest in these disorders revamped, although their classification,
diagnosis and treatment were still firmly anchored in psychoanalytic theories.

The number of neurophysiological and imaging studies carried out in FMD patients as well
as in patients with other FND grew exponentially in the last decade [for a comprehensive
review of functional and structural neuroimaging findings in FND the reader is referred to
(Bégue et al., 2019; Roelofs et al., 2019; Voon, 2014; Voon et al., 2016). These
investigations provided extensive evidence of alterations in activity and connectivity in
neural circuits mediating motor planning and coordination (supplementary motor area,
cerebellum), emotional processing, regulation, and awareness (anterior cingulate and
ventromedial prefrontal cortices, insula, amygdala, vermis), cognitive control and motor
inhibition (dorsal anterior cingulate, dorsolateral prefrontal, inferior frontal cortices), and
self-referential processing and perceptual awareness (posterior parietal cortex,
temporoparietal junction, precuneus) [Fig. 1]. Functional alterations in these circuits were
also mirrored by structural abnormalities, with studies showing increased grey matter
volume in subcortical motor (basal ganglia), cerebellum, thalamus and limbic/paralimbic
cortical structures; and decreased volume in precentral and postcentral gyri and primary
motor cortex in patients with FMD (Bégue et al., 2019). However, to date there is no clear
evidence that these volumetric alterations underlie the onset of FMD or are the results of
functional brain abnormalities observed in these patients.

Neuroimaging findings converged with results of clinical studies showing impairment in
several motor-behavioral domains linked to the neurocircuits implicated in FMD (Perez et
al., 2015), thus strengthening the view of FMD and other FND as primarily disorders of
circuit function, or “circuitopathies”. The concept of circuitopathies is not new as it has
already been adopted to explain the pathophysiology of several neurological conditions,
including PD and Alzheimer’s disease (AD) (Lozano and Lipsman, 2013) and, more
recently, has also been applied to FND. Indeed, in a pivotal review published by the
American Neuropsychiatric Association, the authors proposed a model of FND as a disorder
resulting from impairments in higher-order and bottom-up (limbic) mechanisms, and in their
interaction with sensory processing and motor functions (Moon et al., 2016). Importantly,
they highlighted how this model provided neurobiological substrates to the variety of clinical
manifestations characterizing FND, while also suggesting possible common mechanisms
shared across these disorders and other neuropsychiatric disorders, including functional
syndromes.

In parallel with these developments, clinical and epidemiological studies in FMD patients
also contributed to advance the field, by providing robust evidence that not all individuals
affected by these disorders reported a history of traumatization or recent stressful events
(Ludwig et al., 2018). This knowledge, together with the budding understanding of the
biological bases of FMD, prompted a further tectonic shift in the approach to FMD and
other FND, as indicated by recent changes in classification, terminology and diagnostic
criteria. Specifically, in the Diagnostic and Statistical Manual of Mental Disorders, Fifth
Edition (DSM-5), the definition of Functional Neurological Symptom Disorder/Conversion
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Disorder has been introduced, replacing the term psychogenic with functional (American
Psychiatric Association, 2013). Furthermore, diagnosis by DSM-5 no longer requires a
temporal relationship between exposure to a stressor and disease onset. Conversely, FMD is
diagnosed by identifying positive neurological signs that are specific to these disorders (e.g.
Hoover’s sign (Ziv et al., 1998)), rather than being an exclusionary diagnosis. The improved
understanding of the pathophysiology of FMD has also expanded the range of therapeutic
interventions for this disorder, with multidisciplinary, integrated programs combining
physical and cognitive-behavioral therapies showing promising results (LaFaver, 2020;
Perez, 2020).

However, the current diagnostic approach to FMD and other FND is based on a categorical
organization of the disease. A categorical approach may lead to a systematic under
appreciation of the importance of variations in overt symptoms and in underlying
mechanisms from individual to individual. Furthermore, it may limit our ability to identify
potential shared disease mechanisms and substrates across commonly comorbid conditions.
This ultimately may hamper research on the etiology and pathophysiology of heterogenous
conditions and may hinder the development of tailored treatments. Conversely, a
dimensional perspective may allow for more fine-grained research into complex disorders
and could also help informing categorical treatment decisions.

3. Can a RDoC-like approach be applied to FMD research?

A first step in addressing this question requires identifying the RDoC domains and
constructs most relevant to FMD. The RDoC matrix is constructed around six major
domains of human functioning, which are further divided into constructs and subconstructs
(Table 1). These brain-behavior domains are studied across different disorders and can be
linked to specific symptom clusters. FMD and other FND can be conceptualized as
multifactorial disorders characterized by neurocircuitry dysfunctions, although motor and
behavioral manifestations of FMD have not yet been mapped to specific brain-behavior
domains. Toward this goal, we selectively reviewed the extant literature on FMD, focusing
on studies that have used neuroimaging and/or neurobehavioral tasks, to elucidate the
neurobehavioral domains of dysfunctions that lead to FMD symptoms.

3.1. Negative valence system

The Negative Valence Systems domain refers to systems that respond to aversive stimuli,
situations, or context, such as threat (National Institute on Mental Health, 2020a). The
constructs included in this domain are mainly related to fear, anxiety, avoidance and loss. In
the FMD literature, this domain has received significant attention, particularly in the areas of
acute threat (fear circuitry mediating intense defensive behaviors in response to imminent
threats) and sustained threat (e.g., early life adversities, chronic stress), with some evidence
related to the potential threat construct (anxiety).

3.1.1. Acute threat—In one of the first studies examining threat response in FMD,
Seignourel and colleagues (Seignourel et al., 2007) assessed eyeblink amplitude to positive
and negative valenced images paired with an acoustic startle reflex paradigm, in FMD
patients and controls. The eyeblink component of the startle response is modulated by
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affective states: it is potentiated by fear, anxiety, and other aversive states, and attenuated by
positive affective states (Grillon and Baas, 2003). This expected pattern of startle modulation
was observed in healthy controls, while FMD patients exhibited increased eyeblink
amplitude during exposure to both positive and negative stimuli. These results indicated that
individuals with FMD were characterized by emotional hyper-responsiveness, which may
reflect increased amygdala reactivity to emotional stimuli, since the magnitude of the startle
amplitude is directly related to amygdala activity (Davis, 2006).

Indeed, this hypothesis was confirmed in a subsequent fMRI study investigating fear
circuitry in FMD, which showed increased right amygdala reactivity and decreased
habituation in response to both positive and negative emotional stimuli in FMD patients
compared to controls (Voon et al., 2010a). Furthermore, while viewing emotional salient
stimuli, patients exhibited greater functional connectivity between the right amygdala and
the right supplementary motor area than controls. These findings confirmed a state of
emotional hyperarousal in individuals with FMD and suggested that impairment in emotion
processing influenced movement initiation in these patients.

Further fMRI studies provided evidence of enhanced limbic reactivity, particularly in
response to negatively valenced stimuli, alongside increased connectivity between amygdala
and motor planning/control areas in FMD patients compared to controls (Aybek et al., 2015;
Hassa et al., 2017). Additionally, alterations in other brain regions implicated in emotion
processing including periaqueductal gray, insula, anterior cingulate cortex and paracingulate
gyrus have been reported during negative stimuli exposure (Aybek et al., 2015; Aybek et al.,
2014; Espay et al., 2018b; Espay et al., 2018c)

Taken together, these observations demonstrate dysregulations in fear circuitry in FMD,
which are linked to alterations in motor pathways, thus suggesting an interaction between
the negative valence systems and sensorimotor domain. Future research adopting fear
conditioning/extinction paradigms could better characterize alterations in the construct of
acute threat. Furthermore, it will be important to assess whether FMD-specific stimuli may
aggravate this dysregulation, as preliminary evidence has suggested (Hassa et al., 2017).

3.1.2. Potential threat—Far fewer studies have focused on potential threat (“anxiety”)
other than examining comorbidity with anxiety disorders and symptoms in FMD patients.
Indeed, individuals with FMD have a higher frequency of anxiety disorders (69.1 %) and
score higher in validated clinical scales assessing anxious symptomatology (Feinstein et al.,
2001; Kranick et al., 2011a; Ekanayake et al., 2017), but little is known about the
mechanisms underlying this association. One study investigating attentional threat biases
found that children and adolescents with mixed FND showed faster reaction time in
identifying negative vs happy faces, compared to controls, suggesting increased vigilance to
potential threats (Kozlowska et al., 2021). These findings parallel studies in patients with
functional non-epileptic seizures (FNES), who also display preferential allocation of
attention to threatening cues compared to other stimuli (Bakvis et al., 2009). Consistent with
this, a further study found that FMD patients exposed to emotional stimuli of different
valence during a motor task, exhibited a more pronounced influence of aversive stimuli on
voluntary force control, while positive and neutral stimuli presentation was associated with a
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decay in force output (Blakemore et al., 2016). These findings support the presence of
attentional threat biases in FMD patients and confirm the association between heightened
reactivity to negative stimuli and abnormal motor functions. Future studies should assess
whether increased threat attention observed in FMD patients is also associated with elevated
threat expectancy and to maladaptive responses to threat uncertainty (threat probabilistic
task). These processes are closely related and have been shown to influence both cognitive
(e.g. decision-making) and motor functions (e.g., inhibition of motor actions) (Grupe and
Nitschke, 2013).

3.1.3. Sustained threat—This RDoC construct is defined as ‘an aversive emotional
State caused by prolonged exposure to internal or external stimuli that are adaptive to escape
oravoid’ (National Institute on Mental Health, 2020a). Research on this construct has
mainly focused on chronic stress and early life adversities, which historically have been
considered important factors in FMD pathogenesis, as discussed above. Currently, childhood
maltreatment is recognized as a predisposing factor for FMD and other FND (Ludwig et al.,
2018), and stress-diathesis models of FND have been theorized to explain how repeated
exposure to even minimal stressors may increase vulnerability to these disorders (Keynejad
etal., 2019; Ejareh Dar and Kanaan, 2016). However, the majority of research on early-life,
chronic stress and FND, appears to have focused on confirming or refuting the relevance of
this association on the basis of epidemiological data, such as rates of stressful events in FND
samples compared to controls (Stone et al., 2004; Kranick et al., 2011b; Nicholson et al.,
2016).

Several clinical studies have suggested that exposure to childhood maltreatment in FMD
patients is associated with worse symptom severity (Roelofs et al., 2002; Roelofs et al.,
2005), emergence of distinct attachment styles (Williams et al., 2019), and poorer treatment
outcomes (Van der Feltz-Cornelis and Allen, 2020), thus suggesting that early life
adversities modulate the phenotypical manifestations of FMD. These findings parallel
results from imaging studies, which have provided preliminary evidence of distinct brain
features in FMD patients with history of childhood maltreatment (Perez et al., 2017; Diez et
al., 2020; Maurer et al., 2018).

The RDoC approach may represent an ideal framework to investigate the mechanisms by
which childhood trauma and other stressors may produce distinct changes at the molecular,
circuit and behavioral level, which may uniquely drive both risk for and severity of FMD in
exposed individuals. Consistent with this, a recent study has demonstrated that childhood
trauma, interactively with a polymorphism on the serotonin-related gene 7PH2Z, is associated
with worse symptom severity in FMD patients. Because both early life adversities and 7PHZ2
polymorphisms influence serotoninergic transmission, these findings suggest a potential
neurobiological mechanism modulating functional motor symptoms (Spagnolo et al., 2020).
Furthermore, exposure to childhood trauma in FMD patients is associated with DNA
methylation changes at the level of genes implicated in neurodevelopment and
neurotransmission (Spagnolo et al., personal communication).

Since exposure to early life adversities and chronic stress have been associated with
alterations in stress response systems (e.g., glucocorticoids, endocannabinoids) (van
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Bodegom et al., 2017; Morena et al., 2016; Herman et al., 2016), future studies should
investigate whether such dysregulations are also observed in FMD patients and, importantly,
whether they underlie distinct disease features. In this regard, in a study evaluating HPA-axis
functioning in FMD, baseline cortisol levels did not differ between patients and controls
(Maurer et al., 2015), whereas increased basal cortisol levels have been observed in
individuals with FNES [for a review see (Sundararajan et al., 2016)]. However, given the
dynamic nature of the stress response, the question remains open as to whether differences
in neuroendocrine response may emerge during stress-eliciting procedures (e.g., Trier social
stress test (Kirschbaum et al., 1995), Maastricht acute stress task (Smeets et al., 2012), and
as a function of stress exposure during childhood and adulthood. In Table 2, we provide
some examples of task-based measures, questionnaires and scales, which can be performed
to assess this and other constructs in the Negative Valence Systems domain.

Finally, while much of the work on FMD and early adversity has focused on the first years
of life, prenatal exposure to maternal stress can also lead to serious neurodevelopmental
consequences and compromised cognitive and social-emotional processing (Wu et al.,
2020). Thus, investigating the relationship between prenatal stress exposure and risk for
FMD may represent a further area of research.

3.2. Cognitive systems

This domain includes several constructs and subconstructs related to different cognitive
processes, from attention to perception and cognitive control, which are fundamental to
flexibly respond to the environment and perform goal-directed behaviors. Several studies in
FMD patients have investigated dysregulations in this domain, particularly with regard to
attention and cognitive control.

3.2.1. Attention—As commonly observed during clinical assessment of patients with
FMD, there is a need for explicit attention towards the movement for impairment to manifest
and be maintained, and a normalization of movement when attention is diverted. Consistent
with this, Schwingenschuh and colleagues (Schwingenschuh et al., 2011) found that patients
with functional tremor showed changes in tremor frequency when asked to tap at a different
rhythm with another limb, even to the extent of complete entrainment with the frequency of
tapping. Likewise, asking patients with functional leg weakness to flex their unaffected hip
caused their unattended affected hip to automatically extend (Ziv et al., 1998). Attention
dysregulations were specifically assessed in a further study (Kumru et al., 2007) comparing
healthy volunteers with patients with functional tremor, essential tremor and PD using a dual
task paradigm, which is one of the tools proposed in the RDoC matrix to evaluate this
construct. Patients with functional tremor had prolonged reaction time compared to
individuals with essential tremor. The delay observed in FMD individuals may indicate an
interference during dual task performance, which results from a bottleneck in central
processing of attention, thus suggesting that attention is required for maintenance of
functional movements. Moreover, a recent study reported that clinical improvement of
patients with FMD following physiotherapy is associated with the normalization of the
contingent negative variation, a neurophysiological measure of anticipatory attention
(Teodoro et al., 2020).
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This “disease-centered’ attention allocation appears to be done at the expenses of other
information, leading to impairments in perception and other cognitive processes (Edwards et
al., 2012). Other studies have also indicated that patients with FMD allocate increased
attentional resources to their symptoms and selectively monitor somatic information related
to the affected body part and/or function. Indeed, it has been observed that patients with
functional tremor have greater visual attention toward the trembling limb when performing a
motor task compared to patients with organic tremors (van Poppelen et al., 2011). Similarly,
in subjects with functional lateralized paresis, simulating movements of the affected hand is
associated with increased self-monitoring processes (Roelofs et al., 2006; Vuilleumier,
2005), and with increased engagement of the medial prefrontal cortex and superior temporal
cortex (de Lange et al., 2007), which are involved in processing of information related to
oneself (Frith U, Frith CD, 2003).

In line with this hypothesis, a study assessing objective (wristwatch-like accelerometer
recordings) vs. subjective (self-reporting diaries) perception of tremor, found that patients
with functional tremor reported 65 % more tremor than the one registered by actigraphy,
compared to 28 % excess for patients with organic tremor (Pareés et al., 2012a). Alterations
in perception (a further construct in the Cognitive Systems domain), together with attention
dysregulation, may impact on high-order cognitive functions as well as on motor behavior in
FMD patients, and future research should evaluate how the interplay between these
constructs is linked to the emergence of sensorimotor symptoms. We suggest that a first step
in this direction could be represented by conducting imaging studies using tasks such as the
dot-probe task, the Rapid Visual Information Processing task, combined with movement
detection measures (e.g., accelerometer recordings).

3.2.2. Cognitive control—Few studies have evaluated this construct in individuals with
FMD, particularly with regard to response inhibition. To assess this subconstruct, Voon and
colleagues (Voon et al., 2013) conducted a study using the Conner’s Continuous
Performance Test 1 task, a computerized 14-minute visual performance task in which the
subject responds to rapidly presented nontarget letters (‘go”) and inhibits responding to an
infrequently shown target letter (‘no go’). Patients with FMD compared to controls made
more commission errors (errors in withholding responding) on the go/no-go task relative to
controls, while no differences in executive functioning were observed between the two
groups, as measured by a neuropsychological battery. Failure to suppress a response is
closely related to impulsivity, and impulsive decision-making has been reported in FMD
patients compared to controls during the bead task, a probabilistic reasoning task (Pareés et
al., 2012b). However, both patients and controls demonstrated similar levels of cognitive
flexibility, as novel information were properly integrated to guide choices. Conversely, a
recent study found a deficit in information processing associated with impaired decision-
making in individuals with FMD, as indicated by reduced drift rate in the patient group, a
parameter that quantifies the quality and rate of information accumulation (Sadnicka et al.,
2020).
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3.3. Arousal and regulatory system

This domain focuses on physiological responses to internal/external stimuli representing
activation of neural systems. Within this domain, the arousal construct is closely related to
the Negative Valence Systems, since it represents the sensitivity of an organism to various
stimuli, including emotionally negative stimuli, and may vary with the intensity of the
stimulus valence.

Few studies have examined the arousal construct outside the context of emotional valence in
FMD patients. In a pioneering study, (Lader and Sartorius (1968) showed that patients with
mixed FND symptoms had greater baseline arousal levels, as measured by spontaneous
fluctuation in skin resistance, compared to both those with anxiety disorders and healthy
volunteers. These findings were extended in a further study (Horvath et al., 1980), reporting
that patients with remitted mixed functional symptoms had a failure to habituate skin
conductance response to repeated acoustic stimuli, compared with controls with trait anxiety,
More recently, Maurer and colleagues (Maurer et al., 2015) found that heart-rate variability,
which is commonly used as a measure of autonomic arousal, was reduced in FMD patients
compared to controls, similar to patients with depression, anxiety and PTSD, who also
exhibit low heart-rate variability (Chalmers et al., 2014; Shah et al., 2013; Hartmann et al.,
2018).

While these observations suggest that FMD is characterized by arousal dysregulations,
future research is needed to investigate the mechanistic link between these alterations and
those in the motor and negative valence domain. Furthermore, neurocircuits regulating
arousal interact with those implicated in sleep-wakefulness, which represents a further
construct in the Arousal and Regulatory Systems domain, and in motor control (Liu et al.,
2020). Thus, evaluating the sleep construct in FMD patients may represent a novel area of
investigation. To this extent, examples of objective and self-reported measures assessing this
construct are provided in Table 2.

3.4. Sensorimotor systems

This domain has been recently added to the RDoC matrix to underscore the importance of
motor symptoms across psychopathology (Garvey and Cuthbert, 2017; National Institute on
Mental Health, 2020b). Alterations in motor processes are a common feature of many
psychiatric disorders, including schizophrenia, mood disorders and OCD, although they have
been traditionally neglected in both clinical practice and research (Peralta and Cuesta, 2017).
These alterations, spanning from hypo- to hyperkinetic movements, and impairments in
motor coordination and balance, seem to emerge from abnormalities in the reciprocal
modulatory effects between cortical regions implicated in cognitive, social, and affective
functions and cerebello-thalamo-cortical motor circuits and basal ganglia circuits (Aron et
al., 2007; Alexander et al., 1990). These circuits work in close concert through both cortical
and direct connections. Specifically, cortical regions mediating cognitive and emotional
processes exert a top-down modulatory effects on cortical and subcortical regions implicated
in motor function. The reverse modulation also takes place, namely from subcortical motor
regions to motor cortex and other regions like the prefrontal cortex (bottom-up modulation)
(Alexander et al., 1990; Bernard et al., 2016). Alterations in these modulatory processes
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have been observed in patients with catatonia, who show both affective-emotional and motor
abnormalities (Northoff, 2002), and may also play an important role in the pathophysiology
of FMD.

3.4.1. Motor action—This multifaceted construct comprises:  the processes that must be
engaged auring the planning and execution of a motor action’, and includes action planning
and selection, sensorimotor dynamics, initiation, execution, inhibition and termination
(National Institute on Mental Health, 2020a). Many studies have investigated these processes
in FMD patients with the aim to identify where and how functional movements originated.

Clinical observations and neurophysiological studies have demonstrated the integrity of the
pathway from the primary motor cortex (M1) to the muscles (Liepert et al., 2008). However,
abnormal activity in M1 has been observed when patients with FMD thought about moving
or attempted to move the affected limb. In both cases, M1 activity should increase, while
decreased activation (Marshall et al., 1997; Cojan et al., 2009; Schrag et al., 2013) or even
deactivation of M1 (Matt et al., 2019) has been found in individuals with FMD. Importantly,
motor imagery or movement preparation was also associated with abnormal activity in
prefrontal areas (Cojan et al., 2009; Matt et al., 2019; Nowak and Fink, 2009), thus
suggesting that M1 inhibition may result from dysfunctions in top-down cortical modulation
of motor circuits. Consistent with this, decreased activity in motor cortex has been observed
in patients with functional dystonia during emotional processing (Espay et al., 2018b).

Further studies have also shown altered activation patterns in areas implicated in motor
preparation and suppression of motor plans, such as the supplementary motor area (SMA)
and the pre-SMA, both during execution of motor tasks and in the context of emotion-
eliciting procedures (Nachev et al., 2007; Boy et al., 2010). These alterations seem to
emerge from an abnormal interaction between these areas and prefrontal and subcortical
regions. Specifically, there is evidence of decreased functional connectivity between the
dIPFC and the SMA (Voon et al., 2011), while increased connectivity between the right
amygdala and the right SMA has been observed in patients with FMD during emotional
processing, using psychophysiological interaction analysis (Moon et al., 2010a). Limbic
modulation of SMA may be mediated by amygdala projections through the basal ganglia
and the thalamus to the SMA, as there are no direct connections between the amygdala and
the SMA (Groenewegen et al., 1997). Interestingly, a fMRI study comparing pre- and post-
rehabilitation brain activity during a Go/No-Go task in FMD patients, found that positive
treatment outcomes were correlated with increased connectivity between amygdala and M1,
and were associated with engagement of the SMA, caudate and putamen during the task
(Faul et al., 2020).

Alterations in subcortical motor network have also been reported in FMD. Specifically,
increased activity in bilateral cerebellum, bilateral thalamus and basal ganglia has been
observed in patients with functional dystonia compared to normal controls and patients with
organic dystonia, using a motor paradigm with the leg at rest, holding a posture and in
motion (Schrag et al., 2013). Furthermore, enhanced activation of the cerebellum has been
found in patients with functional tremor compared to those with essential tremor, and in
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patients with functional dystonia during a motor task (Espay et al., 2018b; Espay et al.,
2018c).

It will be important to understand how alterations in these subcortical networks may yield to
abnormalities in cortical motor areas since, while each motor circuit is active during any
given activity, cortical and subcortical motor circuits are inter-related (DeLong and
Wichmann, 2007). In addition, it will also be critical to map the extent to which motor
circuit abnormalities directly impact other systems such as negative affect and cognition. For
example, basal ganglia circuits also contribute to functions included in the Cognitive
Systems domain allowing for flexible modulation of internally generated/externally evoked
behavioral responses to environmental cues (Aron et al., 2007; Middleton and Strick, 2000).
Additionally, both cerebellum and basal ganglia are implicated in emotion processing and
regulation (Turner et al., 2007), but whether dysfunctions in these areas underlie affective-
emotional abnormalities observed in some patients with FMD, directly or via modulatory
effects on prefrontal areas, is a largely unexplored areas of research. To this extent,
comparing patients with FMD not only to healthy controls or patients with organic
neurological disorders, but also with those with a psychiatric disorder exhibiting motor
manifestations, may help elucidate the link between motor and behavioral symptoms in a
more integrated way. The RDoC system, providing tools to look across systems in a
mechanistically informed way, offers particular strengths in this regard.

3.4.2. Agency and ownership—There is a substantial body of clinical and
neurophysiological evidence indicating that neural pathways implicated in volitional motor
control are recruited during functional movements (Schwingenschuh et al., 2011) (Reuber et
al., 2002; Avbersek and Sisodiya, 2010; Hallett, 2010; van der Salm et al., 2010;
Schwingenschuh et al., 2016; Baizabal-Carvallo and Fekete, 2015). However, patients with
FMD feel that the abnormal excessive movement (or limb weakness) is involuntary, which
may imply there is no perceived self-agency. The sense of agency refers to the feeling that
‘one Is initiating, executing, and in control of one’s volitional actions and their sensory
consequences’, and this construct has been specifically linked to FMD in the RDoC matrix.
Indeed, several fMRI studies have reported abnormal patterns of activity and connectivity in
areas believed to be critically involved in the sense of agency (i. e., temporoparietal junction
(TPJ), dIPFC, pre-SMA) (Voon et al., 2010b; Nahab et al., 2010; Nahab et al., 2017). For
example, Voon and colleagues (Moon et al., 2010b) using a within-subject design found that
functional tremor compared to voluntary mimicked tremor was associated with decreased
TPJ activity and lower connectivity between this area and regions involved in sensory
feedback (sensorimotor cortices and cerebellar vermis) and limbic regions (ventral anterior
cingulate and ventral striatum). Decreased connectivity between the right TPJ and
sensorimotor cortex, cerebellar vermis, bilateral SMA, and right insula was observed in a
further group of FMD patients (Maurer et al., 2016a), thus confirming dysfunctions of the
agency network characterized this disorder.

Consistent with this, Kranick and colleagues (Kranick et al., 2013) found that patients with
FMD had decreased action-effect binding for normal voluntary movements compared with
healthy volunteers, suggesting a reduced sense of agency. The action-effect binding

paradigm has been used to quantify the sense of self-agency, because it requires subjects to
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judge the perceived time between an action (e.g. button press) and the subsequent sensory
consequence of this movement (e.g., a sound played thereafter) (Moore and Obhi, 2012).
Subjective sensation that our actions are associated with an effect only occurs if we feel
being the agent responsible for the action, and this perception of volition appears reduced in
patients with FMD. A further indication of impaired sense of agency came from a study
reporting loss of sensory attenuation in FMD patients compared to healthy controls (Pareés
et al., 2014). Sensory attenuation describes the normal reduction of intensity of sensation
caused by movements that are self-generated compared with by others, a phenomenon
believed important in labeling movements as self-generated (Hughes et al., 2013).

Future studies may help to further characterize the neural correlates of the sense of agency
and how impairment in this construct may lead to alterations in attention and in predictive
processing, which is a key process of many cognitive functions as well as motor control. In
this regard, a further important construct to consider is interoception. While distinct from
attention, perception and agency, interoception — i.e. receiving, processing, and integrating
body-relevant signals with external stimuli to affect ongoing motivated behavior (Craig,
2002) — is an important overlapping construct, which may play a key role in the
pathophysiology of FMD. Indeed, continuous interoceptive inputs are thought to be critical
for conscious forms of agentic action control and interoceptive awareness has been
implicated in the generation of subjective motor-related feelings states (Marshall et al.,
2018). The investigation of interoceptive processing in FMD is still in its infancy, with one
study showing that patients with FMD compared to controls exhibited reduced interoceptive
awareness, as measured by the heartbeat detection task (Ricciardi et al., 2016). Future work
is needed to examine whether dysfunctions in interoceptive processing are associated with
FMD, and particularly with impaired sense of agency. To this extent, Table 2 we provide
some examples of task-based and self-reported measures used to assess the different
dimensions of interoception.

4. The RDoC matrix and the genetics of FMD

Currently, the genetic basis of FMD, as well as of other FND, are a largely uncharted
frontier, in contrast with other neuropsychiatric disorders. In the last two decades, the field
of psychiatric genetics has grown enormously, due to advances in genomic research, coupled
with large-scale collaborative efforts like the Psychiatric Genomics Consortium (Sullivan et
al., 2018). These efforts have identified hundreds of common and rare genetic variations
that, in interaction with each other and in conjunction with environmental events, contribute
to a range of neuropsychiatric disorders. Importantly, a substantial fraction of genetic
influences on these disorders transcends clinical diagnostic boundaries (Lee et al., 2019).
Furthermore, many of the genes and variants that have been associated to neuropsychiatric
disorders are necessary for brain circuitry development and function and could be linked to
distinct brain-behavior domains, instead of multifaceted clinical syndromes. For instance,
genetic variants in the serotoninergic system have been associated to alterations in fronto-
amygdala circuitry and amygdala activity, which in turn underlie several constructs of the
Negative Valence Systems (Savage et al., 2017). These finding highlight the value of using
the RDoC framework to guide research into the genetic basis of complex and heterogenous
disorders, as FMD. Indeed, a recent study has applied a similar transdiagnostic approach to
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identify genes and gene x environment interactions implicated in FMD pathophysiology
(Spagnolo et al., 2020). This approach may yield reliable endophenotypes and biomarkers of
FMD, thus being of pragmatic utility in the evaluation of patterns of individual pathogenesis.

5. RDoC-informed assessment of FMD

In addition to “mapping” the motor, behavioral and brain features of FMD into specific
functional domains and neurocircuitry, the RDoC framework can also be used to implement
a panel of instruments that researchers can use to perform a neuroscience-based,
dimensional assessment of patients with FMD. In Table 2, we provide an example of such
panel, which includes task-based, neurophysiological, self-report and behavioral measures,
organized by domain. This battery integrates measures used in studies on FMD discussed
above, a recently identified core of FMD clinical measures (Pick et al., 2020), and the
domain-related instruments provided in the RDoC matrix (National Institute on Mental
Health, 2020a), together with several assessment tools used in cognitive, affective and
behavioral neuroscience.

Similar initiatives are underway worldwide for other neuropsychiatric disorders, such as the
Addiction Neuroclinical Assessment (ANA) (Kwako et al., 2016) and the Addiction
Neuroimaging Assessment (ANiA) (Voon et al., 2020), as well as the Cognitive
Neuroscience Treatment Research to Improve Cognition in Schizophrenia (CNTRICS)
(Carter and Barch, 2007), with promising results.

The increasing recognition of FMD, which facilitates case diagnosis and ascertainment, and
the growing number of collaborative research projects focused on these disorders, may
promote the adoption of a common set of research tools and instruments assessing FMD
phenotype across multiple domains. Furthermore, the collection of multidimensional
information in patients with different overt symptoms or at different points in the clinical
course of FMD may improve the depth, breadth, and specificity of characterization of the
individual patient, leading, for example, to the identification of meaningful subtypes of the
disorder.

6. Conclusions

In this review, we have provided a conceptual map of FMD symptoms and features into
RDoC domains and constructs, with the goal of showing that research on these disorders
may be conducted using an integrated approach focused on functional domains and their
biological underpinnings. This approach offers the advantage to embrace experimental
findings across multiple levels of analysis and to consider the multiplicity of factors (e.g.,
developmental, environmental, genetics) that shape brain-function-disorder relationships. By
doing so, it may also facilitate the identification of endophenotypes and distinct clinical
phenotypes, which can be used to better tailor treatment options.

However, we acknowledge that the use of a dimensional approach to FMD is not flawless as
it does not completely avoid essentialism and reification and may overemphasize the overlap
between different conditions. Furthermore, although we have highlighted the link between
motor, behavioral and brain manifestations of FMD and multiple RDoC domains and
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constructs, not all individuals with these disorders show alterations in these domains. Indeed,
the RDoC matrix may not include the totality of disturbances related to FMD but may
represent a useful starting framework for further exploration. For example, several constructs
in the Social Processes domain may be relevant to FMD, since they focus on the perception
and interpretation of one’s self and others” actions (National Institute on Mental Health,
2020a). These processes are critically linked to the ability to recognize an action as self-
generated (agency), to acquire and integrate sensory data to understand and guide actions
(perception) and, importantly, they also require simulating (‘mirroring’) observed actions to
understand their goal, including their emotional value (lacoboni and Dapretto, 2006;
lacoboni et al., 2005). Interestingly, alterations in mirror mechanisms have been suggested to
play an important role in the definition of the motor phenotype exhibited by FMD patients
(Pellicciari et al., 2014). Thus, future studies should investigate processes related to the
Social Process domain in FMD patients. Furthermore, such studies should be integrated with
the investigation of constructs related to perception and other cognitive processes, since this
may yield to a better understanding of how functional movements are generated and
maintained.

Certainly, there are many challenges that come with embracing and advancing a dimensional
approach to FMD, however, we believe that this perspective may support the ongoing efforts
to integrate psychiatry, neurology and neuroscience in the investigation of the underlying
mechanisms of FMD, as well as may hold promises for optimizing clinical assessment and
therapeutic management.
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Sensorimotor & TPJ networks: deficits in motor execution and feedforward signaling leading to impaired self-agency
I Salience network: altered homeostatic balance, interoception, multimodal integration and emotional/self-awareness
[ Limbic network: impaired emotion regulation, fear extinction, value-based viscerosomatic processing
[ Dorsal attention network: altered goal-directed attentional mechanisms
N Ventral attention network: altered stimulus-driven attentional mechanisms
N Cognitive control and motor planning networks: motor planning deficits

Fig. 1.
Display of brain circuits (and related functions) that are emerging as relevant in the

pathophysiology of Functional Movement Disorders (FMD). As depicted, FMD is a brain
disorder characterized by abnormalities within and across neural circuits implicated in self-
agency, emaotion processing, attention, interoception, self-referential processing and
perceptual awareness, multimodal integration, and cognitive/motor control, among other
functions. Circuits are described by their related dysfunction in the pathophysiology of
FMD. TPJ indicates temporoparietal junction; FEF, frontal eye fields; dIPFC, dorsolateral
prefrontal cortex; pgACC, perigenual anterior cingulate cortex; sgACC, subgenual anterior
cingulate cortex; OFC, orbitofrontal cortex; SMA, supplementary motor area; AMY,
amygdala; HYP, hypothalamus; PAG, periaqueductal gray. Figure modified from Dranes et
al., 2020 CNS Spectrum (Drane et al., 2020).
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