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A B S T R A C T

Functional movement disorders (FMDs), known over time as “hysteria”, “dissociative”, “conversion”, “somatoform”, “non-organic” and “psychogenic” disorders, are
characterized by having a voluntary quality, being modifiable by attention and distraction but perceived by the patient as involuntary. Although a high prevalence of
depression and anxiety is observed in these patients, a definitive role of psychiatric disorders in FMDs has not been proven, and many patients do not endorse such
manifestations. Stressful events, social influences and minor trauma may precede the onset of FMDs, but their pathogenic mechanisms are unclear. Patients with
FMDs have several abnormalities in their neurobiology including strengthened connectivity between the limbic and motor networks. Additionally, there is altered
top-down regulation of motor activities and increased activation of areas implicated in self-awareness, self-monitoring, and active motor inhibition such as the
cingulate and insular cortex. Decreased activation of the supplementary motor area (SMA) and pre-SMA, implicated in motor control and preparation, is another
finding. The sense of agency defined as the feeling of controlling external events through one's own action also seems to be impaired in individuals with FMDs.
Correlating with this is a loss of intentional binding, a subjective time compression between intentional action and its sensory consequences. Organic and functional
dystonia may be difficult to differentiate since they share diverse neurophysiological features including decreased cortical inhibition, and similar local field potentials
in the globus pallidus and thalamus; although increased cortical plasticity is observed only in patients with organic dystonia. Advances in the pathogenesis and
pathophysiology of FMDs may be helpful to understand the nature of these disorders and plan further treatment strategies.

1. Introduction

Functional neurological disorders represent about 6% of consulta-
tions in neurology outpatient clinics, and functional motor and sensory
symptoms represent 18% of diagnoses in patients with “symptoms un-
explained by organic disease” [Stone et al., 2009b; Carson and Lehn,
2016]. In one study, patients with functional or psychological diagnoses
represented the second commonest category, after headache, of re-
ferrals to neurology outpatient clinics [Stone et al., 2010]. With an
estimated annual incidence of 4–12 cases per 100,000 [Carson and
Lehn, 2016], these disorders represent a major public health and eco-
nomic problem. In one estimate, based on experience in the USA in
2005, the annual direct medical costs attributable to somatoform dis-
orders alone were $256 billion [Barsky et al., 2005]. In another study
the “cost-of-illness” was up to $5353 (in 2006 prices) per patient-year
higher in patients with functional neurologic disorders compared to
those without functional symptoms [Konnopka et al., 2012]. Despite
their frequency and high economic burden, the pathophysiological
mechanism of functional neurological disorders have been largely ne-
glected or deemed as psychological only. New evidence suggests that

functional neurological disorders also have a neurobiological basis. In
this review we focus on functional movement disorders (FMDs), but
also consider functional non-epileptic seizures (FNES) as they have
been ranked among the top three neuropsychiatric problems by an in-
ternational consensus panel [Kanemoto et al., 2017]. Moreover, the
weight of evidence suggests that FMDs and FNES are more likely a
continuum of functional neurological disorders [Erro et al., 2016;
Kanaan et al., 2017].

The terminology used to describe these patients has evolved from
the time when “hysteria” was the term in vogue to modern views
(Table 1) [King, 1993; Fahn, 2005; Trimble and Reynolds, 2016; Goetz,
2016; Kanaan, 2016]. Some investigators have argued that the term
“psychogenic”, used in the first two international conferences on this
topic, should be changed to the term “functional” and, in a compromise,
the 3rd international conference used the term “functional (psycho-
genic)” [Edwards et al., 2014; Jankovic, 2014; Fahn and Olanow,
2014]. The DSM-5 adopted the term “Conversion Disorder or Func-
tional Neurological Symptom Disorder” under the general category of
Somatic Symptom and Related Disorders [American Psychiatric
Association, 2013]. Although patients with this group of disorders have
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“dysfunctional” movements rather than “functional” we yield to the
growing acceptance of the term “functional” and, therefore, in this re-
view we use the term functional movement disorders (FMDs). We also
use the term “organic” to refer to those disorders with a well-estab-
lished neurobiological basis; but as discussed in this manuscript, recent
findings have blurred the distinction between so-called “organic” and
“functional” disorders. We focus on research providing insights into
etiologic and pathophysiologic mechanisms of these enigmatic dis-
orders and address some critical issues, such as why the movements are
perceived by patients as involuntary and separating FMDs from mal-
ingering or factitious disorders.

2. Phenomenology

The phenomenology of FMDs varies widely and it is beyond the
scope of this review to describe the full manifestations of these dis-
orders (Table 2) [Edwards and Bhatia, 2012; Thenganatt and Jankovic,
2015; Hallett, 2016a]. Phenomenologically, FMDs include movement
disorders dominated by tremor (shaking) [Koller et al., 1989], dystonia
(abnormal postures associated with muscle contractions and spasms)
[Fahn and Williams, 1988], myoclonus (jerk-like movements) [Monday
and Jankovic, 1993], gait and balance disorders (including astasia-
abasia) [Baik and Lang, 2007], parkinsonism (slowness of movement
and other parkinsonian features) [Jankovic, 2011; Thenganatt and
Jankovic, 2016], tics (brief and repetitive movements and sounds)
[Baizabal-Carvallo and Jankovic, 2014], hemifacial spasms (asym-
metric facial contractions) [Fasano et al., 2012; Baizabal-Carvallo and
Jankovic, 2017a], ocular movements (including ocular deviation, con-
vergence spasm and dysconjugate gaze) [Fekete et al., 2012; Kaski
et al., 2015; Baizabal-Carvallo and Jankovic, 2016], restless legs and
moving toes [Stone and Erro, 2014], stereotypies [Baizabal-Carvallo
and Jankovic, 2017b], and although FNES are not considered within
the field of movement disorders; they fall within the largest category of
“hyperkinetic” functional neurological disorders.

3. Predisposing, precipitating and perpetuating factors

3.1. Role of underlying adverse life events, psychiatric disorders and stress

The history of childhood psychological, sexual or physical trauma
and stress on a background of a psychiatric disorder has been suggested
to contribute to the pathogenesis of FMDs [Epstein et al., 2016; Roelofs
and Pasman, 2016]. Patients with FMDs have been found to have
higher rates of total childhood trauma (mainly emotional abuse and
physical neglect), greater fear of traumatic events, and greater number
of traumatic episodes than controls after controlling for depression and
gender [Kranick et al., 2011]. History of sexual abuse and lower per-
ception of parental care seem to be higher in patients with FNES
compared to patients with FMDs but both groups are more affected than
controls [Stone et al., 2004]. Patients with FMDs also acknowledged a
higher frequency of severe life events in the preceding year compared
with patients with depression and healthy controls [Nicholson et al.,
2016]. However, in one study the frequency of these disorders did not
differ between patients with FMDs and healthy controls or patients with
focal hand dystonia, [Kranick et al., 2011]. This suggests that biased
recall to previous traumatic events may underlie such differences.
However, a recent meta-analysis showed that stressful life events during
childhood and adulthood were considerably more common in patients
with functional neurological disorders compared to controls [Ludwig
et al., 2018]. Patients with FMDs have been reported to have a high
frequency of lifetime anxiety disorders (61.9%), major depression
(42.9%) and personality disorders (45%) [Feinstein et al., 2001]; al-
though more recent evidence suggests that rather than a discrete di-
agnosis of a psychiatric or personality disorder, patients with FMDs
score higher than control in depression and anxiety in validated clinical
scales [Kranick et al., 2011; Ekanayabe et al., 2017]. These findings
suggest that in a proportion of cases, a psychiatric disorder results from
the functional neurological rather than playing an etiological role.

In addition to possible psychological stressors, there are many bio-
logical factors that play a role in the pathogenesis of functional neu-
rological disorders. For example, increased levels of salivary cortisol
and amylase reflecting hyperactivity of hypothalamo-pituitary-adrenal
axis and autonomous sympathetic system, respectively, were observed
in patients with functional neurological disorders compared to healthy

Table 1
Panel: History of terminology and perspectives of functional (psychogenic) disorders, through ages.

Term Major influence Clinical implications and psychopathology

Hysteria Hippocrates of Kos (460–370 BCE) The word “hysteria” is attributed to Hippocrates in the Corpus Hippocraticum (4th/3rd centuries BC), although
whether the term was coined by Hippocrates himself is doubtful. The word hysteria was used to explain several
gynecologic and other medical symptoms suspected to be linked to the womb (uterus). The concept of a “wandering
womb” causing several symptoms influenced medicine for the next 500 years.

Edward Jorden (1569–1633) Jorden recognizes hysteria as a mental illness after centuries of view as a sign of witchcraft, following publication of
the book Malleus Maleficarium in the late 1400s

Thomas Willis (1621–1675) T. Willis is one of the first authors proposing a central role of the brain in hysteria, following the influence of
“vapours rising into the head from the uterus and the spleen”

Hysteria Paul (or Pierre) Briquet
(1796–1881)

Briquet in his book Traité clinique et thérapeutique de l'Hystérie (1859), he rejected uterine theories and influenced
Charcot's work on hysteria.

Jean-Martin Charcot (1825–1893) J-M Charcot through clinical anatomical correlations separated organic disorders from the “neuroses” which
included hysteria. His viewpoint “dynamic nervous system lesion”. He emphasized the role of minor trauma
triggering the hysteric symptoms. Charcot used hypnosis as an experimental method to study hysterics, separated
malingering from hysteria and made detailed description of male hysteria.

Dissociative disorders Pierre Janet (1859–1947) Janet introduced the concept that “fixed ideas” acting in the unconscious mind, with dissociation of the conscious
and unconscious mind by emotional states or hypnosis.

Conversion disorders Sigmund Freud (1856–1939) Freud introduced the concepts of repression of traumatic events and transformation (or conversion) of a
psychological unconscious conflict into a symbolic physical manifestation.

Psychogenic Disorders Several authors Terminology used among neurologists and movement disorders specialists. It implies that the disorder derives from
the mind, a concept recently challenged. Fahn and Williams introduced diagnostic criteria for FMDs in 1988.

Functional disorders Several authors An old terminology, recently reintroduced, which is gaining acceptance in the fields of neurology and psychiatry.
Avoids the dualism between mind and brain, and patients may find more acceptable than “psychogenic”, but it
lacks specificity.

Other terms are. “non-organic”, “neurologically unexplained symptoms”, “psychosomatic”, “somatoform”. DSM: Diagnostic and Statistical Manual of Mental
Disorders.
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controls [Apazoglou et al., 2017]; and increased levels of plasma cor-
tisol were detected in patients with FNES [Bakvis et al., 2010; Bakvis
et al., 2009]; however, a normal pattern of diurnal salivary cortisol in
patients with FMDs was reported in another study [Maurer et al.,
2015]. Importantly, patients with functional neurological disorders had
a higher subjective but dissociated biological response to stress; sug-
gesting a hyperarousal state to external stimuli (see discussion below)
[Apazoglou et al., 2017].

3.2. Role of physical trauma

Physical trauma is frequently reported preceding the onset of FMDs;
the most illustrative example occurs in patients with fixed dystonia, a
form of dystonia that often has a presumed functional basis [Jankovic
and van der Linden, 1988; Jankovic, 2001; van Rooijen et al., 2011;
Hawley and Weiner, 2011; Pirio et al., 2017]. In this type of dystonia,
peripheral injury preceded the onset in 63% of cases in large series of
patients with symptom duration between 0.3 and 19 years [Schrag
et al., 2004]. Damage, typically mild, involves mainly soft tissue and is
followed by limb overuse, fractures, or operations [Schrag et al., 2004].
In a meta-analysis aimed to assess the frequency of physical injury prior
to the onset of motor and sensory conversion symptoms, 869 patients
were studied in which 324 (37%) had a physical injury prior to the
onset of the functional neurological disorder [Stone et al., 2009a]. A
physical injury was more commonly recorded preceding weakness than
movement disorders [Stone et al., 2009a]. Motor vehicle accident was
the most common cause of injury, followed by falls and other minor
injuries [Jankovic, 2001; Stone et al., 2009a]. In another study of 50
patients with FMDs, 40 (80%) reported a physical event within three
months prior to the onset of symptoms, with about 50% of cases oc-
curring within the first week [Pareés et al., 2014b]. Physical injury was
the most common preceding event, but infections, drug reactions, and
pain exacerbation were also identified; no association between the type
of physical injury and the type of FMD was observed [Pareés et al.,
2014b]. Unfortunately, these studies are subject to recall bias, and
prospective controlled studies are difficult to carry out. Moreover, as

physical trauma is also a psychologically stressful life event, making
difficult to separate the role of physical and psychological consequences
of trauma. Despite these limitations, evidence suggests that physical
trauma often precedes or triggers FMDs. In summary, in a possible
“double-hit” or “multiple hit” pathogenic mechanism, patients may be
primed by several traumatic events during their lives, starting during
childhood with subsequent traumatic episodes (likely during adult-
hood) triggering the abnormal movements.

3.3. Role of social environment and influences

A role of social influence is exemplified by so-called “mass psy-
chogenic illness” or “mass hysteria”, a rare but fascinating phenom-
enon, implicated historically in the tragic Salem witch trials episode,
where a group of individuals from a cohesive group develop similar
psychogenic/functional phenomenon, such as tics [Mink, 2013]. A
possible explanation is “modeling”, defined as “the adoption of certain
behaviors or motor patterns following the observation of close in-
dividuals displaying such manifestations” [Baizabal-Carvallo and
Fekete, 2015]. This is supported by the development of the movements
following observation of affected individuals and a perceived exposure
to an illness-causing agent, which could be real or fake [Jones et al.,
2000; Broderick et al., 2011]. A specific personality vulnerable to de-
velopment of or participation in “mass hysteria” has not yet been
identified [Balaratnasingam and Janca, 2006]. In a case-control study
of 33 patients with FMDs a significant association between the func-
tional movement and exposure to phenotypically congruent movement
disorders was observed (odds ratio: 3.9, P= .01) [Pellicciari et al.,
2014]. FMDs have also been described in members of the same family
[Fekete and Jankovic, 2010; Stamelou et al., 2013]; however, it is
unclear whether this represents a hereditary vulnerability, a restrictive
form of “mass psychogenic illness” or both. It is possible that the mirror
neuron system (MNS) may be involved in the development of “mod-
eling”. The MNS is composed of neuronal network located mainly in the
frontal and parietal lobes and it has been implicated in cognitive-
emotional processes such as action-observation, imitation and empathy

Table 2
Common clinical features in functional movement disorders.

Type of FMD Clinical examination Comments

Tremor Variable frequency and amplitude. (Kenney et al., 2007) Normalization by distraction supports the integrity of the motor
systemPositive “entrainment test” where tremor is entrained to the frequency of voluntary

tapping or stops with ballistic movements (Hallett, 2010)
Distractibility: movements or weakness stop when attention is draw away from the
deficit
Suggestibility: movements increase or appear when suggested (may be facilitated by
the application of a tuning fork)
Selective disability: ability to perform some functions despite what it is predicted by
the manifestations
Fluctuation over time; i.e. changes in the patterns of functional gait (Merello et al.,
2012)
Whack a mole sign: abnormal movements appear in another body part when they are
externally held in the initially affected body part.

Myoclonus tics or jerks Variability in duration, distribution and latency of myoclonus. May be stimulus-
sensitive. There is usually prominent distractibility with disappearance of movements.
There may be entrainment to voluntary movements

Jerks are a relative common presentation and (as other FMDs)
may coexist with other phenomenology

For tics (motor or vocal), there is usually lack of premonitory sensation and inability
to transitory suppress the tics (Baizabal-Carvallo & Jankovic 2014)

Dystonia Dystonia may be mobile or fixed, features such as distractibility, suggestibility may be
less evident than with patients with functional tremor or jerks

Original diagnostic criteria by Fahn and Williams aimed to
provide levels of diagnostic precision for functional dystonia

Less or lack co-contraction of antagonist muscles compared to organic dystonia (but
with marked overlap between organic and functional dystonia)

FNES Clinical signs: eye closure during attacks, side to side head or body movements, pelvic
thrusting, ictal crying, asynchronous movements, long duration events, fluctuating
course, postictal stertorous breathing, absence of postictal confusion, recall of ictal
events (Aybersek and Sisodiya, 2010)

No single clinical feature is accurate enough for reliable
diagnosis

Parkinsonism Clinical signs: No amplitude or speed decrement on repetitive simple motor tasks,
variable muscle resistance to passive manipulation, walking is slow without freezing,
pull-test may be normal or exaggerated (Jankovic, 2011)

Functional levodopa-related dyskinesia may be present. May
coexist with Parkinson's disease
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[Baird et al., 2011; Binder et al., 2017]. Secondary gain is another so-
cial factor that may contribute to FMDs and may blur the distinction
between functional and factitious disorders [Jankovic, 2014]. FMDs are
increasingly recognized in subjects affected by organic neurological
disorders, such as Parkinson's disease [Ranawaya et al., 1990; Onofrj
et al., 2010; Jankovic, 2011; Ganos et al., 2014; Djamshidian and Lees,
2014; Wissel et al., 2018]. It is not clear, however, whether the organic
disorder predisposes for developing FMD or this phenomenon re-
presents a form of “self-modeling”. Thus, a current biopsychosocial
model invokes the presence of one or more predisposing factor, coupled
with an underlying vulnerability, influencing the onset of FMDs.

3.4. Role of genetics and epigenetics

There is a possible role of hereditary factors in predisposition to
functional neurological disorders; however, few studies assessing the
role of genetics have been carried out in these patients [Frodl, 2016]. A
common G-allele of rs1800629 (tumor necrosis factor-α) was more
common in a control group than in patients with somatoform disorders,
suggesting a protective effect [Harms et al., 2013]; whereas distinct
polymorphism of the enzyme tryptophan hydroxylase or catechol O-
methyltransferase (COMT) Val158Met polymorphism have not been
detected in patients with conversion and somatoform disorders
[Armagan et al., 2013; Jakobi et al., 2010].

Although no specific gene has been associated with FMDs, gene-
environment interactions playing a role in brain development with
stable or long-lasting changes in genetic expression through epigenetic
mechanisms may influence the onset of FMDs [Booij et al., 2015]. For
example, a history of childhood abuse is associated with DNA methy-
lation in the hippocampal glucocorticoid receptor and smaller hippo-
campal volumes [McGowan et al., 2009], moreover, high levels of
childhood stress have been associated with methylation of the serotonin
transporter gene SLC6A4 in monocytes and lower in vivo levels of brain
serotonin in the orbitofrontal cortex and abnormal activation of the
insula [Wang et al., 2012; Booij et al., 2015; Frodl et al., 2015]. It is also
possible that epigenetic influences may start in utero. Pregnant women
may transmit stress to the fetus through hormones crossing the placenta
[Meaney et al., 2007]; leading to increased vulnerability to life stressors
in the offspring [Bateson et al., 2004]. On the other hand a retro-
spectively perceived good maternal care during childhood was asso-
ciated to larger grey matter volumes in the superior and middle frontal
gyri, orbital gyrus, superior temporal gyrus and fusiform gyrus in a
group of women [Kim et al., 2010]. There is little evidence of epigenetic
changes in patients with FMDs, but a recent study showed increased
methylation of the oxytocin receptor gene in a small series of these
patients [Apazoglou et al., 2018]. Finally, although highly con-
troversial, an association between stress-related disorders and increased
risk of autoimmune diseases has been supported by a study of a large
Swedish cohort followed for a mean of 10 years; but studies specifically
focusing in FMDs are lacking [Song et al., 2018].

4. Neurophysiologic changes

4.1. Abnormal patterns of cerebral activation and connectivity

Since the development of functional magnetic resonance imaging
(fMRI) in the 1990s, abnormal cerebral activation patterns have been
recorded in patients with functional neurological disorders, including
hypokinetic (i.e. weakness) and hyperkinetic movements [Marshall
et al., 1997; Halligan et al., 2000; Spence et al., 2000; Burgmer et al.,
2006; Stone et al., 2007]. Abnormal activation patterns in areas im-
plicated in motor preparation and suppression of motor plans such as
the supplementary motor area (SMA) and the pre-SMA has been ob-
served in patients with FMDs [Nachev et al., 2008; Boy et al., 2010].
For example, decreased activity of the left SMA, assessed by regional
cerebral blood flow (rCBF) with PET (Fig. 1A), was demonstrated in

subjects with various FMDs performing a sustained grip contraction
when exposed to pleasant and unpleasant stimuli [Blakemore et al.,
2016], and in patients with functional fixed dystonia compared to
healthy controls when averaged in the three studied tasks: leg rest,
posture and movement [Schrag et al., 2013]. However, in another
study, when patients with functional motor disorders were exposed to
sad or fear stimuli, but not to a motor task, increased activation of the
SMA was observed compared to normal controls [Vuilleumier et al.,
2001; Aybek et al., 2015]. In addition to the left SMA; patients with
functional dystonia tended to have decreased rCBF in the left primary
motor cortex [Schrag et al., 2013].

Besides abnormal activity of the SMA, decreased activity of the right
temporo-parietal junction (rTPJ) or the right middle temporal gyrus has
been detected using fMRI in patients with functional tremor and dys-
tonia (Fig. 1A and C) [Voon et al., 2010b; Maurer et al., 2016a; Espay
et al., 2018a]. The rTPJ seems to monitor feedforward signaling of
movements from the dlPFC, and acts as a mismatch detector by pro-
cessing discrepancies between internal motor intentions and actual
motor consequences, playing an important role in self-agency (see
discussion below) [Decety and Lamm, 2007; Farrer et al., 2008]. The
cingulate cortex is another region implicated in self-awareness, self-
monitoring and active motor inhibition [Roelofs et al., 2006; de Lange
et al., 2007; van Beilen et al., 2010; Aybek et al., 2015]. Increased
activity of the cingulate cortex has been observed in patients with
functional tremor, and functional dystonia at rest or when individual
are exposed to emotional stimuli (Fig. 1B) [Hedera, 2012; Blakemore
et al., 2016]. Abnormal activation patterns are also observed in areas
implicated in motivational and emotional processing. The vmPFC and
precuneus cortex have been found to be hyperactive in patients with
conversion disorders; both areas are implicated in internal self-re-
presentations and integration of memories and imagery with affective
(emotional) components (vmPFC) or sensory components (precuneus
cortex) [Cojan et al., 2009; Vuilleumier, 2014]. Increased activation of
the paracingulate gyrus and left Heschl's gyrus was recorded in patients
with functional tremor compared with healthy controls [Espay et al.,
2017]. Moreover, abnormal activation of cortical regions implicated in
active inhibition of motor actions for manual and speech such as the
right inferior frontal cortex (IFC) have been recognized in patients with
FMDs [Kanaan et al., 2007; Xue et al., 2008; Espay et al., 2018a];
whereas increased rCBF was recorded in the left inferior frontal gyrus
and the left insula in patients with functional tremor at rest [Czarnecki
et al., 2011].

Patients with FMDs also seem to have higher rCBF in the bilateral
cerebellum, bilateral thalamus, left globus pallidus internus (GPi) and
right caudate nucleus, compared to normal controls using a motor
paradigm with the leg at rest, holding a posture and in motion [Schrag
et al., 2013]. Such differences in the pattern of rCBF favoring sub-
cortical rather than cortical motor activation were even more pro-
nounced when patients with functional dystonia were compared with
those with organic dystonia [Schrag et al., 2013]. Further evidence of
increase activation of subcortical structures, comes from two recent
studies showing enhanced activation of the right cerebellum in patients
with functional tremor compared to patients with ET and of the bi-
lateral cerebellum in patients with functional dystonia during a motor
task using fMRI [Espay et al., 2017; Espay et al., 2018a]. Abnormal
patterns of activity of the amygdala have also been observed in patients
with FMDs, showing equally increased activity to positive and negative
stimuli [Voon et al., 2010a]; contrasting with the greater activity ob-
served with negative compared with positive stimuli in healthy in-
dividuals [Morris et al., 1996; Costafreda et al., 2008]. Moreover, time
course analysis showed a pattern of impaired amygdala habituation in
patients with FMDs, leading to prolonged activation with different sti-
muli (Fig. 2) [Voon et al., 2010a; Aybek et al., 2015; Hassa et al., 2017].
Other animal and human studies have shown that stress may lead to a
hyperactivity of amygdala and abnormal stimulus habituation
[Blakemore et al., 2016; Zhang et al., 2018]. Increased activation of the
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periaqueductal grey matter, which is involved in the freeze-response to
fear is also observed in patients with FMDs (Fig. 1B), but the role of this
intriguing finding in the pathogenesis of functional neurological dis-
orders has not been clarified [Aybek et al., 2015].

Abnormal connectivity between cognitive, limbic and motor neural
networks seems to occur in patients with FMDs. Increased functional
connectivity between the right amygdala and the right SMA has been
reported in patients with FMDs exposed to positive and negative stimuli
[Voon et al., 2010a; Aybek et al., 2014b]. It has been theorized that
such connection 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 (Fig. 1D) [Roy et al.,
2009; Bzdok et al., 2013]. Amygdala projections to the periaqueductal
grey matter and other midbrain neurons may also have an upstream
effect on the SMA (Fig. 1D) [Lang and Davis, 2006]. It has been

speculated that abnormal amygdala-SMA connectivity, coupled with
abnormal top-down control by dlPFC, may facilitate the expression of
previously learned, patterned movements [Voon et al., 2011]. This is
supported by observations suggesting altered functional connectivity
between the dlPFC and the SMA in patients with functional motor
disorders [Voon et al., 2011].

Decreased functional connectivity between the rTPJ and the right
sensorimotor cortex, bilateral cerebellum, bilateral SMA and right in-
sula in patients with a variety of FMDs compared to healthy controls
using resting state fMRI has been identified (Fig. 1C) [Maurer et al.,
2016a]. However, increased functional connectivity between the rTPJ
and the left insula was observed in individuals who had history of
childhood abuse, but not in those with anxiety or depression [Maurer
et al., 2016a]. Notably, the anterior insular cortex (AIC) has been as-
sociated with awareness of sensations and movement [Craig, 2009]. An

Fig. 1. A) lateral and B) medial cerebral surface showing areas of abnormal activation in patients with FMDs (red: increased; blue: decreased; green: increased in
dystonia, decreased in paralysis). C) lateral and D) medial cerebral surface showing abnormal connectivity (dashed lines: decreased; straight line: increased). [Figure
designed by the authors]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
ACC: anterior cingulate cortex; dlPFC: dorsolateral prefrontal cortex; IFC: inferior frontal cortex; OFC: orbitofrontal cortex; PaGM: periaqueductal grey matter; PCC:
posterior cingulate cortex; r-TPJ right temporo-parietal junction; SMA: supplementary motor cortex; SM: primary sensory-motor cortex; vmPFC: ventro medial
prefrontal cortex.
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inverse association has been observed between the left anterior insular
volume and functional neurological disorder in women and childhood
abuse burden [Perez et al., 2017a]. This evidence further supports the
notion of a link between psychological trauma and functional motor
disorders.

In summary, despite some inconsistencies, fMRI and PET studies in
FMDs have provided evidence of decreased activity of cortical areas
implicated in motor preparation, motor selection and feedforward
monitoring of movements but increased activity of areas implicated in
self-awareness, interoception and emotional processing has been ob-
served with functional neuroimaging in patients with FMDs, coupled
with abnormally increased connectivity between limbic and motor re-
gions. An activity shift form cortical to subcortical structures has also
been observed, but the pathogenic significance of this finding is unclear
and whether activation of certain structures such as the cerebellum
represents a compensatory mechanism is uncertain; however, abnormal
activity of limbic/paralimbic structures may be implicated in the pa-
thogenesis of the disorder and deserves further study.

The interpretation of the reported differences in brain activation
among studies, however, is difficult to assess because the findings are
confounded by inclusion of patients with diverse FMDs, use of different
techniques, paradigms, and statistical analyses methods; the latter have
been recently challenged [Eklund et al., 2016]. It is also unclear which
is the best functional neuroimaging to study FMDs, although PET and
fMRI have relatively good spatial resolution; PET has a low temporal
resolution (about 30 s) limiting its ability to assess long cognitive pro-
cesses; whereas fMRI is limited by movement artifacts.

4.2. Increased arousal

Arousal can be defined as a physiological and psychological state of
being awake, or in a more restrictive sense, when perception occurs
during stimulation of sense organs. Increased arousal in patients with
FMDs compared to patients with anxiety and healthy volunteers was
documented in a group of subjects with conversion disorders who failed
to habituate their skin conductance to repetitive auditory stimuli [Lader
and Sartorius, 1968]. Increased startle response to positive and negative
stimuli in patients with FMDs compared to normal controls, has also
been reported, linking arousal to reflexive motor response [Seignourel
et al., 2007; Dreissen et al., 2017]. Increased mean heart rate coupled
with decreased rest vagal tone and heart rate variability has been re-
ported in patients with FMDs compared to controls [Maurer et al.,
2016b]. Impaired vagal tone correlates with altered ability to adapt to
environmental demands. A significant potentiation of the eyeblink re-
sponse by negative pictures and slight inhibition by positive pictures
compared to neutral pictures was a pattern observed in normal subjects,
whereas patients with FMDs showed significantly greater startle eye-
blink response to both positive and negative pictures compared to
neutral ones [Terada et al., 1995]. The startle response and various
autonomic functions are modulated by the amygdala; its dysfunction
may be present in patients with FMDs as discussed previously [Ressler,
2010]. Overactivity of brain networks implicated in threat detection,
energy regulation and action preparation have been detected in chil-
dren and adolescence with functional neurological disorders
[Kozlowska et al., 2018].

Fig. 2. A) Increased right amygdala activation in patients with motor conversion disorders. B): The area under the curve for the right amygdala time course between
patients with conversion disorder and healthy volunteers for the fearful (top; t= 1.81, P= .08) and happy (bottom; t= 2.96, P= .006) conditions; C) Contrast
estimates shows increased amygdala activity particularly for happy vs. rest stimulus in patients with conversion disorders [Modified from Voon et al., 2010a.
Reproduced with permission of Oxford University Press].
CD: conversion disorders; HV: healthy volunteers. Fearful vs. rest (F–R) and happy vs. rest (H–R) contrasts.
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4.3. Readiness potential and voluntariness

The readiness potential (RP), also known as Bereitschaftspotential, is
the cortical activation preceding self-initiated movement or volitional
muscle relaxation [Shibasaki and Hallett, 2006]. The initial slow seg-
ment of the BP starts about 2 s before the movement onset in the pre-
SMA and SMA, followed very shortly by activation of the lateral pre-
motor cortex bilaterally, and eventually the contralateral primary
motor cortex (M1); with increasing somatotopic specificity in the late
RP [Shibasaki and Hallett, 2006]. In the early 1980s, Libet and col-
leagues showed that the RP begins hundreds of milliseconds earlier
than the awareness of intention to move [Libet et al., 1983], suggesting
that conscious will does not cause the volitional movement, challenging
the traditional view of free will [Hallett, 2016b]. However, the meaning
of the Bereitschaftspotential is not clear since it is not specific for
movement preparation [Trevena and Miller, 2010] and robust RPs may
occur in the absence of movement or a feeling of will [Schlegel et al.,
2015; Alexander et al., 2016]. It is better to just consider it as an ac-
tivation pattern of the SMA and premotor cortex.

RP often, but not always, precedes psychogenic jerks, but it is al-
ways absent in subjects with organic myoclonus [Terada et al., 1995;
Colebatch, 2007; van der Salm et al., 2012]. Although RP has been
considered a neurophysiological marker for “voluntariness”, this is not
correct as patients with FMDs perceive their unwanted movements as
“involuntary” even when RP is recorded prior to the movement. In-
terestingly, absence of RP was reported in a high proportion of patients
suffering FMDs when asked to perform voluntary wrist extension,
contrasting with the presence of RP in patients with Tourette syndrome
and organic myoclonus when executing the same task [van der Salm
et al., 2012]. The interpretation of this finding is unclear, but the level
of intention, motivation, attention, preparatory state, movement se-
lection, and movement complexity can influence the amplitude and
course of RP [Terada et al., 1995].

4.4. Abnormal sense of agency and movement intentions

There is a substantial body of clinical and neurophysiological evi-
dence indicating that functional disorders of movement are recruited by

neural pathways implicated in volitional motor control (Tables 2 and 3)
[Reuber et al., 2002; Aybersek and Sisodiya, 2010; Hallett, 2010; van
der Salm et al., 2010; Schwingenschuh et al., 2011; Merello et al., 2012;
Erro et al., 2013; Baizabal-Carvallo and Fekete, 2015; Schwingenschuh
et al., 2016]. However, one intriguing and central question is why a
movement which is seemingly under volitional control is perceived by
patients with FMDs as involuntary. Voluntary movements are asso-
ciated with a conscious experience, including two basic components: 1)
the sense of one's intention to move or willing, and 2) the sense of
agency, which refers to the feeling of controlling an external event
through one's own action [Haggard, 2008; Chambon et al., 2014].
These are separate phenomena, although agency requires willing or
intention; the latter can occur without agency, for example in in-
dividuals with paresis who can will, but nothing will happen.

The “intentional binding effect” defined as the subjective com-
pression of the temporal interval between an intentional action and its
sensory consequences, is an implicit measure of the sense of agency
[Haggard et al., 2002; Moore and Obhi, 2012]. The more this time is
compressed, the more the sense of agency is reinforced. The binding
effect is partially based on a retrospective inference between intentions
and sensory consequences [Moore and Obhi, 2012]. Intentional binding
is likely related to an appropriate function of several motor and sensory
structures. Inhibition with theta burst stimulation of the pre-SMA by
transcranial magnetic stimulation (TMS) leads to a significant reduction
of intentional binding [Moore et al., 2010]. The SMA has also been
implicated in the sense of agency, through self-initiated actions, and
non-conscious motor inhibition [Nachev et al., 2008] as well as in the
physiology of free will [Hallett, 2016b].

An abnormal experience in the intention to move has been observed
when a normal voluntary movement is executed by patients with
functional tremor compared with healthy controls [Kenney et al., 2007;
Edwards et al., 2011]. Patients with functional motor disorders had
lower binding scores, compared with normal age and sex-matched
controls (i.e. patients perceived the action-effect interval significantly
larger), consistent with reduced sense of agency [Kranick et al., 2013].
In this experiment, exposure to happy and neutral faces influenced the
total binding in healthy volunteers, but not in patients with FMDs. This
contrasts with what has been observed in patients with schizophrenia

Table 3
Neurophysiology and clinical neuroimaging of different functional movement disorders.

Type of FMD Neurophysiology, neuroimaging Comments

Tremor Coherence analysis (accelerometer or EMG): tremor has the same frequency
and is in phase in different limbs, contrasting with what is usually observed
in organic tremors (except in orthostatic tremor)

Single features have low sensitivity and specificity to diagnose
functional tremor, but combination of features may yield high accuracy
(Schwingenschuh et al., 2016)

EMG: Co-activation sign: simultaneous tonic contraction of antagonist
muscles at the beginning of tremor; the resulting stiffness increases the
resonant frequency of a joint

Myoclonus EMG burst length is longer (> 30–50ms) than epileptic myoclonus, but
there is marked overlap with other forms of myoclonus. A normal readiness
potential is observed in functional myoclonus (Hallett, 2010)

None of these tests has enough sensitivity or specificity

Reflex myoclonus C-reflex: Latencies are never faster than the fastest voluntary reaction time
(100ms) (Hallett, 2010)

Propriospinal
myoclonus

Jerk-locked EEG. Present of readiness potential.
Polymyography: incongruous pattern (Erro et al., 2013, van der Salm et al.,
2010)

Dystonia R2 of blink reflex: disinhibited in “organic” blepharospasm, but it is normal
in FMDs patients and normal controls (Schwingenschuh et al., 2011)

A normal blink reflex (R2) recovery cycle indicates normal brainstem
interneuron excitability

Transcranial Magnetic Stimulation:
Trend for reduction of short and long intracortical inhibition
Reduced cortical silent period
Reduced reciprocal inhibition of the H reflex
“Normal plasticity” with the paired-associative stimulation technique

FNES EEG does not show epileptic activity during spells (when assessed by video-
EEG)

A high rate of interictal abnormalities is observed in EEGs of FNES
patients (Reuber et al., 2002)

Parkinsonism DAT SPECT or 18F-Dopa PET: normal dopaminergic innervation Dopaminergic denervation observed when coexists with Parkinson's
disease

FNES: Functional non-epileptic seizures; RP: readiness potential.
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who seem to show increased binding, despite the fact that they also
report an abnormal sense of agency [Voss et al., 2010]. Although these
studies only verified the binding effect in normal voluntary movements
and not in abnormal movements, they suggest the presence of an un-
derlying pathological trait affecting volition.

Current evidence suggests that prediction of self-motor action also
contributes to the intentional binding effect [Moore and Haggard, 2008;
Chambon et al., 2013]. The angular gyrus (AG) in the TPJ monitors
signals related to the feedforward signaling of action selection from the
dorsolateral prefrontal cortex (dlPFC), prospectively informing oneself
the subjective judgments of motor control over the action outcomes in
normal individuals [Farrer et al., 2008; Chambon et al., 2013;
Khalighinejad and Haggard, 2015]. Disruption of perceived motor
control at the point of action selection has been shown using TMS over
the left inferior parietal cortex in normal individuals [Chambon et al.,
2015]. Furthermore, as stated above, decreased activity of the rTPJ,
and its interactions with the sensorimotor cortex, as well as lower
connectivity with areas involved in motor preparation and execution,
seem to be implicated in discrepancies perceived between motor in-
tentions and motor consequences, influencing self-agency [Voon et al.,
2010a, 2010b; Decety and Lamm, 2007; Farrer et al., 2008; Maurer
et al., 2016a]. Using fMRI, altered responsiveness in areas believed to
be critically involved in the sense of agency (i.e. dlPFC, pre-SMA) has
been noted in patients with FMDs but not in healthy controls [Voon
et al., 2010a, 2010b; Nahab et al., 2011; Nahab et al., 2017]. Increased
activity of the limbic system and abnormalities in agency, implicated in
feedforward signaling of motor control, are emerging paradigms in the
pathogenesis of FMDs. There is less evidence for abnormal feedback,
but current data suggest that an abnormality in sensory processing is

present in at least some patients with FMDs, as discussed in the fol-
lowing section (Fig. 3) [Patel et al., 2014].

4.5. Abnormal somatosensory processing

Sensory attenuation (SA) is a normal phenomenon, consistent with
awareness of identical stimuli, perceived differently whether they are
self-generated or externally generated [Blakemore et al., 1998]. An il-
lustrative example is the different perception tickling oneself compared
with tickle by others [Blakemore et al., 2000]. SA is translated into a
reduction in the amplitude of sensory evoked potentials when the sti-
mulus is self-generated, for example in self-paced movements. Experi-
mental studies have shown that patients with FMDs consistently show a
lack of SA compared to normal controls [Pareés et al., 2014a; Macerollo
et al., 2015]. This lack of SA (lack of decreased amplitude of somato-
sensory potential) may be interpreted by the subject with FMDs as a
stimulus (movement) externally generated rather than internally gen-
erated, leading to a reduction in the sense of agency [Macerollo et al.,
2015]. Normal SA has been associated with less activation of the so-
matosensory area, ACC and cerebellum, areas that have been found
hyperactive in patients with FMDs [Blakemore et al., 1999; Blakemore
et al., 2000].

Several other alterations in sensory processing have been reported
in patients with FMDs, including altered position of the ankle in pa-
tients with fixed dystonia [Stone et al., 2012], abnormal mental rota-
tion of body parts [Katschnig et al., 2010], disorientation of limb po-
sition, increased perception of limb size, and hostility toward an
affected limb. The latter has been reported in subjects with complex
regional pain syndrome, a disorder with possible functional basis, often

Fig. 3. A model of neural processes underlying the experience of voluntary action and abnormalities recorded in patients with FMDs (red color). [Modified from
Haggard, 2008]. (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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coexisting with functional dystonia [Schrag et al., 2004; van Rooijen
et al., 2011; Stone et al., 2012; Popkirov et al., 2018]. Temporal dis-
crimination threshold (TDT) is the interval of time required for subjects
to recognize two stimuli as separate. TDT was found to be longer in
patients with functional and organic dystonia compared with normal
controls [Molloy et al., 2003; Morgante et al., 2011]. Interestingly, the
abnormally long TDT did not differ between the affected and unaffected
limbs in patients with both types of dystonia [Morgante et al., 2011].
Examiner maneuvers frequently influence FMDs, whether this re-
presents abnormal somatosensory processing, suggestibility or both is
unclear [Baizabal-Carvallo and Jankovic, 2017c].

Abnormalities in sensory processing in unaffected limbs suggest
they are a trait predisposing individuals to develop FMDs rather than
the result from persistent abnormal movements. Moreover, abnormal-
ities in somatosensory processing may influence the sense of intention
and agency as both components are based in somatic experience.

4.6. Abnormal cognitive processing

Abnormalities in higher order cognitive processing are also ob-
served in patients with FMDs. Distractibility is one of the most char-
acteristic features of FMDs and patients with functional tremor showed
increased visual attention toward the trembling limb when performing
a motor task compared to patients with organic tremors [van Poppelen
et al., 2011]. Abnormal beliefs and emotions may also influence the
sense of agency and intentional binding [Edwards et al., 2012; Yoshie
and Haggard, 2013]. Patients with FMDs may experience a distorted
perception of their “involuntary” (functional) movements. In a study
assessing the time the patients perceived tremor during the waking day;
wristwatch-like accelerometer recordings coupled with self-reporting
diaries were analyzed in patients with functional and organic tremor
[Pareés et al., 2012b]. Although both groups overestimated the amount
of daytime with tremor; functional patients reported 65% more tremor
than the one registered by actigraphy, compared to 28% excess for
patients with organic tremor [Pareés et al., 2012b]. Abnormalities in
probabilistic reasoning and motor response inhibition have been ob-
served in patients with FMDs suggesting a disturbed capability to pro-
cess novel sensory and cognitive data [Pareés et al., 2012a; Voon et al.,
2013]. Furthermore, patients with FMDs reported excessive cognitive
complaints compared to normal controls in one study, despite the lack
of impairment in neuropsychological evaluations [Heintz et al., 2013].

4.7. Changes in neural physiology

Functional dystonia is one of the most intensely studied FMDs, as it
is one of the most common FMDs encountered in movement disorders
centers. In one landmark study reduced cortical inhibition was ob-
served using TMS in organic and psychogenic dystonia compared to
healthy controls (supplementary table) [Espay et al., 2006; Avanzino
et al., 2008]. However, only patients with organic dystonia seem to
have increased sensorimotor plasticity, even in patients with complex
regional pain syndrome type I and fixed dystonia, plasticity has been
reported as normal [Quartarone et al., 2009; Morgante et al., 2017]. It
is not clear whether the observed abnormalities represent an underlying
neurophysiological trait to develop FMDs or are the result of persistent
abnormal movements. However, abnormalities in cortical excitability
were observed bilaterally in patients with unilateral dystonia sug-
gesting that they may represent a trait rather than a secondary effect
from the muscle contractions [Avanzino et al., 2008]. Interestingly, no
differences were found in local field potentials of the GPi and thalamus
in three patients with functional dystonia (thought to have organic
dystonia) compared to patients with genetic dystonia with in-
traoperative microelectrode recording during deep brain stimulation
surgery [Kobayashi et al., 2011; Ramos et al., 2015]. These findings
suggest that functional and organic dystonia share some pathophysio-
logical features and, except for a disinhibited blink-reflex in organic

dystonia [Schwingenschuh et al., 2011], there is no neurophysiological
marker that reliably differentiates between the two disorders.

4.8. Abnormalities in cerebral volume

Structural imaging investigations showed increased grey matter
volume in subcortical motor (basal ganglia), cerebellum, thalamus and
limbic/paralimbic cortical structures; mostly on the left side and de-
creased volume in the left precentral and postcentral gyri [Atmaca
et al., 2006; Perez et al., 2017a; Perez et al., 2017b; Maurer et al.,
2018]. The subcortical altered morphology mirrors some findings in
functional neuroimaging showing increased activity in the basal ganglia
and cerebellum in patients with FMDs (Schrag et al., 2013). On the
other hand, increased cortical volume in the SMA, superior temporal
gyrus and dorsomedial prefrontal cortex was observed in children and
adolescents with functional neurological disorders compared with
healthy controls [Aybek et al., 2014a; Kozlowska et al., 2017]. Such
cortical regions have also been implicated in abnormal motor planning
and execution in patients with FMDs. These volumetric alterations did
not correlate with duration of anxiety and depressive symptoms, or use
of CNS-acting medications in the largest study to date (Maurer et al.,
2018). However, impaired self-reported mental health and increased
anxiety correlated with increased right amygdala volume in another
cohort [Perez et al., 2017b]; and inverse correlation between post-
traumatic stress disorder severity and childhood abuse burden with
anterior cingulate cortex and anterior left insula volume respectively
were observed in another cohort [Perez et al., 2017a]. Such findings
suggest that volumetric alterations in patients with FMDs are common,
but it is still unclear which of these changes are specific for FMDs and
which are specific for comorbid psychological trauma. It is also un-
known whether these abnormalities antedate or are the result of ab-
normal activation and connectivity patterns observed in these patients;
it is possible that function and morphology have bidirectional inter-
activity during the course of the disease, resulting in the observed ab-
normalities. The changes in cortical thickness and cortical surface area
are dynamic events observed through an individual's life; they have
been attributed to modifications in dendritic length, but also to glial
and vascular changes (Schnack et al., 2015). Cortical thickness in motor
areas is reported to be increased in normal individuals undergoing
motor training and in patients with hereditary dystonia, but is de-
creased after a period of immobilization [Granert et al., 2011], sug-
gesting that the cortical volume reflects motor activity. Different pat-
terns of abnormal cortical volume are observed in patients with mobile
compared to fixed functional dystonia [Tomic et al., 2018]. It is un-
clear, however, why patients with hyperkinetic neurological disorders
have decreased primary motor cortex volume rather than increased
[Labate et al., 2012; Nicholson et al., 2014; Maurer et al., 2018].

5. Treatment

It is beyond the scope of this article to discuss management of pa-
tients with FMDs, and the reader is referred a comprehensive treatise on
FMDs [Hallett et al., 2016]. Trials of psychotherapy aimed at gaining
insight into potential psychodynamic factors have been associated with
improved clinical outcome [Hinson et al., 2006; Kompoliti et al., 2014;
Nielsen et al., 2015; Hallett, 2018]; physical therapy used with the
rationale of motor retraining are two of the main treatments used for
FMDs [Czarnecki et al., 2012; Jordbru et al., 2014; Matthews et al.,
2016; Nielsen et al., 2017; Jacob et al., 2018; Espay et al., 2018b].
Showing patients their physical signs may be helpful to make them
understand the nature of the disorder [Stone and Edwards, 2012].
Improvement with these therapies and placebos [Rommelfanger, 2013]
supports at least a partial reversibility of the underlying neural ab-
normalities. These therapies aim mainly to reinforce the top-down
regulation of the movements; however, attempts to modify directly
cortical excitability by means of large field repetitive TMS has been
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used with promising results in some [Garcin et al., 2013; Parain and
Chastan, 2014], but not in all studies [McWhirter et al., 2016]. It is
possible that the observed improvement represents a cognitive-beha-
vioral effect, rather than neuromodulation [Shah et al., 2015; Garcin
et al., 2017; Schönfeldt-Lecuona et al., 2006; Pollak et al., 2014; Parain
and Chastan, 2014]. The role of placebos for provocative diagnosis and
in treatment of FMD is being re-evaluated in view of new findings that
placebos may not be as “inert” as previously thought and their use may
be ethically justified in some circumstances [Rommelfanger, 2016].
Although some of these therapies have proven effective, it is unclear
how they would modify the morphological and neurophysiological
changes reported in patients with FMDs. In addition to these inter-
ventions, judicious pharmacologic management of associated neu-
ropsychiatric co-morbidities such as depression, anxiety, pain and fa-
tigue [Voon and Lang, 2005; Barton et al., 2017; Gelauff et al., 2018]
along with psychotherapy, is usually warranted and may facilitate
symptomatic improvement. Despite many interventions, a proportion of
patients do not show a desirable improvement; whether this represents
enduring physiological changes in the nervous system or insufficient/
incorrect treatment strategies is unclear.

6. Conclusions

Several neurobiological abnormalities have been identified in pa-
tients with FMDs including abnormal patterns of cerebral activation
along with abnormal connectivity between the limbic and motor net-
works in patients with various functional neurological disorders.

FMDs may be viewed as disorders of networks implicated in voli-
tion, emotion, and motor control. The movements appear to arise from
the influence of the limbic system on movement generation, perhaps
facilitated by attention. The perception that the movements are in-
voluntary is related to an altered sense of agency, originating in a
mismatch between internal predictions from the abnormal movement
genesis and feedback from the executed movement. The internal pre-
dictions are also modified by prior information (the Bayesian “prior”) of
the subject's belief system regarding motor control. These processes
primarily involve the frontal and parietal cortex (Figs. 1 and 3). We
propose that in this complex scenario, multiple life-events resulting in
psychological and physical trauma may have an additive effect which
eventually reshapes network connectivity until a specific threshold is
reached when an adverse life event acts as a precipitating factor in an
already vulnerable brain. The role of genetic and epigenetic influences
and changes in grey and white matter morphology warrants further
research. The body of evidence supporting a biological role in the pa-
thogenesis of functional disorders, along with requirement of positive
clinical signs in the neurological examination and abandonment of re-
cent stress and comorbid psychiatric disorders for diagnostic purpose in
the DSM-5, has led to functional disorders being categorized under the
neurology section of the International Classification of Diseases (ICD-
11) [Stone et al., 2014]. Since functional disorders are viewed as
biopsychosocial disorders they require multidisciplinary evaluation and
treatment strategies for the most optimal long-term outcome.

Financial disclosure/conflict of interest concerning the research
related to the manuscript

Funding

None for all authors.

Acknowledgement

We thank Ian Osuna for help designing figure 1.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nbd.2019.02.013.

References

Alexander, P., Schlegel, A., Sinnott-Armstrong, W., Roskies, A.L., Wheatley, T., Tse, P.U.,
2016. Readiness potentials driven by non-motoric processes. Conscious. Cogn. 39,
38–47.

American Psychiatric Association, 2013. Diagnostic and Statistical Manual of Mental
Disorders, Fifth Edition (DSM-5). American Psychiatric Association, Arlington, VA.

Apazoglou, K., Mazzola, V., Wegrzyk, J., Frasca Polara, G., Aybek, S., 2017. Biological
and perceived stress in motor functional neurological disorders.
Psychoneuroendocrinology 85, 142–150.

Apazoglou, K., Adouan, W., Aubry, J.M., Dayer, A., Aybek, S., 2018. Increased methy-
lation of the oxytocin receptor gene in motor functional neurological disorder: a
preliminary study. J. Neurol. Neurosurg. Psychiatry 89, 552–554.

Armagan, E., Almacıoglu, M.L., Yakut, T., Köse, A., Karkucak, M., Köksal, O., Görükmez,
O., 2013. Catechol-O-methyl transferase Val158Met genotype is not a risk factor for
conversion disorder. Genet. Mol. Res. 12 (1), 852–858.

Atmaca, M., Aydin, A., Tezcan, E., Poyraz, A.K., Kara, B., 2006. Volumetric investigation
of brain regions in patients with conversion disorder. Prog. Neuro-Psychopharmacol.
Biol. Psychiatry 30, 708–713.

Avanzino, L., Martino, D., van de Warrenburg, B.P., Schneider, S.A., Abbruzzese, G.,
Defazio, G., et al., 2008. Cortical excitability is abnormal in patients with the "fixed
dystonia" syndrome. Mov. Disord. 23, 646–652.

Aybek, S., Nicholson, T.R., Draganski, B., Daly, E., Murphy, D.G., David, A.S., et al.,
2014a. Grey matter changes in motor conversion disorder. J. Neurol. Neurosurg.
Psychiatry 85, 236–238.

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

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.

Aybersek, A., Sisodiya, S., 2010. Does the primary literature provide support for clinical
signs used to distinguish psychogenic nonepileptic seizures from epileptic seizures? J.
Neurol. Neurosurg. Psychiatry 81, 719–725.

Baik, J.S., Lang, A.E., 2007. Gait abnormalities in psychogenic movement disorders. Mov.
Disord. 22, 395–399.

Baird, A.D., Scheffer, I.E., Wilson, S.J., 2011. Mirror neuron system involvement in em-
pathy: a critical look at the evidence. Soc. Neurosci. 6, 327–335.

Baizabal-Carvallo, J.F., Fekete, R., 2015. Recognizing uncommon presentations of psy-
chogenic (functional) movement disorders. Tremor Other Hyperkinet. Mov. (N Y) 5,
279.

Baizabal-Carvallo, J.F., Jankovic, J., 2014. The clinical features of psychogenic move-
ment disorders resembling tics. J. Neurol. Neurosurg. Psychiatry 85, 573–575.

Baizabal-Carvallo, J.F., Jankovic, J., 2016. Psychogenic ocular movement disorders. J.
Neuropsychiatr. Clin. Neurosci. 28, 195–198.

Baizabal-Carvallo, J.F., Jankovic, J., 2017a. Distinguishing features of psychogenic
(functional) versus organic hemifacial spasm. J. Neurol. 264, 359–363.

Baizabal-Carvallo, J.F., Jankovic, J., 2017b. Functional (psychogenic) stereotypies. J.
Neurol. 264, 1482–1487.

Baizabal-Carvallo, J.F., Jankovic, J., 2017c. Examiner manoeuvres “sensory tricks” in
functional (psychogenic) movement disorders. J. Neurol. Neurosurg. Psychiatry 88,
453–455.

Bakvis, P., Spinhoven, P., Roelofs, K., 2009. Basal cortisol is positively correlated to threat
vigilance in patients with psychogenic nonepileptic seizures. Epilepsy Behav. 16 (3),
558–560.

Bakvis, P., Spinhoven, P., Giltay, E.J., Kuyk, J., Edelbroek, P.M., Zitman, F.G., et al., 2010.
Basal hypercortisolism and trauma in patients with psychogenic nonepileptic sei-
zures. Epilepsia 51, 752–759.

Balaratnasingam, S., Janca, A., 2006. Mass hysteria revisited. Curr. Opin. Psychiatry 19,
171–174.

Barsky, A.J., Orav, E.J., Bates, D.W., 2005. Somatization increases medical utilization and
costs independent of psychiatric and medical comorbidity. Arch. Gen. Psychiatry 62,
903–910.

Barton, J.C., Bertoli, L.F., Barton, J.C., Acton, R.T., 2017. Fibromyalgia in 300 adult index
patients with primary immunodeficiency. Clin. Exp. Rheumatol. 35 Suppl. 105 (3),
68–73.

Bateson, P., Barker, D., Clutton-Brock, T., Deb, D., D'Udine, B., Foley, R.A., Gluckman, P.,
Godfrey, K., Kirkwood, T., Lahr, M.M., McNamara, J., Metcalfe, N.B., Monaghan, P.,
Spencer, H.G., Sultan, S.E., 2004. Developmental plasticity and human health. Nature
430 (6998), 419–421.

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.

Binder, E., Dovern, A., Hesse, M.D., Ebke, M., Karbe, H., Saliger, J., Fink, G.R., Weiss,
P.H., 2017. Lesion evidence for a human mirror neuron system. Cortex 90, 125–137.

Blakemore, S.J., Wolpert, D.M., Frith, C.D., 1998. Central cancellation of self-produced
tickle sensation. Nat. Neurosci. 1, 635–640.

Blakemore, S.J., Wolpert, D.M., Frith, C.D., 1999. The cerebellum contributes to soma-
tosensory cortical activity during self-produced tactile stimulation. Neuroimage 10,
448–459.

J.F. Baizabal-Carvallo, et al. Neurobiology of Disease 127 (2019) 32–44

41

https://doi.org/10.1016/j.nbd.2019.02.013
https://doi.org/10.1016/j.nbd.2019.02.013
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0005
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0005
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0005
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0010
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0010
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0015
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0015
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0015
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0020
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0020
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0020
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0025
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0025
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0025
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0030
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0030
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0030
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0035
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0035
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0035
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0040
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0040
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0040
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0045
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0045
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0045
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0050
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0050
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0050
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0055
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0055
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0055
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0060
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0060
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0065
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0065
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0070
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0070
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0070
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0075
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0075
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0080
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0080
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0085
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0085
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0090
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0090
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0095
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0095
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0095
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0100
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0100
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0100
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0105
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0105
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0105
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0110
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0110
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0115
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0115
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0115
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0120
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0120
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0120
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0125
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0125
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0125
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0125
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0130
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0130
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0135
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0135
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0140
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0140
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0145
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0145
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0145


Blakemore, S.J., Wolpert, D., Frith, C., 2000. Why can't you tickle yourself? Neuroreport
11, 11–16.

Blakemore, R.L., Sinanaj, I., Galli, S., Aybek, S., Vuilleumier, P., 2016. Aversive stimuli
exacerbate defensive motor behaviour in motor conversion disorder.
Neuropsychologia 93, 229–241.

Booij, L., Szyf, M., Carballedo, A., Frey, E.M., Morris, D., Dymov, S., Vaisheva, F., Ly, V.,
Fahey, C., Meaney, J., Gill, M., Frodl, T., 2015. DNA methylation of the serotonin
transporter gene in peripheral cells and stress-related changes in hippocampal vo-
lume: a study in depressed patients and healthy controls. PLoS One 10 (3), e0119061.

Boy, F., Husain, M., Singh, K.D., Sumner, P., 2010. Supplementary motor area activations
in unconscious inhibition of voluntary action. Exp. Brain Res. 206, 441–448.

Broderick, J.E., Kaplan-Liss, E., Bass, E., 2011. Experimental induction of psychogenic
illness in the context of a medical event and media exposure. Am. J. Disaster Med. 6,
163–172.

Burgmer, M., Konrad, C., Jansen, A., Kugel, H., Sommer, J., Heindel, W., et al., 2006.
Abnormal brain activation during movement observation in patients with conversion
paralysis. Neuroimage 29, 1336–1343.

Bzdok, D., Laird, A.R., Zilles, K., Fox, P.T., Eickhoff, S.B., 2013. An investigation of the
structural, connectional, and functional subspecialization in the human amygdala.
Hum. Brain Mapp. 34, 3247–3266.

Carson, A., Lehn, A., 2016. Epidemiology. Handb. Clin. Neurol. 139, 47–60.
Chambon, V., Wenke, D., Fleming, S.M., Prinz, W., Haggard, P., 2013. An online neural

substrate for sense of agency. Cereb. Cortex 23, 1031–1037.
Chambon, V., Sidarus, N., Haggard, P., 2014. From action intentions to action effects:

how does the sense of agency come about? Front. Hum. Neurosci. 8, 320.
Chambon, V., Moore, J.W., Haggard, P., 2015. TMS stimulation over the inferior parietal

cortex disrupts prospective sense of agency. Brain Struct. Funct. 220, 3627–3639.
Cojan, Y., Waber, L., Carruzzo, A., Vuilleumier, P., 2009. Motor inhibition in hysterical

conversion paralysis. Neuroimage 47, 1026–1037.
Colebatch, J.G., 2007. Bereitschaftspotential and movement-related potentials: origin,

significance, and application in disorders of human movement. Mov. Disord. 22,
601–610.

Costafreda, S.G., Brammer, M.J., David, A.S., Fu, C.H., 2008. Predictors of amygdala
activation during the processing of emotional stimuli: a meta-analysis of 385 PET and
fMRI studies. Brain Res. Rev. 58, 57–70.

Craig, A.D., 2009. How do you feel—now. The anterior insula and human awareness. Nat.
Rev. Neurosci. 10, 59–70.

Czarnecki, K., Jones, D.T., Burnett, M.S., Mullan, B., Matsumoto, J.Y., 2011. SPECT
perfusion patterns distinguish psychogenic from essential tremor. Parkinsonism
Relat. Disord. 17, 328–332.

Czarnecki, K., Thompson, J.M., Seime, R., Geda, Y.E., Duffy, J.R., Ahlskog, J.E., 2012.
Functional movement disorders: successful treatment with a physical therapy re-
habilitation protocol. Parkinsonism Relat. Disord. 18, 247–251.

Decety, J., Lamm, C., 2007. The role of the right temporoparietal junction in social in-
teraction: how low-level computational processes contribute to meta-cognition.
Neuroscientist 13, 580–593.

van der Salm, S.M., Koelman, J.H., Henneke, S., van Rootselaar, A.F., Tijssen, M.A., 2010.
Axial jerks: a clinical spectrum ranging from propriospinal to psychogenic myo-
clonus. J. Neurol. 257, 1349–1355.

van der Salm, S.M., Tijssen, M.A., Koelman, J.H., van Rootselaar, A.F., 2012. The be-
reitschaftspotential in jerky movement disorders. J. Neurol. Neurosurg. Psychiatry
83, 1162–1167.

Djamshidian, A., Lees, A.J., 2014. Can stress trigger Parkinson's disease? J. Neurol.
Neurosurg. Psychiatry 85 (8), 878–881.

Dreissen, Y.E.M., Boeree, T., Koelman, J.H.T.M., Tijssen, M.A.J., 2017. Startle responses
in functional jerky movement disorders are increased but have a normal pattern.
Parkinsonism Relat. Disord. 40, 27–32.

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

Edwards, M.J., Moretto, G., Schwingenschuh, P., Katschnig, P., Bhatia, K.P., Haggard, P.,
2011. Abnormal sense of intention preceding voluntary movement in patients with
psychogenic tremor. Neuropsychologia 49, 2791–2793.

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

Edwards, M.J., Stone, J., Lang, A.E., 2014. From psychogenic movement disorder to
functional movement disorder: it's time to change the name. Mov. Disord. 29,
849–852.

Ekanayake, V., Kranick, S., LaFaver, K., Naz, A., Frank Webb, A., LaFrance Jr., W.C.,
Hallett, M., Voon, V., 2017. Personality traits in psychogenic nonepileptic seizures
(PNES) and psychogenic movement disorder (PMD): neuroticism and perfectionism.
J. Psychosom. Res. 97, 23–29.

Eklund, A., Nichols, T.E., Knutsson, H., 2016. Cluster failure: why fMRI inferences for
spatial extent have inflated false-positive rates. Proc. Natl. Acad. Sci. U. S. A. 113,
7900–7905.

Epstein, S.A., Maurer, C.W., LaFaver, K., Ameli, R., Sinclair, S., Hallett, M., 2016. Insights
into chronic functional movement disorders: the value of qualitative psychiatric in-
terviews. Psychosomatics 57, 566–575.

Erro, R., Bhatia, K.P., Edwards, M.J., Farmer, S.F., Cordivari, C., 2013. Clinical diagnosis
of propriospinal myoclonus is unreliable: an electrophysiologic study. Mov. Disord.
28, 1868–1873.

Erro, R., Brigo, F., Trinka, E., Turri, G., Edwards, M.J., Tinazzi, M., 2016. Psychogenic
nonepileptic seizures and movement disorders: a comparative review. Neurol. Clin.
Pract. 6, 138–149.

Espay, A.J., Morgante, F., Purzner, J., Gunraj, C.A., Lang, A.E., Chen, R., 2006. Cortical
and spinal abnormalities in psychogenic dystonia. Ann. Neurol. 59, 825–834.

Espay, A.J., Maloney, T., Vannest, J., Norris, M.M., Eliassen, J.C., Neefus, E., et al., 2017.

Impaired emotion processing in functional (psychogenic) tremor: a functional mag-
netic resonance imaging study. Neuroimage Clin. 17, 179–187.

Espay, A.J., Maloney, T., Vannest, J., Norris, M.M., Eliassen, J.C., Neefus, E., et al., 2018a.
Dysfunction in emotion processing underlies functional (psychogenic) dystonia. Mov.
Disord. 33, 136–145.

Espay, A.J., Aybek, S., Carson, A., Edwards, M.J., Goldstein, L.H., Hallett, M., et al.,
2018b. Current concepts in diagnosis and treatment of functional neurological dis-
orders. JAMA Neurol. https://doi.org/10.1001/jamaneurol.2018.1264.

Fahn, S., 2005. The history of psychogenic movement disorders. In: Hallett, M., Lang,
A.E., Fahn, S. (Eds.), Psychogenic Movement Disorders. Lippincott Williams and
Wilkins and the American Academy of Neurology, Philadelphia.

Fahn, S., Olanow, C.W., 2014. “Psychogenic movement disorders”: they are what they
are. Mov. Disord. 29, 853–856.

Fahn, S., Williams, D.T., 1988. Psychogenic dystonia. Adv. Neurol. 50, 431–455.
Farrer, C., Frey, S.H., Van Horn, J.D., Tunik, E., Turk, D., Inati, S., et al., 2008. The

angular gyrus computes action awareness representations. Cereb. Cortex 18,
254–261.

Fasano, A., Valadas, A., Bhatia, K.P., Prashanth, L.K., Lang, A.E., Munhoz, R.P., et al.,
2012. Psychogenic facial movement disorders: clinical features and associated con-
ditions. Mov. Disord. 27, 1544–1551.

Feinstein, A., Stergiopoulos, V., Fine, J., Lang, A.E., 2001. Psychiatric outcome in patients
with a psychogenic movement disorder: a prospective study. Neuropsychiatry
Neuropsychol. Behav. Neurol. 14, 169–176.

Fekete, R., Jankovic, J., 2010. Psychogenic chorea associated with family history of
Huntington disease. Mov. Disord. 25, 503–504.

Fekete, R., Baizabal-Carvallo, J.F., Ha, A.D., Davidson, A., Jankovic, J., 2012.
Convergence spasm in conversion disorders: prevalence in psychogenic and other
movement disorders compared with controls. J. Neurol. Neurosurg. Psychiatry 83,
202–204.

Frodl, T., 2016. Do (epi)genetics impact the brain in functional neurologic disorders?
Handb. Clin. Neurol. 139, 157–165.

Frodl, T., Szyf, M., Carballedo, A., Ly, V., Dymov, S., Vaisheva, F., Morris, D., Fahey, C.,
Meaney, J., Gill, M., Booij, L., 2015. DNA methylation of the serotonin transporter
gene (SLC6A4) is associated with brain function involved in processing emotional
stimuli. J. Psychiatry Neurosci. 40 (5), 296–305.

Ganos, C., Aguirregomozcorta, M., Batla, A., Stamelou, M., Schwingenschuh, P.,
Münchau, A., et al., 2014. Psychogenic paroxysmal movement disorders – clinical
features and diagnostic clues. Parkinsonism Relat. Disord. 20, 41–46.

Garcin, B., Roze, E., Mesrati, F., Cognat, E., Fournier, E., Vidailhet, M., et al., 2013.
Transcranial magnetic stimulation as an efficient treatment for psychogenic move-
ment disorders. J. Neurol. Neurosurg. Psychiatry 84, 1043–1046.

Garcin, B., Mesrati, F., Hubsch, C., Mauras, T., Iliescu, I., Naccache, L., et al., 2017.
Impact of transcranial magnetic stimulation on functional movement disorders:
cortical modulation or a behavioral effect? Front. Neurol. 8, 338.

Gelauff, J.M., Kingma, E.M., Kalkman, J.S., Bezemer, R., van Engelen, B.G.M., Stone, J.,
Tijssen, M.A.J., Rosmalen, J.G.M., 2018. Fatigue, not self-rated motor symptom se-
verity, affects quality of life in functional motor disorders. J. Neurol. 265 (8),
1803–1809.

Goetz, C.G., 2016. Charcot, hysteria, and simulated disorders. Handb. Clin. Neurol. 139,
11–23.

Granert, O., Peller, M., Gaser, C., Groppa, S., Hallett, M., Knutzen, A., Deuschl, G., Zeuner,
K.E., Siebner, H.R., 2011. Manual activity shapes structure and function in con-
tralateral human motor hand area. Neuroimage 54 (1), 32–41.

Haggard, P., 2008. Human volition: towards a neuroscience of will. Nat. Rev. Neurosci. 9,
934–946.

Haggard, P., Clark, S., Kalogeras, J., 2002. Voluntary action and conscious awareness.
Nat. Neurosci. 5, 382–385.

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

Hallett, M., 2016a. Functional (psychogenic) movement disorders: clinical presentations.
Parkinsonism Relat. Disord. 22, S149–S152.

Hallett, M., 2016b. Physiology of free will. Ann. Neurol. 80, 5–12.
Hallett, M., 2018. The most promising advances in our understanding and treatment of

functional (psychogenic) movement disorders. Parkinsonism Relat. Disord. 46 (Suppl.
1), S80–S82.

Hallett, M., Stone, J., Carson, A., 2016. Functional neurologic disorders. In: Handbook of
Clinical Neurology, 3rd series. vol. 139. pp. 2–664.

Halligan, P.W., Athwal, B.S., Oakley, D.A., Frackowiak, R.S., 2000. Imaging hypnotic
paralysis: implications for conversion hysteria. Lancet 355, 986–987.

Harms, K.C., Kapitza, K.P., Pahl, L., Tran, A.T., Volkmann, L., Buers, D., Karst, M.,
Stuhrmann, M., Bernateck, M., 2013. Association of TNF-α polymorphism rs1800629
with multisomatoform disorder in a group of German patients and healthy controls:
an explorative study. Cytokine 61 (2), 389–393.

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

Hawley, J.S., Weiner, W.J., 2011. Psychogenic dystonia and peripheral trauma.
Neurology 77, 496–502.

Hedera, P., 2012. Metabolic hyperactivity of the medial posterior parietal lobes in psy-
chogenic tremor. Tremor Other Hyperkinet. Mov. (NY) 2 (pii: tre-02-50-441-1).

Heintz, C.E., van Tricht, M.J., van der Salm, S.M., van Rootselaar, A.F., Cath, D.,
Schmand, B., et al., 2013. Neuropsychological profile of psychogenic jerky movement
disorders: importance of evaluating non-credible cognitive performance and psy-
chopathology. J. Neurol. Neurosurg. Psychiatry 84, 862–867.

Hinson, V.K., Weinstein, S., Bernard, B., Leurgans, S.E., Goetz, C.G., 2006. Single-blind
clinical trial of psychotherapy for treatment of psychogenic movement disorders.

J.F. Baizabal-Carvallo, et al. Neurobiology of Disease 127 (2019) 32–44

42

http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0150
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0150
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0155
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0155
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0155
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0160
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0160
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0160
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0160
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0165
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0165
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0170
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0170
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0170
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0175
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0175
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0175
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0180
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0180
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0180
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0185
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0190
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0190
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0195
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0195
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0200
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0200
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0205
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0205
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0210
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0210
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0210
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0215
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0215
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0215
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0220
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0220
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0225
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0225
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0225
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0230
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0230
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0230
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0235
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0235
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0235
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0240
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0240
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0240
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0245
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0245
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0245
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0250
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0250
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0255
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0255
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0255
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0260
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0260
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0265
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0265
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0265
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0270
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0270
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0275
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0275
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0275
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0280
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0280
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0280
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0280
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0285
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0285
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0285
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0290
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0290
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0290
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0295
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0295
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0295
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0300
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0300
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0300
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0305
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0305
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0310
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0310
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0310
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0315
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0315
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0315
https://doi.org/10.1001/jamaneurol.2018.1264
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0325
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0325
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0325
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0330
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0330
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0335
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0340
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0340
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0340
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0345
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0345
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0345
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0350
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0350
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0350
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0355
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0355
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0360
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0360
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0360
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0360
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0365
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0365
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0370
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0370
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0370
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0370
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0375
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0375
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0375
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0380
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0380
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0380
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0385
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0385
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0385
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0390
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0390
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0390
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0390
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0395
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0395
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0400
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0400
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0400
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0405
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0405
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0410
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0410
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0415
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0415
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0420
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0420
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0425
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0430
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0430
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0430
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0435
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0435
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0440
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0440
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0445
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0445
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0445
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0445
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0450
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0450
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0450
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0455
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0455
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0460
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0460
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0465
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0465
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0465
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0465
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0470
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0470


Parkinsonism Relat. Disord. 12, 177–180.
Jacob, A.E., Smith, C.A., Jablonski, M.E., Roach, A.R., Paper, K.M., Kaelin, D.L., et al.,

2018. Multidisciplinary clinic for functional movement disorders (FMD): 1-year ex-
perience from a single centre. J. Neurol. Neurosurg. Psychiatry 89, 1011–1012.

Jakobi, J., Bernateck, M., Tran, A.T., Holm, L., Volkmann, L., Buers, D., Karst, M.,
Stuhrmann, M., 2010. Catechol-O-methyltransferase gene polymorphisms are not
associated with multisomatoform disorder in a group of German multisomatoform
disorder patients and healthy controls. Genet. Test Mol. Biomarkers 14 (3), 293–297.

Jankovic, J., 2001. Can peripheral trauma induced dystonia and other movement dis-
orders. Yes!. Mov. Disord. 16, 7–12.

Jankovic, J., 2011. Diagnosis and treatment of psychogenic parkinsonism. J. Neurol.
Neurosurg. Psychiatry 82, 1300–1303.

Jankovic, J., 2014. “Psychogenic” versus “functional” movement disorders? That is the
question. Mov. Disord. 29, 1697–1698.

Jankovic, J., van der Linden, C., 1988. Dystonia and tremor induced by peripheral
trauma: predisposing factors. J. Neurol. Neurosurg. Psychiatry 51, 1512–1519.

Jones, T.F., Craig, A.S., Hoy, D., Gunter, E.W., Ashley, D.L., Barr, D.B., et al., 2000. Mass
psychogenic illness attributed to toxic exposure at a high school. New Engl. J. Med.
342, 96–100.

Jordbru, A.A., Smedstad, L.M., Klungsøyr, O., Martinsen, E.W., 2014. Psychogenic gait
disorder: a randomized controlled trial of physical rehabilitation with one-year
follow-up. J. Rehabil. Med. 46, 181–187.

Kanaan, R.A., 2016. Freud's hysteria and its legacy. Handb. Clin. Neurol. 139, 37–44.
Kanaan, R.A., Craig, T.K., Wessely, S.C., David, A.S., 2007. Imaging repressed memories

in motor conversion disorder. Psychosom. Med. 69, 202–205.
Kanaan, R.A.A., Duncan, R., Goldstein, L.H., Jankovic, J., Cavanna, A.E., 2017. Are

psychogenic non-epileptic seizures just another symptom of conversion disorder? J.
Neurol. Neurosurg. Psychiatry 88, 425–429.

Kanemoto, K., LaFrance Jr., W.C., Duncan, R., Gigineishvili, D., Park, S.P., Tadokoro, Y.,
Ikeda, H., Paul, R., Zhou, D., Taniguchi, G., Kerr, M., Oshima, T., Jin, K., Reuber, M.,
2017. PNES around the world: where we are now and how we can close the diagnosis
and treatment gaps-an ILAE PNES Task Force report. Epilepsia Open 2 (3), 307–316.

Kaski, D., Bronstein, A.M., Edwards, M.J., Stone, J., 2015. Cranial functional (psycho-
genic) movement disorders. Lancet Neurol. 14, 1196–1205.

Katschnig, P., Edwards, M.J., Schwingenschuh, P., Aguirregomozcorta, M., Kägi, G.,
Rothwell, J.C., et al., 2010. Mental rotation of body parts and sensory temporal
discrimination in fixed dystonia. Mov. Disord. 25, 1061–1067.

Kenney, C., Diamond, A., Mejia, N., Davidson, A., Hunter, C., Jankovic, J., 2007.
Distinguishing psychogenic and essential tremor. J. Neurol. Sci. 263, 94–99.

Khalighinejad, N., Haggard, P., 2015. Modulating human sense of agency with non-in-
vasive brain stimulation. Cortex 69, 93–103.

Kim, P., Leckman, J.F., Mayes, L.C., Newman, M.A., Feldman, R., Swain, J.E., 2010.
Perceived quality of maternal care in childhood and structure and function of mo-
thers' brain. Dev. Sci. 13 (4), 662–673.

King, H., 1993. Once upon a text: hysteria from hippocrates. In: Gilman, S.L., King, H.,
Porter, R. (Eds.), Hysteria Beyond Freud. University of California Press, Berkeley.

Kobayashi, K., Lang, A.E., Hallet, M., Lenz, F.A., 2011. Thalamic neuronal and EMG ac-
tivity in psychogenic dystonia compared with organic dystonia. Mov. Disord. 26,
1348–1352.

Koller, W., Lang, A., Vetere-Overfield, B., Findley, L., Cleeves, L., Factor, S., et al., 1989.
Psychogenic tremors. Neurology 39, 1094–1099.

Kompoliti, K., Wilson, B., Stebbins, G., Bernard, B., Hinson, V., 2014. Immediate vs. de-
layed treatment of psychogenic movement disorders with short term psychodynamic
psychotherapy: randomized clinical trial. Parkinsonism Relat. Disord. 20, 60–63.

Konnopka, A., Schaefert, R., Heinrich, S., Kaufmann, C., Luppa, M., Herzog, W., et al.,
2012. Economics of medically unexplained symptoms: a systematic review of the
literature. Psychother. Psychosom. 81, 265–275.

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 neu-
rological symptom disorder. Neuroimage Clin. 15, 306–314.

Kozlowska, K., Spooner, C.J., Palmer, D.M., Harris, A., Korgaonkar, M.S., Scher, S.,
Williams, L.M., 2018. “Motoring in idle”: the default mode and somatomotor net-
works are overactive in children and adolescents with functional neurological
symptoms. Neuroimage Clin. 18, 730–743.

Kranick, S., Ekanayake, V., Martinez, V., Ameli, R., Hallett, M., Voon, V., 2011.
Psychopathology and psychogenic movement disorders. Mov. Disord. 26,
1844–1850.

Kranick, S.M., Moore, J.W., Yusuf, N., Martinez, V.T., LaFaver, K., Edwards, M.J., et al.,
2013. Action-effect binding is decreased in motor conversion disorder: implications
for sense of agency. Mov. Disord. 28, 1110–1116.

Labate, A., Cerasa, A., Mula, M., Mumoli, L., Gioia, M.C., Aguglia, U., et al., 2012.
Neuroanatomic correlates of psychogenic nonepileptic seizures: a cortical thickness
and VBM study. Epilepsia 53, 377–385.

Lader, M., Sartorius, N., 1968. Anxiety in patients with hysterical conversion symptoms.
J. Neurol. Neurosurg. Psychiatry 31, 490–495.

Lang, P.J., Davis, M., 2006. Emotion, motivation, and the brain: reflex foundations in
animal and human research. Prog. Brain Res. 156, 3–29.

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

Libet, B., Gleason, C.A., Wright, E.W., Pearl, D.K., 1983. Time of conscious intention to
act in relation to onset of cerebral activity (readiness-potential). The unconscious
initiation of a freely voluntary act. Brain 106, 623–642.

Ludwig, L., Pasman, J.A., Nicholson, T., Aybek, S., David, A.S., Tuck, S., et al., 2018.
Stressful life events and maltreatment in conversion (functional neurological) dis-
order: systematic review and meta-analysis of case-control studies. Lancet Psychiatry
5, 307–320.

Macerollo, A., Chen, J.C., Pareés, I., Kassavetis, P., Kilner, J.M., Edwards, M.J., 2015.
Sensory attenuation assessed by sensory evoked potentials in functional movement
disorders. PLoS One 10, e0129507.

Marshall, J.C., Halligan, P.W., Fink, G.R., Wade, D.T., Frackowiak, R.S., 1997. The
functional anatomy of a hysterical paralysis. Cognition 64, B1–B8.

Matthews, A., Brown, M., Stone, J., 2016. Inpatient physiotherapy for functional (psy-
chogenic) gait disorder: a case series of 35 patients. Mov. Disord. Clin. Pract. https://
doi.org/10.1002/mdc3.12325.

Maurer, C.W., LaFaver, K., Ameli, R., Toledo, R., Hallett, M., 2015. A biological measure
of stress levels in patients with functional movement disorders. Parkinsonism Relat.
Disord. 21, 1072–1075.

Maurer, C.W., LaFaver, K., Limachia, G.S., Capitan, G., Ameli, R., Sinclair, S., Epstein,
S.A., Hallett, M., Horovitz, S.G., 2018. Gray matter differences in patients with
functional movement disorders. Neurology 91, e1870–e1879.

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

Maurer, C.W., Liu, V.D., LaFaver, K., Ameli, R., Wu, T., Toledo, R., et al., 2016b. Impaired
resting vagal tone in patients with functional movement disorders. Parkinsonism
Relat. Disord. 30, 18–22.

McGowan, P.O., Sasaki, A., D'Alessio, A.C., Dymov, S., Labonté, B., Szyf, M., Turecki, G.,
Meaney, M.J., 2009. Epigenetic regulation of the glucocorticoid receptor in human
brain associates with childhood abuse. Nat. Neurosci. 12 (3), 342–348.

McWhirter, L., Ludwig, L., Carson, A., McIntosh, R.D., Stone, J., 2016. Transcranial
magnetic stimulation as a treatment for functional (psychogenic) upper limb weak-
ness. J. Psychosom. Res. 89, 102–106.

Meaney, M.J., Szyf, M., Seckl, J.R., 2007. Epigenetic mechanisms of perinatal program-
ming of hypothalamic-pituitary-adrenal function and health. Trends Mol. Med. 13
(7), 269–277.

Merello, M., Ballesteros, D., Rossi, M., Arena, J., Crespo, M., Cervio, A., et al., 2012. Lack
of maintenance of gait pattern as measured by instrumental methods suggests psy-
chogenic gait. Funct. Neurol. 27, 217–224.

Mink, J.W., 2013. Conversion disorder and mass psychogenic illness in child neurology.
Ann. N. Y. Acad. Sci. 1304, 40–44.

Molloy, F.M., Carr, T.D., Zeuner, K.E., Dambrosia, J.M., Hallett, M., 2003. Abnormalities
of spatial discrimination in focal and generalized dystonia. Brain 126, 2175–2182.

Monday, K., Jankovic, J., 1993. Psychogenic myoclonus. Neurology 43, 349–452.
Moore, J., Haggard, P., 2008. Awareness of action: inference and prediction. Conscious.

Cogn. 17, 136–144.
Moore, J.W., Obhi, S.S., 2012. Intentional binding and the sense of agency: a review.

Conscious. Cogn. 21, 546–561.
Moore, J.W., Ruge, D., Wenke, D., Rothwell, J., Haggard, P., 2010. Disrupting the ex-

perience of control in the human brain: pre-supplementary motor area contributes to
the sense of agency. Proc. Biol. Sci. 277, 2503–2509.

Morgante, F., Tinazzi, M., Squintani, G., Martino, D., Defazio, G., Romito, L., et al., 2011.
Abnormal tactile temporal discrimination in psychogenic dystonia. Neurology 77,
1191–1197.

Morgante, F., Naro, A., Terranova, C., Russo, M., Rizzo, V., Risitano, G., et al., 2017.
Normal sensorimotor plasticity in complex regional pain syndrome with fixed posture
of the hand. Mov. Disord. 32, 149–157.

Morris, J.S., Frith, C.D., Perrett, D.I., Rowland, D., Young, A.W., Calder, A.J., et al., 1996.
A differential neural response in the human amygdala to fearful and happy facial
expressions. Nature 383, 812–815.

Nachev, P., Kennard, C., Husain, M., 2008. Functional role of the supplementary and pre-
supplementary motor areas. Nat. Rev. Neurosci. 9, 856–869.

Nahab, F.B., Kundu, P., Gallea, C., Kakareka, J., Pursley, R., Pohida, T., et al., 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.

Nicholson, T.R., Aybek, S., Kempton, M.J., Daly, E.M., Murphy, D.G., David, A.S., et al.,
2014. A structural MRI study of motor conversion disorder: evidence of reduction in
thalamic volume. J. Neurol. Neurosurg. Psychiatry 85, 227–229.

Nicholson, T.R., Aybek, S., Craig, T., Harris, T., Wojcik, W., David, A.S., Kanaan, R.A.,
2016. Life events and escape in conversion disorder. Psychol. Med. 46, 2617–2626.

Nielsen, G., Stone, J., Matthews, A., Brown, M., Sparkes, C., Farmer, R., et al., 2015.
Physiotherapy for functional motor disorders: a consensus recommendation. J.
Neurol. Neurosurg. Psychiatry 86, 1113–1119.

Nielsen, G., Buszewicz, M., Stevenson, F., Hunter, R., Holt, K., Dudziec, M., et al., 2017.
Randomised feasibility study of physiotherapy for patients with functional motor
symptoms. J. Neurol. Neurosurg. Psychiatry 88, 484–490.

Onofrj, M., Bonanni, L., Manzoli, L., et al., 2010. Cohort study on somatoform disorders in
Parkinson disease and dementia with Lewy bodies. Neurology 74, 1598–1606.

Parain, D., Chastan, N., 2014. Large-field repetitive transcranial magnetic stimulation
with circular coil in the treatment of functional neurological symptoms.
Neurophysiol. Clin. 44, 425–431.

Pareés, I., Kassavetis, P., Saifee, T.A., Sadnicka, A., Bhatia, K.P., Fotopoulou, A., et al.,
2012a. “Jumping to conclusions” bias in functional movement disorders. J. Neurol.
Neurosurg. Psychiatry 83, 460–463.

Pareés, I., Saifee, T.A., Kassavetis, P., Kojovic, M., Rubio-Agusti, I., Rothwell, J.C., et al.,
2012b. Believing is perceiving: mismatch between self-report and actigraphy in
psychogenic tremor. Brain 135, 117–123.

Pareés, I., Brown, H., Nuruki, A., Adams, R.A., Davare, M., Bhatia, K.P., et al., 2014a. Loss
of sensory attenuation in patients with functional (psychogenic) movement disorders.
Brain 137, 2916–2921.

Pareés, I., Kojovic, M., Pires, C., Rubio-Agusti, I., Saifee, T.A., Sadnicka, A., et al., 2014b.
Physical precipitating factors in functional movement disorders. J. Neurol. Sci. 338,

J.F. Baizabal-Carvallo, et al. Neurobiology of Disease 127 (2019) 32–44

43

http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0470
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0475
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0475
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0475
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0480
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0480
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0480
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0480
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0485
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0485
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0490
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0490
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0495
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0495
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0500
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0500
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0505
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0505
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0505
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0510
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0510
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0510
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0515
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0520
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0520
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0525
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0525
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0525
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0530
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0530
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0530
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0530
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0535
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0535
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0540
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0540
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0540
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0545
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0545
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0550
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0550
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0555
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0555
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0555
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0560
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0560
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0565
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0565
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0565
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0570
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0570
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0575
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0575
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0575
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0580
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0580
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0580
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0585
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0585
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0585
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0590
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0590
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0590
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0590
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0595
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0595
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0595
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0600
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0600
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0600
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0605
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0605
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0605
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0610
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0610
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0615
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0615
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0620
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0620
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0625
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0625
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0625
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0630
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0630
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0630
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0630
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0635
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0635
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0635
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0640
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0640
https://doi.org/10.1002/mdc3.12325
https://doi.org/10.1002/mdc3.12325
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0650
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0650
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0650
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf4000
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf4000
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf4000
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0655
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0655
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0655
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0660
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0660
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0660
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0665
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0665
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0665
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0670
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0670
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0670
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0675
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0675
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0675
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0680
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0680
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0680
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0685
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0685
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0690
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0690
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0695
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0700
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0700
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0705
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0705
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0710
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0710
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0710
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0715
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0715
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0715
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0720
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0720
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0720
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0725
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0725
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0725
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0730
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0730
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0735
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0735
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0740
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0740
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0745
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0745
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0745
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0750
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0750
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0755
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0755
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0755
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0760
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0760
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0760
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0765
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0765
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0770
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0770
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0770
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0775
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0775
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0775
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0780
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0780
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0780
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0785
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0785
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0785
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0790
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0790


174–177.
Patel, N., Jankovic, J., Hallett, M., 2014. Sensory aspects of movement disorders. Lancet

Neurol. 13, 100–112.
Pellicciari, R., Superbo, M., Gigante, A.F., Livrea, P., Defazio, G., 2014. Disease modeling

in functional movement disorders. Parkinsonism Relat. Disord. 20, 1287–1289.
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., 2017a. 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., Williams, B., Matin, N., LaFrance Jr., W.C., Costumero-Ramos, V., Fricchione,
G.L., et al., 2017b. Corticolimbic structural alterations linked to health status and
trait anxiety in functional neurological disorder. J. Neurol. Neurosurg. Psychiatry 88,
1052–1059.

Pirio Richardson, S., Altenmüller, E., Alter, K., Alterman, R.L., Chen, R., Frucht, S., et al.,
2017. Research priorities in limb and task-specific dystonias. Front. Neurol. 8, 170.

Pollak, T.A., Nicholson, T.R., Edwards, M.J., David, A.S., 2014. A systematic review of
transcranial magnetic stimulation in the treatment of functional (conversion) neu-
rological symptoms. J. Neurol. Neurosurg. Psychiatry 85, 191–197.

Popkirov, S., Hoeritzauer, I., Colvin, L., Carson, A.J., Stone, J., 2018 Oct 24. Complex
regional pain syndrome and functional neurological disorders: time for reconcilia-
tion. J. Neurol. Neurosurg. Psychiatry. https://doi.org/10.1136/jnnp-2018-318298.
pii: jnnp-2018-318298. (Epub ahead of print).

van Poppelen, D., Saifee, T.A., Schwingenschuh, P., Katschnig, P., Bhatia, K.P., Tijssen,
M.A., et al., 2011. Attention to self in psychogenic tremor. Mov. Disord. 26,
2575–2576.

Quartarone, A., Rizzo, V., Terranova, C., Morgante, F., Schneider, S., Ibrahim, N., et al.,
2009. Abnormal sensorimotor plasticity in organic but not in psychogenic dystonia.
Brain 132, 2871–2877.

Ramos, V.F., Pillai, A.S., Lungu, C., Ostrem, J., Starr, P., Hallett, M., 2015. Intraoperative
neurophysiology in deep brain surgery for psychogenic dystonia. Ann. Clin. Transl.
Neurol. 2, 707–710.

Ranawaya, R., Riley, D., Lang, A., 1990. Psychogenic dyskinesias in patients with organic
movement disorders. Mov. Disord. 5, 127–133.

Ressler, K.J., 2010. Amygdala activity, fear, and anxiety: modulation by stress. Biol.
Psychiatry 67, 1117–1119.

Reuber, M., Fernández, G., Bauer, J., Singh, D.D., Elger, C.E., 2002. Interictal EEG ab-
normalities in patients with psychogenic nonepileptic seizures. Epilepsia 43,
1013–1020.

Roelofs, K., Pasman, J., 2016. Stress, childhood trauma, and cognitive functions in
functional neurologic disorders. Handb. Clin. Neurol. 139, 139–155.

Roelofs, K., de Bruijn, E.R., Van Galen, G.P., 2006. Hyperactive action monitoring during
motor-initiation in conversion paralysis: an event-related potential study. Biol.
Psychol. 71, 316–325.

Rommelfanger, K.S., 2013. Opinion: a role for placebo therapy in psychogenic movement
disorders. Nat. Rev. Neurol. 9, 351–356.

Rommelfanger, K.S., 2016. The role of placebo in the diagnosis and treatment of func-
tional neurologic disorders. Handb. Clin. Neurol. 139, 607–617.

van Rooijen, D.E., Geraedts, E.J., Marinus, J., Jankovic, J., van Hilten, J.J., 2011.
Peripheral trauma and movement disorders: a systematic review of reported cases. J.
Neurol. Neurosurg. Psychiatry 82, 892–898.

Roy, A.K., Shehzad, Z., Margulies, D.S., Kelly, A.M., Uddin, L.Q., Gotimer, K., et al., 2009.
Functional connectivity of the human amygdala using resting state fMRI. Neuroimage
45, 614–626.

Schlegel, A., Alexander, P., Sinnott-Armstrong, W., Roskies, A., Tse, P.U., Wheatley, T.,
2015. Hypnotizing Libet: readiness potentials with non-conscious volition. Conscious.
Cogn. 33, 196–203.

Schnack, H.G., van Haren, N.E., Brouwer, R.M., Evans, A., Durston, S., Boomsma, D.I.,
Kahn, R.S., 2015. Hulshoff Pol HE. Changes in thickness and surface area of the
human cortex and their relationship with intelligence. Cereb. Cortex. 25, 1608–1617.

Schönfeldt-Lecuona, C., Connemann, B.J., Viviani, R., Spitzer, M., Herwig, U., 2006.
Transcranial magnetic stimulation in motor conversion disorder: a short case series.
J. Clin. Neurophysiol. 23, 472–475.

Schrag, A., Trimble, M., Quinn, N., Bhatia, K., 2004. The syndrome of fixed dystonia: an
evaluation of 103 patients. Brain 127, 2360–2372.

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

Schwingenschuh, P., Katschnig, P., Edwards, M.J., Teo, J.T., Korlipara, L.V., Rothwell,
J.C., et al., 2011. The blink reflex recovery cycle differs between essential and pre-
sumed psychogenic blepharospasm. Neurology 76, 610–614.

Schwingenschuh, P., Saifee, T.A., Katschnig-Winter, P., Macerollo, A., Koegl-Wallner, M.,
Culea, V., et al., 2016. Validation of "laboratory-supported" criteria for functional
(psychogenic) tremor. Mov. Disord. 31, 555–562.

Seignourel, P.J., Miller, K., Kellison, I., Rodriguez, R., Fernandez, H.H., Bauer, R.M., et al.,
2007. Abnormal affective startle modulation in individuals with psychogenic [cor-
rected] movement disorder. Mov. Disord. 22, 1265–1271.

Shah, B.B., Chen, R., Zurowski, M., Kalia, L.V., Gunraj, C., Lang, A.E., 2015. Repetitive
transcranial magnetic stimulation plus standardized suggestion of benefit for func-
tional movement disorders: an open label case series. Parkinsonism Relat. Disord. 21,

407–412.
Shibasaki, H., Hallett, M., 2006. What is the Bereitschaftspotential? Clin. Neurophysiol.

117, 2341–2356.
Song, H., Fang, F., Tomasson, G., Arnberg, F.K., Mataix-Cols, D., de la Cruz L, Fernández,

Almqvist, C., Fall, K., Valdimarsdóttir, U.A., 2018. Association of stress-related dis-
orders with subsequent autoimmune disease. JAMA 319 (23), 2388–2400.

Spence, S.A., Crimlisk, H.L., Cope, H., Ron, M.A., Grasby, P.M., 2000. Discrete neuro-
physiological correlates in prefrontal cortex during hysterical and feigned disorder of
movement. Lancet 355, 1243–1244.

Stamelou, M., Cossu, G., Edwards, M.J., Murgia, D., Pareés, I., Melis, M., et al., 2013.
Familial psychogenic movement disorders. Mov. Disord. 28, 1295–1298.

Stone, J., Edwards, M., 2012. Trick or treat? Showing patients with functional (psycho-
genic) motor symptoms their physical signs. Neurology 79, 282–284.

Stone, J., Erro, R., 2014. Functional (psychogenic) painful legs moving toes syndrome.
Mov. Disord. 29, 1701–1702.

Stone, J., Binzer, M., Sharpe, M., 2004. Illness beliefs and locus of control: a comparison
of patients with pseudoseizures and epilepsy. J. Psychosom. Res. 57, 541–547.

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

Stone, J., Carson, A., Aditya, H., Prescott, R., Zaubi, M., Warlow, C., et al., 2009a. The role
of physical injury in motor and sensory conversion symptoms: a systematic and
narrative review. J. Psychosom. Res. 66, 383–390.

Stone, J., Carson, A., Duncan, R., Coleman, R., Roberts, R., Warlow, C., et al., 2009b.
Symptoms ‘unexplained by organic disease’ in 1144 new neurology out-patients: how
often does the diagnosis change at follow-up? Brain 132, 2878–2888.

Stone, J., Carson, A., Duncan, R., Roberts, R., Warlow, C., Hibberd, C., et al., 2010. Who is
referred to neurology clinics?—the diagnoses made in 3781 new patients. Clin.
Neurol. Neurosurg. 112, 747–751.

Stone, J., Gelauff, J., Carson, A., 2012. A “twist in the tale”: altered perception of ankle
position in psychogenic dystonia. Mov. Disord. 27, 585–586.

Stone, J., Hallett, M., Carson, A., Bergen, D., Shakir, R., 2014. Functional disorders in the
neurology section of ICD-11: a landmark opportunity. Neurology 83, 2299–2301.

Terada, K., Ikeda, A., Van Ness, P.C., Nagamine, T., Kaji, R., Kimura, J., et al., 1995.
Presence of Bereitschaftspotential preceding psychogenic myoclonus: clinical appli-
cation of jerk-locked back averaging. J. Neurol. Neurosurg. Psychiatry 58, 745–747.

Thenganatt, M.A., Jankovic, J., 2015. Psychogenic movement disorders. Neurol. Clin. 33,
205–224.

Thenganatt, M.A., Jankovic, J., 2016. Psychogenic (functional) parkinsonism. Handb.
Clin. Neurol. 139, 259–262.

Tomic, A., Agosta, F., Sarasso, E., Petrovic, I., Basaia, S., Pesic, D., Kostic, M., Fontana, A.,
Kostic, V.S., Filippi, M., 2018. Are there two different forms of functional dystonia? A
multimodal brain structural MRI study. Mol. Psychiatry. https://doi.org/10.1038/
s41380-018-0222-2. (Epub ahead of print).

Trevena, J., Miller, J., 2010. Brain preparation before a voluntary action: evidence
against unconscious movement initiation. Conscious. Cogn. 19, 447–456.

Trimble, M., Reynolds, E.H., 2016. A brief history of hysteria: from the ancient to the
modern. Handb. Clin. Neurol. 139, 3–10.

Voon, V., Lang, A.E., 2005. Antidepressant treatment outcomes of psychogenic movement
disorder. J. Clin. Psychiatry 66, 1529–1534.

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

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

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

Voon, V., Ekanayake, V., Wiggs, E., et al., 2013. Response inhibition in motor conversion
disorder. Mov. Disord. 28, 612–618.

Voss, M., Moore, J., Hauser, M., Gallinat, J., Heinz, A., Haggard, P., 2010. Altered
awareness of action in schizophrenia: a specific deficit in predicting action con-
sequences. Brain 133, 3104–3112.

Vuilleumier, P., 2014. Brain circuits implicated in psychogenic paralysis in conversion
disorders and hypnosis. Neurophysiol. Clin. 44, 323–337.

Vuilleumier, P., Chicherio, C., Assal, F., Schwartz, S., Slosman, D., Landis, T., 2001.
Functional neuroanatomical correlates of hysterical sensorimotor loss. Brain 124 (Pt
6), 1077–1090.

Wang, D., Szyf, M., Benkelfat, C., Provençal, N., Turecki, G., Caramaschi, D., Côté, S.M.,
Vitaro, F., Tremblay, R.E., Booij, L., 2012. Peripheral SLC6A4 DNA methylation is
associated with in vivo measures of human brain serotonin synthesis and childhood
physical aggression. PLoS One 7 (6), e39501.

Wissel, B.D., Dwivedi, A.K., Merola, A., et al., 2018. Functional neurological disorders in
Parkinson disease. J. Neurol. Neurosurg. Psychiatry 89, 566–571.

Xue, G., Aron, A.R., Poldrack, R.A., 2008. Common neural substrates for inhibition of
spoken and manual responses. Cereb. Cortex 18, 1923–1932.

Yoshie, M., Haggard, P., 2013. Negative emotional outcomes attenuate sense of agency
over voluntary actions. Curr. Biol. 23, 2028–2032.

Zhang, X., Ge, T.T., Yin, G., Cui, R., Zhao, G., Yang, W., 2018. Stress-induced functional
alterations in amygdala: implications for neuropsychiatric diseases. Front. Neurosci.
12, 367.

J.F. Baizabal-Carvallo, et al. Neurobiology of Disease 127 (2019) 32–44

44

http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0790
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0795
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0795
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0800
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0800
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0805
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0805
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0805
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0805
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0805
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0810
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0810
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0810
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0810
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0815
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0815
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0820
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0820
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0820
https://doi.org/10.1136/jnnp-2018-318298
https://doi.org/10.1136/jnnp-2018-318298
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0830
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0830
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0830
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0835
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0835
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0835
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0840
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0840
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0840
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0845
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0845
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0850
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0850
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0855
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0855
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0855
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0860
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0860
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0865
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0865
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0865
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0870
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0870
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0875
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0875
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0880
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0880
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0880
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0885
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0885
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0885
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0890
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0890
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0890
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf4005
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf4005
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf4005
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0895
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0895
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0895
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0900
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0900
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0905
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0905
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0905
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0910
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0910
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0910
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0915
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0915
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0915
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0920
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0920
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0920
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0925
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0925
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0925
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0925
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0930
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0930
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0935
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0935
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0935
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0940
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0940
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0940
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0945
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0945
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0950
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0950
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0955
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0955
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0960
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0960
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0965
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0965
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0965
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0970
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0970
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0970
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0975
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0975
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0975
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0980
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0980
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0980
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0985
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0985
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0990
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0990
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0995
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0995
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf0995
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1000
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1000
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1005
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1005
https://doi.org/10.1038/s41380-018-0222-2
https://doi.org/10.1038/s41380-018-0222-2
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1020
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1020
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1025
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1025
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1030
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1030
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1035
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1035
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1040
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1040
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1045
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1045
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1045
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1050
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1050
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1055
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1055
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1055
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1060
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1060
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1065
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1065
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1065
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1070
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1070
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1070
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1070
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1075
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1075
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1080
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1080
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1085
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1085
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1090
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1090
http://refhub.elsevier.com/S0969-9961(19)30044-0/rf1090

	Pathogenesis and pathophysiology of functional (psychogenic) movement disorders
	Introduction
	Phenomenology
	Predisposing, precipitating and perpetuating factors
	Role of underlying adverse life events, psychiatric disorders and stress
	Role of physical trauma
	Role of social environment and influences
	Role of genetics and epigenetics

	Neurophysiologic changes
	Abnormal patterns of cerebral activation and connectivity
	Increased arousal
	Readiness potential and voluntariness
	Abnormal sense of agency and movement intentions
	Abnormal somatosensory processing
	Abnormal cognitive processing
	Changes in neural physiology
	Abnormalities in cerebral volume

	Treatment
	Conclusions
	Financial disclosure/conflict of interest concerning the research related to the manuscript
	Funding

	Acknowledgement
	Supplementary data
	References




